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vitro and in vivo interactions of hASCT2 with the scaffold 
protein PDZK1 were revealed.
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Abbreviations
C12E8	� Octaethylene glycol monododecyl 

ether
YPDS	� Yeast Extract Peptone Dextrose 

Sorbitol
BMGY	� Buffered Glycerol-complex 

Medium
DOC	� Na-deoxycholate
NP-40	� Nonidet
MeAIB	� Α-(methylamino)isobutyric acid
BCH 2-aminobicyclo	� (2,2,1)-heptane-2-carboxylic acid

Introduction

The human plasma membrane transporter SLC1A5, pre-
viously named ASCT2, catalyzes transport of neutral 
amino acids. In spite of the original acronym AlaSerCys 
Transporter 2, the amino acid which underlies the special 
roles of this transporter in human physiology and pathol-
ogy is glutamine. ASCT2 is ubiquitously expressed and, 
hence, it is responsible for glutamine disposition to sev-
eral tissues, contributing, as example, to the maintenance 
of nitrogen homeostasis which is particularly important in 
nervous tissue (Adeva et al. 2012; Bode 2001). Recently, 
an important role of ASCT2 in cancer development and 
progression emerged. The transporter, together with the 
large amino acid Transporter 1, LAT1 (SLC7A5), has been 
found over-expressed in several cancers (Fuchs and Bode 

Abstract  The kinetic mechanism of the transport cata-
lyzed by the human glutamine/neutral amino acid trans-
porter hASCT2 over-expressed in P. pastoris was deter-
mined in proteoliposomes by pseudo-bi-substrate kinetic 
analysis of the Na+-glutamineex/glutaminein transport reac-
tion. A random simultaneous mechanism resulted from 
the experimental analysis. Purified functional hASCT2 
was chemically cross-linked to a stable dimeric form. 
The oligomeric structure correlated well with the kinetic 
mechanism of transport. Half-saturation constants (Km) 
of the transporter for the other substrates Ala, Ser, Asn 
and Thr were measured both on the external and internal 
side. External Km were much lower than the internal ones 
confirming the asymmetry of the transporter. The electric 
nature of the transport reaction was determined imposing 
a negative inside membrane potential generated by K+ 
gradients in the presence of valinomycin. The transport 
reaction resulted to be electrogenic and the electrogenic-
ity originated from external Na+. Internal Na+ exerted a 
stimulatory effect on the transport activity which could be 
explained by a regulatory, not a counter-transport, effect. 
Native and deglycosylated hASCT2 extracted from HeLa 
showed the same transport features demonstrating that the 
glycosyl moiety has no role in transport function. Both in 
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2005; Shimizu et  al. 2014). This phenomenon relies on 
the typical metabolic features of cancer cells, collectively 
known as Warburg effect (Broer 2011; Ganapathy et  al. 
2009). Cancer cells, in fact, require high amounts of glu-
tamine for energy and growth purposes through a complex 
pathway involving glutaminolysis and a truncated form of 
the citric acid cycle. This network supplies carbon atoms 
both as source of ATP synthesis, at the substrate level, and 
of NADPH for reductive biosynthesis (Fuchs and Bode 
2005; Ganapathy et al. 2009). Moreover, ASCT2 is linked 
to mTOR signaling which is particularly sensitive to intra-
cellular l-glutamine and l-asparagine (Fuchs et  al. 2007; 
Nicklin et  al. 2009). Deprivation of these amino acids 
induces mTOR activated autophagy. The link to ASCT2 
expression has been recently demonstrated: upon silenc-
ing ASCT2 gene in hepatoma cells, mTOR activates cell 
growth repression triggering apoptosis (Fuchs and Bode 
2005; Fuchs et al. 2007; Nicklin et al. 2009). All these fea-
tures make the ASCT2 transporter object of hot research 
topics. This protein has been, in fact, proposed as target for 
anticancer therapy (Albers et  al. 2012; Oppedisano et  al. 
2012; Shimizu et  al. 2014). While structural information 
on ASCT2 is missing due to the challenges in obtaining 
crystals of this protein (Indiveri et al. 2013), several func-
tional studies on the murine and human isoforms, have 
been conducted so far, both in cell systems (Utsunomiya-
Tate et al. 1996; Torres-Zamorano et al. 1998; Broer et al. 
1999, 2000) and in proteoliposomes (Oppedisano et  al. 
2004, 2007; Pingitore et  al. 2013). This tool was previ-
ously used for studying the rat isoform of ASCT2 extracted 
from kidney, which has been extensively characterized on 
physiological, toxicological and pharmacological aspects 
(Oppedisano et al.  2004, 2007, 2010, 2012). Very recently, 
the human isoform of ASCT2 has been heterologously 
over-expressed and purified in large scale from the methyl-
otrophic yeast P. pastoris (Pingitore et al. 2013). Similarly 
to the rat isoform, hASCT2 has been reconstituted in pro-
teoliposomes. The basic functional properties have been 
studied and found to be very similar to those previously 
described in cell systems: the transporter catalyzes an 
obligatory antiport of glutamine and other neutral amino 
acids, strictly dependent on external Na+, which cannot be 
substituted by other cations (Pingitore et al. 2013). More-
over, new functional aspects of the human isoform were 
shown, such as the asymmetry in substrate recognition 
and transport, which was not yet revealed in cell systems. 
The amino acids glutamine, asparagine, serine and threo-
nine can be transported either inwardly or outwardly. On 
the contrary, alanine, methionine and valine can be only 
inwardly transported (Pingitore et  al. 2013). However, 
some important information on hASCT2 is still lacking 
or controversial, such as the kinetic mechanism, the elec-
trical aspects of the antiport reaction and, in general, the 

regulatory properties. Some previous reports described 
murine ASCT2 as an electroneutral exchanger of both neu-
tral amino acids and Na+ (Utsunomiya-Tate et  al. 1996; 
Broer et al. 2000). This issue was further exploited. The rat 
ASCT2 has been proposed as an electrogenic antiporter on 
the basis of experimental and computational approaches 
(Zander et al. 2013). Clarifying and completing the knowl-
edge, especially of the human (h)ASCT2, is of great 
importance for understanding the biological functions 
of this transporter and, hence, its involvement in human 
pathology. This is particularly relevant since the identity 
between the human and rat ASCT2 is lower than the iden-
tity normally found in the case of other transporters (Broer 
et al. 1999; Oppedisano et al. 2011; Indiveri et al. 2013). 
These aspects are fundamental for planning pharmacologi-
cal interventions devoted to prevent cancer progression. 
In the present work, the proteoliposome tool, recently 
pointed out for the recombinant human transporter, in 
combination with other experimental strategies, allowed us 
to clarify and to obtain several new data on the hASCT2. 
The transport mechanism of the ter-reactant reaction (glu-
tamineex-Na+

ex/glutaminein) and the electrical properties 
of the Na+-coupled transport were assessed. The role of 
Na+ in regulating the transport function has been clarified: 
external Na+ is involved in transport and is responsible for 
the electrogenicity, while internal Na+ is not a transported 
modulator of the reaction. Moreover, it was assessed that 
the glycosyl moiety is not involved in transport function. 
The novel interaction of ASCT2 with the scaffold protein 
PDZK1 was described.

Materials and methods

Materials

The P. pastoris wild type strain (X-33), Ni–NTA agarose, 
DMEM, Fetal Calf serum, antibiotics and reagents for 
cancer cell line were from Invitrogen; PD-10 columns, 
ECL plus, Hybond ECL membranes, Gluthatione-Sepha-
rose 4B resin from GE Healthcare; L-[3H]glutamine, 
L-[3H]serine, were from Perkin Elmer; L-[3H]alanine, 
L-[3H]threnonine and L-[3H]asparagine were from ARC 
(American Radioladiolabeled Chemicals); the anti-rabbit 
IgG HRP conjugate from cell signaling; the anti-hASCT2 
from Millipore; HeLa cells were from ATCC; protease 
inhibitor tablets were from Roche; E.coli BL21 Rosetta 
strain was used to express GST and His fusion proteins; 
Bio-rad protein assay was from Biorad; anti-His6 anti-
body, C12E8, Amberlite XAD-4, egg yolk phospholipids 
(3-sn-phosphatidylcoline from egg yolk), Sephadex G-75, 
L-glutamine, valinomycin and all the other reagents were 
from Sigma-Aldrich.
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Recombinant production of hASCT2

For large-scale hASCT2 production, P. pastoris strain 
X-33, was transformed with pPICZB-hASCT2-His6 opti-
mized according to genomic host codon usage as previ-
ously described (Pingitore et  al. 2013). The P. pastoris 
strains were grown at 30 °C in a 3 L fermentor (Infors HT) 
having an Initial Fermentation Volume (IFV) of 1.5 L as 
previously described (Pingitore et al. 2013). To induce pro-
duction of recombinant hASCT2, the culture was fed with 
150 mL methanol for 48 h. To obtain the membrane frac-
tion, P. pastoris cells overproducing hASCT2 were resus-
pended in a buffer containing 50 mM Tris, pH 7.4, 150 mM 
NaCl, 6  mM β-mercaptoethanol and 0.5  mM PMSF at a 
concentration of about 1  g/mL. Droplets of the cell sus-
pension were frozen in liquid nitrogen and cells broken by 
an X-Press (four passages). The suspension was treated as 
described previously to recover membrane fractions (Pin-
gitore et  al. 2013). The washed membrane fractions (pel-
let) containing hASCT2 were resuspended in a buffer 
containing 25  mM Tris, pH 7.4, 250  mM NaCl, 6  mM 
β-mercaptoethanol and 10 % glycerol at a final concentra-
tion of about 300 mg/mL and homogenized using a hand-
held electric homogenizer.

Solubilization and purification of hASCT2

For large-scale solubilization and purification hASCT2-
His6, about 1.5 g of washed membranes (300 mg/mL) was 
resuspended in the same buffer described above added with 
1 % C12E8 (w/w) and gently mixed by agitation for 3 h at 
4 °C. The solubilized material was centrifuged at 120,000 g 
for 1 h and applied to 3 mL Ni-nitrilotriacetic acid agarose 
resin for Nickel chelating chromatography as previously 
described (Pingitore et  al. 2013). The elution of recombi-
nant protein was performed by imidazole gradient followed 
by passage on PD-10 desalting column (equilibrated with 
70 mM NaCl and Tris/HCl 20 mM pH 7.0).

Reconstitution of the recombinant hASCT2 into liposomes

The purified hASCT2 was reconstituted by removing the 
detergent using the batch-wise method (Pingitore et  al. 
2013). In this procedure, the mixed micelles containing 
detergent, protein and phospholipids, prepared as pre-
viously described (Scalise et  al. 2013), were incubated 
with 0.5  g Amberlite XAD-4 resin under rotatory stirring 
(1,200  rev/min) at room temperature (25  °C) for 40  min 
(Pochini et  al. 2012). The composition of the initial mix-
ture used for reconstitution was: 100 μL of the solubilized 
protein (5 μg protein in 70 mM NaCl and Tris/HCl 20 mM 
pH 7.0), 120 μL of 10 % C12E8, 100 μL of 10 % egg yolk 
phospholipids (w/v) in the form of sonicated liposomes, 

10  mM l-glutamine (except where differently specified) 
and 20 mM Tris/HCl pH 7.0 in a final volume of 700 μL 
(Pingitore et al. 2013). All the operations were performed 
at 4  °C. Reshuffling of proteoliposomes was obtained by 
three repeated cycles of freeze in liquid N2 and slow thaw-
ing at 0 °C followed by pulse sonication (2 s sonication 2 s 
intermission, at 35 W) (Indiveri et al. 1991).

Reconstitution of hASCT2 extracted from HeLa cells

HeLa cells (cervical cancer-derived cell line) were cultured 
using standard culturing conditions. hASCT2 was solubi-
lized from cell membrane by using RIPA buffer (150 mM 
NaCl, 20 mM Tris–HCl pH 7.4, 1 mM ethylenediaminetet-
raacetic acid, 1 mM ethylene glycol tetraacetic acid), 1 % 
NP-40, 1 % sodium deoxycholate, supplemented with pro-
tease inhibitor tablet. Protein concentration was determined 
by Lowry method using Bovine Serum Albumin (BSA) as 
standard. After quantification, 30  µg of total extract was 
reconstituted in liposomes as reported above for recombi-
nant hASCT2 and transport measurement was performed 
as described in the paragraph “Transport measurement”. 
The HeLa extract was used for deglycosylation experiment 
according to manufacturer’s protocol (protein deglycosyla-
tion mix from NEB, P6039S). Protein samples were ana-
lyzed on SDS-PAGE 12  % and transferred onto nitrocel-
lulose membranes. Western blot analysis was performed 
using anti-hASCT2 1:2000 (rabbit, Millipore) incubated 
over night in 3 % BSA under shaking at 4 °C and revealed 
by chemiluminescence. The transport activity of deglyco-
sylated protein was assayed after proteoliposomes reconsti-
tution as described before.

Transport measurements

To remove the external substrate, 600  µL of proteoli-
posomes was passed through a Sephadex G-75 column 
(0.7  cm diameter  ×  15  cm height) pre-equilibrated with 
20  mM Tris/HCl pH 7.0 and sucrose at an appropriate 
concentration to balance the internal osmolarity. Trans-
port measurement, performed at 25  °C, was started by 
adding 50  µM [3H] glutamine and 50  mM Na-gluco-
nate (except where differently specified) to the proteoli-
posomes; the transport was stopped by adding 10  µM 
HgCl2 at the desired time interval according to the stop 
inhibitor method, as previously described (Pingitore et  al. 
2013). The initial rate of transport was measured by stop-
ping the reaction after 10 min, i.e., within the initial linear 
range of [3H] glutamine uptake into the proteoliposomes as 
previously reported (Pingitore et  al. 2013). At the end of 
the transport assay, each sample of proteoliposomes (100 
µL) was passed through a Sephadex G-75 column (0.6 cm 
diameter × 8 cm height) to separate the external from the 
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internal radioactivity. Liposomes were eluted with 1  mL 
50  mM NaCl and collected in 4  mL of scintillation mix-
ture, vortexed and counted. Experimental data were fitted 
in a first-order rate equation to obtain rate constants and 
in Michaelis–Menten, Linewever-Burk or Headie-Hofstee 
equation using non-linear fitting analysis by Grafit software 
(version 5.0.13).

To measure the specific activity of hASCT2, the mg pro-
tein (referred to as mg through the manuscript) was esti-
mated from Coomassie blue stained SDS-PAGE gels by 
using the Chemidoc imaging system equipped with Quan-
tity One software (Bio-Rad) as previously described (Gian-
caspero et al. 2013).

To generate K+ diffusion potential, 50 mM K-gluconate 
was added to the reconstitution mixture in the presence 
of 0.5 mM external K-gluconate (except when differently 
specified) to reach a membrane potential of −120  mV 
according to Nernst’s equation. Valinomycin (0.75 μg/mg 
phospholipid) in ethanol was added to the proteoliposomes 
as previously described (Oppedisano et al. 2011).

Kinetics

For the determination of the kinetic mechanism, analyses 
of pseudo-bi-reactant transport reactions were performed 
measuring the transport rate as a function of concentra-
tions of two (pseudo-substrate 1 and 2) out of three sub-
strates, keeping constant the third one. Data were analyzed 
in Lineweaver–Burk plots. The equation used is:

where: S1, concentration of the first pseudo-substrate; S2, 
concentration of the second pseudo-substrate; KiG, dissoci-
ation constant for the binary transporter-Gln complex; KS1, 
dissociation constant (Km) of the first substrates for the ter-
nary transporter-S1-S2 complex; KS2, dissociation constant 
(Km) of S2 for the ternary transporter-S2-S1 complex. KiS2, 
can be introduced by simply transcribing the equation for 
S2 as the variable substrate. In a random sequential mecha-
nism KiS1 × KS2 = KiS2 × KS1 (Cleland 1970).

Pulldown experiments

Human PDZK1 was cloned in pGEX2T vector and 
expressed in E. coli BL21 Rosetta as GST fusion pro-
tein. The protein was affinity purified from the extracts 
onto gluthatione-Sepharose 4B resin, and quanti-
fied with Bio-rad protein assay. The C- terminal frag-
ment of human ASCT2 (aa 447-541) was cloned in 
pET-28a(+) and expressed in E. coli BL21 Rosetta as 
recombinant protein with the N-terminal extra-sequence 

1

V
=

1

Vmax
+ KS1/(Vmax × S1) + KS2/(Vmax × S2)

+ KiS1 × KS2/(Vmax × S1 × S2)

hhhhhhssglvprgshmasmtggqqmgrgdefelr deriving from the 
plasmid and containing a His6 tag. For pull-down experi-
ment, bacterial extracts expressing hASCT2 were incubated 
with 50  µg of PDZK1-GST or with 50  µg of GST alone 
as a control bound to Gluthatione-Sepharose beads. After 
2 h at 4 °C the resins were washed repeatedtly in a buffer 
containing PBS and 0.05 % tween 20. The bound proteins 
were recovered by boiling in 50 mM Tris pH 6.8, 100 mM 
dithiothreitol, 2 % SDS, 1 % bromophenol blue, 10 % glyc-
erol. Samples were analyzed on a 17 % SDS-PAGE gel and 
transferred onto nitrocellulose membranes. Western blot 
analysis was performed using anti-His POD conjugated 
(1:10000) incubated 1 h in 3 % BSA under shaking at room 
temperature and revealed by chemiluminescence. To assess 
the binding with both the endogenous and over-expressed 
full-length proteins (see also legend to Fig. 8), HeLa cells 
were lysed with RIPA buffer (see above). Extracts were 
centrifuged for 15 min at 14.000 rpm 4 °C and the superna-
tant was incubated with resin-bound PDZK1-GST as above 
described. Western blot analysis has been performed using 
anti- ASCT2 antibody 1:2,000 incubated over night in 3 % 
BSA under shaking at room temperature and revealed by 
chemiluminescence.

Cross‑linking of hASCT2

Purified ASCT2 obtained by over-expression in P. pastoris 
has been used for cross-linking reaction with formalde-
hyde. The protein has been treated with increasing concen-
trations of cross-linker (see results and legend to Fig. 3) for 
30 min at 23 °C, 700 rpm. The reaction has been stopped 
adding cold glycine 1 M solubilized in PBS. The samples 
have been analyzed on SDS-PAGE and detected by western 
blot analysis with anti hASCT2 1:2,000 (Millipore) incu-
bated over night in 3  % BSA under shaking at 4  °C and 
revealed by chemiluminescence.

Results

Transport mechanism

The orientation of the hASCT2 transporter in proteoli-
posomes with the same sidedness as in cell membrane 
has been previously suggested on the basis of the obliga-
tory dependence on external Na+ and the finding of single 
Km values outside and inside (Pingitore et al. 2013). For a 
definitive proof of the sidedness, a previously pointed out 
procedure for proteoliposome reshuffling (Indiveri et  al. 
1991) was applied to hASCT2. Data were analyzed by the 
Eadie-Hofstee plot in which the Km is derived from the 
slope. After reconstitution, a single Km value was observed 
on the external side (Fig. 1a), which is very similar to that 
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measured by other analysis (see below) and to the Km 
for glutamine on the external side of cells for the human 
ASCT2 (Torres-Zamorano et  al. 1998). After reshuffling, 
two Km values were measured. One, in the µM range 
(opened circles), which corresponded to the external Km; 
and the other, in the mM range (filled circles), which cor-
responded to the internal Km for glutamine (Fig. 1b). This 
unequivocally demonstrates that before reshuffling, vir-
tually all the proteoliposomes were sided similarly to the 
cell membrane. However, some of the data points related to 
the internal Km (filled circles and inset of Fig. 1b) showed 
lower V values than expected; this is explained by the 
lower intra-liposomal Na+ concentration compared to that 
required by the external face of the inverted protein (50 mM 
Na+; Pingitore et al. 2013). Moreover, some substrate inhi-
bition effects may also contribute, as it appears from data 
points in Fig.  1a, corresponding to higher glutamine con-
centrations. To further confirm the orientation of the pro-
tein, additional evidence is provided. According to the pres-
ence of a Cys residue exposed towards the extra-liposomal, 
i.e., extracellular side (Pingitore et  al. 2013), the hydro-
philic impermeant SH reagent MTSET led to nearly com-
plete inhibition of the hASCT2 activity at 0.25 mM with an 
IC50 of 5 µM (not shown). Moreover, an immuno-labeling 
approach was used (Fig. 1c). hASCT2 carries a 6-His tag 
at the intracellular C-terminal which is recognized by a 
specific anti-His antibody (Pingitore et al. 2013). hASCT2 
was incubated with the anti-His antibody before (solubi-
lized protein) or after reconstitution in proteoliposomes. 
The incubation of the solubilized protein, whose C-termi-
nal was reachable by the antibody, virtually completely 
inhibited hASCT2 compared to the untreated control. On 
the contrary, incubation of proteoliposomes with the same 
antibody resulted in complete protection from inhibition 
indicating an intra-liposomal localization of the C-termi-
nal (Fig. 1c). Taken together, the results from Fig. 1 are in 
favor of full orientation of hASCT2 in proteoliposomes as 
in cell membrane. The kinetic mechanism of the ter-reac-
tant Na+-glutamineex/glutaminein antiport was analyzed 
by a pseudo-bi-reactant kinetic analysis, in which the con-
centration of one of the three substrates was kept, alterna-
tively, constant (close to saturation) and the concentrations 
of the others were varied (Indiveri et al. 2001). In particu-
lar, transport rate was measured as [3H]-glutamine uptake 
in proteoliposomes containing 10 mM glutamine, as func-
tion of the external glutamine (Fig.  2a), or Na-gluconate 
(Na+) (Fig. 2b) concentrations. Moreover, the rate of [3H]-
glutamine uptake was measured as function of the external 
(Fig.  2c) or internal glutamine (Fig.  2d) concentrations, 
keeping constant the concentration of external Na+. The 
experimental data were plotted according to Lineweaver–
Burk, as reciprocal transport rate vs reciprocal substrate 
concentration. This representation allows to discriminate 

Fig. 1   Sidedness of the reconstituted hASCT2 in proteoliposomes. 
Km values for glutamine were measured at the external membrane side 
before (a) and after (b) freeze/thaw/sonication of the proteoliposomes 
(reshuffling). The internal glutamine concentration was 10  mM. The 
transport reaction was started by adding [3H]glutamine at concentrations 
ranging from 0.01 to 5  mM in the presence of 50  mM Na-gluconate 
and stopped at 10  min as described in "Materials and methods". In a 
(unfilled circle), a single Km value was calculated, 40 µM. In b two dif-
ferent interpolation fitted the experimental points indicating the external 
Km, 40 µM (unfilled circle) or internal Km, 0.8 mM (filled circle). The 
inset in 1 b is an expanded region of black circles. The values were cal-
culated from the slope of the Eadie-Hofstee plots. V initial transport rate, 
S concentration of external [3H]glutamine. The values are mean ± SD 
from three experiments. In c the hASCT2 has been incubated before 
(white bar; Anti-His Solub. ASCT2) and after (gray bar; Anti-His Lipo 
ASCT2) reconstitution with anti-His antibody targeting the C-ter of 
the protein. The transport reaction was started by adding 50  µM [3H]
glutamine in the presence of 50  mM Na-gluconate and stopped after 
10 min as described in "Materials and methods". The transport activity 
is indicated as  % of residual activity respect to control without antibody 
(black bar). The values are mean ± SD from three experiments



2468 M. Scalise et al.

1 3

between ping-pong and simultaneous mechanisms which 
result, respectively, in parallel and non-parallel patterns 
of straight lines. In all the analyzed reactions (Fig. 2), the 
straight lines showed non-parallel patterns intersecting in 
proximity of the X-axis. These data demonstrated that the 
overall Na+-glutamineex/glutaminein transport reaction fol-
lows a simultaneous mechanism. This mechanism can be 
further differentiated in two sub-types: (i) random, which 
occurs when the two substrates do not have any preferen-
tial order of binding to the transporter; and (ii) ordered, 
which occurs if one of the substrates binds first to the trans-
porter. These two types can be discriminated by analyzing 
the concentration independent constants Ks1, Ks2 and KiS1, 
KiS2 (dissociation constant, respectively, of the ternary and 
binary transporter-substrate complexes) referred to the sub-
strates (Cleland 1970). Constants were derived from the 
secondary plots obtained by re-plotting the values of the 
intercepts on the Y-axis or the slopes of the straight lines of 
Fig. 2, as function of the reciprocal substrate concentrations 
(insets of Fig. 2) (Indiveri et al. 2001). Concentration-inde-
pendent Ks values were 20 mM for external Na+, 20 µM 
for external glutamine and 1.8 mM for internal glutamine. 
The KiS values were 30 mM for external Na+, 18 µM for 
external glutamine and 2.5 mM for internal glutamine, i.e., 
similar to the respective Ks values and fulfilling the rela-
tion KiS1 × KS2 = KiS2 × KS1. Taken together, these data 
demonstrate a random simultaneous mechanism in which 
the affinity of the transporter for one substrate is not influ-
enced by the binding of the other substrates. It has been 
previously shown that besides glutamine also serine, aspar-
agine, threonine are transported bidirectionally by hASCT2 
while alanine is only inwardly transported (Pingitore et al. 

2013). Km values on the external and internal side of the 
transporter were measured in the present work following 
the transport rate as dependence of the external or internal 
concentrations of each transported amino acid in exchange 
with glutamine (Table 1). A clear asymmetry of Km values 

Fig. 2   Mechanism of the Na+-glutamineex/glutaminein transport 
reaction mediated by hASCT2 in proteoliposomes. Lineweaver–Burk 
plots showing the dependence of reciprocal transport rate on recip-
rocal external glutamine (a) or Na-gluconate (b) concentrations at 
constant (10  mM) intraliposomal glutamine concentration. Trans-
port reaction was stopped at 10  min as described in "Materials and 
methods". In a the concentrations of Na-gluconate were 10 (unfilled 
circle), 15 (filled circle), 25 (unfilled square) and 50 (filled circle) 
mM. In b the concentrations of [3H]glutamine were 10 (unfilled cir-
cle), 12.5 (filled circle), 20 (unfilled square), 50 (filled circle) and 200 
(unfilled triangle)  µM. Lineweaver–Burk plots showing the depend-
ence of reciprocal transport rate on reciprocal external (c) or inter-
nal glutamine (d) concentrations at constant (50 mM) extraliposomal 
Na-gluconate concentration. In c the concentrations of external [3H]
glutamine were 10 (unfilled circle), 12.5 (filled circle), 20 (unfilled 
square), 50 (filled square) and 200 (unfilled triangle)  µM. In d the 
concentrations of internal glutamine were 1 (unfilled circle), 1.5 
(filled circle), 2.5 (unfilled square), 5 (filled square) and 10 (unfilled 
triangle) mM. In each figure an inset with secondary plots obtained 
by re-plotting the values of the intercepts on the Y-axis (1/Vmax filled 
circle) or the slopes (filled triangle) of the straight lines from the pri-
mary plots as a function of external Na-gluconate (a), external glu-
tamine (b, d) and internal glutamine (c) concentrations. The values 
are mean ± SD from three experiments

▸
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(see Table 1) for the various amino acids was observed. The 
Km values for the external site were similar for the differ-
ent amino acids and lower than the corresponding internal 
values. The internal Km for glutamine (from Fig.  2) and 
asparagine were lower than those for serine and threonine 
(Table 1). The internal Km for alanine was not detectable; 
this correlated well with the lack of outwardly directed ala-
nine transport (Pingitore et al. 2013).

The simultaneous transport mechanism implies bind-
ing sites for different substrates simultaneously present 
on the external and internal sides of the protein. This can 
be fulfilled by an oligomeric protein in which two (or 
more) monomers have the substrate binding site alterna-
tively exposed on one of the two sides of the membrane 
(see discussion). The existence of oligomeric forms of 
hASCT2 was previously hypothesized (Pingitore et  al. 
2013). To verify this hypothesis, a cross-linking strategy 
was adopted. The purified functional protein was treated 
with different concentrations of formaldehyde and then 
analyzed by SDS-PAGE and immuno-blot. This analysis 
(Fig.  3a) revealed the formation of covalent oligomers 

which cannot be solved by SDS-PAGE, with a molecular 
mass almost double compared to the hASCT2 monomer. 
Moreover, the amount of cross-linked form depended on 
the formaldehyde concentration. To prove the specific-
ity of formaldehyde reaction, the purified protein was 
run onto mild denaturing gel. Also in this case the pres-
ence of an oligomer with the same molecular mass of that 
found upon cross-linking, was observed (Fig.  3b). This 
data demonstrated that most of the protein is, at least, in a 
dimeric state.

Table 1   Internal and external Km of hASCT2 for neutral amino 
acids

The values reported are calculated according to Michaelis–Menten 
equation and are mean of 4 different experiments

Substrate Km (mM) Km ex (µM)

Glutamine 1.8 ± 0.15 39 ± 3.9

Serine 6.6 ± 1.4 56 ± 12

Asparagine 1.6 ± 0.14 67 ± 5.1

Threonine 6.9 ± 0.21 36 ± 5.3

Alanine Not transported 29 ± 2.2

Fig. 3   Oligomeric state of hASCT2. In a, Immunoblot analysis of 
crosslinked protein. Purified, functional hASCT2 from P. pastoris has 
been treated with growing concentrations of formaldehyde, 0.4, 1 and 
4 % as described in “Materials and methods”. The western blot analy-
sis has been performed using anti hASCT2 antibody 1:2000 dilution 
as described in “Materials and methods.” In b, the purified, functional 
hASCT2 from P. pastoris, has been run on an electrophoresis gel 
under mild denaturing conditions, i.e., the gel, the running buffer and 
the sample buffer contained the mild denaturing detergent sarkosyl 
(1 %) instead of the denaturing SDS

Fig. 4   Effect of membrane potential on the Na+-glutamineex/glu-
taminein transport reaction.  50  µM [3H]glutamine together with 
50  mM Na-gluconate and 0.5  mM  K-gluconate was added at time 
zero to proteoliposomes containing 50 mM K-gluconate in presence 
of valinomycin (filled circle) or ethanol (unfilled circle). The transport 
reaction was stopped at the indicated times, as described in “Materi-
als and methods.” The values are mean ± SD from three experiments

Fig. 5   Dependence of Na+-glutamineex/glutaminein antiport rate 
on membrane potential values. 50  µM [3H]glutamine together with 
50  mM Na-gluconate was added at time zero to proteoliposomes 
containing 50 mM K-gluconate in presence of valinomycin or etha-
nol. The X-axis values are different membrane potential conditions 
derived from Nernst equation, imposed by varying external K-gluco-
nate concentrations. The Y-axis values represent fold of stimulation 
of transport activity as ratio of valinomycin measured [3H]glutamine 
uptake vs ethanol measured uptake. The transport reaction was 
stopped at 10 min, as described in “Materials and methods.” The val-
ues are mean ± SD from three experiments
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Electrical properties of hASCT2 and regulation by Na+

It was previously reported that hASCT2 is inactive in the 
absence of external Na+ (Pingitore et al. 2013) indicating 
that the external Na+ is essential for transport, in a concen-
tration dependent fashion. In this work, the Na+-coupled 
antiport reaction was studied in the presence of an inside 
negative potential. The membrane potential was obtained 
by imposing a K+ outwardly directed gradient in proteoli-
posomes and adding valinomycin, a specific K+ ionophore. 
It mediates efflux of K+, generating a negative inside mem-
brane potential. The time course of glutamine antiport was 
stimulated in the presence of membrane potential (Fig. 4). 
Under this condition, the transport rate, derived by interpo-
lating the experimental data in a first-order rate equation, 
was doubled, being 6.1  nmol  min−1  mg  protein−1 com-
pared to 2.9  nmol  min−1  mg  protein−1 in the absence of 
membrane potential. The substitution of Na-gluconate with 
NaCl or K-gluconate with KCl did not change the curve 
shapes, indicating that Cl− is not involved in the transport 
reaction (not shown). When the transport stimulation was 
studied as dependence on the membrane potential, calcu-
lated on the basis of the Nernst equation (see "Materials 
and methods"), a linear behavior was observed (Fig.  5). 
The stimulation fold extrapolated from this graph at mem-
brane potential equal to 0, was very close to 1, i.e., absence 
of stimulation (not shown). However, the stimulation was 
lower than expected. Some properties of the transporter 
and/or of the membrane may contribute to this discrepancy: 
(1) an unspecific ion conductance overlapping the trans-
port activity as previously described for ASCT2 (Broer 
et  al. 2000), (2) a small permeability of the liposomal 
membrane to protons, which may reduce the potential to 
some extent. On the basis of these results it can be hypoth-
esized that Na+ is transported from outside to inside and 
not vice versa with accumulation of positive charges in the 
intra-liposomal compartment. In the case of hASCT2, no 
Na+-glutamine cotransport is detectable in the absence of 
intra-liposomal substrate (Pingitore et al. 2013) even in the 
presence of membrane potential (not shown).

As previously reported, the intra-liposomal (intracel-
lular) Na+ slightly stimulated the glutamine/glutamine 
antiport (Pingitore et al. 2013). To gain further insights in 
this aspect, the dependence of transport activity on intra-
liposomal Na+, in the absence or presence of membrane 
potential, was studied. The results showed a nearly hyper-
bolic behavior in the absence of potential, reaching a pla-
teau at concentrations of Na+ above 20 mM (Fig. 6). Very 
interestingly, in the presence of membrane potential an evi-
dent change of the shape of the Na+ dependence curve was 
observed, with a maximal transport activity at 10 mM inter-
nal Na+. Noteworthy, with no internal Na+, the activity in 
the presence of membrane potential was higher than in its 

absence, confirming that the electrogenicity derives from 
external Na+. At higher intra-liposomal Na+ concentration, 
the transport activity decreased. However, the membrane 
potential still stimulated the transport at 50 mM Na+ (equal 
external and internal concentrations). These data suggest 
that the stimulatory effect of Na+ from the internal side 
is not due to transport but to an allosteric/binding effect. 
To evaluate possible influence of internal Na+ on kinetic 
parameters, Km for glutamine and Vmax were measured in 
the presence or absence of 10 mM internal Na+. No varia-
tion of Km for external and internal glutamine was found, 
while Vmax was increased in the presence of Na+ (not 
shown).

Reconstitution of hASCT2 from HeLa cells and effect 
of deglycosylation

To confirm the suitability of the recombinant protein 
for functional studies, the endogenous hASCT2 was 
extracted from HeLa cells, where it was significantly 
expressed (Fig. 7a), and then reconstituted in liposomes. 
Immuno-blot showed a molecular mass of hASCT2 
higher than the theoretical one, probably due to the pres-
ence of glycosylation moiety(ies). The different bands 
can be explained by the presence of several glyco-
sylated forms. However, at this stage, we cannot exclude 
that some glycosyl moieties may be lost during pro-
tein extraction. After treatment by glycosydase, a lower 
molecular mass of ASCT2 was found, corresponding to 
the apparent molecular mass of the protein obtained by 
over-expression in P. pastoris (Pingitore et  al. 2013). 

Fig. 6   Dependence of Na+-glutamineex/glutaminein antiport rate 
on internal Na+. 50  µM [3H]glutamine together with 50  mM Na-
gluconate and 0.5  mM  K-gluconate was added at time zero to pro-
teoliposomes containing NaCl at the indicated concentrations and 
50  mM  K-gluconate in presence of valinomycin (filled circle) or 
ethanol (unfilled circle). To balance osmolarity, deriving from NaCl, 
increasing sucrose concentrations (from 100 to 0  mM) were added 
to proteoliposomes. The transport reaction was stopped at 10  min, 
as described in "Materials and methods". The values are mean ± SD 
from three experiments
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The ASCT2 extracted from HeLa was then reconstituted 
in proteoliposomes. It was identified by testing the main 
functional properties, i.e., Na+ dependence, antiport 
mode of transport, inhibition by the ASCT2 inhibitor 
HgCl2 and insensitivity to MeAIB or BCH, i.e., specific 
inhibitors of the alternative glutamine transporters Sys-
tem A and L, respectively (Fig. 7b; Pingitore et al. 2013). 
Noteworthy, after cleavage of the glycosyl moieties, the 
protein function was still strictly dependent on the pres-
ence of external Na+ and internal glutamine. The same 
results were obtained in the presence of intra liposomal 
serine, asparagine or threonine (not shown). Moreo-
ver, the strong inhibition exerted by HgCl2, as well as 
the lack of inhibition by MeAIB or BCH demonstrated 
that the transporter maintained the same features of the 

glycosylated protein and of the recombinant protein. 
Therefore, the carbohydrate moieties were not involved 
in transport function (Fig. 7b).

hASCT2‑PDZK1 interaction

The evidence that ASCT2 plays important roles in complex 
intracellular pathways suggested that interactions with spe-
cific modulators could occur. Interaction of hASCT2 with 
scaffold proteins was predicted by the presence, in its pri-
mary structure, of a class I consensus sequence recognized 
by PDZ domains: X[T/S]XΦCOOH, where X is any resi-
due and Φ is a hydrophobic one (Tonikian et al. 2008). A 
recombinant peptide corresponding to the cytosolic, C-ter-
minal fragment of the protein (aa 447-541) was produced 
in E.coli and tested for its ability to recognize PDZ pro-
teins. Noteworthy, PDZK1 is a scaffold protein constituted 
of four PDZ domains, that has been described to regulate 
several membrane transporters belonging to the SLC fami-
lies (Kato et  al. 2005; Hu et  al. 2009). A GST pull-down 
assay was performed to verify if PDZK1 could bind to the 
C-terminal of hASCT2. As shown in Fig.  8a, a specific 
interaction of the peptide with the recombinant PDZK1 
was detected by anti-His antibody against the His-tagged 

Fig. 7   Deglycosylation and transport function of hASCT2 extracted 
from HeLa cells. a hASCT2 from HeLa cells before and after degly-
cosylation treatment (according to manufacturers’ conditions). Lane 
1: 10  µg of total lysate without glycosidase (gly-ase); lane 2 and 
3: 10  µg of total lysate upon 2  h and 4  h of glycosidase treatment 
(+  gly-ase), respectively. Lane 4: 1  µg of purified hASCT2 over-
expressed in P. pastoris. Arrows indicate the specific hASCT2 pro-
tein band (using anti-hASCT2 1:2000) and the shift of molecular 
mass upon deglycosylation treatment. b Uptake of [3H]glutamine in 
Proteoliposomes reconstituted with hASCT2 extracted from HeLa 
cells, as described in “Materials and methods,” before (dark gray) 
and after (light gray) 2  h deglycosylation treatment. The uptake 
of 50 µM [3H]glutamine has been measured in absence or presence 
of external 50 mM Na-gluconate or in presence of 10 mM BCH or 
10 mM MeAIB or 10 µM HgCl2. The transport reaction was stopped 
after 30 min, as described in “Materials and methods.” The values are 
mean ± SD from three experiments

Fig. 8   Binding of PDZK1 to C-terminal peptide and native hASCT2. 
a the C-terminal region of hASCT2 (aa 447-541) was expressed in E. 
coli cells as His-recombinant protein. Bacterial lysate was incubated 
with PDZK1-GST bound on Sepharose beads or GST alone as a con-
trol. The fraction of ASCT2 retained on the column was revealed 
by POD-conjugated, anti-His antibody as described in "Materials 
and methods." b HeLa cell total extract over- expressing hASCT2 
was incubated with PDZK1-GST or GST alone. HeLa cells were 
seeded onto 10 cm2 plate and were transfected with 3 µg of ASCT2-
pCDNA3 with Lipofectamine according to manufacturers’ condi-
tions. c HeLa cell total extract expressing endogenous ASCT2 was 
incubated with PDZK1-GST or GST alone. The binding was revealed 
by anti-ASCT2 antibody (1:2000) as described in “Materials and 
methods”
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hASCT2 peptide produced in E.coli. The molecular mass 
of the peptide recognized by the anti-His antibody, well 
corresponded to the theoretical molecular mass of the 
recombinant 6-His-tagged peptide, i.e., 14189 Da. To ver-
ify that also the full-length hASCT2 could bind to PDZK1, 
the protein was over-expressed in HeLa cells and the same 
pull-down experiment was performed (Fig 8b). The defini-
tive proof of interaction with PDZK1 protein came from 
pull-down with the endogenous ASCT2 from HeLa cells. 
Again a specific reaction was observed after affinity purifi-
cation of HeLa extract on PDZK1- resin and staining with 
the anti-hASCT2 antibody (Fig.  8c). The different bands 
detected in the total extract corresponded to different gly-
cosylated products of ASCT2 as above described.

Discussion

In this work, the human ASCT2 glutamine/neutral amino 
acid transporter was characterized for the first time in an 
isolated environment, thanks to the availability of the func-
tional recombinant protein and the proteoliposome tool. 
This experimental system gives the main advantage of 
studying uniquely the features of the human transport pro-
tein inserted in the bilayer with the same orientation of cell 
membrane (Fig. 1; Pingitore et al. 2013) in absence of any 
interferences from other transporters or enzymes. Indeed 
using the detergent removal reconstitution procedure, 
hASCT2 sided proteoliposomes were obtained, as it was 
previously described for other transporters (Flugge 1992; 
Palmieri et al. 1995; Scalise et al. 2013). The still unknown 
kinetic mechanism of hASCT2 was assessed. A random 
simultaneous mechanism was revealed with no preference 
of binding order for the substrates. This is one of the two 
known mechanisms for co-transporters in which slippage 
is negligible, i.e., obligatory co-transporters (Stein 1989) 
like hASCT2 which exhibits no activity in the absence of 
external Na+ (Pingitore et al. 2013). Moreover, ASCT2 has 
an unusual coupling of co-transport to counter exchange of 
internal amino acids. This mechanism is indeed performed 
by the overall transport reaction (Fig.  2). This feature is 
somewhat similar to the rat kidney isoform in proteoli-
posomes, for which, however, small variations of half-sat-
uration constants were found depending on the co-substrate 
concentration, in line with the significant local differences 
in the amino acid sequences between the two proteins (see 
below) or the difference in regulation by intracellular ATP 
(Oppedisano et al. 2007; Pingitore et al. 2013). The simul-
taneous mechanism, which explains the transport reaction 
by a well-defined model, can be interpreted in the light of 
the quaternary structure of the transporter. The functional 
hASCT2 transporter is likely to be constituted by, at least, 
two subunits as demonstrated by the shift towards a higher 

molecular mass of the protein after covalent cross-linking, 
similarly to other transporters (Yernool et  al. 2004). The 
experimental data on the sidedness, the asymmetry in Km 
values and the requirement of external Na+ (see Results 
and Pingitore et  al. 2013) indicate that each monomer 
should be inserted into the membrane with the same orien-
tation. Then, each subunit may give rise to a transport cycle 
in which the simultaneous translocation of different sub-
strates occurs in opposite direction. The model of an oli-
gomeric state of hASCT2 traces the one recently described 
for elevator type transporters (Lee et al. 2013). Also for the 
rat isoform an oligomeric functional state has been hypoth-
esized by several authors, on the basis of homology with 
the tridimensional structure of Glpth from P. horikoshii 
(Oppedisano et  al. 2010; Albers et  al. 2012; Zander et  al. 
2013). The kinetic data gave rise to important speculation 
on the role of hASCT2 both in physiological and pathologi-
cal contexts. The lower affinity for hydroxyl amino acids on 
the internal side indicates that the two molecules would be 
preferentially taken up according to their plasmatic concen-
tration (Cynober 2002). This is also in line with the higher 
external affinity of the transporter for threonine and serine. 
The finding is interesting also from a pathological point of 
view, since serine, besides glutamine, is important in can-
cer cells for maintaining the redox homeostasis necessary 
for their survival. Noteworthy, it has been recently reported 
that serine starvation induces increased ROS production in 
some cancers with consequent cell cycle arrest (Maddocks 
et  al. 2013). Furthermore, in cancer cells, where ASCT2 
is over-expressed and the request of glutamine is higher 
than normal, the reaction mediated by ASCT2 should lead 
mainly to glutamine uptake in exchange with other amino 
acids with smaller side chains allowing net import of 
reduced carbon atoms to fulfill energetic purposes ("Intro-
duction"; Ganapathy et al. 2009).

Another important aspect dealt with in this work is the 
electrogenic nature of the Na+-coupled amino acid anti-
port. The described data are in favor of inward transport 
of one Na+ per glutamine with consequent electrogenicity 
of the transport reaction. However, we cannot completely 
exclude that more than one Na+ may be involved in inward 
transport, if the binding of ions is independent from each 
other. The suggested mechanism, which does not repre-
sent a definitive proof, is compatible with the recent data 
obtained in cell systems on the rat ASCT2 even though 
with some differences (Zander et al. 2013), which are justi-
fied by the structural diversity of the two isoforms. Indeed, 
aligning the rat and the human transporters, an overall iden-
tity of 79 % is found, which is not as high as the identity 
among other membrane transporters of the two organisms 
(Broer et  al. 1999; Oppedisano et  al. 2011; Indiveri et  al. 
2013). This relatively low identity accounts for some func-
tional differences like the broader substrate specificity of 
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hASCT2 compared to rat isoform or the ability of evoking 
currents of hASCT2 compared to electroneutrality of the 
rat isoform (Broer et al. 1999). Other structural differences 
arise from this comparison: rat isoform has 16 Cys while 
human only 8; moreover, only the rat isoform harbors a 
CXXC motif responsible for the very strong interaction 
with heavy metals (Oppedisano et al. 2010). This motif is 
located in a stretch of 31 amino acids (from 239 to 270) 
in which the local identity between rat and human is only 
12 % (not shown). However, knowledge of the functional 
role of this stretch requires further investigation.

Interestingly, proteoliposomes allowed us to investi-
gate the role of internal Na+. It plays a regulatory function 
under physiological conditions since the best activating 
concentration of Na+ corresponds to its average intracellu-
lar concentration (Fleysher et al. 2013). On the basis of the 
effect of internal Na+ on Vmax but not on Km for glutamine 
“Results”, it can be inferred that the stimulation may be 
caused by the increased coupling between the two subunits 
or by stabilization of the transporter transition state. Taken 
together, the experimental data allowed to conclude that the 
mechanism of transport is complex and finely regulated: the 
driving force is, indeed, constituted by the antiport compo-
nent (guided by different amino acid concentrations across 
membrane in vivo), the inwardly directed Na+ concentra-
tion gradient and, at lower extent, the electrical component.

Nearly nothing is known about regulation of ASCT2 
either by post-translational modifications or interactions 
with other proteins. We have demonstrated here that the 
glycosyl moieties of ASCT2 have no role in transport func-
tion, thus validating the suitability of the recombinant pro-
tein for functional characterization. This post-translational 
modification, has been suggested as not essential for func-
tion of other transporters studied in cell systems (Vickers 
et  al. 1999; Quick and Wright 2002; Keller et  al. 2008; 
Filippo et  al. 2011) even though a direct proof was not 
available. Thus, the experiments performed in proteoli-
posomes on ASCT2 may suggest a possible general rule 
for membrane transporters. These preliminary results open 
interesting perspectives for investigating the role of gly-
cosylation and of other potential post-translational modi-
fications of ASCT2. On the basis of proteomics, indeed, 
PhosphoSite database (http://www.phosphosite.org/hom
eAction.do) counts 11 phosphorylation and 7 ubiquitina-
tion sites observed in the human protein by mass spectrom-
etry analysis. The protein modification possibly occurring 
in these sites might be involved in the control of hASCT2 
function acting, on the one hand, on the protein expression/
delivery in plasma membrane (Avissar et al. 2008), on the 
other hand, on its degradation.

On the basis of the described results, the recombinant 
hASCT2, which functions as the native protein, is useful for 
large-scale screening of inhibitors, as potential anticancer 

drugs. The proteoliposomes tool, in fact, has already proved 
suitable for such studies (Pochini et al. 2013, 2014). Lastly, 
in this paper, an interaction between ASCT2 and a scaf-
fold protein has been shown, for the first time. The analy-
sis of the intracellular C-terminal of hASCT2 showed that 
it contains a class I PDZ binding motif. The PDZ domains 
are composed by 80–90 amino acids and represent the 
most abundant interaction domains encoded in the human 
genome. The PDZ modules are highly conserved across 
evolution and are involved in several cellular pathways 
under both physiological and pathological conditions. Inter-
estingly, several membrane transporters, involved in drug 
and nutrient disposition are regulated by PDZ proteins 
such as PDZK1, PDZK2, NHERF1 and NHERF2 (Sugi-
ura et al. 2011). The interaction with these proteins seems 
to be involved in sorting and membrane stabilization of the 
transporters. In the case of hASCT2, a strong interaction 
between PDZK1 and the C-terminal of the protein has been 
reported here. The results are in line with the co-expression 
of the two proteins in different normal and neoplastic tis-
sues (http://www.proteinatlas.org/). These findings correlate 
well with the intracellular localization of the C-terminal of 
hASCT2. (Pingitore et al. 2013; Fig. 1). These results rep-
resent the basis for identifying the PDZ domain, among 
the four present in PDZK1, directly involved in the interac-
tion with ASCT2. This will shed light on the cell pathway 
involved in ASCT2 regulation, since each PDZ domain can 
activate different intracellular metabolic cascades. A further 
regulatory role may be played by two potential phospho-
rylation sites in the C-terminal motif (SEKESVM), which 
can change the binding specificity of the sequence toward 
PDZK1 (Dephoure et  al. 2008; Thingholm et  al. 2008). 
From all the data here described, it appears that the func-
tion of hASCT2 can be modulated at different levels, fulfill-
ing the pivotal role of mediator of amino acid signaling and 
homeostasis in physiological conditions. Moreover, the suit-
ability of the proteoliposome model for inhibitor’s screening 
opens important application perspectives, since ASCT2 is a 
well-known player in cancer development and progression.
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