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The plasma membrane transporter xCT belongs to the SLC7 family and has the
physiological role of mediating the exchange of glutamate and cystine across
the cell plasma membrane, being crucial for redox control. The xCT protein
forms a heterodimer with the ancillary protein CD98. Over the years, xCT
became a hot pharmacological target due to the documented over-expression
in virtually all human cancers, which rely on cystine availability for their
progression. Notwithstanding, several unknown aspects of xCT biology still
exist that require a suitable single protein experimental model, to be addressed.
To this aim, the recombinant host Escherichia coli has been exploited to over-
express the human isoform of xCT. In this widely used and low-cost system, the
optimization for growth and protein production has been achieved by acting on
the metabolic needs of the bacterial strains. Then, the His-tagged protein has
been purified by Ni?*-chelating chromatography and reconstituted in
proteoliposomes for transport activity assays. The expressed protein was in a
folded/active state allowing functional and kinetic characterization.
Interestingly, the features of the recombinant protein meet those of the
native one extracted from intact cells, further confirming the suitability of
E. coli as a host for the expression of human proteins. This study opens
perspectives for elucidating other molecular aspects of xCT, as well as for
studying the interaction with endogenous and exogenous compounds, relevant
to human health.
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Introduction

SLC7A11, also known as xCT, has been described as a
sodium independent obligatory exchanger of cystine and
glutamate localized at the cell membrane (Sato et al., 1999).
As in the case of other members of the SLC7 family, the xCT
transporter forms a heterodimer with the second member of the
SLC3 family, CD98 (SLC3A2) also named 4F2hc (Jyotsana et al.,
2022). The xCT/CD98 heterodimer is historically known as
system xc-, with XCT being the un-glycosylated light chain
subunit and CD98 being the type II glycoprotein heavy chain.
The interaction between the two proteins occurs at the level of
two conserved cysteine residues, which form a disulfide bridge.
xCT appears in many papers mostly describing the involvement
of this transporter in various human cancers (Chio and Tuveson,
2017; Ji et al., 2018; Shin et al., 2018; Combs and DeNicola, 2019;
Lin et al,, 2020; Koppula et al., 2021), especially in those that are
resistant to chemotherapy and radiotherapy (Lin et al., 2020).
Over the years, this phenomenon has been linked to the role
played by xCT in cancer biology (Kinoshita et al., 2013; Liu et al.,
2020; Koppula et al., 2021). Since this transporter is responsible
for the uptake of cystine, it provides cells with about half of the
cell cystine pool (Ghasemitarei et al, 2019), required for
regulation of the cell redox state; once in cells, cystine is
rapidly converted to cysteine through a NADPH dependent
reaction in the cytosolic space (Go and Jones, 2008). Then,
cysteine, through a two-step process catalyzed by y-
glutamylcysteine synthetase and glutathione synthetase, is
converted to glutathione, a key player of the redox state of
cells (Lu, 2009). Furthermore, cysteine is also the precursor of
taurine and hydrogen sulfide, which are involved in redox
signalling (Stipanuk et al., 2006; Jong et al., 2012; Combs and
DeNicola, 2019). Even if cysteine can derive from protein
degradation and de novo synthesis, cancer cells dramatically
increase their demand for this amino acid to cope with the
modified metabolic requirement and to maintain the redox
homeostasis, as it occurs in the case of glutamine (Chio and
Tuveson, 2017; Ji et al, 2018; Shin et al., 2018; Combs and
DeNicola, 2019; Lin et al., 2020; Koppula et al., 2021). In the last
years, XCT over-expression in human cancer has been linked
with ferroptosis, an iron-dependent cell death characterized by
excessive accumulation of peroxidated polyunsaturated fatty
acids (PUFAs) (Koppula et al, 2018). Indeed, the increased
levels of cystine uptake and, in turn, cysteine and glutathione
levels, slow down ferroptosis promoting cancer cell survival.
Besides the role in regulating ferroptosis, xCT affects tumor
microenvironment by exporting glutamate that in cancer cells
acts as an oncogenic signalling molecule favouring tumor
proliferation, invasion, and metastasis (Lin et al, 2020).
Moreover, xCT modulates the degeneration of motor neurons
in mice affected by amyotrophic lateral sclerosis; based on this
observation, the inhibition of xCT activity could slow down the
disease progression (Mesci et al, 2015). Interestingly, the
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expression of this transporter increases also in multiple
sclerosis, providing a link between inflammation and
excitotoxicity in demyelinating diseases (Pampliega et al,
2011). Due to the above-described involvement in human
pathologies, xCT is nowadays considered an attractive target
for anticancer therapies, since inhibition of xCT function will
increase ferroptosis triggering cancer cell death (Sato et al., 2018).
In line with this scenario, many efforts have been dedicated to
obtain the 3D structure of the xCT protein. The first structure of
the heterodimer has been solved by Cryo-EM, after expression in
HEK293S GnTI cells, employing a construct subjected to
consensus mutagenesis reaching more than 35% sequence
mutation (Oda et al, 2020). More recently, the structure of
xCT/CD98 heterodimer has been obtained by Cryo-EM in
both the apo (PDB:7P9U) and glutamate bound (PDB:7P9V)
states (Parker et al., 2021). The same experimental approach has
been used by another group to obtain the structure of xCT/
CD98 bound to erastin (PDB 7EPZ), a well-known ferroptosis
inducer, shedding light on the molecular basis of ferroptosis (Yan
et al,, 2022). Notwithstanding the huge efforts in deepening the
knowledge of xCT structure, several functional and kinetic
aspects of the transporter are still obscure and need to be
addressed. As for other membrane transporters, the main
reason for such a delay is the intrinsic difficulty in handling
these proteins with a unique methodological approach. Indeed,
the intact cell system approach, mainly used for measuring the
transport activity of xCT, is affected by interferences due to the
presence of other molecular systems with similar or overlapping
substrate specificity. This feature hampers the accurateness of
side-specific functional and kinetic investigations that become
mandatory for the complete characterization of the system,
especially for an antiporter as in the case of xCT. To this aim,
we here report the successful over-expression and purification of
the recombinant human xCT in E. coli, and its reconstitution in
proteoliposomes in an active form. This exquisitely in vitro
model constitutes the experimental bases for improving
structure/function relationships studies together with site-
directed mutagenesis approaches for designing and testing
potential drugs and effectors.

Materials and methods

Chemicals used for experiments, protease inhibitor cocktail
(P8849), Nickel Affinity Gel (HIS-Select”™—P6611) and the
Monoclonal Anti-polyHistidine-Peroxidase antibody (A7058),
Amberlite XAD-4, egg yolk phospholipids, Sephadex G-75,
Merck  Life
endonucleases and specific reagents for cloning from Thermo

L-glutamate  from Science;  restriction
scientific; E. coli Rosetta (DE3) strain from Novagen; MegaMan
Human Transcriptome Library, BL21 codon plus RIL from
Agilent technologies. L-[’H]-glutamate from Perkin Elmer,

C,,Eg from TCI Europe, bacterial lipids from Avanti polar Lipids.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.993626

Galluccio et al.

Cloning of human xCT

The ¢cDNA encoding for human xCT transporter (SLC7A11)
(UniProtKB: Q9UPY5; GenPept accession no. NP_055146.1), was
amplified from MegaMan Human Transcriptome Library using the
following specific primers: 5'- CCGGAATTCTATGGTCAGAAA
GCCTGTTGTGTCCA-3’ (forward) and 5'- ACGCGTCGACTCA
TAACTTATCTTCTTCTGGTACA-3 (reverse), respectively. The
amplified sequence was cloned between EcoRI and Sall restriction
sites of the pH6EX3 expression vector. The resulting recombinant
plasmid, defined as pH6EX3-hxCT, encodes a 6His-tagged fusion
protein corresponding to the hxCT carrying the extra N-terminal
MSPIHHHHHHLVPRGSEASNS sequence.

Expression of human xCT transporter

To produce the 6His-hxCT recombinant protein, E. coli
BL21 codon plus or Rosetta (DE3) cells, were transformed
with the pH6EX3-hxCT The of
transformed colonies was performed on LB-agar plates added

construct. selection
with 100 ug/ml ampicillin and 34 pg/ml chloramphenicol.
Different media (LB or Terrific) prepared in the absence or
presence of different glucose concentrations were assayed.
According to the number of conditions to be tested, colonies
were inoculated in a different volume of a specific medium and
cultured overnight at 37°C under rotary shaking (160 rpm). The
day after, the cultures were diluted at 1:20 in fresh medium added
with the specific antibiotics and specifically treated. In particular,
when the optical density measured at 600 nm wavelength was
about 0.8-1, the growth temperature was lowered to 28°C and
different IPTG concentrations (from 0.05 to 0.4 mM) were tested
to induce protein expression up to 8 h except for one aliquot,
grown in absence of inducer, (negative control). Every 2h,
aliquots were collected and centrifuged at 3,000 x g, and 4°C
for 10 min; the pellets were stored at —20°C. A bacterial
pellet aliquot, after thawing, was dissolved in a resuspension
buffer (20 mM Hepes/Tris, 300 mM NaCl pH 7.5) and added
with protease inhibitor cocktail according to manufacturer
instructions. The bacterial suspensions were sonified in an ice
bath for 5min (pulse of 1s on, and 1s off) at 30%, using a
Branson SFX 550 sonifier. The insoluble cell fractions were
analyzed by SDS-PAGE and Western blotting.

Purification of the hxCT protein

To purify 6His-hxCT protein, the pellet of 24 ml bacterial
suspension was washed twice with 0.1 M Tris/HCI pH 8.0 and
centrifuged at 12,000 x g for 10 min. The new pellet was
solubilized by adding 1.6 ml of 8 M urea, 80 pul of 500 mM
DTE, 216 pl of 10% sarkosyl, 1 mM glutamate, and mixed for
30 min in a fixed angle rotator for tubes. Then, 1 ml of a
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renaturing buffer (A) containing: 0.1% sarkosyl, 200 mM
NaCl, 10% glycerol, 1 mM glutamate, and 20 mM Tris/HCl at
pH 8.0 was added and the rotation continued for 30 min in the
same conditions. After this time, the sample was centrifuged
(12,000 x g, 10 min, 4°C), and the supernatant was added to a His
select Ni** affinity gel column (0.5 x 7.5 cm; 3 ml= 1 Column
Volume) equilibrated with 10 column volumes of a renaturing
buffer A, and then mixed for 1 h at 4°C in a fixed angle rotator for
tubes. Then, the protein resin mix was transferred into a column
and packed by gravity. Then, 5 ml of washing buffer (0.1% C,Es,
200 mM NaCl, 10% glycerol, 1 mM glutamate, 5mM DTE,
20 mM Tris/HCI at pH 8.0) were added to remove unbound
proteins. A second washing step was performed with 10 ml of the
same buffer added with 10 mM imidazole. Then, 5 ml of washing
buffer (0.3% C,,Es, 200mM NaCl, 10% glycerol, 1 mM
glutamate, 5mM DTE, 20 mM Tris/HCl at pH 8.0) added
with 10 mM imidazole were added to increase detergent
concentration required for protein solubility. The elution was
performed using 8 ml of elution buffer composed of: 0.3% C,Es,
200 mM NaCl, 10% glycerol, 1 mM glutamate, 5mM DTE,
20 mM Tris/HCI at pH 8.0, and 500 mM imidazole. Fractions
of 1 ml were collected and analyzed by SDS-PAGE and western
blotting. The purified xCT was present in fractions 4 and 5. The
fractions were pulled together and passed through a PD-10
column for removing imidazole using a buffer composed of
0.3% Ci,Eg, 200 mM NaCl, 10% glycerol, 5mM DTE, 1 mM
glutamate, 20 mM Tris/HCl at pH 8.0. The protein was then used
for reconstitution in proteoliposomes as described in the
following paragraph.

Cell culture

A549 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS), 2 mM glutamine, and Pen/Strep as antibiotics. Cells
were grown on 10 cm” plates at 37°C in a humidified incubator
and a 5% CO, atmosphere. The xCT/CD98 complex was
solubilized from A549 pellets with RIPA buffer supplemented
with 1% C,,Eg and protease inhibitor cocktail (from Merck Life
Science). The solubilized suspension was incubated on ice for
30 min and then centrifuged (12,000 x g, 20 min, 4°C). After
centrifugation, proteins in the supernatant were quantified using
the Lowry Folin method and subjected to SDS-PAGE 12% for
western blot analysis against xCT and CD98.

Reconstitution of the hxCT transporter
into proteoliposomes

The desalted protein was used for reconstitution in

liposomes. The composition of the mixture was: 5 pg (even if
no change of transport activity was observed in a range from 3 to
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7 ug) of the purified protein in desalting buffer (or 150 pg of total
lysate from A549 cell pellet), 100 ul of 10% C;,Eg, 100 pl of 10%
egg yolk phospholipids in the form of sonicated liposomes
prepared with 7.5% cholesterol as previously described (Cosco
et al,, 2020), 10 mM glutamate (or different concentrations as
indicated in figure legends), 10 mM DTE and 20 mM HEPES
Tris pH 7.5 in a final volume of 700 pl. The mixture was then
incubated for 90 min under rotatory stirring (1,200 rpm) at 23°C
with 0.5g of Amberlite XAD-4, for detergent removal from
mixed micelles. Upon detergent removal the final lipid
concentration reached 10 mg/ml and the protein/lipid ratio

was 1:2,000. All procedures were performed at room
temperature.
Transport measurements

To remove the external compounds, 600ul of

proteoliposomes was passed through a Sephadex G-75 column
(0.7 cm diameter x 15 cm height) equilibrated with a buffer
containing 20 mM Hepes Tris pH 7.5. The eluate was
collected and divided into 100 pl samples used for transport
assay. The uptake was started by adding 10 uM [*H]-glutamate
(50.8 Ci/mmol) at room temperature and stopped with 250 pM
HgCl,, an inhibitor of xCT, at the desired times, as indicated in
the figure legends. In the control sample, the same inhibitor was
added at time zero, according to the inhibitor stop method
2020). Then, to the
radioactivity, 100 pl of each sample were passed through a
Sephadex G-75 column (0.6 diameter x 8 cm height), buffered
with 50 mM NaCl. Liposomes were eluted with 1 ml of the same

(Cosco et al, remove external

buffer and collected in a 3ml of scintillation mixture, for
radioactivity counting. The experimental values were analyzed
by subtracting to each sample the respective blanks.

Protein quantification

Protein concentration was measured by the method of
Lowry, modified for the presence of detergents (Dulley and
Grieve, 1975). Proteins were separated by SDS-PAGE on 12%
polyacrylamide gels performed according to Laemmli (Laemmli,
1970), using the Hoefer SE260 mini-vertical unit and stained by
Coomassie-brilliant blue or using a stain-free technology (Bio-
Rad). Quantitative evaluation of Coomassie-stained or stain-free
visualized protein bands was carried out using the Chemidoc
imaging system equipped with Quantity One software (Bio-Rad).

Western blotting

Recombinant human xCT protein was immuno-detected
using the Monoclonal Anti-polyHistidine-Peroxidase antibody
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1:10,000. The reaction was detected by Electro Chemi
Luminescence (ECL). Native xCT and CD98 proteins were
immunodetected using polyclonal anti xCT 1:1,000 and anti
CD98 1:1,000 antibodies, respectively. The incubation with
primary antibodies was conducted overnight at 4°C. The
reaction was detected by Electro Chemi Luminescence (ECL)
assay after 1 h incubation with secondary antibody anti-rabbit 1:
5,000.

Results and discussion

Expression in E. coli and purification of the
human xCT

The WT human xCT-pH6EX3 construct was firstly used for
transforming E. coli BL21 codon plus strain adopted to overcome
codon bias. A single colony was inoculated and cultured
overnight in an appropriate volume of LB broth. After
12-16 h, a 1:20 dilution in fresh LB was performed and the
growth was monitored. During the exponential phase of growth
(OD ~ 0.8), the cultures were differently treated as described in
the materials and methods section. The IPTG concentration was
modulated in a range from 0.05 to 0.4 mM in the presence or
absence of 0.5% glucose (Figure 1). Glucose was tested since its
addition the expression of the
SLC6A19 amino acid transporter (Galluccio et al, 2020).
Indeed, glucose reduces leaky expression by inhibiting lac

revealed crucial for

permease (Winkler and Wilson, 1967) and triggers catabolite
repression limiting the transcriptional activation of the RNA
polymerase mediated by cAMP (Galluccio et al, 2022a).
Following IPTG addition, cells were collected at 6h or 8h
(Figure 1A, lanes 3 and 7). A protein band with an apparent
molecular mass of about 45 kDa was observed in the induced cell
lysates only at 0.05 mM IPTG in the presence of 0.5% glucose
either at 6 and 8 h. The WB analysis of the same samples
confirmed the presence of xCT at the apparent molecular
mass of about 45 kDa under the conditions of 0.05 mM IPTG
and 0.5% glucose with a much greater amount at 8 h than at 6 h
(Figure 1B). Using a low IPTG concentration for improving
expression was based on previous works on other human SLC
transporters for which lowering IPTG concentration resulted in a
slower rate of protein production decreasing the toxicity of the
target protein (Forster-Fromme et al., 2017; Galluccio et al., 2020;
Galluccio et al., 2022b). The molecular mass observed on the gel
is lower than the theoretical mass of the protein, i.e., 57.772 Da,
as in the case of other hydrophobic membrane transporters
(Galluccio et al., 2009; Rath et al., 2009). The finding that the
protein is produced only in the presence of glucose indicates that
the catabolite repression phenomenon was crucial for obtaining
protein expression (Wanner et al., 1978; Galluccio et al., 2022a).
Then, to further investigate the effect of glucose, its influence on
protein expression was tested in cells induced with 0.1 and
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FIGURE 1

Human xCT expression in E. coli BL21. E. coli BL21 codon plus was transformed with hxCT-pH6EX3 construct and cultured in the absence or
presence of 0.5% glucose. The effect of different IPTG concentrations at different times of induction was also tested. (A) SDS-PAGE of insoluble
fractions from: 1, uninduced cell lysate; 2-9 induced cell lysates in different conditions: IPTG, glucose concentration and times of growth are
indicated in the figure; M, page ruler prestained plus marker; (B) Western blotting using an anti-His antibody of the samples loaded as in (A). (C)
SDS-PAGE of insoluble fractions after 8 h of growth from: 1, uninduced cell lysate; 2—-6 induced cell lysates in different conditions: IPTG and glucose
concentrations are indicated in the figure; M: page ruler prestained plus marker. (D) Western blotting using anti His antibody of the samples loaded as

in (C).

0.4 mM IPTG (Figure 1C, lanes 4 and 5, respectively). In these
conditions, the 45kDa protein was not produced. The WB
analysis of Figure 1D confirmed that xCT was only present at
0.05mM (Figure 1C lane 3) but not at higher IPTG
concentration. On the other way around, decreasing or
increasing glucose concentration (Figure 1C lanes 2 and 6,
respectively) had a negative effect on protein production. To
verify if the protein production could be further improved, a
different E. coli strain, i.e., Rosetta (DE3) was transformed with
the recombinant construct human xCT-pH6EX3. The Rosetta
strain was used because it supplies additional tRNA specific for
human codon usage with respect to BL21 codon plus (Galluccio
et al, 2022a). Then, the dependence on different glucose
concentrations (0.1 % and 0.5%) was tested in the presence of
three IPTG concentrations (0.05, 0.1, and 0.4 mM) (Figure 2A).
As observed for the BL21 strain, the addition of 0.5% glucose was
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crucial for obtaining the expression of the protein in Rosetta
strain (Figure 2B lanes 7-9). Moreover, at 0.05mM IPTG
concentration the expression was higher with respect to
0.1 and 04mM IPTG (Figure 2B lanes 7, 8, and 9,
respectively). When compared to the best condition obtained
in BL21 (Figure 1C lane 3 and Figure 2B lane 2), a slightly higher
over-expression was observed in Rosetta (Figure 2B lane 7).
Interestingly, Rosetta cells grew up reaching an O.D. value
that is about double with respect to the BL21 cells; the double
cell number implies the recovery of a much higher total protein
amount (0.5 mg/L of cell culture). During protein expression, we
observed the production of foam as a consequence of the
bacterial fermentation indicating that the volume and
composition of broth could be critical for protein production.
Thus, we further tested the effect of oxygen by changing the ratio
Broth Volume/Flask Volume (BV/FV) in Terrific Broth (TB). We
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FIGURE 2

hxCT expression: the effect of strain, medium, and oxygen. E. coli BL21 codon plus or Rosetta (DE3) strain was transformed with hxCT-pH6EX3

construct and cultured in the absence or presence of different glucose and IPTG concentrations. (A) SDS-PAGE of insoluble fractions after 8 h of
growth from: 1, uninduced cell lysate; 2—-9 induced cell lysates in different conditions: IPTG and glucose concentration are indicated in the figure; M,
page ruler prestained plus marker; R, Rosetta (DE3); B, BL21 codon plus. (B) Western blotting using anti His antibody of the samples loaded as in

(A). (C) SDS-PAGE of insoluble fractions of Rosetta cells after 8 h of growth from: 1, uninduced lysate; 2-9, in presence of 0.5% glucose and 0.05 mM
IPTG. In particular, lanes 2 and 3, from 25 ml of LB and Terrific broth, respectively, cultured in a 250 ml Erlenmeyer open flask; lane 4: sample treated
as in lane 3 butin presence of plug; lanes 5-7, from 100, 200, and 300 ml of Terrific broth, respectively, cultured ina 1 L Erlenmeyer open flask; lanes
8and 9, from 200 ml of Terrific broth cultured in a 2 L open and closed Erlenmeyer flask, respectively. (D) Western blotting using anti His antibody of

the samples loaded as in (C).

10.3389/fphys.2022.993626
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found that xCT protein production was drastically increased by
the reduction of BV/FV, and positively affected also by the
absence of plug (open flasks) (Figure 2C). The use of 25 ml of
TB in a 250 ml Erlenmeyer flask (Figure 2C, lane 3) caused an
increase in protein production with respect to the same BV/
FV in LB broth (Figure 2C lane 2). Moreover, the total cell
number at the end of the induction experiment increased four
times allowing to increase the yield of purified protein per liter
of cell culture up to 2 mg/L of cell culture. As expected, by
cultivating 100 ml, 200 ml or 300 mlin a 1 L flask, we observed
a corresponding reduction in the protein amount (Figure 2C,
lanes 5-7). Moreover, the use of the open flask positively
influenced xCT production as confirmed by WB (Figure 2D,
lanes 3-4 and 8-9). The pellet deriving from 250 ml of Rosetta
cells cultured in TB as described above (Figure 2C lane 8), was
treated with 24 ml of resuspension buffer containing 20 mM
Hepes/Tris pH 7.5 and 300 mM NaCl. Then, the resuspended
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pellet was sonified and the xCT protein was purified as
described in the materials and methods (Figure 3). The
purification procedure was slightly modified from that
employed for other membrane transporters (Galluccio
et al., 2013; Galluccio et al,, 2015), by doubling the volume
of solubilizing agents, increasing the time of solubilization and
the volume of Ni**-chelating resin employed in the
purification. The xCT protein was visualized as a single
band following a stain-free SDS-PAGE (Figure 3A) after
a buffer
(Figure 3A, lane 4). The identity of the protein was

elution with containing 500 mM imidazole
confirmed by western blotting using an anti-His antibody
(Figure 3B lane 4). Noteworthy, the binding of the 6His-xCT
protein was effective since no reaction against the anti-His
antibody was observed neither in the flow through (Figure 3B,
lane 2) nor in the washing fraction containing 10 mM

imidazole (Figure 3B, lane 3).
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hxCT purification. (A) Proteins were separated by SDS—PAGE and visualized by a stain-free procedure as described in materials and methods:

lane M, page ruler unstained marker; lane 1: sample as in Figure 2 lane 8 solubilized before IMAC loading; lane 2: flowthrough fraction containing the
unbound proteins; lane 3: fraction of the protein eluted with washing buffer added with 10 mM imidazole; lane 4: fraction of the protein eluted with
washing buffer added with 500 mM imidazole. (B) Western blotting using anti His antibody of the samples loaded as in (A).

Functional and kinetic characterization of
xCT in proteoliposomes

The major scope of this work was obtaining a recombinant
xCT at a relatively low cost available for further functional and
kinetic characterization, to shed light on still unknown features of
xCT biology. Once obtained the purified protein, we looked at its
functional state by performing a transport assay in
proteoliposomes using a previously described procedure
(Cosco et al.,, 2020), with some adaptations. Starting from the
few known functional properties of xCT (Sato et al., 1999), the
transport activity was measured as the exchange of external [*H]-
with 4A). The

homoexchange reaction was used since this procedure allows

glutamate internal  glutamate (Figure
obtaining a higher accumulation of the radioisotope inside the
vesicles with respect to the heteroexchange procedure (Scalise
et al,, 2020) facilitating the activity measurements. The time
course analysis showed an accumulation of radiolabelled
glutamate with an initial transport rate of 0.59 + 0.1 nmol *

mg prot ™' * min™'

, reaching the radioisotope equilibration at
30 min. As a control, in the same experiments, liposomes without
incorporated proteins were used and no accumulation of
radiolabelled (Figure 4A). The

obligatory also evaluated by

substrate was observed

antiport mechanism was
measuring the uptake of [*H]-glutamate in the absence of
internal glutamate; as it is shown in Figure 4A, virtually no
accumulation of [*H]-glutamate was observed in the absence of a
counter-substrate. As in the case of LAT1, the reconstitution of
xCT was performed with a protein/lipid ratio of 1:2,000.
Considering that xCT is over-expressed in E. coli cells, the
effect of bacterial lipids on the transport activity of xCT was
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evaluated; as it is shown in Figure 4B, the [*H]-glutamate uptake
was virtually not affected by the presence of bacterial lipids. It has
to be highlighted that the amount of protein inserted into the
proteoliposome membrane accounted for roughly 30% of the
total, as evaluated by Western blot analysis reported in Figure 4C,
moving from a previously adopted methodology; this fraction
represents the protein, available for functional studies, most
probably corresponding to that correctly folded protein and is
in the range of the fraction of other functional transporters
incorporated in proteoliposomes [(Galluccio et al.,, 2022b) and
refs herein]. To compare the transport features of recombinant
xCT to that of the native one, the protein was solubilized from
A549 cell pellets and reconstituted in proteoliposomes
(Figure 4D). It has to be stressed that in this condition, xCT
was associated with the ancillary protein CD98, being extracted
from intact cells, as shown by Western blot analysis (Figure 4E).
The [*H]-glutamate uptake was stimulated by the presence of
internal glutamate, being in good agreement with the antiport
mode and with the data obtained using the recombinant xCT
(Figure 4A). These results confirmed that the recombinant
protein is in a functionally active state and that does not
require the heavy chain CD98 for catalysing amino acid
transport, as previously demonstrated for the fifth member of
SLC7 family, LAT1 (Napolitano et al, 2015). Indeed, it is
plausible that also in the case of xCT, the ancillary protein
CD98 is required in cells for routing the light chain to the
definitive location in the plasma membrane, with no effects
on the intrinsic transport activity of the heterodimer. The
[*H]-glutamate uptake measured in the absence of internal
glutamate (Figure 4B), which is higher than that measured
with the recombinant protein, can be ascribed to some
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FIGURE 4

Biochemical characterization of hxCT reconstituted in proteoliposomes. In (A), time course analysis of reconstituted xCT. Purified protein was
reconstituted as described in materials and methods. The transport was started by adding 10 uM [*H]-glutamate to proteoliposomes without (o) or
with 10 mM internal glutamate (@), and stopped at indicated times. Data are plotted using first order rate equation. Data are presented as mean + SD
of four independent experiments. In (B), effect of E. coli lipids. Purified protein was reconstituted as described in materials and methods. The
transport was started by adding 10 pM [*H]-glutamate to proteoliposomes prepared with phosphatidyl choline from egg yolk or with a mixture of
phosphatidyl choline from egg yolk and bacterial lipids (70:30). The transport was stopped after 20 min. In (C), Western blot analysis. The purified
protein (lane 1) and reconstituted protein (lane 2) were loaded onto a 12% SDS-PAGE for Western blot analysis with anti-His antibody. In (D), transport
of native xCT extracted from A549 cells. Cell extracts were prepared and reconstituted as described in materials and methods. The transport was
started by adding 10 pM [°H]-glutamate to proteoliposomes without or with 10 mM internal glutamate and stopped after 60 min as indicated in the
figure. *Significantly different from the control (-Glu in) as estimated by Student’s t-test (p < 0.01). In (E) Western blot analysis. The A549 pellet was
solubilized as described in material and methods and 50 ug were loaded onto a 12% SDS-PAGE for Western blot analysis with indicated antibodies. In
(F,G) kinetic analysis of the recombinant xCT reconstituted in proteoliposomes as described in materials and methods. In (F), the transport was
measured in 10 s by adding indicated concentrations of [*H]-glutamate to proteoliposomes containing 10 mM internal glutamate, for evaluation of
external Km for glutamate. In (G), the transport was measured in 10 s by adding 10 uM [*H]-glutamate to proteoliposomes containing indicated
concentrations of internal glutamate, for evaluation of internal Km for glutamate. Data are plotted using the Michaelis-Menten equation. Data are
presented as mean + SD of three independent experiments and transport rate is measured as nmol/mg prot/min (V). In (H), time course analysis of
reconstituted xCT. Purified protein was reconstituted as described in materials and methods. The transport was started by adding 10 uM [*H]-
glutamate to proteoliposomes containing 5 mM internal cystine and stopped at indicated times. Data are plotted using first-order rate equation. Data
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are presented as mean + SD of three independent experiments.

interferences by other glutamate specific uniport transporters
present in the total cell extract. To deepen the knowledge of the
xCT, kinetic analysis was performed using the recombinant
protein reconstituted in proteoliposomes (Figures 4F,G); the
derived apparent external Km for glutamate was 25 + 7.8 uM
(Figure 4F), whereas the apparent internal Km for glutamate was
5.8 £ 1.6 mM (Figure 4G). It has to be stressed that apparent Km
values are reported since a bi-substrate kinetic analysis for
defining the transport mechanism and, hence the substrate
independent actual Km values, still needs to be described and
will be dealt with in next studies. Interestingly, the external Km
for glutamate was already calculated in the very early study (Sato
et al, 1999), being similar to that measured in this work,
confirming that the properties of the recombinant protein
overlap those of the native protein. As above-mentioned, due
to difficulties in controlling the composition of cytosolic space in
an intact cell system, the internal Km was not known; we here
show a profoundly different value from the external one. This
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finding is in good agreement with a side-right out orientation of
the transporter in liposomes that resulted in a kinetic asymmetry,
as in the case of LAT1 (Napolitano et al., 2015). Finally, to
ascertain the actual occurrence of a glutamate/cystine exchange,
the uptake of radiolabelled glutamate was measured in exchange
with internal cystine (Figure 4H). Again in this case, a
measurable transport was observed with an initial transport
rate of 0.1nmol * mg prot' * min' + 0.05 being, as
expected, lower than the homoexchange.

Conclusion

The availability of recombinant human xCT in an active form
was mandatory for studying the function of this transporter.
Even though bacteria represent the easiest and cheapest tool for
obtaining recombinant proteins, expression of membrane
human proteins is often very difficult in this host (Galluccio
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et al., 2022a). Therefore, strategies based on metabolic and
growth condition changes have been adopted for xCT, starting
from previous knowledge of other SLC bacterial expression. In
the case of xCT, the novel finding which revealed crucial for
protein production was the BV/FV ratio, which indirectly
conditions the oxygen partial pressure. The abundantly over-
expressed protein was then tested for its suitability for
physiological activity assays. Indeed, the recombinant xCT was
able to catalyse in proteoliposomes, the most common transport
reactions previously tested in intact cells, thus confirming the
active state of the protein. A comparison with the activity of the
protein extracted from a cell line containing CD98, correlated
well with the assumption that the xCT moiety was responsible for
the amino acid antiport reaction. The identification of the
optimal growth conditions and the reconstitution of xCT in
proteoliposomes open the way to further investigations devoted
to describing still unknown physiological features of this
important transporter, with outcomes in human health and
pharmacology.
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