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Abstract




Amino acid transport in mammalian cells is mediated by different amino acid transporters. Amino acid flow,
which is important under physiological conditions, becomes particularly relevant under pathological conditions
such as in cancer cells where high demand for these nutrients is required to satisfy the uncontrolled growth and
proliferation. Therefore, to guarantee a sufficient supply of nutrients a lot of amino acid transporters are highly
expressed in cancer cells. In this context, the amino acid transporters hLAT1 and hASCT?2 are widely studied

for their role as potential targets for drug development.

hASCT2 belongs to SLC1 family and assembles at the plasma membrane as a trimeric complex. Studies conducted
using the recombinant protein showed that this transporter is strongly stimulated by cholesterol. The stimulation
is due to an improvement of protein insertion in the phospholipid bilayer and direct interaction with the protein.
In fact, cholesterol increased the Vmax of the transport, without affecting the external Km, indicating that it
increases the rate of conformational changes. Thanks to docking analysis, 6 putative cholesterol binding sites
were predicted, some of these matched with the electron densities identified on the cryo-EM structure of
ASCT2. Two poses are on the TM6, where a CRAC and a CARC motif has been identified. Experimental
demonstrated the direct binding of cholesterol to the protein. In particular, Koshland’s reagent and SH-reagents
have been used for the target of tryptophan and cysteine residues close to the cholesterol poses.

hLAT1 belongs to SLC7 family and it forms a heterodimer complex (HAT) with the glycoprotein 4F2hc (also
known as CD98 in mice), a member of SLC3 family. hLAT1 is the sole component involved in the transport of
essential amino acids, as previously demonstrated (Napolitano, Scalise et al. 2015). In this work, the influence
of cholesterol has been evaluated on the recombinant protein hLAT1. Moreover, putative regulators involved in
energy metabolism have been tested on the transport. The transport activity increased up 75 pg cholesterol/ mg
phospholipids. Moreover, the internal substrate affinity increased in the presence of cholesterol suggesting a
stabilization of the inward conformation of hLAT1. The transporter is also stimulated by ATP at physiological
concentration. This effect occurs only in the presence of cholesterol and was seen also on the native protein.
This finding suggested that cholesterol and ATP binding sites are close to each other. The computational analysis
confirmed this hypothesis. In fact, a hydrophobic region between the TMs 1, 5 and 7 was found to be close to a
hydrophilic one. Docking results for ATP suggested an electrostatic interaction of the Y-phosphate of ATP with
Lys 204, which was confirmed by site-directed mutagenesis. This residue is conserved in the other SLC7 proteins
and for a serendipity event, it has been seen that Lys204 is also important in the substrate binding and pH-

sensitive.

In this work, the attention was focused also on another amino acid transporter CAT2, from Solanum lycopersicum.
The specific interest in tomato resides in the well-recognized role for this species in biotechnology. In fact,
tomato has been used as the primary model for the study of climacteric fruit ripening.

SICAT?2 belongs to APC superfamily, as LAT1, and it is involved in the transport of cationic amino acids like

arginine, lysine and the non-proteogenic amino acid ornithine. The experimental data on CAT2 highlighted an



asymmetric regulation by cations and osmotic pressure, in line with the localization of the transporter in
vacuoles. Like the other human transporters, CAT2 is also stimulated by cholesterol. On the basis of the 3D
structure of the amino acid transporter GkApcT, the homology model of SICAT?2 was built and putative substrate
binding residues and cholesterol binding domains were proposed.

Altogether, the described results open new perspectives for studying the response of membrane transporters to
metabolic and membrane changes. Moreover the identification of hydrophobic or hydrophilic sites interacting

with cholesterol or physiological effectors, respectively, could be important for applications in human pathology.



Abbreviations

ATP-binding cassette (ABC) transporters

SLC Solute carrier

APC Amino acid-polyamine-organocation (APC) superfamily
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ASCTs Alanine serine cysteine transporters
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CHAPTER I

Introduction




1.1. Biological membranes and transport activity

Biological membranes are selectively permeable barriers that separate the inner space (cytoplasm) of the cell
from the outer space, maintaining their architecture and physiology. In addition to the plasma membrane that
defines the external boundaries, other intracellular membranes divide the internal space of eukaryotic cells into
discreet compartments with several components involved in specific processes (Nelson D.L. Fourth Edition).
Membranes regulate molecule traffic between the internal and external environment, safeguarding nutrient
assumption, retaining metabolic intermediates and eliminating scrap products. Moreover, they are involved in
cell-to-cell communication and signal transduction.

They are formed by a phospholipid bilayer which gives stability and fluidity. Peripheral or integral proteins
partially or fully embedded, respectively, in the membrane, are involved in signal transduction and transport
phenomena. Ions, amino acids, sugars, or other molecules are not able to diffuse through the hydrophobic
bilayer, with very few exceptions. The presence of transport proteins guarantees the flux of the molecules
needed for cell functioning (Nelson D.L. Fourth Edition).

In particular, they guarantee the uptake into the cytoplasmic compartment and the distribution to the organelles
of all nutrients that are used as a source of energy as well as atoms such as carbon, nitrogen, sulfur, and
phosphorus needed for anabolic processes. The membrane transporters contribute to the regulation of metabolic
pathways and guarantee the excretion of end products. Some specific transporters, called primary active
transporters, create the membrane potential by hydrolyzing ATP. More recently, it was discovered that
membrane transporters are also involved in the uptake or efflux of drugs or toxic compounds (Saier 2000).

The concentration of transport proteins in the membrane bilayer changes on the basis of membrane type and
function. Membrane proteins represent a significant fraction (30%) of all proteins encoded in the genomes of all
organisms, highlighting the importance of these proteins for cell life (Fagerberg, Jonasson et al. 2010, Nelson

D.L. Fourth Edition).

1.2. Membrane transport proteins

Transporters can be classified using different criteria based on functional, molecular or evolutionary aspects.
Two major groups can be distinguished, channels and permeases on the basis on the features below described:
1. Channels are transmembrane proteins that are involved in the transport of ions, with a high
turnover rates (107 — 10% ions/s). Ions move from one side of the membrane to the other, on the
basis of their concentration gradient;
2. Permeases exhibit turnover rates orders of magnitude lower than those of channels. In contrast,

they show a higher specificity towards the substrates and they can employ different energy-



coupled mechanisms, besides the simple concentration gradient. Moreover, they show saturable

kinetic of transport, like enzymes.

On the basis of the transport driving force, permeases can be further subdivided into primary or secondary

active transporters.

e Primary active transporters utilize the primary source of energy generated from ATP
hydrolysis;

e Secondary active transporters represent the largest group and can be subdivided in
uniporters, symporters and antiporters on the basis of the transport modes.

* Uniporters catalyse the transport of a single molecular species using, as driving
force, the concentration gradient of the molecule itself on the two sides of the
membrane;

® Symporters also called cotransporters, mediate the transport of a substrate
coupled, generally, to an ion, in the same direction. The driving force derives
from the concentration gradient of the ion, thus the substrate can be transported
also against its concentration gradicnt;

®  Antiporters, also called countertransporters, catalyse the exchange of two (or

more) substrates in opposite direction (Saier 2000, Scalise, Pochini et al. 2013).

1.3. Amino acid metabolism and transport

The human body is able to synthesize only some amino acids (non-essential). The other amino acids (essential)
derive from the diet proteins. Protein degradation, in their constituent amino acids, takes place in the
gastrointestinal segment. The resulting dipeptides and amino acids are efficiently absorbed by enterocytes of the
small intestine and distributed to tissues through the blood. Amino acids are necessary for the synthesis of
proteins and bioactive molecules, such as hormones, neurotransmitters, polyamine, creatine,
phosphatidylserine, etc., as well as for energy metabolism. Moreover, amino acids can be involved in the
regulation of certain endocrine metabolisms (Broer 2008, Broer and Broer 2017). For example, glucose and

amino acids can modulate insulin, glucagon and glucagon-like peptides secretion (Hyde, Taylor et al. 2003).

1.4. Mammalian amino acid transporters

Mammalian cells have a broad range of mechanisms for the transmembrane transport of amino acids. Amino acid
transporters are classified on the basis of substrate specificity, transport mechanism and regulatory properties,

ion or pH dependence. Studies of Halvor Christensen in nonepithelial cells showed that amino acid transporters



accept groups of amino acids, not individual amino acids, such as small neutral amino acids, large neutral amino
acids, anionic amino acids, and cationic amino acids (Hyde, Taylor et al. 2003, Broer 2008). Initially, amino acid

transporters have been defined as “systems”, a term used to indicate a transport activity functionally identified

)

and very similar in different cell types. In particular, Christensen’s work identified:

e System L which includes neutral amino acid transporters that prefer leucine or other large
hydrophobic neutral amino acids;
e System A regroups amino acid transporters that prefer alanine or other small and polar neutral

amino acids;
e System ASC with amino acid transporters that prefer alanine, serine and cysteine;
e System y" for cationic amino acids;

e System X™ for anionic amino acids.

Moreover, all transporters can be divided in Na"- dependent or Na*-independent.

e Na'-dependent amino acid transporters utilize the energy stored in the transmembrane
sodium gradient, maintained by the sodium pump or Na*-K"-ATPase, to move ions or other

solutes against their concentration gradient across the membrane;

° Na+—independent amino acid transporters move amino acids across the membrane

independently of Na*.

Except for the Na'-independent system L, lowercase acronyms indicate Na'-independent transporters, whereas
uppercase acronyms are used for Na"-dependent transporters (Bode 2001). This classification is still considered
effective from a functional point of view. In the last decades, with the advent of bioinformatics, a new
classification has been introduced on the basis of the sequence homology among transporters. Similar amino acid
sequences in proteins reflect similar 3D structures and mechanism of action. Therefore, proteins are assigned
to a certain family on the basis of their sequence homology with the other proteins belonging to this family, the

number of transmembrane domains and the biological function.

1.5. The solute carrier (SLC) supet:family

A high number of transporters has been identified and characterized in the last decades and on the basis of
functional properties, transporters are divided into two main superfamilies: the Solute Carrier (SLC) and the
ATP-binding cassette (ABC) transporters. SLC members are involved in the transport of nutrients and other

compounds essential for cell survival, such as sugars, digested peptides, amino acids, nucleosides and inorganic



ions. On the other hand, ABC proteins are involved in the efflux or metabolites, drugs and toxic compounds.
Many transporters are still orphans since their substrates and functions remain to be identified (Fredriksson,
Nordstrom et al. 2008, Schlessinger, Yee et al. 2013, Zhang, Zhang et al. 2019). SLC member localization also
varies in cells, with the majority localized to the plasma membrane, while other transporters are localized in
mitochondria, endoplasmic reticulum, lysosomes, synaptic vesicles or peroxisomes. The SLC nomenclature
system was introduced in the 1990s by Matthias A. Hediger and Phyllis McAlpine. An overview of all currently
known SLC genes is provided in the SLC tables (slc.bioparadigms.org) and the HGNC database
(www.genenames.org/cgi-bin/genefamilies/set/752). At present, the SLC superfamily (Solute Carrier
Transporters) includes more than 400 members grouped in 52 families (Hediger, Clemencon et al. 2013, Cesar-
Razquin, Snijder et al. 2015, Zhang, Zhang et al. 2019). The classification is based on a common evolutionary
origin (Schlessinger, Yee etal. 2013). SLC transporters are highly expressed in metabolically active organs, such
as liver, kidney, brain and intestine, reflecting their importance in metabolism and in human diseases. In fact,
SLC alterations are associated with Mendelian and complex multifactorial diseases. SLC related diseases range
from neurological disorders, such as Parkinson disease, Alzheimer’s disease, epilepsy, schizophrenia, autism,
associated with dysfunction of SLC1 or SLC6 transporters autism (Pramod, Foster etal. 2013, Grewer, Gameiro
et al. 2014), to less common diseases such as Barter and Gitelman syndrome, caused by mutations in SLC12
genes (Hebert, Mount et al. 2004). Furthermore, since their involvement in a lot of disorders, there is an

increased interest in the targets of SLCs for drug development (Zhang, Zhang et al. 2019).

1.6. The SLCI family

In mammals, the SLC1 family is composed of two groups, one is represented by five high-affinity glutamate
transporters (EAAC1/SLC1A1, GLT-1/SLC1A2, GLAST/SLC1A3, EAAT4/SLC1A6 and EAAT5/SLC1A7),

which exhibit the properties of the previously described system XAG and the other group counts two neutral

amino acid transporters (ASCT1/SLC1A4 and ASCT2/SLC1AS5) sharing some features of the ASC system (Kanai
and Hediger 2003). In humans, members of the first group share 44-55% sequence identity with each other. The
other two proteins, ASCT1 and ASCT2, exhibit 57% identity with each other, but a low identity of 37-41%

with the EAATs. The phylogenetic tree of SLC1 transporters is shown in Figure 1:


http://www.genenames.org/cgi-bin/genefamilies/set/752

SLC1A4/ASCT1

SLCIAS/ASCT2

SLCIAI/EAACI

SLCIA2/GLT1

SLCA7/EAATS

SLCIA3/GLAST

SLCIAG/EAAT4

Figure 1 Phylogenctic tree of seven human SLC1 family members. (Adapted from Kanai Y. et al, The SLC1 high-affinity glutamate and neutral

amino acid transporter family, 2013).

EAACI1, GLT1 and GLAST were the first transporters identified in 1992. Kanai and Hediger isolated a cDNA
encoding EAACT after cloning in Xenopus oocytes (Kanai and Hediger 1992). Kanner et al. purified GLT1 and
showed that this transporter mediates the transport of glutamate with high affinity using the reconstitution in
liposomes (Danbolt, Storm-Mathisen et al. 1992, Pines, Danbolt et al. 1992). Stoffel et al. purified GLAST and
identified its cDNA through partial amino acid sequencing (Storck, Schulte et al. 1992).

The other two glutamate transporters, EAAT4 and EAATS, as well as ASCT1 and 2 were identified on the basis
of their identity with the other members of SLC1 family. EAATSs are the major transport mechanisms involved
in the extracellular glutamate removal from CNS, regulating its concentration and avoiding the glutamate
toxicity (Magi, Piccirillo et al. 2019). Loss of function of these transporters is associated with several diseases,
like amyotrophic lateral sclerosis, Alzheimer’s disease or schizophrenia (Kanai and Hediger 2003, O'Donovan,
Sullivan et al. 2017, Malik and Willnow 2019). All SLC1 members are Na'-dependent, although their
stoichiometries are distinct. In fact, EAATs are concentrative transporters, i.e. substrate transport is coupled to
the cotransport of three Na* ions and one H ion and the contertransport of one K (Figure 2). On the other
hand, ASCTs are obligatory exchangers of neutral amino acids (Zerangue and Kavanaugh 1996, Broer, Wagner
et al. 2000), where both the influx and the efflux event are coupled to the transport of two or more Na* ions.
In addition to these ion fluxes, SLC1 members show a thermodynamically uncoupled CI" conductance. The
significate of this flux has not been clarified, yet. It has been proposed that Cl" could be used to balance Na*

uptake, safeguarding the membrane potential and thus, the glutamate uptake.



EAAT 1-5

Cl

Glu/Asp
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Figure 2 Stoichiometry of EAATSs transporters (Adapted from Freidman et al., Amino Acid
Transporters and Exchangers from the SLCIA Family: Structure, Mechanism and Roles in
Physiology and Cancer, 2019).
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1.6.1. ASCT2 (SLCIA5)

One of the most studied transporters belonging to SLC1 family is the plasma membrane transporter SLC1A5,
also called ASCT2 (Alanine, Serine, Cysteine Transporter 2). ASCT2 gene was mapped on chromosome
19q13.32 (Larriba, Sumoy etal. 2001). This gene contains 8 exons and since the presence of different translation
starts, three isoforms are reported either on NCBI and Ensemble databases. The first isoform, is the longest one,
with 2873 nucleotides and 8 exons encoding for a peptide of 541 amino acids (NM 005628), with a molecular
mass of 57 kDa. The second one (NM 001145144) with 1737 nucleotides differs in the 5" UTR from the first
variant and encodes for a shorter peptide of 313 amino acids. The third isoform (NM 001145145) has 1927
nucleotides, lacking the first exon and it has been localized in mitochondria (Yoo, Park et al. 2020). It has a
different translation start, coding a peptide of 339 amino acids. A longer transcript XM_005259167, identified
by computational analysis, is reported only in the NCBI database (Figure 3). A lot of SNPs were reported for
SLC1AS5 gene. Some of these were well characterized: the variant rs3027956 and rs11668878 are associated
with breast cancer and chronic lymphocytic leukemia (Savas, Kerr et al. 2006, Sille, Thomas et al. 2012). On
the contrary, the other two variants, rs3027985 and rs1644343 are linked to longevity (D'Aquila, Crocco et al.

2018, Scalise, Pochini et al. 2018).
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Figure 3 Schematic representation of human SLC1A5 gene. Exons and introns are represented with solid boxes and black straight lines, respectively.
UTR sequence is in gray, while the codon region in red. (Adapted from Scalise et al. The Human SLC1A5 (ASCT2) Amino Acid Transporter: From
Function to Structure and Role in Cell Biology, 2018).



ASCT?2 is widely expressed in the human body. In particular, its expression has been found in lung, skeletal
muscle, large intestine, kidney, testis, T-cells, brain and adipose tissue (Kanai, Clemencon et al. 2013). In all
cells, ASCT2 has a unique localization at the plasma membrane (Kanai, Clemencon et al. 2013, Poffenberger
and Jones 2014). Noteworthy, high levels of ASCT2 have been found in several cancer types, such as melanoma,

lung, prostate, cervical, ovarian, renal, hepatic, colorectal and breast cancer (Scalise, Pochini et al. 2017).

1.6.2. Transport properties and structure of ASCT2

Human ASCT?2 is a Na'-dependent obligatory exchanger of neutral amino acids (Kekuda, Prasad et al. 1996,
Utsunomiya-Tate, Endou et al. 1996, Broer, Brookes et al. 1999, Bode 2001). The studies of the antiport mode
using radiolabelled substrates in intact cells and oocytes demonstrated that ASCT2 mediates the uptake and the
efflux of alanine, glutamine and threonine (Kekuda, Prasad et al. 1996, Utsunomiya-Tate, Endou et al. 1996,
Broer, Brookes etal. 1999, Bode 2001). Moreover, it has been seen that leucine, threonine, methionine, alanine,
glutamine, and glutamate induce efflux of radiolabelled threonine from oocytes expressing human ASCT2, as
well as rat ASCT2 (Torres-Zamorano, Leibach et al. 1998, Broer, Wagner et al. 2000). Patch clump
measurement of alanine uptake on ASCT2 murine isoform revealed an anion current associated to counter
transport of amino acids, like EAATs (Broer, Wagner et al. 2000). Using the recombinant hASCT2 and the
reconstitution in liposomes, additional data was obtained. In particular, it has been seen that glutamine is the
preferred substrate of ASCT2 and amino acids such as alanine, serine, asparagine and threonine are able to induce
both glutamine uptake and efflux. On the contrary, valine and cysteine induce only glutamine efflux
(Oppedisano, Pochini et al. 2004, Oppedisano, Pochini et al. 2007, Scalise, Pochini et al. 2018). Moreover, it
was demonstrated that Na™ is a substrate of ASCT2 and it is transported together with neutral amino acids (Broer,
Wagner et al. 2000, Oppedisano, Pochini et al. 2007). The cryo-EM structures of ASCT?2 in the inward
(Garaeva, Oostergetel et al. 2018) and outward facing conformation (Yu, Plotnikova et al. 2019) have been
solved. ASCT?2, as the other EAATs, assembles as a homotrimer, where each protomer is able to function
independently (Grewer, Balani et al. 2005) and consists of two domains, a transport domain (TM3, TM6 and
TM8 and helical loop 1 and 2) and a scaffold domain ( TM1, TM2, TM4 and TM5) connected by the extracellular
loop 2 (ECL2a and ECL2b) (Figure 4). Superposition between the inward and the outward state shows that the
scaffold domains remain relatively rigid, while the transport domain moves toward the cytoplasm and the
substrate binding site shifts. HP2 loop acts as a gate, open in the outward conformation and closed after glutamine

binding (Garaeva, Oostergetel et al. 2018, Yu, Plotnikova et al. 2019).



Figure 4 Structural model of ASCT2. Side
view with the scaffold domains as yellow
ribbons and the transport domains as blue
ribbons (Adapted from Garaeva etal., Cryo-
EM structure of the human neutral amino
acid transporter ASCT2, 2018).

Residues belonging to the substrate binding sites are highly conserved in all SLC1 members (Figure 5), except
for an arginine residue preserved in all EAATs and involved in substrate selectivity, which is substituted with a
cysteine in ASCT2 (C467) and a threonine in ASCT1 (T459). The mutation of arginine with cysteine or
threonine in EAATs introduces the neutral amino acid flux, demonstrating that this residue is important for
substrate specificity. Scalise et al., demonstrated that C467 is involved in glutamine binding and translocation,
in responsiveness to redox sensing molecules, such as GSH, H,S and GSNO, as well as SH reagents, DTE and
mercury. Moreover, mutation of cysteine with alanine determines a loss of sensitivity to all of these compounds,
indicating an “ON/OFF” regulation of ASCT2 through C467 to the redox status in the cell. In fact, C467 could
be involved in the formation of a disulfide bridge with the vicinal C308 and C309, leading to the interconversion
between the active state (reduced cysteine) to the inactive state (oxidized cysteine) (Scalise, Pochini et al. 2018).
Yu etal., identified an additional cavity in ASCT2 involving the residues Phe393, Val436, Ala433, Val463. These
residues are not conserved in EAATSs, only between ASCT1 and ASCT2, but their function is not clear, yet (Yu,
Plotnikova et al. 2019). Moreover, it has been seen several cryo-EM densities in the structure of ASCT2, which
may correspond to lipids, like cholesterol. Other SLC1 proteins have been found to interact with lipids, which
stabilize their structure and regulate conformational changes. In ASCT?2, lipids have been found not only on the
surface, but also between the scaffold domain and transport domain suggesting a possible role in the regulation
of the movement of the transport domain and thus in the regulation of conformational changes (Garaeva,

Oostergetel et al. 2018).



Figure 5 The substrate, L-glutamine-bound SLC1A5 structure (PDB
ID: 6GCT) (Adapted from Garaeva et al., Cryo-EM structure of the
human neutral amino acid transporter ASCT2, 2018).

1.7. SLC7 family
The SLC7 family consists of 15 members, two of which are pseudogenes. The 13 encoded proteins are classified
in two subfamilies (Figure 6):

¢ Cationic amino acid transporters (CATs) with SLC7A1-4 and SLC7A14;

¢ Glycoprotein-associated amino acid transporters (LATs, SLC7A5-13 and SLC7A15), also

called light chains or catalytic chains of the hetero(di)meric amino acid transporters (HATSs).

CAT-4
SLCTA4

Figure 6 Phylogenctic tree of SLC7 family members.
The SLC7 family is composed of the CATs (cluster
colored in blue) and the light subunits (cluster colored
in yellow/pink). (Adapted from Fotiadis D. et al., The
SLC3 and SLC7 families of amino acid transporters,
2013).
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Moreover, CATs and LATs belong to APC system, i.e. a superfamily of amino acids, polyamines and cationic
transporters. APC transporters function as solute:cation symporters or solute:solute antiporters. This
superfamily counts 10 families, which are: EAT (ethanolamine transporter) family; AAT (amino acid transporter)
family; YAT (yeast amino acid transporter); LAT (I-type amino acid transporter) family; CAT (cationic amino
acid transporter) family; APA (basic amino acid/polyamine transporter) family; ACT (amino acid/choline
transporter) family; ABT (archacal/bacterial transporter) family; GGA (Glutamate:GABA antiporter) family;
SGP (Spore germination protein) family. Proteins belonging to APC superfamily vary in size from about 400 to
800 amino acid residues and according to hydropathy profile analysis, most APC transporters has 12
transmembrane domains with the N- and C- termini into the cytoplasm (Verrey, Jack et al. 1999, Jack, Paulsen

etal. 2000, Casagrande, Ratera et al. 2008).



1.7.1. CAT family

The CAT proteins (Cationic Amino acid Transporter) are amongst the first mammalian amino acid transporters
identified at the molecular level. CAT proteins form a subfamily of SLC7 which consists of four confirmed
cationic amino acid transporters: CAT1 (SLC7A1), CAT2A and CAT2B ( SLC7A2A and SLC7A2B) and CAT3
(SLC7A3). An additional transporter CAT4 (SLC7A4) has been allocated in the CAT branch, but its function is
still unclear (Wolf, Janzen et al. 2002). CAT members are N-glycosylated and, on the basis of topology
prediction and experimental data, they have 14 transmembrane domains with the N- and C- termini in the
cytoplasmic space (Closs, Boissel et al. 2006, Fotiadis, Kanai et al. 2013).

The first member, CAT1 in mouse (mCAT1) was identified by Albritton et al. as the receptor for murine
ecotropic leukemia viruses (Albritton, Kim et al. 1993, Closs, Boissel et al. 2006). Other three proteins
associated with CAT1 have been identified in different mammalian species: CAT2A and B, CAT3 and CAT4.
CAT?2A and B are splicing variants, encoded by SLC7A2 gene, which differ only in a stretch of 42 amino acids
localized between TM7 and TM 9. CATs transport cationic amino acids like arginine, lysine and ornithine in a
Na"-independent manner. They are trans-stimulated and show a low apparent Km for their substrates. Only
CATT1 has a strong trans-stimulation and high affinity (Kim, Closs etal. 1991, Closs, Graf etal. 1997). Moreover,
at acidic pH, CAT1 also mediates the transport of L-histidine. On the contrary, CAT2A is a low affinity cationic
amino acid transporter and seems to be insensitive to trans-stimulation. The Km for cationic amino acids is 2-5
mM, while the other CATs show a Km of 0.1-0.4 mM (Verrey, Closs et al. 2004). It has been demonstrated
that a region of 80 amino acids, localized into the 4" intracellular loop on TM10 determines the substrate affinity
and the trans-stimulation sensitivity of CATs. This region contains the short sequence of 42 amino acids which
differ into two splicing variants, CAT2A and CAT2B. In particular, the low substrate affinity of CAT2A is due
to the presence of two variants in this stretch: R369 and not Glu like the other transporters and a missing His at
position 381 (Verrey, Closs et al. 2004). CAT]1 is broadly expressed, except for the liver. In contrast, CAT2
variants have a more restricted expression pattern. In particular, CAT2A is strongly expressed in the liver,
skeletal muscle and pancreas, while CAT2B is expressed in macrophages and T-cells. CAT3 is widely expressed
in the developing mouse embryo, but seems also located in the brain in adult animals. Moreover, its expression

has been found in peripheral tissues such as thymus and mammary gland (Closs, Boissel et al. 2006).

1.7.2. Physiological Function of the CAT Proteins

CATs seem to be the main transporters involved in the entry of cationic amino acids in non-epithelial cells.
Cationic amino acids are involved in protein synthesis and other enzymatic reactions including the synthesis of
nitric oxide (NO), urea, creatine and agmatine from arginine or the synthesis of polyamines, proline and

glutamine from ornithine. There is increasing evidence that CAT-mediated transport can be an important



determinant of these processes (Mann, Yudilevich et al. 2003, Closs, Simon et al. 2004, San Martin and Sobrevia
2006). Studying the effect of CAT gene deletion in mice it has been seen that these transporters are crucial in
mammals. In particular, CAT1 homozygous deletion is lethal (Perkins, Mar et al. 1997). In fact, mice suffered
from severe anaemia, show a 25% reduction in size and die on day one after birth. Genetic ablation of CAT2,
which affects both splice variants, leads to a decrease in sustained NO production by the inducible nitric oxide
synthase in peritoneal macrophages and astrocytes, but not in fibroblasts (Nicholson, Manner et al. 2001,
Nicholson, Manner et al. 2002, Manner, Nicholson et al. 2003). Moreover, it has been found that these mice
exhibit baseline inflammation and an increase in dendritic cell activation in their lungs, although no pathogenic
stimulus has been identified. This suggests that in the lung, CAT2B, which is more expressed than CAT2A, is
indirectly involved in the suppression of inflammation since it guarantees arginine supply in macrophages for NO
synthesis known to suppress dendritic cell activation. For CAT3, SLC7A4, and SLC7A14, knock-out animals
have not been established so far. CAT3 is highly expressed in embryonic tissues, total ablation of this gene would

most likely be fatal at an early stage due to interference with normal development (Closs, Boissel et al. 2006).

1.7.3. CAT family in plants

Amino acid transporters have been identified and analysed in several plant species, including Arabidopsis
(Arabidopsis thaliana), tomato (Solanum Iycopersicum), potato (Solanum tuberosum), broad bean (Vicia faba L.),
barley (Hordeum vulgare L.), maize (Zea mays L.), pea (Pisum sativum L.), rice (Oryza sativa L.), and common bean
(Phaseolus vulgaris L.) (Yao 2020). The first plant amino acid transporter to be reported, Amino Acid Permease 1
(AAP1), was identified on the basis of functional complementation of a yeast amino acid transporter mutant by
heterologous expression of an Arabidopsis cDNA library (Frommer, Hummel et al. 1993, Hsu, Chiou et al.
1993).

The genomic sequence from Arabidopsis thaliana contains more than 50 genes putatively involved in amino acid
transport. Based on sequence similarity, these transporters are classified into two major groups: the amino acid
transporter family (ATF) superfamily and the amino acid polyamine choline (APC) transporters (Wipf, Ludewig
et al. 2002). ATF superfamily is the largest group which counts 46 members (Tegeder 2012). The majority of
these members have been expressed in Saccharomyces cerevisiae and Xenopus laevis oocytes and characterized
demonstrating that these transporters are broadly expressed and show a cationic and neutral amino acid transport
activity. Within Arabidopsis genome, 14 APC genes have been identified. Nine of these encode cationic amino
acid transporters (CAT1-CAT9) with 14 transmembrane domains, sharing high similarity with human proteins,
while the remaining five (LAT subfamily) have 12 TM domains (Regina, Galluccio et al. 2017). The LAT
subfamily has not been characterized and only a few members of the CAT subfamily have been studied (Frommer,
Hummel et al. 1995, Su, Frommer et al. 2004, Hammes, Nielsen et al. 2006). Proteomics data from A. thaliana

revealed that CAT2, CAT4, CAT8 and CAT?9 are localized in the vacuolar membrane (Jaquinod, Villiers et al.



2007), although CAT8 and CAT9 are also found in the plasma membrane (Yang, Krebs et al. 2014). The other
ones are localized in the plasma or endoplasmic reticulum membranes (Su, Frommer et al. 2004, Yang, Krebs
etal. 2014). AtCAT1 and AtCATS5 function as specific, high affinity basic amino acid transporters at the plasma
membrane (Wipf, Ludewig et al. 2002, Su, Frommer et al. 2004). In particular, the expression profile of
AtCATS suggests its involvement in the reuptake of leaking amino acids at the leaf margin. On the contrary,
AtCAT6 transports large neutral and cationic amino acids suggesting a potential role in supplying amino acids to

sink tissues (Hammes, Nielsen et al. 2006).

1.7.4. CAT2 transporter from Solanum lycopersicum

Tomato (Solamum Iycopersicum) is one of the most widely cultivated vegetables with well-documented health
benefits associated with the consumption of its fruits. The short life cycle, the small genome, the possibility of
growth under different cultivation conditions and the typical character of the fruit development process make
tomato an ideal model system for studying fruit development and ripening.

Amino acids play a key role in fruit development since they are involved in the synthesis of enzymes necessary
for this stage (Boggio, Palatnik et al. 2000). In fact, the content of free amino acids increases markedly during
the transition of tomato fruit to the ripening stage. Therefore, amino acid transporters are essential for cell life
since they guarantee amino acid transport from source to sink tissues (Hammes, Nielsen et al. 2006). In 2013
Yang et al. isolated and identified for the first time CAT2 gene from tomato. Analysing its expression in different
tomato tissues, it has been seen that CAT2 gene is highly expressed in flowers and fruits. In particular, it has
been demonstrated that SICAT2 expression is dynamic since its transcripts increase from the mature green stage
to the ripening stage in fruits (Boggio, Palatnik et al. 2000). These findings demonstrate that SICAT?2 could have
a key role in these processes (Yao, Nie et al. 2020). Recently SICAT2 has been characterized using the
recombinant protein overexpressed in E.coli and the method of the reconstitution in liposomes (Regina,
Galluccio et al. 2017). SICAT2 shows significant homology with the human CAT1 and CAT2B, sharing a
sequence identity of 35 and 33%, respectively. This transporter, as the human CATs, is involved in the transport
of cationic amino acids such as L-arginine, L-lysine and the non-proteogenic amino acid L-ornithine across the
vacuolar membrane. Arginine is the higher affinity substrate and its transport is stimulated by internal substrates.
Moreover, using radiolabelled arginine it has been seen that CAT2 is stimulated by internal ATP, which could
act as an allosteric regulator of the transport. This finding suggests a possible regulation of CAT2 transporter in
response to cell metabolism. CAT?2 is also involved in the transport of acetylcholine. Although the function of
this molecule in humans is well documented, in plants its role is poorly defined. It has been suggested that
acetylcholine could be involved in the regulation of cell elongation, water homeostasis and photosynthesis (Di
Sansebastiano, Fornaciari et al. 2014). In this scenario, CAT2 could have an essential role in the temporary

storage of acetylcholine within the vacuole. Moreover, like the homologous GkApcT transporter, it has been



suggested that CAT2 might interact with cholesterol. In GkApcT transporter it has been observed that
cholesterol seems to stabilize the complex formed with a single spanning transmembrane protein, MgtS
(Jungnickel, Parker et al. 2018). In the case of CAT2, since its localization at the vacuolar membrane, cholesterol

might be involved in the regulation of the transport activity.

1.7.5. The heteromeric amino acid transporters HATs

The heteromeric amino acid transporters, HATs are exchangers with a broad spectrum of substrates, such as
neutral (System L and asc), aromatic (Transport arpAT), negatively charged (System X,") or cationic plus neutral
amino acids (Systems y'L and b*") (Fotiadis, Kanai et al. 2013). These transporters consist of a light and a heavy
subunit linked by a disulfide bridge. The heavy subunits are represented from SLC3 members, 4F2hc (SLC3A2)
or rBAT (SLC3A1), whereas the light subunits are the eukaryotic LATs from the SLC7 family. The cysteine
residue, involved in the disulfide bridge, for SLC3 members is located four to five amino acids away from the

TMD, while for LATs is the cysteine between TM3 and TM4 (Fotiadis, Kanai et al. 2013).

1.7.6. HATs and their heavy subunits

The SLC3 family includes two members (Table 1): rBAT (SLC3A1) and 4F2hc (SLC3A2, also named CD98)
(Table 1). These proteins share about 27% sequence identity between them and they show N-glycosylation, with
amolecular mass of ~94 kDa and ~85 kDa for the mature glycosylated forms of rBAT and 4F2hc, respectively.
SLC3 proteins are type Il membrane glycoproteins, with a single TM domain, the N- terminus in the internal
space and the bulky C- terminus in the external site. The extracellular domain has a sequence and structural
homology with insect maltases (35—40% amino acid identity) and bacterial & -glucosidases (~30% amino acid
identity) (Palacin and Kanai 2004, Fort, de la Ballina et al. 2007, Gabrisko and Janecek 2009)

4F2hc was originally identified as lymphocyte activation antigen by means of a monoclonal antibody 4F2 (Palacin
and Kanai 2004). The crystal structure of the extracellular domain of human 4F2hc has been solved at 2.1 A
resolution and more recently the cryo-EM of LAT1/4F2hc complex has been released (Lee, Wiriyasermkul et
al. 2019, Yan, Zhao etal. 2019). As the enzymes mentioned above, 4F2hc shows a (B/ )8 barrel, also called A-
domain, which correspond to the N-terminal of the protein and a C- terminal domain, which presents an anti-
parallel 38 sandwich, although it lacks the key catalytic residues present in glucosidases, and consequently
catalytic activity.

4F2hc could associate with several light chains (see Table 1). Residue 109 in 4F2hc is the cysteine involved in
the disulfide bridge with the light chain and it is just 4 residues away from the transmembrane domain (Fort, de

la Ballina et al. 2007).



rBAT was identified by expression in Xenopus oocytes and then it was demonstrated to be the heavy chain of the
heterodimeric complex with b%"AT (SLC7A9). This complex mediates the antiport of cysteine and dibasic amino
acids with neutral amino acids. The rBAT protein (685 amino acid residues for human rBAT) is longer than the
4F2hc protein (529 for human 4F2hc). Sequence homology of rBAT with glucosidases show that rBAT, despite

4F2hc, has an additional domain B and it is not clear if this heavy chain has also a glucosidase-like catalytic activity.

Human Protein Aliases Predominant substrates Transport  Tissue distribution and Link to Human Sequence Splice
gene type cellular/subcellular expression disease gene  accession variants
/coupling locus ID and
ions their
specific
features
SLC3AT rBAT NBAT  Heterodimerizes with light Exchanger  Epithelial cells in kidney and small Classic 2p16.3- L11696
D2 subunit b®*AT (SLC7A9): amino (see details intestine >liver, pancreas. In cystinuria p21
acid transport system b%* in SLC7 epithelial cells, apical plasma type |
table) membrane (genetic
defect)
SLC3A2 4F2hc  CD98hc Amino acid transport systems L,  Exchanger  Ubiquitous. In epithelial cells, 11913 NM_002394
y*L, xc ~and asc with light (see details basolateral plasma membrane
subunits SLC7A5-8 and SLC7A10- in SLC7
11 table)

Table 1 SLC3 — heavy subunits of the heteromeric amino acid transporters. (Adapted from Fotiadis D. et al., The SLC3 and SLC7 families of amino
acid transporters, 2013).

Recently, the crystal structure has been solved in complex with b%"AT. The rBAT interacts with b® AT through
a disulfide bond, like 4F2hc-LAT1, between rBAT-Cys114 and b*"AT-Cys144 (Palacin and Kanai 2004, Yan, Li
etal. 2020).

4F2hc is a multifunctional protein, ubiquitously expressed, involved in a variety of activities such as cell
activation, cell growth and cell adhesion. Moreover, 4F2hc expression is up-regulated in cancers and activated
lymphocytic cells, suggesting a role for 4F2hc in cell growth and malignant transformation.

Furthermore, 4F2hc mediates -integrin signaling and cell fusion. In fact, it has been hypothesized that the N-
terminus of 4F2hc is associated with the C-terminus domain of integrin B-subunits (Feral, Nishiya et al. 2005).
Moreover, 4F2hc is involved in the cell fusion induced by virus infection of eukaryotic cells (Ohgimoto, Tabata
etal. 1995, Takesono, Moger et al. 2012).

rBAT is expressed mainly in kidney and small intestine. The rBAT protein is expressed in the apical plasma
membrane of epithelial cells of the intestinal mucosa and the renal proximal tubule, in contrast with 4F2hc which
is expressed in the basolateral plasma membrane (Broer and Palacin 2011). Moreover, rBAT mRNA is also
detected in liver, pancreas and brain. The rBAT/b%"AT heterodimer is defective in cystinuria, a recessive

disease, characterized by hyperexcretion of dibasic amino acids and cystine in urine.



1.7.7. HATs and their light subunits

The light subunits are highly hydrophobic and not glycosylated proteins. The first light subunits of HAT
(LSHATSs) were identified in 1998 (LAT-1, y"LAT-1, and y"LAT-2). Since then, four more mammalian LSHAT
members have been cloned xCT, LAT-2, asc-1 and b%"AT. HATSs differ from each other for substrate selectivity,
ion coupling and tissue distribution. Six of these transporters can form heterodimers with 4F2hc. On the contrary
only b”"AT interacts with rBAT, forming system b®*. All of these heterodimers act like amino acid exchangers:
systems induced by LAT-1, LAT-2, y"LAT-1, y'LAT-2, and xCT, and system b®" show a tight coupling
exchange of substrates, whereas asc-1 might have some unidirectional flux of substrates in addition to the
exchange transport (Chillaron, Roca et al. 2001).

Light subunits show twelve transmembrane domains, except for some proteins, with the N- and C-termini in
the intracellular space. Moreover, the cysteine residue between TM3 and TM4, which is involved in the
formation of the disulfide bridge with the heavy subunit, is conserved (Figure 7). These proteins show a similar
structure with prokaryotic transporters AdiC (L-arginine/agmatine transporter), ApcT (broad-specificity amino
acid transporter) and GadC (glutamate/ GABA antiporter). In particular, they show the so-called ‘5+5 inverted
repeat’ fold, i.e. TM1-5 at the N- terminus and TM6-10 at the C-terminus are related by a pseudo-two fold

symmetry (Costa, Rosell et al. 2013).

Figure 7 Model of human heterodimer 4F2hc/LAT1
proteins (PDB ID: 6IRT from Yan et al., 2019). The
heterodimeric complex is represented as ribbon and
cysteine residues as spheres using Chimera (LAT1 as cyan
ribbon, while 4F2hc as tan ribbon).




1.7.8. LAT1 (SLC745)

The SLC7AS gene, is localized at 16q24.2 (locus ID 8140) and contains 39477 nucleotides with 10 exons. In
Ensemble, two different transcripts have been reported. One of these, NM_003486.6, codes for the active
protein of 507 amino acids, with a molecular mass of 55 kDa. The other one derives from alternative splicing,
but no information has been reported. Additional four transcripts are reported on NCBI databases, which,
however, are only predicted. 352 single nucleotide polymorphisms (SNPs) have been identified in the SLC7A5
gene, but only five SNPs are in the coding region; three are synonymous SNPs and two non-synonymous
(rs1060250 and rs17853937). The non-synonymous SNP rs1060250 (N230K) didn’t show any functional
implication while the relationship between rs17853937 (D223V) polymorphism and the protein activity is still
not clear. In 2006, an amino acid substitution in position 41 (G41D) of the LAT1 gene has been described in a

phenylketonuric patient population (del Amo, Urtti et al. 2008).

1.7.9. Transport properties and structure qf LATI

As a member of HATs, LAT1 forms a heterodimer with 4F2hc, through a disulfide bridge between cysteine 164
of LAT1 and cysteine 109 of 4F2hc. LAT1/4F2hc heterodimer is a Na*-independent obligatory exchange with
1:1 stoichiometry of large neutral amino acids, such as leucine, isoleucine, valine, phenylalanine, tyrosine,
tryptophan, methionine and histidine. LAT1/4F2hc has been extensively studied in cell systems. The transport
of non amino acid substrates, such as L-DOPA, gabapentin and thyroid hormones (T3 and T4) mediated by LAT1
has been also described (Kageyama, Nakamura et al. 2000, del Amo, Urtti et al. 2008). LAT1 and LAT2 are
sensitive to 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH), commonly used to discriminate its
activity from that of other amino acid transporters in cells.

LAT1/4F2hc was purified on a large scale and functionally characterized in the in vitro model of proteoliposomes
(Galluccio, Pingitore et al. 2013). In particular, Napolitano et al., demonstrated that LAT1 is the sole transport
competent subunit of the heterodimer, while 4F2hc does not exhibit any intrinsic transport function (Napolitano,
Scalise et al. 2015), on the contrary 4F2hc is necessary for trafficking of the light chain to the plasma membrane
(Palacin and Kanai 2004). The preference of LAT1 for amino acids was also investigated, demonstrating a
functional and kinetic asymmetry of the transporter. In particular, histidine and tyrosine are the bidirectionally-
transported substrates, while the others are preferentially inwardly transported and glutamine is a poor substrate.
LAT1 is strongly inhibited by both inorganic (HgCl,) and organic (Methyl-Hg) forms of mercury (Napolitano,
Galluccio et al. 2017).

LAT1 is broadly expressed and mainly localized in basolateral membranes of polarized epithelia, with exception

of BBB where it is localized on both membranes, apical and basolateral (Duelli, Enerson et al. 2000).



In particular, Tarlungeanu et al. demonstrated the importance of SLC7A5 at the BBB. In their study, SLC7A5
loss of function from the endothelial cells leads to ASD and motor dysfunctions in humans and mice. SLC7A5
regulates BCAA and LNAA levels at the BBB. In particular, it has been demonstrated that a lack of SLC7a5
expression at the BBB led to a significant decrease in brain BCAA levels, but not a significant reduction has been
detected for LNAAs, indicating that other transporters could be involved in their transport (Tarlungeanu, Deliu
etal. 2016).

The same study identified several patients with autistic traits and motor delays carrying homozygous mutations
in SLC7A5. In particular, two mutations have been identified. The first one, A246V, affects the transporter’s
structure. This alanine is located in TM6, facing the extracellular compartment. Therefore, its substitution with
the slightly larger valine impairs ligand accessibility, affecting the transport activity. The second one, P375L is
located in TM9, facing the cytoplasmic side. Proline is probably involved in conformational changes important
for transporter function. Therefore, its substitution with leucine disrupts the flexibility required for transport
by SLC7A5. In conclusion, these two mutations are sufficient to affect the transport of BCAA at BBB. This is an
important feature, since a fine-tuning of brain BCAA and LNAA concentrations is essential for normal brain
functions and mutations affecting genes contributing to BCAA homeostasis and the downstream signaling cascade
may underlie a larger subgroup of ASD (Tarlungeanu, Deliu et al. 2016).

The highest expression of LAT1 was also measured in testis, bone marrow, brain and placenta (Prasad, Wang
etal. 1999, Fotiadis, Kanai et al. 2013). In particular, in placenta LAT1 is on both maternal and fetal surfaces of
syncytiotrophoblasts (Ohgaki, Ohmori et al. 2017). It has been suggested that LAT1 has a key role in placenta
since it provides the essential amino acids needed for growing foetus. In fact, knockout of LAT1 in mice is
embryonically lethal and this finding could be due to its transport role at the placenta. Moreover, intracellular
localization of LAT1/CD98 heterodimer in the lysosomal membrane of Hela cells has been seen (Milkereit,
Persaud et al. 2015).

As other transporters, it has been supposed that also hLAT1 interacts with cholesterol. In particular, Dickens et
al., identified two putative cholesterol binding sites on hLAT1(Dickens, Chiduza et al. 2017) conserved in its
homologous dDAT (Penmatsa, Wang et al. 2013) and hSERT (Laursen, Severinsen et al. 2018). In particular, it
has been suggested that interaction with cholesterol in Site 1, between helices 1,5 and 7 could be involved in the
stabilization of the outward conformation, such as dDAT and hSERT. Then, this interaction has been confirmed
by the recently solved 3D structure of hLATT in complex with hCD98. In this structure, cholesterol-like density
has been seen between the helices 3,9, 10and 12 (Yan, Zhao etal. 2019). Moreover, another cholesterol density
was seen in the cryo-EM structure of LATI solved by Lee. The same authors showed that the addition of
cholesterol to proteoliposomes harboring the LAT1-CD98 complex led to stimulation of leucine uptake (Lee,

Wiriyasermkul et al. 2019, Yan, Zhao et al. 2019).



1.8. SLC38 Family

SLC38A family counts 11 members, 6 of which have been functionally characterized. All transporters are Na®-
dependent and mediate a net transport of neutral amino acids. In the past, these transporters were known as
SNATs and divided into two systems: system A and system N. In particular, the first one includes transporters
for small neutral amino acids, such as alanine: these transporters are inhibited by MeAIB (N-methyl-
aminoisobutyric acid) and mediate a Na*- dependent uniport, highly regulated by the amino acid concentration.
Instead, system N is referred to transporters specific for glutamine, asparagine and histidine and they are Na*
and H'- dependent. A distinctive trait of the proteins belonging to system N is their tolerance to the NaCl
substitution with LiCl and the activation of the transport in a pH range between 6 and 8 (Broer 2014). These
transporters are broadly expressed in the human body. In particular, they are found in the brain, kidney and liver
whose cells carry out a significant amino acid metabolism. SLC38 transporters are highly regulated in response
to amino acid depletion and hormonal stimuli. For this reason, a putative role as transceptor has been suggested

for some of them (Broer 2014).

1.8.1.SLC38A9 transporter

SLC38A9 gene is localized at chromosome 5q11.2 and codified for a protein of 561 amino acids with a molecular
mass of 64 kDa. SLC38A9 is a member of SLC38 family and it has 11 TM domains with a 5+5 repeat fold and
the helices 1 and 6 broken in the middle to form the helix 1A and 1B and 6A and 6B (Lei, Ma et al. 2018). This
protein is highly glycosylated and is involved in cell growth regulation. SLC38A9 is localized at the lysosomal
membrane where it is an important component of the machinery that controls mTORCI activity in response to
amino acid levels. It has been suggested that SLC38A9 probably acts as a glutamine sensor, interacting with RAG
GTPase which is involved in the recruitment of mMTORCI at the lysosomal membrane (Rebsamen, Pochini et al.
2015, Wang, Tsun et al. 2015). Therefore SLC38A9 is the component of this machinery which acts like a
transceptor, i.e., it has two functions: transporter and receptor. Commonly SLC38 members are involved in the
transport of glutamine, leucine and arginine which are considered the main amino acids involved in the activation
of mTORC1 (Rebsamen, Pochini et al. 2015). In particular, SLC38A9 catalyzes the uptake and the efflux of
glutamine, while the transport of arginine occurs at low affinity and the efflux of arginine in proteoliposomes
was poor and doesn’t occur in vivo. Furthermore, it has been seen that intraliposomal arginine may stimulate
glutamine efflux suggesting that arginine is involved in the regulation of the protein from the internal side.

Moreover, arginine doesn’t inhibit glutamine uptake, on the contrary glutamine may inhibit arginine transport
at a concentration higher than the Km for arginine (Scalise, Galluccio et al. 2019). SLC38A9 transport is
dependent of internal Na*, and it is most active at acidic pH (5.5-6.5), in line with its localization at the liposomal
membrane. Two Na”- binding sites were identified on SLC38A9, N128 and T453, highly conserved in this family
(Rebsamen, Pochini et al. 2015, Scalise, Galluccio et al. 2019). Like other transporters, SLC38A9 transport is



stimulated by cholesterol. In fact, two putative cholesterol binding sites were found on its structure, a CARC
and a CRAC motif (Castellano, Thelen et al. 2017). Mutations of two key residues in these motifs abolished the
activation by cholesterol, confirming the interaction of cholesterol with these regions (Castellano, Thelen et al.

2017, Scalise, Galluccio et al. 2019).

1.9. The study oftransport proteins through a multidisciplinary approach.

The best way to study the transport activity is to use different approaches that could confirm the results obtained.
The study of transporters in intact cells or in vitro systems can give a lot of information regarding their function
and mechanism of transport. Although the intact cell system is widely used, an emerging method is the
proteoliposomal tool that allows the possibility to study the transporter in an isolated system. Protoliposomal
tool requires the over-expression of the protein of interest in a heterologous system. This methodology, together
with site-direct mutagenesis, allowing to obtain also mutants of the protein of interest, represents a possibility
of a better understanding of the protein function and the involvement of specific residues in substrate recognition
and transport mechanism. Moreover, computational analysis on the crystal structure of the protein of interest
or homology model, could represent a primary tool to predict the transport mechanism or another tool to
confirm experimental data. Thus, the better way to obtain trustworthy results is using a multidisciplinary
approach, which confirms each other the made observations.

The study on transport proteins started in 1970 and the first model adopted was that of intact cells. In
particular, transport activity was studied using labeled compounds and following their flux through native
membranes of intact cells, isolated organelles (such as mitochondria) or microsomes, derived from the
endoplasmic reticulum. Intact cell models are still widely used as tools for studying the functional properties of
transport systems. In particular, in these years a lot of different cell lines have been used to study or expressing
endogenous transporters or overexpressing specific transporters after transient transfection by appropriate
plasmids. The advantage of over-expression of the protein of interest is to measure with a better resolution the
transport activity through membranes than endogenous transporters. Although the study of transporters in intact
cells has the advantage that the proteins are in their natural status and intact cells have a complete system to
support transport, on the other hand, there is at least one disadvantage of the uptake assay in intact cells, in that
live cells have a metabolic mechanism to modify or degrade substrates and will affect the subsequent
measurement. Therefore, the use of intact cell systems as a unique method is not suitable for a comprehensive
functional characterization of a transporter and even less for revealing structure/function relationships.
Reconstitution into liposomes is a powerful tool to analyze the function of a protein of interest. At first,
liposomes were used to encapsulate and deliver enzymes or pharmaceutical compounds(Boddapati, D'Souza et
al. 2010), and later, they are used as a tool for studying membrane transporters (Kasahara and Hinkle 1976,
Newman, Foster et al. 1981), which are inserted into the membrane bilayer to obtain active proteoliposomes.

Transport proteins could be isolated from biological samples using non-ionic detergent, but a more efficient



method is the production of recombinant proteins by overexpression in heterologous systems and purification
by affinity chromatography. The proper incorporation of the purified transporters into liposomes, allows the
investigation of transport and/or catalytic properties of this protein without interference by other membrane
components and give the possibility to control internal and external compartments as well as the internal and
the external site of the transport protein to produce detailed kinetic analysis. Moreover, through site direct
mutagenesis is also possible to construct specific mutants in which selected amino acid residues are substituted,
thus allowing the study of structure/function relationships (Scalise, Pochini et al. 2013).

Computational analysis could be helpful in the study in silico of transporters. The structure of the protein of
interest could be used to obtain preliminary information on transport mechanism, substrate binding and inhibitor
efficiency. 3D structures of various soluble proteins and transporters have been characterized in recent years by
several experimental methods, such as Nuclear Magnetic Resonance (NMR), X-ray crystallography and cryo-
electron microscopy, but due to the low solubility and stability, a lot of membrane proteins has not been solved
yet. In the absence of high-resolution 3D structures, computational methods are used for the structure
prediction. These methods can be broadly divided into two categories: homology modeling and ab initio modeling
(Arinaminpathy, Khurana et al. 2009). Homology modeling (also known as comparative modeling) methods rely
on sequence similarity with known protein structures, whereas ab initio modeling methods can be used when
little or no experimental information is available for the protein or its homologs. The model generated can be
used to predict the likelihood of interactions between a chemical entity and a particular transporter. In fact,
through docking analysis is possible to obtain information about substrate interactions with residues of the protein
and substrate affinity. Moreover, it is possible to identify allosteric sites or make a virtual screening of potential
inhibitors for the protein of interest. The information obtained by in silico analysis could be integrated with

experimental data, allowing a comprehensive characterization of the protein of interest.



CHAPTER II
Materials and Methods




2.1.

2.1.1.

2.1.2.

2.1.3.

Materials

RIPA Buffer 1X

20 mM Tris-HCI (pH 7.5)

150 mM NaCl

1 mM Na,EDTA

1 mM EGTA

1% NP-40

1% sodium deoxycholate

2.5 mM sodium pyrophosphate
1 mM B-glycerophosphate

1 mM Na;VO,

1 pg/ml leupeptin

Washing buffer for SICAT2 and hLAT1 pellets

0.1M Tris-HCI pH 8.0

Running bufferfor PAGE 10X

250 mM Tris
14.4 % Glycine

1% SDS or 1% Sarkosyl

.Loading dye for PAGE 3X

0.2 M Tris-HCl pH 6.8
7.5% SDS or 7.5% Sarkosyl
3% Glycerol

0.01% Bromophenol blu

100 mM DTE (when indicated)

. Coomassie Brilliant Blue

0.25 g Coomassie Brilliant Blue
45 mL Methanol

45 mL Distilled H,O



e 10 mL Acetic acid

2.1.6. Destaining solution

® 10% Acetic acid
e 40% Methanol

e 50% H,O

2.1.7. Washing buffer for western blot analysis

¢ 50 mM Tris-HCl pH 7

e 150 mM NaCl

2.1.8. Lowry’s solution

¢ 4 mg/mL NaOH and 20 mg/mL Na,COjs in water
e 10 mg/ mL Potassium Sodium Tartrate
¢ 5mg/ mL CuSO,

e 1% SDS

2.2. Experimental procedures

2.2.1. Protein purification by affinity chromatography

Affinity chromatography is a separating method of a molecule of interest from a mixture, based on a specific
interaction between the molecule and its binding partner. This technique is commonly used to purify
recombinant proteins, overexpressed in a heterologous system and genetically modified to have a specific tag to
the N- or C- termini for binding the other substance. In this work, the proteins studied have a hexahistidine
(6His)-tag to the N-terminus (hLAT1) and the C-terminus (SICAT2 and hASCT2). The His-tag binds Ni** ions
immobilized as Ni’"-agarose. During this process, the protein of interest is immobilized on the column thanks
to the coordination bonds between the 6His-tag and Ni*"ions, while bacterial proteins are eluted. Then, the
protein of interest is purified, adding high concentrations of imidazole, which acts as a metal ion ligand breaking

bonds between His-tag and ions.



2.2.2. Size-exclusion chromatography

Size-exclusion chromatography or gel filtration chromatography is a technique of separation of molecules on the
basis of their sizes. In particular, the chromatography column is packed with fine, porous beads which are
composed of dextran polymers (Sephadex). Small molecules can enter in these porous beads and move through
the column by a longer path than larger molecules. Therefore the passage of these small molecules will be
retarded and they will be eluted after the larger ones. In our work, this technique is used to separate the purified
protein fraction from imidazole before starting the study of the transport activity and also to separate

proteoliposomes from the external substrate both after reconstitution procedure and transport assay.

A procedure has been used which is based on the removing of detergent from mixed micelles composed of
protein, detergent and phospholipids. In particular, detergent removal can be performed by the batch-wise
procedure, i.e. the mixed micelles are incubated with a hydrophobic resin (Amberlite XAD-4) for a time
sufficient to remove virtually all the detergent. The main advantage of detergent removal is that the
proteoliposomes are more sealed, unilamellar and, hence, virtually impermeable to hydrophilic compounds.
Moreover, this procedure allows the protein insertion with a unidirectional orientation, which in most cases,
corresponds to that of the transporter in the native membrane. This is due to the feature of the starting micelles
that have a relatively small radius: this property forces the asymmetric protein to insert into the micelles with a

right-side-out orientation. In this work, this last procedure has been used.

2.2.3. Polyacrylamide gel electrophoresis ( PAGE)

The polyacrylamide gel consists of acrylamide, bisacrylamide, SDS, and a buffer at a specific pH. The
polymerization process starts adding a source of free radicals and a stabilizer, i.e. ammonium persulfate and
TEMED. The polymerization reaction creates a gel because of the added bisacrylamide, which can form cross-
links between two acrylamide molecules. The acrylamide concentration of the gel can be varied, generally in the
range from 5% to 25%. In our case, the concentration used was 12%. Molecules with a high molecular weight
may be better separated using a lower percentage gel, while a higher percentage one is used to resolve smaller
proteins.

Polyacrylamide gels are composed of a stacking gel and a separating gel. Stacking gels have higher porosity and a
pH of 6.8, while separating gels have lower porosity and a pH of 8.8. Before loading on the gel, protein samples
were solubilized with loading dye (see Materials and Methods, Section 2.1.4..) and then ran using a running buffer
(see Materials and Methods, Section 2.1.3.). At the end of the electrophoresis run, gels were stained using
Coomassie staining (see Materials and Methods, Section 2.1.5.) or Silver staining. In the Coomassie staining, the
gel was incubated with Coomassie solution for 30 min and then washed with the destaining solution (see Materials

and Methods, Section 2.1.6.) which allows the removal of unbound Coomassie and the detection of proteins as



blue bands. In the Silver staining, the gel was incubated for 20 min with destaining solution, 15 min with 10%
glutaraldehyde, 15 min with water, 15 min with 0.16 mM DTE, 20 min with 0.1% silver nitrate. The detection

of proteins was performed by adding 30 mM sodium carbonate plus 0.03% formaldehyde.

2.2.4. Western blotting

Western blot, also called immunoblot, is a technique used to identify a specific protein in a sample derived from
tissue extract, homogenate or protein extracts. In our case, proteins studied are derived from cell extracts (SiHa
cells) or they are recombinant purified proteins.

At first, proteins are separated through SDS PAGE (see Materials and Methods, Section 2.2.4.), then they are
transferred to a nitrocellulose membrane, thanks to an electric field which allows the movement of the proteins
from the gel onto the membrane maintain the same organization. Consequently, the membrane is buffered and
incubated at first with a solution containing 3% Bovine serum albumin (BSA), to prevent the non-specific binding
of the antibody in the next step. Then, the incubation with the specific antibody for the protein of interest is
performed. After this, the membrane is washed with a washing buffer (see Materials and Methods, Section
2.1.7.) to remove the unbound antibody. A further incubation with a secondary antibody, linked to a reporter
enzyme (peroxidase), is necessary for the detection of the reaction. This is performed by using Electro Chemi
Luminescence (ECL). In particular, in the case of hASCT2, the protein was immuno-detected by ECL, after
incubation with anti-His antibody 1:10,000 in 3% BSA for 1 h at room temperature, or with anti-His antibody
1:1,000 In 3 % BSA at 4 °C and then with secondary antibody anti-rabbit (1:5,000) in 1 % BSA for 1 h at room

temperature .

2.2.5. Recombinant protein puriﬁcation

All proteins were over-expressed in a heterologous system. In particular SICAT2, hLAT1were overexpressed in
E.coli with a 6His-tag to the C- terminus and N-terminus, respectively, while hASCT2 was overexpressed in P.
pastoris with a 6His-tag to the C-terminus. Cell lysate pellets containing SICAT2 and hLAT1 were washed with
washing buffer (see Materials and Methods, Section 2.1.2.) and then proteins were solubilized with 100 mM
DTE, 3.5 M urea, 0.8 sarkosyl, 10% glycerol, 200 mM NaCl and buffered at pH 8.0 with 10 mM Tris-HCl and

centrifuged at 12000 x g, 4 °C for 10 min.

SICAT? supernatant was loaded on a column filled with His-select Ni-Chelating affinity gel (0.5 cm diameter, 3
cm height), while hLAT1 was loaded on His Trap HP column (5mL NiSepharose) using AKTA start. Both
column were preequilibrated with 8 (SICAT?2) and 10 mL (hLAT1) of 20 mM Tris-HCI pH 8.0, 200 mM NaCl,
10% Glycerol and 0.1 % Sarkosyl.



For hLAT1, unbound bacterial proteins were washed out by using 10 mL of washing buffer, containing 20 mM
Tris-HCI pH 8.0, 200 mM NaCl, 10% Glycerol, 0.1% DDM and 3 mM DTE. hLAT1 was eluted by 15 mL of
washing buffer containing plus 400 mM imidazole. 2.8 mL of the purified protein was recovered and desalted

using a PD-10 column adding 3.5 mL of a desalt buffer (20 mM Tris-HCI pH 8, 0.01% DDM and 10 mM DTE).

In the case of SICAT2, unbound proteins were eluted using 5 mL of a washing buffer containing 20 mM Tris-
HCI pH 8.0, 200 mM NaCl, 10% Glycerol, 0.1% DDM and 5 mM DTE. Then, the protein of interest was
eluted with 3 mL washing buffer containing plus 10 mM imidazole and 3 ml of the same buffer containing 50
mM imidazole. Several fractions of 1 ml were collected. The third fraction of protein eluted with 10 mM
imidazole and the first and the second fraction of 50 mM imidazole were pulled together for subsequent desalting
using PD-10 column using the desalting buffer composed of 20 mM Tris HCI pH 8.0, 0.1% DDM, 10% glycerol,
and 5 mM DTE.

The protocol for hASCT?2 has to be described since it is different from the other two proteins. In particular,
about 1.2 g of washed membranes containing hASCT2 were solubilized in a buffer composed of 25 mM Tris—
HCl pH 7.4, 250 mM NaCl, 6 mM B -mercaptoethanol, 1 mM L-glutamine, 10% glycerol and 2% C,,Es (w/w),
under rotatory stirring for 3 h at 4°C and then centrifugated at 18,000 x g for 45 min. After centrifugation, the
supernatant was applied to 2 mL Ni-nitrilotriacetic acid (NTA) agarose resin preequilibrated with a buffer
containing 20 mM Tris—HCl pH 7.4, 300 mM NaCl, 10% glycerol, 6 mM B-mercaptocthanol, 0.03% C,,E;, 1
mM L-glutamine and 50 mM imidazole and incubated over-night, with gentle agitation, at 4 °C.

The next day, Ni-NTA resin bond ASCT2 was packed by gravity into a glass-column and washed with 30 ml of
the same buffer above described. Protein was purified adding 10 ml of a buffer containing 20 mM Tris—HCI pH
7.4, 300 mM NaCl, 10% glycerol, 6 mM B-mercaptoethanol, 0.03% C,,Es, I mM L-glutamine and 500 mM
imidazole. 2.5 ml of purified protein were desalted on a PD-10 column from which 3.5 ml were collected. The
column was pre-equilibrated and eluted with a buffer composed of 20 mM Tris—HCI pH 7.4, 100 mM NaCl,

10% glycerol, 6 mM B -mercaptoethanol, 0.03% C,,Es and 1 mM L-glutamine.

2.2.6. Extraction of 4F2hc/LATI complex from SiHa cells

Native 4F2hc/LAT1 complex was extracted from SiHa pellets and then reconstituted into liposomes. More
specifically, 4F2hc/LAT1 was solubilized from these pellets with RIPA buffer (see Materials and Methods,
Section 2.1.1.) and incubated for 30 min on ice. The sample was then subjected to centrifugation (12,000 g,
4°C, 15 min) and proteins were quantified using Lowry method for the following analysis. In particular, 5uL of
the sample plus 45 L of water were added 1 mL of Lowry’s solution (Materials, section 2.1.8.) and 100 pL of

1.0N Folin’s Phenol reagent.



2.2.7. Reconstitution qf proteins into Liposomes

The desalted proteins were reconstituted by removing the detergent from mixed micelles containing detergent,
protein, and phospholipids by incubation with Amberlite XAD-4 in a batch-wise procedure (see Materials and
Methods, Section 2.2.3.).
® The initial mixture used for reconstitution of SICAT2 (except when differently indicated) contains: 6ug
of the purified protein, 80 ul of 10 % TX-100, 120 uL of 10% egg yolk phospholipids in the form of
sonicated liposomes, 15 mM ATP, and 10 mM Tris Hepes pH 7.5 (except where differently indicated)
in a final volume of 700 uL. This mixture was incubated with 0.5 g Amberlite XAD-4 under rotatory
stirring (1200 rpm) at 23 °C for 40 min.
e For hASCT2: 5 g of the recombinant purified protein (50 uL) 5 pL of 0.3M EDTA, 340 uL of the
mixture containing 100 pL of 10% egg yolk phospholipids (w/v) in the form of sonicated liposomes and
120 pL of 10% C,,Es, 10 mM L-glutamine (except were differently indicated in the figure legend), 20
mM Hepes Tris pH 7.0 ( or different pH as specified for each experiment) in a final volume of 700 pL.

The mixture was incubated within Amberlite XAD-4 for 40 min.

e For hLATI: 150 ug of cell extract or 4 g of recombinant protein, 100 uL of 10% C;,Es, 100 uL of 10
% phospholipids, 10 mM histidine, 10 mM DTE and 20 mM Hepes Tris pH 7.0 (except where
differently indicated), in a final volume of 700 pL. The mixture was then incubated with 0.5 g Amberlite
XAD-4 at room temperature for 40 min, in the case of extracted 4F2hc/LAT1 and 90 min for the

recombinant protein under rotatory stirring (1 200 rpm) at 23 °C.

2.2.8. Transport Measurements

Before measuring the transport activity, 600 UL of proteoliposomes were subjected to gel filtration
chromatography to remove the excess of the external substrate. In particular, the sample was applied onto a
Sephadex G-75 column (0.7 cm diameter X 15 cm height) pre-equilibrated with 10 mM Tris Hepes pH 7.5 in
the case of SICAT2, 20 mM Hepes Tris pH 7.0 with 10 mM sucrose in the case of hAASCT2 and of hLAT1. After

elution, proteoliposomes were divided into aliquots of 100 pL for transport assay.

> Uptake experimen ts

Transport activity was measured by adding 10 uL of the radiolabeled substrate to each 100 pL of
proteoliposomes.
In particular:

e For SICAT2: [’H]-arginine (100 uM) was added to proteoliposomes for starting the transport and 5

mM Pyridoxal Phosphate (PLP) was added to stop the transport according to the stop inhibitor method,



the same inhibitor was added at time zero to control samples (blank). For pH gradient experiments, the
P pHtg P

protein was reconstituted in liposomes with 10 mM Tris Hepes pH 5.5. Sephadex G-75 column was

preequilibrated with 0.5 mM Tris Hepes pH 5.5, while the transport starts adding [*H]-arginine (100

uM) buffered with 10 mM Tris Hepes at different pH as indicated in the figure legend. Osmotic

experiments were performed varying the concentrations of sucrose in the extraliposomal/

intraliposomal compartment.

e For hASCT2: 50 uM [’H]-glutamine and 50mM Na-gluconate was added to 100 uL proteoliposomes,

while to stop the transport reaction 100 uM HgCl2 was added;

e For hLAT1: 5 uM [’H]-histidine was added to 100 pL of proteoliposomes. As inhibitor was added 15

uL Mercury(Il) Chloride (HgCL).
After the transport for a specific time, 100 pL of proteoliposomes were subjected to gel filtration
chromatography using a Sephadex G-75 column (0.6 cm diameter X 8 cm height), which allows the separation
of external from internal radioactivity. The elution of loaded proteoliposomes was performed with 1 mL 50 mM

NaCl and added to 4 mL scintillation mixture to be counted by a Liquid Scintillation Counter.

> Ejﬂux experiments

To perform efflux measurements for SICAT2, an uptake step was performed for 90 minutes to preloaded
proteoliposomes with 100 uM [*H]-arginine. External radioactivity was removed by another passage through

Sephadex G-75 and efflux was measured at the indicated time.

2.3. Other materials

2.3.1. Preparation ofcholesteryl hemisuccinate

Cholesteryl HemiSuccinate (CHEMS) was solubilized with 5% C;,Es and 20 mM Tris HCI pH 8.0 and then
sonicated twice for 2 min (no pulse, 40 W) with a Vibracell VCX-130 sonifier (Hanson et al, 2008). To remove
metal residues after sonication, the mixture was centrifuged for 5min at 10,000 g and the supernatant was then

added to liposomes for 30 min under rotatory stirring (1,200 rpm) at 23 °C.

2.3.2. Insertion qf cholesterol into Iiposomes

7.5 mg of cholesterol was weighted and added to 100 mg of egg yolk phospholipids. The mixture was solubilized
by adding 1 mL chloroform. After short incubation under rotatory stirring (1200 rpm, 30 °C, 5 min) open tube
is dried O.N. at room temperature overnight. The next day, when chloroform was completely evaporated, the
lipid film was resuspended in ImL water (10% final concentration) and sonicated to form unilamellar liposomes

as previously described (see Materials and Methods, Section 2.2.3.).



2.3.3. Internal volume measurement

The colorimetric phosphate method was used to calculate the internal volume of proteoliposomes prepared with
several amounts of cholesterol (Indiveri, Palmieri et al. 1994). The initial mixture of reconstitution contained
several amounts of cholesterol previously solubilized as described in Materials and Methods, Section 2.3.1.,
sonicated liposomes and 50 mM dipotassium phosphate (K,HPO,). After reconstitution, liposomes were eluted
from Sephadex G75, buffered without phosphate. Then 100 pL of the sample were incubated for 30 min with
150 pL of Solution R ( 10 mM hexammonium heptamolybdate 4-hydrate, 0.3 mM of H,SO, and 0.1 mM FeSO,)
to allow the colorimetric reaction. Then, the absorbance was measured using spectrophotometer analysis
(wavelength: 578 nm). The internal volume ( uL) was calculated on the basis of nmol of phosphate included in

liposomes.

2.3.4. Treatment of experimental data

Experimental values were corrected by subtracting the respective controls (blank) in the case of uptake
measurements and subtracting the time zero value in the case of efflux experiments. These values were analyzed
using Grafit software (Grafit® 5.0). In particular, different equations were adopted in line with experimental

purposes.

First Order Rate Equation: used where a process increases with time following a 1st order rate
law:
A= A, (1-e™)
- Single Exponential Decay: is the equation for a single exponential decay:
y = Ay.e™
- Michaelis-Menten Equation: used to calculate kinetics parameters:

v = (Vmax .[S])/(Km.[S])

- Lineweaver Burk Equation: the Lineweaver Burk transformation was used to produce a double-

reciprocal plot of the data:

1/V0 = [Km / (Vmax‘[S])] + 1/Vmax



- IC50 Fully Range Corrected: dose—response equation to calculate IC50 value:

y = 100% / 1+(x / IC5)’

2.4. Computational analysis
2.4.1. Molecular Docking

Molecular docking is a method that predicts how two or more molecules fit together, forming a stable complex.
Based on the types of ligand, docking can be classified as: protein-small molecule (ligand) docking; protein-
nucleic acid docking; protein-protein docking. In this work, we performed a protein-small molecule docking.
At first, to perform docking analysis, the availability of the structure of the protein of interest is a fundamental
requirement. Usually, the structure has been determined using a biophysical technique such as x-ray
crystallography, NMR  spectroscopy or cryo-electron  microscopy  (cryo-EM), but can also derive
from homology modeling. Moreover, the availability of the database of ligands is the other input for starting
docking analysis. The success of a docking program depends on two components: the search algorithm and
the scoring function. The search space, in theory, consists of all possible orientations and conformations of the
ligand within the protein. Most docking programs in use account for the whole conformational space of the ligand
(flexible ligand), and several attempts to model a flexible protein receptor. Each "snapshot" of the pair is referred
to as a pose. Ligand poses are evaluated on the basis of a scoring function, which returns a number indicating the

likelihood that the pose represents a favorable binding interaction and ranks one ligand relative to another.

2.4.2. Protein preparation and grid generation

Cryo-EM structures of proteins of interest (in our case LAT1 and ASCT2) were downloaded from RCSB PDB.
Before starting with docking analysis, proteins were prepared using Schrodinger Protein Preparation Wizard
tool within Maestro v11.3, for LAT1, and Autodock Vina v4.2 for ASCT?2. Protein preparation can be resumed
in three essential steps: addition of missing hydrogen atoms, optimization of hydrogen bonds by flipping amino

acid side chains and correcting charges, and minimization of the protein.

Docking analysis can be performed on the whole protein, this procedure is called blind docking, or on a selected

area of interest. The grid box varied, dependent on the ligand, size and position.

Every ligand was downloaded in SDS format from PubChem and also prepared, optimizing their geometry and

assign them appropriate protonation states.



In the case of ASCT2, we performed a blind rigid docking on full protein and also a docking on selected regions.
The best conformation space of the ligand was searched employing the Lamarckian Genetic Algorithm. The best

pose chosen has the lowest binding-energy conformation.

2.4.3. Induced Fit docking

Docking analysis on LAT1 was performed using Induced Fit docking, which considerate in the calculations the
flexibility of the side chains in the binding site. In fact, the standard molecular docking is a rigid docking which
places flexible ligands onto the rigid structure of the target. The workflow is composed of a job sequence in which
ligand is docked with Glide (first step) then Prime is used to refine and optimize side chains of all residues within 5.0

A of ligand poses (second step) and, at last, the ligands are redocked onto the relaxed receptor with Glide (third

step).

2.4.4. Sitemap as a tool to identify putative binding sites

Schrédinger’s SiteMap is a useful tool developed for identifying druggable sites on receptors. At first, SiteMap
searches for one or more regions within the protein or on the protein surface, called sites, that may be suitable
for binding of a ligand to the receptor. The search uses a grid of points, called site points, to locate the sites. In
the second stage, site maps are generated, showing hydrophobic and hydrophilic regions. The hydrophilic maps
are further divided into a donor, acceptor, and metal-binding regions. A Site Score is used to distinguish sites
that could bind ligands to sites that could not. Typically a Site Score of 0.80 would aid in discriminating between
a druggable and non-druggable site. Site Score of at least 1 and above indicated a reasonable chance for the site

to be druggable.



CHAPTER III

Results




3.1. Functional and structural characterization qf hASCT?2 transporter

3.1.2. Effect of cholesterol on the hASCT2

hASCT2 was overexpressed in P. pastoris and then purified as described in Materials and Methods, Section 2.2.5.
The effect of cholesterol was tested on the transport activity of hASCT2, since it has been found that cholesterol
may interact with a lot of proteins modulating their function (Fantini and Barrantes 2013, Dickens, Chiduza et
al. 2017, Pochini, Pappacoda et al. 2020). Therefore, different amounts of cholesterol, in the commercial form
of cholesteryl hemisuccinate (CHEMS), was solubilized and then added to the mixture of lipids and detergent
before reconstitution, as previously described in Materials and Methods, Section 2.3.1. The transport rate was
measured as Na+—[3H]—glutamineéx/ glutamine;, exchange at the indicated amount of CHEMS, expressed as pg
CHEMS/ mg phospholipids. As shown in Figure 8A, hASCT2 is stimulated by the increasing amount of
cholesterol with a maximum of activity at 75 ug CHEMS/mg phospholipids, then the transport activity decreased
at a further increase of CHEMS. The increase of the transport, shown in the first part of the graph, might be due
to the inclusion of cholesterol in proteoliposomes that allows the increase of internal volume and thus, not to a
direct effect of cholesterol on the transporter. Therefore, the internal volume was measured at the indicated
amount of cholesterol (see Materials and Methods, Section 2.3.3). As shown in Figure 8A the internal volume
(indicated on the right Y axis in Figure 8A) did not change in all conditions. Another possibility is that cholesterol
could improve the insertion of hASCT?2 at the liposomal membranes and thus, this condition could explain the
increase in the transport rate. Therefore, to better understand the mechanism of stimulation, the amount of
protein incorporated into proteoliposomes at increasing cholesterol amount was also detected (Figure 8B). After
reconstitution, proteoliposomes were run on SDS-PAGE and then, a Western Blot was performed (as described
in Materials and Methods, Section 2.2.3 and 2.2.4..). As shown in Figure 8C, the amount of the protein increased
by increasing the amount of cholesterol up 50 ug CHEMS/mg phospholipids. Noteworthy, the increase of
protein amount did not exactly follow the increase of the transport activity, since as shown before the maximum
of activity was at 75 ug CHEMS/mg phospholipids (Figure 8A). This data suggested that cholesterol has two
different effects on hASCT2. In fact, on one side it seems to improve the insertion of hASCT?2 into the

membrane, but on the other side, it might directly interact with hASCT2 increasing the transport activity.
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Figure 8 The effect of cholesterol on the transport of hASCT2. In (A) transport rate was measured in 20 min adding 50 uM of [*H]-glutamine and
50 mM Na-gluconate to proteoliposomes prepared with the indicated amounts of CHEMS and containing 10 mM of glutamine (blue circle). In the
right y-axis, the internal volume of proteoliposomes calculated at the indicated amounts of CHEMS, as described in Materials and Methods, Section
2.3.2. (black circle). In (B) Samples ( a volume corresponding to 1% of the total reconstitution mixture) derived from (A) were subjected to SDS-
PAGE and western blotting analysis, for evaluating the incorporation of hASCT2 into proteoliposomes prepared with the indicated amount of
CHEMS. In (C) relative quantification of band intensity from western blotting of (B).

To investigate if cholesterol might influence the substrate affinity, kinetic analysis was performed. The external
Km was measured as transport rate at the indicated glutamine concentrations in the absence or the presence of
75 pg CHEMS/mg phospholipids (Figure 9). As shown the Km was not significantly varied, while the Vmax
increased from 113 £ 26.6 nmol - mg ™'+ min™" in the absence of cholesterol to 370 £ 79.3 nmol - mg ™'+ min™"

in the presence of cholesterol. These data indicate that cholesterol interaction has not a direct effect on the

binding site, but it probably influences the rate of conformational changes.



Figure 9 Effect of cholesterol on hASCT? transport.
Transport rate was measured in 15 min adding 50 pM of
[’H]-glutamine and 50 mM Na-gluconate to
proteoliposomes prepared (cyan circle) or not (blue
with 75 pg CHEMS / mg phospholipids and

containing 10 mM of glutamine. Data were plotted

circle)

according to linear Lineweaver-Burk plot as reciprocal
transport rate vs reciprocal glutamine concentration.
Data are means * SD of three independent experiments.
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Moreover, the effect of cholesterol was also tested in the presence of other amino acids, transported by hASCT2

from the internal compartment. The transport rate was measured as heterologous exchange of Na*t-

[’H]glutamine,,/asparagine;,, Na*-[’H]glutamine,, /threonine;,, or Na'-[’H]glutamine,, /serine;, (Figure 10).

Interesting, the transport rate of heterologous Na+—[3H]glutaminceX /serine;, and NaJr-[3H]glutamincex

/threonine;, antiport increased six and nine times more, respectively, in the presence of cholesterol than the

homologous Na*—[3H]—glutamincex/ glutamine;, antiport where the stimulation was of two times more or the

heterologous Na*—[3H]glutamincex/ asparagine;, antiport, three times more.
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Figure 10 Effect of cholesterol on the transport activity of
hASCT?2. Transport activity was measured adding 50 uM
[*H]-glutamine and 50 mM Na-Gluconate to proteoliposomes
prepared with 75 ug CHEMS/ mg phospholipids and
containing 10 mM glutamine (blue bar) or asparagine (red
bar) or threonine (green bar) or serine (yellow bar). Initial
transport rates were calculated as k x limit (nmol/mg
prot/min) from the first-order rate equation used to plot the
time course data. Data are means & SD of three independent
experiments. (*), significantly different from the control
sample (proteoliposomes prepared without CHEMS) as
estimated by Student’s t-test (P < 0.05).



The effect of cholesterol was also evaluated in intact HeLa cells. In particular, the effect was measured as
sequestration of cholesterol by methyl-B-cyclodextrin (MCD), which is a known cholesterol depleting reagent
(Dickens, Chiduza et al. 2017). A decrease in the transport rate, indicated as residual activity with respect to the
control condition without MCD, was seen when HelLa cells were treated with 10 mM of MCD (Figure 11).
This is in line with the results previously described (Figure 8A). In fact, a minor availability of cholesterol, due

to the sequestration by MCD, determined a decrease of the transport activity.

100

Figure 11 HelLa cells were treated with 10mM methyl-f-
cyclodextrin (MCD) as described in Materials and Methods.
Transport was measured adding 10uM [*H]glutamine in the
presence or in the absence of 100mM NaCl. Transport
activity was calculated as the percent of residual activity with
respect to the control condition (without MCD in the
transport assay). (*), significantly different from the control

(42
o
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sample (proteoliposomes prepared without MCD) as
estimated by Student’s t-test (P < 0.05).

- MCD + MCD

3.1.3. Docking of cholesterol on the Cryo-EM structure of hASCT2

A direct interaction between ASCT2 and cholesterol has been hypothesized, in agreement with the finding of
cholesterol-like densities in the Cryo-EM structure of ASCT2 (Garaeva, Oostergetel et al. 2018, Yu, Plotnikova
et al. 2019). Therefore to understand the molecular mechanisms of cholesterol stimulation on the transport
activity of ASCT2, docking analysis was performed. In particular, a blind docking (see Materials and Methods,
Section 2.4.2.) was performed on ASCT2 trimer in an inward facing (PDB id: 6GCT). As shown in Figures 12
and 13, at least six sites were identified. Some of these, A, B, C and D, matched with the electron densities
observed in the Cryo-EM structure. Interestingly, poses E and F are located on helix 6 where we found a CARC
and a CRAC motif that are two putative cholesterol binding motifs (Fantini and Barrantes 2013, Fantini, Epand
et al. 2019). Moreover, pose D on the TM3 is close to the R-W-L domain that is also considered a

CARC/CRAC-like domain (Fantini and Barrantes 2013).



BOTTOMVIEW

Figure 13 Zoom of cholesterol poses previously predicted in
Figure 15. Cholesterol molecules are indicated as red sticks
with mesh surfaces. Residues close to these poses are indicated
as sticks (gold sticks if they belong to the scaffold domain or
blue stick if belong to the transport domain). (A) Cholesterol
is located between TMs 2, 4c and HP2 of a protomer. (B)
Cholesterol is located between TMs 2, 4b and 5 of two
protomers. C110 is represented in gold stick. (C) Cholesterol
is located between TM4c of a protomer and TM2 and TMS5 of
the adjacent protomer; in gold stick residue W272. (D)
Cholesterol is located between TMs 3, 6 and 8 of a protomer;
in blue stick residue W130. (E) Cholesterol is located between
TM6 which includes a CARC motif and TM8; in blue stick
residues C308 and C309 (TM6) and W461 and C467 (TMS).
(F) Cholesterol is located between TM6, which also includes a
CRAC motif and HP1 of a protomer.

Figure 13 Cholesterol blind docking on hASCT?2.
Bottom view of the trimeric hASCT2 (PDB: 6GCT).
Cholesterol poses are indicated as red sticks with
mesh surface (A, B, C, D, E and F). Some of these
interacts with the scaffold domain (TMs 1, 2, 4, 5
represented as gold ribbon) and the others with the
transport domain (TMs 3, 6, 7, 8, HP1 and HP2
represented as blue ribbon) of a protomer.




To analyze and to confirm these predictions, other experimental data were collected. In fact residues close to
cholesterol molecules were used as targets of specific compounds and thus, the transport activity was measured
in the absence or the presence of cholesterol, to evaluate if cholesterol could prevent the interaction with these

compounds which are known to influence the transport activity.

3.1.4. Targeting tryptophan residues by the Koshland’s reagent

At first, a reagent targeting tryptophan residues, the Koshland’s reagent was employed in the presence or the
absence of cholesterol (Figure 14). hASCT2 was incubated with 0.5 mM Koshland’s reagent (Giangregorio,
Tonazzi et al. 2019) for 15 min under rotatory stirring (1,200 rpm) at 23 °C before reconstitution. Then protein
was reconstituted in liposomes containing or not 75 uyg CHEMS/mg phospholipids. The Koshland’s reagent
shows a high reactivity at pH 7.0 and it acts modifying the indole ring of the tryptophan side chain (Loudon and
Koshland 1970). As shown in Figure 14, the incubation of the protein with the reagent in the absence of
cholesterol did not affect the transport activity of ASCT2, indicating that tryptophan residues are not crucial for
transport. On the contrary, in the presence of cholesterol, the modification of tryptophan residues allowed a
reduction of 30% of cholesterol stimulation, indicating that tryptophan residues might be important for
cholesterol binding. These data confirmed the position of three of the predicted poses previously described, C,

D and E which had in their proximity tryptophan residues (Figure 13).
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Figure 14 Effect of Koshland’s reagent on hASCT2
transport. Transport rate was measured adding 50 uM
[H]-glutamine and 50 mM Na-Gluconate in the
absence (cyan circle and blue square) or the presence

100

(yellow circle and red square) of 0.5 mM Koshland’s
reagent, to proteoliposomes prepared without (yellow
and cyan circle) or with 75 pg CHEMS /mg
phospholipids (red and blue square) and containing 10
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mM glutamine. Values were plotted according to the
first-order rate equation. Data are means £ SD of three

independent experiments.
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3.1.5. Targeting cysteine residues with SH-reagents

The reactivity towards SH reagents was also investigated considering that the poses B and E are close to cysteine
residues (Figure 13). In a previous work (Scalise, Pochini et al. 2018), it was shown that hASCT?2 is stimulated
by DTE, a cysteine reducing agent. hASCT2 was reconstituted in liposomes prepared without or with 75 ug
CHEMS/mg phospholipids. After reconstitution, the transport activity was measured as a function of the time
in the presence of 10 mM DTE. Interestingly, these data showed that the interaction of hASCT?2 with cholesterol
prevented the stimulation by DTE. In fact, the condition without and with DTE are quite similar (Figure 15A).
Moreover, also in the HeLa cells (data not shown), where hASCT2 should have an optimal cholesterol milieu,
the addition of DTE had no effect. To further investigate the effect of cholesterol, hASCT2 was also treated with
SH reagents which should inhibit the protein, as previously demonstrated (Scalise, Pochini et al. 2018). The
transport activity, indicated as residual activity with respect to the control condition without any addition, was
measured in the presence of 20 uM HgCl, (Figure 15B). As shown by the figure, in the absence of cholesterol
(cyan bars), HgCl, exhibited a strong inhibition; this inhibition was lost in the presence of cholesterol (blue bars).
The same effect was seen in the presence of 0.5 mM NEM, which is involved in the alkylation of SH cysteine
residues (Figure 15B). Taken together these results indicated that some cysteine residues are masked by one or

more cholesterol molecules (Figure 13 B, E).
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Figure 15 Effect of SH reagents on hASCT?2 transport. In (A) the effect of DTE was investigated. Transport rate was measured adding 50 uM [3H]-
glutamine and 50 mM Na-Gluconate in the absence (cyan circle and blue square) or the presence (yellow circle and red square) of 10 mM DTE, to
proteoliposomes prepared without (yellow and cyan circle) or with CHEMS (red and blue square) and containing 10 mM glutamine. Values were
plotted according to the first-order rate equation. In (B) effect of HgCl, and NEM. Transport rate was measured adding 50 uM [3H]-glutamine and
50 mM Na-Gluconate in the presence of 20 uM HgCl,and 0.5 mM NEM to proteoliposomes prepared without (cyan bars) or with (blue bars) CHEMS
and containing 10 mM glutamine. (*), Significantly different from the control sample (proteoliposomes prepared without CHEMS) as estimated by
Student’s t-test (P < 0.05). In (A,B) data are means T SD of three independent experiments.



Thanks to the availability in our laboratory of some cysteine mutants of the hASCT2, it has been possible to
investigate the effect of SH reagents on these proteins, to obtain further data that may confirm some predicted
poses. In particular, C467 that is the major target of SH reagents as previously shown (Scalise, Pochini et al.
2018) resulted to be close to the predictive pose E, together with C308 and C309 that lic on the CARC and
CRAC motif close to this pose (Figure 13). The mutant C467A, together with other mutants C308A, C309A
and C110 were used to test the effect of HgCl, and thus, they were reconstituted in proteoliposomes prepared
in the absence or the presence of cholesterol. Then, the transport activity was measured as Na'-[’H]-
glutamine,,/glutamine;, exchange in the presence of 20 uM HgCl,. As shown in Figure 16A, the addition of
HgCl, to proteoliposomes prepared with cholesterol had a different behaviour on the mutants respect the WT.
In fact, measuring the protection index as the ratio between residual activity in the presence and the absence of
cholesterol it has been confirmed that the protection seen by cholesterol on the WT was lost or reduced in the
mutants. Only the mutant C110A showed a protection index similar to the WT. These data indicated that a
cholesterol molecule may mask one or more cysteine residues, reducing the inhibition and thus, when cysteine
is missing, as seen in the mutants, the protection by cholesterol is lower. Moreover, in the case of the mutant
C110A, the higher protection index might mean either that this residue is not crucial for the transport activity
cither that it is not casily accessible by the reagent, since it is located in the core of the scaffold domain.

The treatment of these mutants with NEM showed similar behaviour to that obtained in the presence of HgCl,,
event if the protection by cholesterol, in this case, was less evident with respect to that previously described

(Figure 16B).
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Flgure 16 Effect of HgCl, and NEM on transport activity of hASCT2
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3.2. Functional and structural characterization qf SICAT?2 transporter

3.2.1. Orientation of SICAT2 reconstituted in proteoliposomes

SICAT2 was overexpressed in E.coli with a 6His-tag to the C-terminus and purified as described in Materials and
Methods, Section 2.2.5. On the basis of transmembrane topology predictions, it has been suggested that SICAT?2
is localized at the vacuolar membrane with the N- and C-termini exposed towards the vacuolar lumen (Regina,
Galluccio et al. 2017). Therefore, to assess if the orientation of the recombinant protein at the proteoliposomal
membrane was the same as the vacuolar membrane, i.e. the N- and C-termini exposed towards the
intraliposomal compartment, a method based on side-specific targeting was performed. In particular, the
recombinant protein was incubated with an Anti-His antibody against the 6His-tag at the C-terminus of the
protein. The interaction between the 6His-tag and the antibody should create a steric hindrance affecting the
transport activity, as already described for other transporters (Scalise, Pochini et al. 2014, Pochini, Scalise et al.
2015). The antibody was added before and after reconstitution. During the proteoliposome formation, the
antibody added to the initial mixture of reconstitution can reach both sides of the protein. On the contrary, after
reconstitution, the protein is inserted in the liposomal membrane and thus, the antibody, added to the external
compartment, can bind only the external face of the protein. In both cases, the transport activity was measured
by adding [*H]-arginine to the proteoliposomes (See Materials and Methods, Section 2.2.8.). Significant
inhibition was observed when the protein was incubated with the antibody before reconstitution (Figure 17A).
On the contrary, the addition of the antibody to the external compartment had no effect on the transport activity.
Moreover, the presence of the anti-His antibody in the external side of proteoliposomes previously incubated
with anti-His antibody did not increase the inhibition (Figure 17A). To exclude a non-specific effect of the anti-
His antibody, anti-Actin antibody was incubated with the protein before reconstitution, as a control. In this case,
no effect was observed on the transport activity, demonstrating that the inhibition observed in the presence of
internal anti-His antibody was specifically due to the interaction between the anti-His antibody and the 6His-tag
at the C-terminus of the recombinant protein. To assess if the addition of the antibody could affect the liposomal
membrane integrity, the same experiment was performed using liposomes without the recombinant protein. In
the absence of SICAT2 no effect was seen in all the conditions (yellow bars in Figure 17A). It has to be stressed
that the [’H]-arginine accumulated in the control liposomes was always less than 30% with respect to
proteoliposomes. This data demonstrated that the C-terminus of the protein is exposed to the intraliposomal
compartment, in line with membrane topology predictions. Moreover, the presence of the protein in liposomes
was verified by running the solubilized proteoliposomes on SDS-PAGE (see Materials and Methods, Section
2.2.3.) and performing a Western blot analysis (see Materials and Methods, Section 2.2.4.). In Figure 17B, the
lane 1 corresponds to the purified protein showing a molecular mass of 45 kDa, while lanes 2 and 3 correspond

to the reconstituted protein without incubation (lane 2) or pre-incubated with the anti-His antibody (lane 3). As



shown in the figure, the corresponding band in lanes 2 and 3 was only 30% with respect to the protein added to

the initial mixture.
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Figure 17 Sidedness of the reconstituted Solanum Iycopersicum CAT2 in proteoliposomes. (A) The purified protein was pre-incubated with 6 ug of
anti-His antibody or 0.6 ug of the antibody was added in the external compartment. Anti-actin antibody was used as control in both sides. Transport
was measured in 20 min by adding 100 uM [*H]-arginine to proteoliposomes (red bars) or liposomes (yellow bars) containing 200 mM sucrose and
15 mM ATP at pH 7.5. Results are the means & SD from three experiments. (*), significantly different from the control (none) for p < 0.05 as
calculated from 1-way ANOVA test. (B) SDS PAGE and WB of SICAT2. In the lane 1 the purified protein with a molecular mass of 45 kDa. In the
lane 2 and 3 the reconstituted protein without the antibody or after pre-incubation with anti-His antibody. Proteoliposomes were purified by size-
exclusion chromatography as described in Materials and Methods, Section 2.2.2. and then run to SDS-PAGE.

3.2.2. Regulation thhe SICAT2 transport activity by pH and Osmolality

In Arabidopsis thaliana CAT1, CAT5 and CAT6 which share with SICAT2 a sequence identity of 26.8%, 25% and
26.3% respectively, are pH-dependent transporters. To ascertain if SICAT2 is also pH sensitive, the transport
activity was measured at a pH ranging from 5.0 to 8.5 (Figure 18A). The desalted SICAT2 was reconstituted as
described in Materials and Methods, Section 2.2.7., except that 10 mM Tris Hepes at different pH was added to
the initial mixture and then the transport activity was measured by adding [*H]-arginine buffered with 10 mM
Tris Hepes at the corresponding internal pH. As shown in Figure 18A the transport activity increased at neutral
pH, with a maximum of activity at pH 7.5. Moreover, since SICAT? is localized at the vacuolar membrane of
plant cells, and the vacuolar lumen has a more acidic pH ( pH 5.5) with respect to the cytosolic pH, the effect
of a pH gradient was also tested in proteoliposomes. To generate this gradient across the liposomal membranes,
10 mM Tris Hepes at pH 5.5 or pH 7.5(control condition) was added. Then, the transport activity was measured
by adding [*H]-arginine buffered with 10 mM of Tris Hepes at pH 7.5. As shown in Figure 18B in the presence
of a pH gradient more acidic inside (pH 5.5;,, pH 7.5,,) the transport activity is slightly but not significantly

increased with respect to the condition with an equal pH in the internal and external side.
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Figure 18 Effect of pH on the transport activity of SICAT2. (A) Transport rate was measured as nmol/(mg x min) by adding 100 uM [*H]-arginine
to proteoliposomes containing 200 mM sucrose and 15 mM of ATP and 10 mM of Tris Hepes at the indicated pH. (B) The transport activity was
measured by adding 100 M [*H]-arginine buffered with 10 mM of Tris Hepes at pH 7.5, to proteoliposomes prepared using 10 mM of Tris Hepes
at pH 5.5 (red bars) or 7.5 (green bars) and containing 200 mM sucrose and 15 mM of ATP. Results are the means  SD from three experiments.
(*), significantly different from the control (none) for p < 0.05 as calculated from 1-way ANOVA test.

Vacuoles are known to be involved in the accumulation of several compounds and thus, they are subject to
continuous osmotic oscillations in physiological conditions. Therefore, the influence of osmolality was also
evaluated on the activity of SICAT2. To generate the osmotic gradient across the proteoliposomal membrane,
sucrose was used as an osmolyte and its concentration was varied in the initial mixture of reconstitution. In this
condition, the transport activity increased by increasing the intraliposomal osmolality, reaching a plateau at 225
mOsmol (Figure 19A). To evaluate the side specificity of such a regulation, the transport activity was also
measured changing the external osmolality (Figure 19B). In this case, the behaviour of SICAT2 was different, in
fact, the increase of the external osmolality caused a reduction in the transport activity to about 45% of the
control at 50 mM sucrose. A further increase of the external osmolality did not affect the transport activity.
Therefore, in agreement with the physiological phenomenon, also the transport of amino acid across the vacuolar

membrane via SICAT?2 might be regulated by the increase of internal osmolality.
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Figure 19 Effect of osmotic pressure on the transport activity of SICAT2. SICAT2 was purified and reconstituted in proteoliposomes as described
in Materials and Methods, Section 2.2.3. (A) The transport activity (nmol/(mg x min)) was measured adding 100 uM [*H]-arginine to
proteoliposomes containing indicated concentrations of sucrose, 15 mM ATP and 10 mM of Tris Hepes at pH 7.5. (B) Transport rate was measured
adding 100 pM [*H]-arginine together indicated concentrations of sucrose to proteoliposomes containing 200 mM sucrose and 15 mM ATP, at pH
7.5. Results are the means t SD from three experiments. (*), significantly different from the control (without sucrose in (A) and (B)) for p < 0.05
as calculated from 1-way ANOVA test.

3.2.3. Effect of Cations

The effect of cations was also tested on the transport activity of SICAT2. In particular, KCl, NaCl, NH,Cl, CaCl,,
or MgCl, were added to the extraliposomal compartment at concentrations close to their physiological values in
the cytosol and the [’H]-arginine uptake was measured. As shown in Figure 20 the transport activity was inhibited
by external KCl and the same effect was observed in the presence of K-gluconate, indicating that the inhibition
was specifically due to K" ions. Also Na" and NH," showed a similar inhibitory effect on SICAT2. To exclude an
osmotic effect, 40 mM of sucrose was used as an osmotic control. The inhibition by these ions was about 40%
with respect to the condition with sucrose. It has to be highlighted that the addition of 40 mM of sucrose to the
external compartment caused a reduction of the transport activity with respect to the condition without sucrose,
in line with the results of Figure 19B. Among divalent cations, Mg’" at low concentrations, which are close to
the physiological ones, determined a decrease of transport activity by 33%, while Ca** had just a slight effect
with respect to the condition with sucrose. In this case, as a control of osmolality, a condition with 1.2 mM of

sucrose was used, which is similar to the condition without sucrose.



Sucrose 40 mM
KCI 20 mM
K-gluconate 20 mM
NaCl 20 mM

NH4Cl 20 mM

Sucrose 1.2 mM
MgCl> 0.4 mM
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Figure 20 Effect of extraliposomal cations on the
transport activity of SICAT2. SICAT2 was purified and
reconstituted as described in Section. The transport rate
was measured in 20 min by adding 100 uM [*H]-arginine
together ~ with  the
proteoliposomes containing 200 mM sucrose, 15 mM
ATP and 10 mM of Tris Hepes at pH 7.5. . Results are
the means £ SD from four experiments. (*), significantly

indicated ~ compounds  to

different from the control (sucrose 40 Mm or sucrose 1.2
mM) for p < 0.05 as calculated from 1-way ANOVA test.

Dose-response analyses were performed for cations which exerted a stronger inhibition. Therefore, for each

condition, the [’H]-arginine uptake was measured together with several external concentrations of these cations.

In particular, an IC;, value of 10.9 £ 0.8 mM, 11.3 2 1.2 mM, 5.7 + 1.49 mM, or 0.42 * 0.18 mM was derived

for Na* (Figure 21A), K™ (Figure 21B), NH," (Figure 21C), or Mg’" (Figure 21D), respectively.
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Figure 21 Dose-response curve for the inhibition of SICAT2 by external cations. Transport was

measured in 20 min (calculated as % residual activity with respect to the control condition without the

compounds) by adding 100 pM [*H]-arginine together with the indicated concentrations of NaCl (A),
K-gluconate (B), NH,CI (C) or MgCl, (D) to proteoliposomes containing 200 mM sucrose and 15 mM
ATP, at pH 7.5. Results are the means £ SD from three experiments.



The effect of cations was also tested in the intraliposomal compartment (Figure 22). In this case, K" and Na*
activated the transport, but their activation compared with the osmotic control condition (sucrose 100 mM as
control of KCl and sucrose 200 mM as control of NaCl) was not relevant. Ca”" and NH, " had the same effect as

K" and Na". On the contrary, only Mg’" showed a strong inhibitory effect.

Sucrose 0 mM
Sucrose 2 mM

NH4Cl 1 mM
Sucrose 75 mM Figure 22 Effect of intraliposomal cations on
Mg Clz 25 mM the transport activity of SICAT2. Transport was
CaCl, 25 mM measure in 20 min by adding 100 uM [*H]-

arginine to proteoliposomes containing the

indicated concentrations of compounds or

Sucrose 100 mM sucrose, 15 mM ATP, at pH 7.5. Results are the
K-gluconate 50 mM means £ SD from four experiments. (¥),

(8] P
Significantly ~ different from the control
(isoosmotic concentration of sucrose for each
Sucrose 200 mM category of cations) for p < 0.05 as calculated

NaCl 100 mM from 1-way ANOVA test.
0 15 30

Transport nmol/(mg x 20 min)

Therefore, a dose-response analysis in the presence of several internal concentrations of Mg”" was performed
(Figure 23A) and an ICs, value of 23.0 £ 9.9 mM was derived. The IC50 value derived for Mg** is two orders
of magnitude higher than the external value. This minor inhibition in the internal compartment could be due to
the known interaction of Mg’" with ATP. In fact, all the experiments were performed in the presence of 15 mM
ATP, since it has been demonstrated (Regina, Galluccio et al. 2017) that ATP stimulated the transport of SICAT?2
in the internal compartment. In the presence of Mg**, ATP could be complexed with Mg’" and thus, it could
not bind SICAT2, and stimulate its transport. Therefore in order to dissect the effect of the sole Mg’", transport
was measured in the absence of ATP. As shown in Figure 23B, no inhibition was observed, confirming the above
suggested hypothesis. This data demonstrated that internal Mg’" had no effect on the transport activity.
Moreover, as shown in Figure 23B the higher scattering observed in the transport measurements was due to a

low transport activity of SICAT2 in the absence of ATP.
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Figure 23 Effect of internal Mg** on the transport activity of SICAT2. (A) Dose—response curve for the inhibition of Mg’" in the presence of
intraliposomal ATP. Transport was measured in 20 min by adding 100 uM [*H]-arginine to proteoliposomes containing the indicated concentrations
of Mg’", 200 mM sucrose, and 15 mM ATP, at pH 7.5. (B) Analysis of the inhibition of Mg®* in the absence of intraliposomal ATP. Results are the
means * SD from three experiments.

The sidedness of SICAT2 transport was further investigated by testing the effect of ATP on the extraliposomal
side (data not shown). The addition of several concentrations of ATP at the external compartment caused a
decrease of the transport, indicating a side-specific activation by ATP. However, since the ATP used is ATP-
(Na™), salt, the inhibition is partially due to the increase of osmolality and the presence of Na* (Figure 19B and
Figure 20). Thus, this inhibition might not be physiologically relevant, since the cytosolic free-ATP is in the

micromolar range.

It has been observed that SICAT? is trans stimulated. Therefore, the effect of Mg®* was also tested on the [’H]-
arginine efflux from proteoliposomes containing or not external Mg**. Interestingly, Mg”" had just a slight effect

on [*H]-arginine efflux (Figure 24, purple circle).
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Figure 24 Efflux from proteoliposomes reconstituted with
SICAT2. Arginine efflux was measured at the indicated time.
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3.2.4. Effect of cholesterol

The effect of cholesterol, as CHEMS, has been tested on the transport of SICAT2.The transport activity of
SICAT2, measured at two different amounts of cholesterol, shown an increase of 30% in the presence of 1 ug

CHEMS/mg to the control condition (without CHEMS) (Figure 25).

36

Figure 25 Effect of cholesteryl hemisuccinate
(CHS) on the transport activity of SICAT2.
Transport was measured in 20 min by adding 100
uM [‘H]—arginine to proteoliposomes prepared
without CHS or with 0.5 mg or 1 mg CHS and
containing 200 mM sucrose, and 15 mM ATP, at
pH 7.5. Results are the means = SD from four
experiments. (*), Significantly different, from
the control (without CHS) for p < 0.05 as
calculated from Student’s t-test analysis.
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3.2.5. Homology model

SICAT2 showed 14 TM domains with the N- and C- termini exposed towards the vacuolar lumen. The 3D
structure of SICAT? is still not available, yet. Therefore, the homology model of the transporter was built on
the homologous prokaryotic transporter GKApcT (G. kaustophilus), which shares 27% of sequence identity with
SICAT2. GkApcT is a proton-coupled amino acid transporter, which has 12 TM helices and is localized at the
plasma membrane. The homology model was built using SWISS-MODEL and lacks two helices (TM 11 and
TM12) (Figure 26A). The Ramachandran plot of the homology model shows 84.8% or 93.9% of all residues are
in favored or in allowed regions, respectively (figure not shown). SICAT2 shows a LeuT fold, with the first five
helices (orange) linked to the subsequent five helices (TM6-TM10 in cyan) by a pseudo-two-fold symmetry axis.
The arginine binding site was also predicted on the basis of the position of the amino acid substrate in GkApcT
(Figure 26B). As shown in figure Phe263 could act as the external substrate gating as the homologous Phe231 in
GkApcT. Interestingly, this residue is also preserved in the LAT1 transporter (Phe252). Moreover, two putative
cholesterol binding sites, corresponding to the known CRAC motif (L/V)-X; 5-(Y)-X; 5-(K/R), were identified
on the homology model of SICAT2 (Figure 26C).
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Figure 26 Homology model of SICAT2. The homology model was build using GkApcT transporter (PDB ID: 50QT) as a template.
SICAT2 show a ‘5+5 repeat fold’” where the first five helices (TM1-5 in orange) are linked to the other five (TM6-10 in cyan) by a pseudo-
2-fold symmetry. The additional two helices, which are not part of the fold are colored in gray. (A) Side and top view of the homology
model. (B) Arginine docking in the putative binding site of SICAT2, residues involved in the binding are represented as labelled ball and
stick. (C) Residues of CRAC motifs. One is on TM2 (orange) and the other motif is on the TM14 (gray).



3.3. Structure/ function relationships qf LATI transporter

3.3.1. Effect of cholesterol on the transport activity of hLATI in

proteoli posomes

hLAT1 was overexpressed in E.coli and then purified as described in Materials and Methods, Section 2.2.5. The
effect of cholesterol on hLAT1 has been evaluated. At first, the desalted proteins were reconstituted in
proteoliposomes prepared with an increased amount of cholesterol, indicated as ug of CHOL/mg of
phospholipids It has to be highlighted that in this case, cholesterol has been used after improving the insertion of
the lipid into the proteoliposome membrane (see Materials and Methods, Section 2.3.2.). After reconstitution,
the transport rate was measured as [*H]-histidine,, /histidine;, antiport. As shown in Figure 27 the transport
activity increased by increasing the cholesterol concentration. Maximal activity was measured at 75 pg

cholesterol/mg phospholipids.
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Figure 27 Effect of cholesterol (CHOL) on the transport
activity of hLAT1. Transport rate (nmol/(mg x 15 min)) was
measured adding 5 pM [*H]-histidine to proteoliposomes
containing 10 mM histidine prepared with the indicated amounts
of CHOL. Results are means £ SD of at least three independent

experiments.
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The best condition, i.e. 75 ug cholesterol/mg phospholipids, was then used to perform the other experiments.
In particular, the effect of cholesterol on substrate affinity on the external and internal side was evaluated.
Therefore, kinetic parameters were measured in the absence and the presence of 75 ug cholesterol/mg
phospholipids. Figure 28A shows the transport rate as a function of the external substrate concentrations plotted
according to Michaelis-Menten. The Km measured in the absence of cholesterol was of 14.9 £ 2.7 uM, while in
the presence of cholesterol the Km was slightly increased with respect to the control condition (22.6 £ 4.3 uM).
These data are in agreement with previous data reported by Dickens et al., showing no variation of Km of L-
DOPA after sequestration of cholesterol in cell systems by methyl-cyclodextrin. An increase of Vmax in the
presence of cholesterol from 0.069 £ 0.0094 to 0.12 = 0.012 nmol/mg/min was observed. On the contrary,

the internal Km (Figure 28B) value decreased from 2.3 * 0.6 mM in the absence of cholesterol to 0.87 = 0.12



mM in the presence of cholesterol, while the Vmax increased from 0.061 £ 0.0087 nmol/mg/min to 0.10 £
0.0038 nmol/mg/min. This data indicated that the interaction of cholesterol with hLAT1 stabilizes the

transporter in an inward facing conformation and thus increasing the internal substrate affinity.
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Figure 28 Effect of cholesterol on the kinetic of hLAT1. The purified protein was reconstituted using proteoliposomes prepared without (cyan
circle) or with 75 ug cholesterol/mg phospholipids (blue square).In (A), transport rate was measured by adding [*H]-histidine at the indicated
concentrations to proteoliposomes containing 10 mM histidine. In (B),transport rate was measured by adding 30 puM [*H]-histidine to
proteoliposomes containing in the internal side indicated concentrations of histidine. Data were plotted according to the Michaelis—Menten equation

as transport rate vs histidine concentration. Results are means T SD of at least three independent experiments

3.3.2. Effect of nucleotides on the transport activity of hLATI.

In the attempt of exploring possible cell regulators associated with energy metabolism, ATP and the other
nucleotides were tested on the transport of hLAT1, since it has been found that these compounds influence the
activity of other transporters, acting as allosteric regulators (Levine, Cloherty et al. 2002, Pochini, Scalise et al.
2012, Echtay, Bienengraeber et al. 2018, Cosco, Regina et al. 2019). At first, the [’H]-histidine.,/histidine;,
antiport was measured in the presence of several intraliposomal concentrations of ATP (Figure 29A). The
recombinant protein was reconstituted in liposomes under the optimal condition of cholesterol concentration.
As shown in Figure 29A the transport rate increased by increasing the intraliposomal ATP concentration up to 4
mM. Further increase of ATP concentrations caused a decrease of the transport activity. To assess if this effect
was specifically due to ATP or if LAT1 might also be activated by the other nucleotides, CTP, UTP and GTP
were also tested in comparison with ATP. Moreover, to exclude the possibility that the activation might be due
to an osmotic effect or to the Na™ cation present in the commercial formulation of ATP, sucrose or NaCl were
used as control. As shown in Figure 29B, CTP, UTP and at a lower extent GTP stimulated the transport activity
at the same concentration of ATP. On the contrary, no effect was observed in the presence of sucrose or NaCl,
demonstrating that the stimulation is specifically due to the interaction of LAT1 with nucleotides. It has to be

highlighted that 4 mM is in the range of the intracellular concentration of ATP, while the physiological



concentration of the other nucleotides is lower, in a range of 0.1 to 0.3 mM. Testing CTP, UTP and GTP at a

concentration of 0.3 mM no effect was seen (data not shown), demonstrating that ATP activation is specific.

>

—_
o

Transport (nmol/mg/15 min)
o
)

Transport (nmol/mg/15 min)

o
o

o
%]
o~
[o)]
©
—
o
—
N

[ATPJin (mM)

Figure 29 Effect of intraliposomal nucleotides on the transport activity of hLAT1. Proteoliposomes were prepared with 75 ug cholesterol/mg
phospholipids. In (A) transport assay was started adding 5 pM [*H]-histidine to proteoliposomes containing the indicated concentrations of ATP and
10 mM histidine. In (B) transport assay was started adding 5 uM [*H]-histidine to proteoliposomes containing 4 mM of the indicated nucleotides and
10 mM histidine. Results are means  SD of at least from three independent experiments. (*) Significantly different from the control (no addition in
the intraliposomal compartment, none) as estimated by the Student’s t-test (p < 0.05).

Very interestingly, the activation by ATP occurred only in the presence of cholesterol. In fact, in the absence of
cholesterol, ATP had only a slight, if any, effect (Figure 30A). The addition of 75 pg cholesterol/mg
phospholipids determined an increase of the transport activity in agreement with the data of Figure 27, but a
maximum of activity was measured in the presence of cholesterol and 4 mM ATP. These data suggest that ATP
and cholesterol binding sites may be close to each other. Since these experiments were performed using the
recombinant protein and thus, in the absence of CD98, to exclude a possible influence of the heavy chain on the
effect of cholesterol and ATP, the same experiment was performed using the protein extracted from SiHa cells,
in complex with CD98 (Figure 30B). The reconstitution protocol was the same as that of the recombinant
protein, with some minor variations as reported in Materials and Methods, Section 2.2.8. As shown in Figure

30B, also in this case, ATP and cholesterol showed a synergistic effect.



>
m

0.90 0.90
= =
E | g |
2 ©
= D
£ :
- [=] L
50,45 g0.45
€ T bt
2 S
= =
0.00 0.00
ATP - + . + ATP - * .
CHOL - - + + CHOL - - +

Figure 30 Synergistic effect of ATP and cholesterol on the transport activity of the recombinant hLAT1 and hLATT1 in complex with CD98. In
(A), transport activity of the recombinant hLAT1. In (B) transport activity of the extracted hLAT1 in complex with CD98. In both cases, transport
assay was started adding 5 uM [*H]-histidine to proteoliposomes prepared without (=) or with (+) 75 pg cholesterol/mg phospholipids as indicated;
without (=) or with (+) 4 mM ATP, buffered with 20 mM HepesTris pH 7.0 and containing 10 mM histidine. Results are means  SD of at least
from three independent experiments. (*) Significantly different from the control (no addition in the intraliposomal compartment, none) as estimated

by the Student’s t-test (p < 0.05).

To investigate if the effect could be influenced by phosphate groups, the transport activity was measured in the
presence of 4 mM AMP, ADP or cAMP in comparison to ATP. As shown in Figure 31, transport activity
decreased by decreasing the number of phosphate groups. These data indicated that three phosphates are
necessary for full stimulation.

Since in cells, ATP is complexed with Mg’", the effect of ATP-Mg** was also tested on LAT1 and it has been

seen that the effect exerted was in the same order of magnitude with respect to the sole ATP (data not shown).
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Figure 31 Effect of phosphate groups on the transport
activity of hLAT1. Transport assay was started adding 5 uM
[*H]-histidine to proteoliposomes containing 4 mM of the
indicated compounds and 10 mM histidine. Results are
means £ SD of at least from three independent experiments.
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(*) Significantly different from the control (no addition in the
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Student’s t-test (p < 0.05).
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The kinetic parameters were also evaluated in the presence of 4 mM of ATP with respect to the control condition
without ATP. The external Km value in the presence of intraliposomal ATP was slightly but not significantly
higher with respect to the control condition (without ATP), of 33.9 X 4.4 uM, while the Vmax significantly
increased with respect to the control condition (Figure 32A). Also the internal Km was not influenced by the
presence of ATP (0.57 £ 0.14 mM), with an increase of Vmax (Figure 32B). These data suggest that the effect
of ATP was only secondary to the effect of cholesterol.
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Figure 32 Effect of ATP on the kinetic parameters of hLAT1. In (A) transport activity was measured by adding [*H]- histidine at the indicated
concentrations to proteoliposomes prepared with 75 ug cholesterol/mg phospholipids as described in “Methods” and containing (red square) or
not (blue square) 4 mM and 10 mM histidine (in dotted line, data from corresponding Fig. 2). In (B) transport activity was measured by adding

[*H]- histidine to proteoliposomes containing the indicated concentration of histidine. Data were plotted according to the Michaelis—Menten

equation as transport rate vs histidine concentration. Results are means = S.D. of at least three independent experiments.

The effect of ATP was also evaluated on the external side, showing a decrease of the transport activity of 25% at
4 mM (Figure 33). It has to be highlighted that this concentration is higher than the cytosolic ATP concentration.
Therefore this inhibition maybe not relevant, but this different behavior of LAT1 confirms that the transporter

has an asymmetric regulation and is inserted in the proteoliposomal membrane with a right—side—orientation.
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3.3.3. Computational analysis of cholesterol and ATP interaction with

hLATI

To better analyze these data, computational analysis was performed as described in Materials and Methods,
Section 2.4. Recently the Cryo-EM structure of LAT1 has been solved in an inward facing (PDB ID: 6IRT, chain
B). At first, this structure has been used to identify putative hydrophilic or hydrophobic regions on the surface
of LAT1 using SiteMap tool (see Materials and Methods, Section 2.4.4.). SiteMap identified ten sites with a
sitescore ranging from 0.888 to 1.015, which is in the optimal range for a reliable SiteMap prediction. (Figure
34). In particular, the attention was focused on two of these sites. One of these, in fact, corresponded to
cholesterol-like densities observed in the cryo-EM structure of hLAT1 (Yan, Zhao et al. 2019). In this site, we
also found a putative cholesterol binding motif (CRAC motif), conserved in LAT1 orthologues (not shown).
However, our interest was focused on the other putative site, close to a hydrophilic pocket. In particular, this
site could be divided into two subsites. Subsite 1 corresponds to the hydrophobic region and the hydrophilic
one and subsite 2 corresponds to another hydrophobic region. Noteworthy is that these two hydrophobic
surfaces correspond to regions already predicted to be involved in cholesterol binding (Dickens, Chiduza et al.
2017). However, the attention was focused on subsite 1, since the hydrophobic region is close to the hydrophilic
pocket in agreement with our working hypothesis, based on biochemical data. Therefore, docking analysis was
performed after generating a grid on subsite 1 of the large site. Moreover, to obtain more reliable information,
Induced Fit docking was performed which takes into account the flexibility of the side chain of the binding site,
therefore it is not a rigid docking (see Materials and Methods, Section 2.4.3.). 20 poses were carried out and
after clustering, the pose with the lowest docking score (-5.54) was selected from the most populated cluster
(Figure 34). In this site, cholesterol is located up the helix 1a, surrounded by hydrophobic residues of the helices
la, 5and 7, such as L53, V56, A57, L208, A209, 1212, 1284, V288, 1.291 and a hydrogen bond occurs between

the hydroxyl group of cholesterol and the side chain of L53.



Figure 34 Cholesterol docking on hLAT1. Docking analysis were performed using InducedFit docking. The best pose (represented as
orange ball and sticks) has a docking score of -5.54 and MMGBSA binding energy of -46.66 kcal /mol.

As said above, subsite 1 also contains a hydrophilic region close to the hydrophobic one, that might accommodate
ATP. Thus, docking of ATP in this site was performed using InducedFit docking and in particular, the grid was
generated using the same residues belonging to the cholesterol grid. In this case, ATP was accommodated
between the helix 1a and 5 (Figure 35A). The ribose group of ATP makes hydrogen bonds with GIn197 and
Asp198. GIn197 interacts also with the a-phosphate. The B-phosphate forms a hydrogen bond with Ser 338 and
in particular, the attention was focused on the Y-phosphate, important for the full activation which is involved
in an electrostatic interaction with Lys 204 (Figure 35A). Interestingly, ATP docking without cholesterol was
different, with the nucleotide remaining in a more external position (Figure 35B). This result indicated that the
presence of cholesterol might stabilize the binding of ATP in the subsite 1, in agreement with biochemical data
which showed that ATP without cholesterol had no effect (Figure 30A). To confirm the ATP binding site, a blind
docking was also performed using AutoDock Vina (data not shown). All the predicted ATP poses were located

on the hydrophilic surface, confirming our ATP binding predictions.



Figure 35 ATP docking on hLAT1. In (A) ATP docking in the presence of cholesterol (Figure 35). ATP interacts with Lys 204 through an
electrostatic bond (in violet). This pose has a docking score of — 6.92 and a MMGBSA binding energy of — 8.97 kcal/mol. In (B), ATP docking in
site 1 in the absence of cholesterol; in violet, electrostatic bond with Lys 204 represented in stick. The pose has a docking score of — 6.336.

3.3.4. Basic functional characterization of site-directed mutant

hLATI-K204Q

After docking analysis the attention was focused on Lys 204 since this residue is involved in an electrostatic bond
with Y-phosphate, which was previously shown to be crucial for the ATP effect (Figure 31). Moreover, it has
been found that Lys 204 is preserved in the other SLC7 transporters. Therefore, Lys 204 has been mutated to
Gln, thus maintaining the hydrophilic nature and the size, but removing the positive charge. At first, the [’H]-
histidine,,/histidine;, was measured for the hLAT1- K204Q in comparison with the hLAT1-WT. As shown in
Figure 36A a reduction of 15% of the transport activity was measured for the mutant with respect to the WT.
Moreover, hLAT1-K204Q showed also a loss of sensitivity to competitive and covalent inhibitors (Figure 36B),

indicating that this substitution might affect the substrate binding too.
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Figure 36 Transport activity of the recombinant hLAT1-WT or hLAT1-K204Q mutant. In (A) comparison of the transport activity of hLAT1-WT
or hLAT1-K204Q. Transport assay was started adding 5 uM [*H]-histidine to proteoliposomes prepared with 75 g cholesterol/mg phospholipids
and containing 10 mM histidine. In (B) the effect of HgCI2 and BCH on transport activity of hLAT1-WT or hLAT1-K204Q mutant. Transport assay
was started adding 5 pM [*H]-histidine together with 15 pM HgCl2 or 5 mM BCH to proteoliposomes prepared with 75 pg cholesterol/mg
phospholipids and containing 10 mM histidine. Results are means £ SD of at least three independent experiments. (*) Significantly different from
the control (no externally added inhibitor) as estimated by the Student’s t-test (p < 0.05).

For a serendipity event, it has also been found that this Lys is involved in pH sensitivity. In particular, to evaluate
the effect of the pH, the initial mixture of the reconstitution was prepared by adding Hepes Tris at several pHs
(Figure 37A). Then the transport activity was measured for the hLAT1-WT and hLAT1-K204Q and it was seen
for the first time that hLAT1-WT is pH-dependent, which is in contrast with the previous finding, and in
particular, it has a maximum of activity at neutral pH. The mutant showed an inverted pH dependence with
respect to the WT at pH 7.0 (Figure 37A). Kinetic analyses were performed for hLAT1-K204Q at pH 7.0 and
6.0 and the Km values measured was of 549 £ 108 UM or 51.4 £ 7.5 UM at pH 6.0 (Figure 37B) or pH 7.0
(Figure 37C), respectively. At pH 6.0 the Km is lower than pH 7.0, but it was still higher than that of the WT
protein, confirming the role of Lys 204 in the transport process and in the substrate recognition. These data are
in agreement with the location of a Lys residue which is near to the residues belonging to the substrate binding

site.
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Figure 37 Effect of pH on the transport activity of hLAT1-WT or hLAT1-K204Q mutant. In (A), transport rate of LAT1-WT (blue square) and
K204Q (green rhombus), was started by adding 5 UM [3H]-histidine to proteoliposomes prepared with 75 pg cholesterol/mg phospholipids and
containing 10 mM histidine and 20 mM Hepes Tris at the indicated pH. The pH was equal in both the internal and external sides of proteoliposomes.
In (B and C), the effect of pH on external Km of hLAT1-K204Q mutant. The transport rate was measured by adding [3H]-histidine at the indicated
concentrations to proteoliposomes prepared with 75 [ig cholesterol/mg phospholipids and containing 10 mM histidine and 20 mM Hepes Tris at pH
6.0 (B) or pH 7.0 (C). Data were plotted according to the Michaelis-Menten equation as transport rate vs histidine concentration. In (A, B and C)

results are means  SD of at least three independent experiments.



3.3.5. Effect of the K204Q mutation on ATP and cholesterol dependence.

The effect of cholesterol and ATP was then investigated for hLAT1-K204Q (Figure 38A). The mutant showed a
cholesterol dependence which is the same as the WT, indicating that this residue does not affect the cholesterol
interaction with LAT1. On the contrary, studying the effect of ATP on the mutant, it has been found that in this
case there is a shift of activation, from 4 mM to 8 mM. This data suggested that the substitution of Lys

compromised the ATP interaction. (Figure 38B).
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Figure 38 Effect of cholesterol and ATP on the hLAT1-K204Q mutant. In (A), transport rate was measured by adding 5 UM [’H]-histidine to
proteoliposomes prepared with the indicated amount of cholesterol and containing 10 mM histidine. In (B), the effect of internal ATP on transport
activity of hLAT1-K204Q mutant. The indicated concentrations of ATP, buffered with 20 mM Hepes Tris pH 7.0, were added in the internal side of

proteoliposomes prepared with 75 Ug cholesterol/mg phospholipids. Results are means * SD of at least three independent experiments.



CHAPTER IV

Conclusions




The role of cholesterol in modulating the transport of the mentioned proteins is described in this work. The
binding of cholesterol to the transporters seems to stabilize their structure. In particular, the increase of Vmax,
without affecting the Km for glutamine in the presence of cholesterol, suggests that cholesterol interaction
increases the rate of conformational changes of ASCT2. Cholesterol blind docking to the cryo-EM structure of
ASCT?2 allowed us to identify six putative cholesterol binding sites, some of which confirmed the cholesterol
densities already described in the literature and two of them were found close to a CRAC and a CARC motifs.
Putative cholesterol binding sites close to cysteine and tryptophan residues were confirmed using Koshland’s
reagent and SH-reagents which target tryptophan and cysteine residues. In fact, the presence of cholesterol near
these residues could mask and protect them against these compounds. Also in the case of LAT1, an increase of
the transport activity in the presence of cholesterol has been observed. Kinetic analysis showed a decrease of
internal Km and an increase of Vmax, suggesting a stabilization of the inward conformation. Docking analysis on
the cryo-EM structure of LAT1 in an inward facing, showed a cholesterol binding site between the TM 2, 5 and
7. Residues belonging to this site were previously identified by Dickens, on the basis of sequence identity with
dDAT. The novel interesting finding in the present work, was the synergistic effect of cholesterol and ATP on
the LAT1 transport. Thanks to computational analysis a hydrophilic pocket was identified near the cholesterol
binding site, confirming this hypothesis. Therefore, it has been suggested that the interaction of cholesterol with
LAT1 stabilizes the inward facing and allows the formation of the ATP binding site. Docking analysis allowed us
to identify a lysine in the ATP binding site, Lys 204, which is involved in the interaction with the y-phosphate of
ATP. Interestingly, this Lys is also involved in the binding of substrate and the pH-dependence. About CAT?2,
the work was mainly focused on the regulation by osmolality and cations, showing an asymmetric dependence
on the two sides of the membrane. In particular, a regulation by internal osmolality and external Mg’" was
observed. The regulation by cholesterol was also documented for this transporter. In particular, two CRAC

motifs were identified on the homology model of CAT2.

Therefore, the three transporters, even though belonging to different organisms share the common feature of
being regulated by cholesterol. This is a novel aspect of membrane transporter in general that could be afforded
using the strategy of over-expression in a heterologous system and transport studies in the in vitro model of
proteoliposome that allows manipulating the membrane composition adding cholesterol. Indeed such a study
could not be performed in an intact cell system. The data on transport changes caused by the presence of
cholesterol correlated well with the prediction studies performed by bioinformatics. Altogether, the data show
that the transporters dealt with are all responsive to cholesterol. The data on the three transporters, in particular,
the deeper studies performed on LATI, allowed us to conclude that the observed effects are due to close
interaction of the cholesterol with some domains of the proteins, thus not limited to unspecific effects od the
lipid on the membrane fluidity. These novel discoveries are fundamental for understanding the molecular

mechanism of transport and regulation as well as for applications to human pathology.
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Abstract: Many proteins are localized at the vacuolar membrane, but most of them are still poorly
described, due to the inaccessibility of this membrane from the extracellular environment. This work
focused on the characterization of the CAT2 transporter from S. lycopersicum (SICAT2) that was
previously overexpressed in E. coli and reconstituted in proteoliposomes for transport assay as
[3H]Arg uptake. The orientation of the reconstituted transporter has been attempted and current
data support the hypothesis that the protein is inserted in the liposome in the same orientation as
in the vacuole. SICAT2 activity was dependent on the pH, with an optimum at pH 7.5. SICAT2
transport activity was stimulated by the increase of internal osmolality from 0 to 175 mOsmol while
the activity was inhibited by the increase of external osmolality. K*, Na*, and Mg?* present on the
external side of proteoliposomes at physiological concentrations, inhibited the transport activity;
differently, the cations had no effect when included in the internal proteoliposome compartment.
This data highlighted an asymmetric regulation of SICAT2. Cholesteryl hemisuccinate, included in
the proteoliposomal membrane, stimulated the SICAT?2 transport activity. The homology model of
the protein was built using, as a template, the 3D structure of the amino acid transporter GkApcT.
Putative substrate binding residues and cholesterol binding domains were proposed. Altogether,
the described results open new perspectives for studying the response of SICAT2 and, in general,
of plant vacuolar transporters to metabolic and environmental changes.

Keywords: cholesterol; arginine; osmolyte; vacuole; transport; protein expression; CRAC

1. Introduction

The vacuole is the largest organelle in plant cells and it plays several roles. Originally, this
organelle was considered mainly responsible for cell turgor; then, it became clear that the vacuole is
involved in protein digestions, storage of water, ions, and metabolites as well as toxic compounds [1,2].
Recently, the vacuole received more attention because is involved in plant metabolism, pH homeostasis,
stress responses, cell growth and development [2—4], and signal transduction [3,5]. In this frame,
many proteins are expected to accomplish these functions [1,3]. In fact, the vacuolar membrane hosts
different transporters with specificity towards several classes of molecules. Traffic of amino acids across
the vacuolar membrane is crucial for plant cell homeostasis [1,2,6]. However, the characterization
of transporters in the vacuolar membrane is not straightforward due to the inaccessibility of
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these transporters from the extracellular environment. To overcome this problem, the vacuolar
transporter CAT2 from S. lycopersicum (SICAT2) has been recently characterized in the in vitro system
of proteoliposomes obtained by reconstituting the recombinant protein over-expressed in E. coli [7].

In this experimental model, it was revealed that SICAT?2 is involved in the transport of the cationic
amino acids arginine and lysine and of the nonproteogenic amino acid ornithine. The transport is
regulated by ATP, which probably binds to an N-terminus domain of the protein [7]. Besides the
mentioned amino acids, acetylcholine is also a substrate of SICAT2. Interestingly, this function might
be related to the non-neuronal cholinergic system present also in plants and involved in the regulation
of cell elongation, water homeostasis, and photosynthesis [8]. In-line with this, SICAT2 belongs to
the APC family (amino acid polyamine choline) which includes transporters conserved in all living
organisms, i.e., from bacteria to humans [9-11].

Despite the importance of membrane transporters for vacuolar homeostasis, the studies of
regulatory aspects of these proteins are still at their infancy. One of the factors involved in maintaining
the vacuolar homeostasis is the concentration of some cations [12]. In this frame, the V-ATPase,
the V-PPase, the aquaporin channel, and the ion exchangers are the most known membrane
components, which regulate the intravacuolar concentrations of cations including H*. The V-ATPase
accumulates H* inside the vacuolar lumen upon cytosolic ATP hydrolysis with a complex molecular
mechanism resembling that of F-type ATPase of mitochondria and chloroplasts [13-16]. The V-PPase
is also involved in H* uptake into the vacuole but uses the energy deriving from PPi hydrolysis in the
cytosol [13,14,17,18]. The constant activity of these proteins allows the maintenance of a ApH, that
can reach two to three units, and a AY of 30 mV positive inside [13,14]. The aquaporins, referred to as
TIPs (tonoplast intrinsic proteins), are responsible for the traffic of water and other small molecules in
vacuole to balance the osmotic pressure and to respond to salt stress [14,19,20]. Na™* is the main player in
salt stress regulation; its concentration in cytosol normally ranges from 20 to 50 mM. Under conditions
of high salinity, the vacuolar concentration of Na* can exceed 10 times the cytosolic one [21,22]. K*
represents one of the most important nutrients for cell growth and development being the cofactor of
several enzymes [1,21,23,24]. It is also involved in turgor-driven processes such as stomatal movements
and cell growth by distention [13,25]. For these reasons, the vacuolar concentration of K* can vary
from 20 to 200 mM, while the cytosolic concentration is kept quite constant, roughly 100 mM [22,26].

Nitrogen is a limiting factor for plant growth and development [13]. The major source of nitrogen
is represented by ammonia (NH4*/NHj3) and urea. The equilibrium between NH;* and NH;3 depends
on the cytosolic pH. Since the vacuolar pH is more acidic than the cytosolic one, NHy* is the prevailing
vacuolar form and its concentration in vacuole is 100-fold higher than in cytosol [13].

Among divalent cations, Mg?* and Ca?* are the most abundant in plant cells. Mg?* is involved
in several processes such as conformational stabilization of macromolecules, chlorophyll synthesis,
enzyme activation, and osmotic regulation together with K*. In-line with these regulatory features,
a high level of Mg2* or its deficit in the soil could be destructive for plant life [27]. Therefore, vacuoles
play an essential role also in the Mg?* homeostasis, being able to accumulate Mg+ up 80 mM [28],
while in the cytosol the Mg?* concentration is approximately 0.2-0.4 mM [1].

As in animal cells, Ca?* plays the role of second messenger in plants and is responsible for the
activation of several signaling pathways. As an example, Ca®* is involved in stomatal movements:
stomatal closure is linked to abscisic acid stimulation caused by the opening of vacuolar Ca?* channels
with the consequent increase in cytosolic Ca®* concentration [29]. Ca?* is also important to neutralize
vacuolar anions to strengthen cell walls for responding to stress [30].

The cytosolic Ca?* concentration is ~200 nM, while the vacuolar concentration is three orders of
magnitude higher. Therefore, an energy-dependent process is required to accumulate Ca?* within
the vacuole. Indeed, a primary energized Ca?*-ATPase and a secondary energized Ca?* exchanger
mediate the process [13,29,31].

From the depicted scenario, it is evident that the described ion distribution may play some role in
the regulation of transporters working in the vacuolar membrane [32].
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Therefore, the present study sought to define some regulatory properties of SICAT2, among
which the response to cations. In order to correlate the role of this protein to tomato physiology,
the experiments have been performed taking into consideration the physiological composition of intra-
and extraluminal milieu. Indeed, tomato crop is very relevant for both nutrition and biotechnology
purposes and, therefore, the knowledge of tomato biology is an up-to-date field of investigation.

2. Results

2.1. Orientation of the SICAT2 Reconstituted in Proteoliposomes

To assess the orientation of the SICAT?2 transporter in the proteoliposomal membrane, a method
based on side-specific targeting was employed [33]. In particular, an antibody against the 6His-tag
has been used exploiting the location of the 6His-tag at the C-terminus of the recombinant protein.
The interaction between the antibody and the 6-His tag of the protein should create a steric hindrance
impairing the transport activity, as previously observed in the case of other transporters [33,34].
After the reconstitution procedure, the C-terminus portion of the protein may be exposed towards the
internal or the external side of the proteoliposomes. To discriminate between the two possibilities,
SICAT2 was incubated with the anti-His antibody before or after the insertion into the proteoliposomal
membrane. In the first case, the antibody can reach both sides (internal or external) of the recombinant
protein. In the second case, the antibody can bind only to the protein side exposed towards
the extraliposomal compartment. After incubating the anti-His in the two different conditions,
the transport activity has been measured as [PH]Arg uptake in proteoliposomes [7]. Transport
inhibition was observed upon incubation of the antibody with the protein before the insertion in
the membrane, while no significant effect could be observed upon addition of the antibody to the
external side (Figure 1A). The addition of anti-His antibody to the external side of proteoliposomes
prepared with protein pretreated with anti-His antibody did not further increase the inhibitory effect
(Figure 1A). In parallel samples, an anti-actin antibody was added to the protein before reconstitution,
as control; in this case, no effect was observed indicating that, indeed, the inhibition was specifically
due to the targeting of the 6His-tag sequence located at the C-terminus of the recombinant SICAT2.
The same experiment was performed using liposomes, i.e., without reconstituted protein, and no
effect by addition of any antibody was measured (light gray bar in Figure 1A). It has to be stressed
that the [*’H]Arg accumulated in the control liposomes (with no reconstituted protein) was always
less than 30% with respect to that taken up by proteoliposomes. This data clearly indicates that
the 6His-tag is exposed towards the internal side of the protein inserted in the proteoliposomal
membrane. The actual presence of SICAT2 in the membrane was tested by separating proteoliposomes
deriving from experiment in Figure 1A by size exclusion chromatography and applying the samples
on SDS-PAGE and WB analysis after extraction by detergent (Figure 1B). As shown by the figure, the
reconstituted protein was ~30% with respect to the protein added to the reconstitution mixture in all
the analyzed conditions.
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Figure 1. Sidedness of the reconstituted Solanum lycopersicum CAT2 (SICAT2) in proteoliposomes.
(A) SICAT2 was purified and reconstituted in proteoliposomes as described in Section 4.4. The purified
protein was preincubated or not, for 30 min under rotatory shaker at room temperature, with 6 ug of
anti-His or anti-Actin antibody, as indicated in the table (in; intraliposomal compartment). Transport
was measured in 20 min, as described in Section 4.5, by adding 100 uM [*H]Arg to proteoliposomes
containing 200 mM sucrose and 15 mM ATP at pH 7.5. In the external compartment, 0.6 ug of
anti-His or anti-Actin were added or not, as indicated in the table (ex; extraliposomal compartment).
The transport in proteoliposomes (dark gray bars) and in liposomes (light gray bars) is measured
as nmol of radioactive substrate taken up in 20 min. Results are the means + SD from three
experiments. (*), significantly different from the control (none) for p < 0.05 as calculated from
1-way ANOVA test. (B) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
of 0.15 ug purified SICAT2 (lane 1) and the corresponding protein volume of SICAT2 reconstituted in
proteoliposomes not preincubated with antibody (lane 2), after preincubation with anti-His antibody
(lane 3). Proteoliposomes were purified by size-exclusion chromatography as described in Section 4.5
prior to SDS-PAGE run.

2.2. Regulation of the SICAT2 Transport Activity by pH and Osmolality

The activities of the plant transporters AtCAT1, AtCAT5, and AtCAT6 which share 26.8%, 25%,
and 26.3% of identity with SICAT2, respectively, are dependent on pH [9]. Therefore, the transport
activity of SICAT2 was evaluated at a pH ranging from pH 5.0 to pH 8.5. As shown in Figure 2A,
the pH dependence of the [*H]Arg uptake showed a bell-shaped behavior with an optimum at pH
7.5. The effect of a pH gradient artificially created at the two sides of the proteoliposomes was also
tested. A small but significant increase of transport activity was found in the presence of a pH gradient
acidic inside (pH 5.5i, / pH7.50ut) with respect to the condition of equal internal and external pH 7.5
(Figure 2B).

To evaluate also the possible influence of osmolality on the activity of SICAT2, sucrose was used
as an osmolyte. The effect was studied by changing the concentration of sucrose in the intraliposomal
compartment (Figure 3A). In this condition, the [*H]Arg uptake increased approximately three times
when the intraliposomal osmolality was in the range of 50 to 175 mOsmol, reaching a plateau up
to 225 mOsmol. To evaluate the side-specificity of such a regulation, the same experiment was
also conducted as dependence on the external osmolality (Figure 3B). Differently from the internal
hyperosmolality, the increase in external osmolality caused a reduction of [*’H]Arg uptake to about
45% of the control at 50 mM sucrose, i.e., 0.51 & 0.18 with respect to the control 0.93 & 0.2 nmol/(mg
x min); this reduction did not change by further increasing the external osmolality.
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Figure 2. Effect of pH on the transport activity of SICAT2 in proteoliposomes. SICAT2 was purified and
reconstituted in proteoliposomes as described in Section 4.4. (A) Transport rate (nmol/(mg x min))
was measured in 10 min, as described in Section 4.5, by adding 100 uM [3H]Arg to proteoliposomes
containing 200 mM sucrose and 15 mM ATP. The pH was kept equal in both the internal and external site
of proteoliposomes. (B) To generate the pH gradient, transport was measured in 10 min, as described in
Section 4.5, by adding 100 uM [3H]Arg (pH 7.5) to proteoliposomes prepared using the buffer at pH 7.5
or pH 5.5, as indicated (pHj,) and containing 200 mM sucrose and 15 mM ATP. Results are the means
=+ SD from three experiments. (*), Significantly different, from the control at pHj, 7.5, for p < 0.05 as
calculated from the Student’s t-test analysis.
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Figure 3. Effect of osmotic pressure on the transport activity of SICAT2 in proteoliposomes. SICAT2
was purified and reconstituted in proteoliposomes as described in Section 4.4. (A) Transport rate
(nmol/(mg x min)) was measured in 10 min, as described in Section 4.5, by adding 100 uM [3H]Arg to
proteoliposomes containing indicated concentrations of sucrose and 15 mM ATP, at pH 7.5. (B) Transport
rate was measured in 10 min, as described in Section 4.5, by adding 100 uM [*H]Arg together with
indicated concentrations of sucrose to proteoliposomes containing 200 mM sucrose and 15 mM ATP,
at pH 7.5. Results are the means =+ SD from three experiments. (*), Significantly different from the control
(without sucrose in both (A) and (B)) for p < 0.05 as calculated from Student’s ¢-test analysis.

2.3. Effect of Cations on the SICAT2 Transport Activity

The [3H]Arg uptake was measured in the presence of KCl, NaCl, NH4Cl, CaCl,, or MgCl, added
to the external proteoliposome compartment (Figure 4). The cation concentrations were kept close to
their physiological concentrations in cytosol [21,22,24,26,28,29]. The [3H]Arg uptake was inhibited
by external KCI. The effect of KCl was compared to that of K-gluconate to discriminate the possible
influence by CI~ from that of K*; no difference between the two K* salts was observed indicating that
the inhibition was specifically due to K*. Na* and NH* caused an inhibition similar to that of K¥,
i.e., ~40% with respect to 40 mM sucrose used as the control of osmolality. Notably, sucrose per se,
when used at 40 mM, caused a reduction of transport activity with respect to the condition without
sucrose, in-line with the results of Figure 3B. Among divalent cations, Mg?* exerted an inhibition of
33%, while Ca?* did not exert a significant effect with respect to sucrose used as control of osmolality.
It has to be stressed that no difference of activity was observed in the presence of 1.2 mM sucrose
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with respect to control without sucrose (see Figure 3B). Dose-response analyses were performed for
those cations, which exerted a stronger inhibition on the extraliposomal (cytosolic) side of the protein
(Figure 5). From these experiments an ICsg value of 10.9 £ 0.8 mM, 11.3 £ 1.2 mM, 5.7 &+ 1.49 mM,
or 0.42 4+ 0.18 mM was derived for Na* (Figure 5A), K* (Figure 5B), NH,* (Figure 5C), or Mg?*
(Figure 5D), respectively.

Sucrose 40 mM
KCI 20 mM
K-gluconate 20 mM
NaCl 20 mM

NHsCI 20 mM

Sucrose 1.2 mM |_|
MgCl>0.4 mM |_| P
CaClz 200 nM =

0 10 20
Transport nmol/(mg x 20 min)

Figure 4. Effect of extraliposomal cations on the transport activity of SICAT2. SICAT2 was purified
and reconstituted in proteoliposomes as described in Section 4.4. Transport was measured in 20 min,
as described in Section 4.5, by adding 100 uM [3H]Arg together with the indicated compounds to
proteoliposomes containing 200 mM sucrose and 15 mM ATP, at pH 7.5. Concentrations were chosen
according to the average concentrations of cations in the cytosol. Results are the means & SD from
four experiments. (*), significantly different from the control (sucrose 40 mM) for p < 0.05 as calculated
from 1Way ANOVA test. (#), significantly different from the control (sucrose 1.2 mM) for p < 0.05 as
calculated from 1-way ANOVA test.

The sidedness of SICAT2 transport was further investigated by testing the effect of ATP on the
extraliposomal side (Figure 6). Differently from the internal side, ATP inhibited SICAT2-mediated
[*H]Arg uptake when used at concentrations within the same range of those activating the transport
from the intraliposomal compartment [7], indicating that the activation by ATP is side-specific.
However, the effect of ATP, used as (Na*); salt, is partially due to the inhibition by Na* (Figure 5A) and
osmolality (Figure 3B). Since the cytosolic concentration of free-ATP is in the micromolar range [35]
the observed inhibition might not be physiologically relevant.

The effect of cations in the internal compartment was also evaluated (Figure 7). In this case,
activation of the transporter by both K* and Na* was observed, with respect to the condition without
osmolytes. The extent of activation, however, corresponded to that of the isoosmolar concentration of
sucrose (Figure 7), indicating that the activation was due to an osmotic effect (see also Figure 3A). Ca%*
and NH4* did not exert any significant effect as in the case of K* and Na*. On the contrary, Mg?* had
a strong inhibitory effect. Therefore, a dose-response analysis of the Mg?* inhibition from the internal
side was performed (Figure 8A) and an ICsq value of 23.0 & 9.9 mM was derived, which is two orders
of magnitude higher than that measured on the external side (Figure 5D). As previously described,
SICAT? activity is stimulated by intraliposomal ATP [7], that is present inside the proteoliposomes
in all the experiments. Therefore, the effect of Mg?* could be due to the known interaction with ATP.
In order to dissect the effect of the sole Mg?*, transport was also assayed in the absence of internal
ATP (Figure 8B). The inhibition of SICAT2 by Mg?* virtually disappeared when ATP was omitted,
confirming the above mentioned hypothesis (Figure 8B). This result definitively demonstrated that
Mg?*, as the other cations, does not exert any direct effect on SICAT2 from the internal (luminal) side.
For the sake of clarity, it has to be stressed that in absence of ATP, the transport activity of SICAT2
is much lower than that measured in the presence of ATP, explaining the higher scattering observed
in the transport measurements (Figure 8B) across different experiments. SICAT2 catalyzes arginine
efflux as well [7]. Then, the effect of Mg2+ on the external side was also tested on the [3H]Arg efflux
measured from preloaded proteoliposomes in the presence or absence of external Mg?*. Interestingly,
the presence of the cation in the external compartment had no, or only a slight, effect on the [*H]Arg
efflux (Figure 9).
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Figure 5. Dose-response curve for the inhibition of SICAT2 by external cations. SICAT2 was purified
and reconstituted in proteoliposomes as described in Section 4.4. Transport was measured in 20 min, as
described in Section 4.5, by adding 100 uM [*H]Arg together with the indicated concentrations of NaCl
(A), K-gluconate (B), NH4Cl1 (C), or MgCl, (D) to proteoliposomes containing 200 mM sucrose and 15
mM ATP, at pH 7.5. Transport activity was calculated as the percent of residual activity with respect to
condition without any addition (in absence of indicated compounds). Results are the means + SD from
three experiments.
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Figure 6. Effect of ATP(Na*), salt on the transport activity of SICAT2 in proteoliposomes. SICAT2 was
purified and reconstituted in proteoliposomes as described in Section 4.4. Transport was measured
in 20 min, as described in Section 4.5, by adding 100 uM [*H]Arg together with the indicated
concentrations of ATP to proteoliposomes containing 200 mM sucrose and 15 mM ATP, at pH 7.5.
Transport activity was calculated as the percent of residual activity with respect to condition without
any addition (in absence of external ATP). Results are the means + SD from three experiments.
(*), Significantly different, from the control (without ATP in the extraliposomal compartment) for
p < 0.05 as calculated from Student’s ¢-test analysis.
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Figure 7. Effect of intraliposomal cations on the transport activity of SICAT2. SICAT2 was purified
and reconstituted in proteoliposomes as described in Section 4.4. Transport was measured in 20 min,
as described in Section 4.5, by adding 100 uM [*H]Arg to proteoliposomes containing indicated
concentrations of sucrose or cations and 15 mM ATP, at pH 7.5. Concentrations were chosen according
to the average concentrations of cations in the vacuolar lumen. Results are the means £ SD from four
experiments. (*), Significantly different from the control (isoosmotic concentration of sucrose for each
category of cations) for p < 0.05 as calculated from 1-way ANOVA test.
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Figure 8. Effect of intraliposomal Mg?* on the transport activity of SICAT2. SICAT2 was purified and
reconstituted in proteoliposomes as described in Section 4.4. (A) Dose-response curve for the inhibition
of Mg?* in the presence of intraliposomal ATP. Transport was measured in 20 min, as described in
Section 4.5, by adding 100 uM [3H]Arg to proteoliposomes containing the indicated concentrations of
Mg?*, 200 mM sucrose, and 15 mM ATP at pH 7.5. (B) Analysis of the inhibition of Mg?* in the absence
of intraliposomal ATP. Transport was measured in 20 min, as described in Section 4.5, by adding 100 uM
[*H]Arg to proteoliposomes containing the indicated concentrations of Mg?* and 200 mM sucrose.
Transport activity was calculated as the percent of residual activity with respect to condition without
any addition (in absence of intraliposomal Mg2+). Results are the means =+ SD from three experiments.
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Figure 9. Efflux from proteoliposomes reconstituted with SICAT2. SICAT2 was purified and
reconstituted in proteoliposomes as described in Section 4.4. Arginine efflux was measured at the
indicated time, as described in Section 4.5. Internal residual radioactivity was measured as percent
with respect to control (time 0), in the absence (open circle) or in the presence (closed circle) of 0.45 mM
Mg?* in the extraliposomal compartment. Data are plotted using the single exponential equation with
offset as described in Section 4.5. Results are the means £ SD from three experiments.

2.4. Effect of Cholesterol on the SICAT2 Transport Activity

The vacuole membrane contains 30% sterols [36]. Since cholesterol was found to be important
in the interaction and in the stabilization of several membrane proteins, we have exploited the
suitability of the proteoliposome model in changing the lipid composition. Cholesteryl hemisuccinate
(CHS), a commercial form of cholesterol with a relatively higher water solubility than cholesterol
and widely used in this kind of applications [37-40], was included in the proteoliposomal membrane.
The transport activity of SICAT2 was measured in the presence of two different amounts of CHS.
Interestingly, the [*’H]Arg uptake was stimulated by increasing amounts of CHS up to 30% in the
presence of 1 mg of CHS corresponding to 10% of total lipid composition (Figure 10).
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Figure 10. Effect of cholesteryl hemisuccinate (CHS) on the transport activity of SICAT2. SICAT2 was
purified and reconstituted in proteoliposomes as described in Section 4.4. Transport was measured
in 20 min, as described in Section 4.5, by adding 100 uM [3H]Arg to proteoliposomes containing 200
mM sucrose and 15 mM ATP at pH 7.5. Proteoliposomes are prepared without CHS or with 0.5 mg or
1 mg CHS in 1 mL of proteoliposomes as described in Section 4.6. Results are the means £ SD from
four experiments. (*), significantly different from the control (condition with no addition of CHS) for
p < 0.05 as calculated from Student’s ¢-test analysis.
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2.5. Homology Model

As previously reported, SICAT2 has 14 putative transmembrane segments and it should be
oriented, in the vacuolar membrane, with N- and C-termini exposed towards the internal side [7,9] in
agreement with the data shown in Figure 1. The three-dimensional structure of any CAT member is not
solved, yet. The transporter shares 27% identity (Figure 11) with the prokaryotic transporter GkApcT
(G. kaustophilus) responsible for proton-coupled amino acid transport across the plasma membrane [41].
Therefore, to gain some information on SICAT2 fold, the homology model was constructed on the basis
of the crystal structure of GkApcT (Figure 12A). As shown by the Ramachandran plot (Figure 12B),
the obtained structure was suitable, although it lacks two transmembrane domains (TM 11 and TM
12). In particular, 84.8% or 93.9% of all residues were in favored or in allowed regions, respectively,
as derived by MolProbity software [42]. In this structure, it was possible to identify the typical APC
superfamily fold, with transmembrane «-helices TM1-TM5 (orange) linked to o-helices TM6-TM10
(blue) by a pseudo-two-fold symmetry axis (Figure 12A). The binding of arginine could be predicted on
the basis of the position of the amino acid substrate in GkApcT. Phe263 (Figure 12C) is homologous of
Phe231 that is responsible for substrate gating in GkApcT. Interestingly, this residue is also conserved
in the human histidine transporter LAT1 (Phe 252) which belongs to the same APC superfamily [43].
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f:)"il !ill L ’l’:l! l*:_:_ : . * %
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GKApcT LFYAISRDGLLPKVFARISPTRQVPYVNTNLTGAAVAVFAGIIPLNKLAE LTNIGTLFAF 387
. l lt!i!! v.: te xxx '1 % a . s S panes *** xx
SICAT2 TMVAISVLILRYVPPDEVPVPSSYQEAIDSVRLRRSSCSSSSDMDVEKTKIPAVTSGDST 479
GkApcT ITVSIGVLVLRKTQ- === === === mmmomeccmm oo em o ecemmne s 401
* . * < xk . *% _
SKCAT2 PLLGEISVGHPLAEKAAAKLSYLVSQRRKVAGCTILFICIGVCIVTSAASIVNLSNPARY 539
GRAPCT s e 401
SICAT2 ALSGIGGLLLISGLIILTCIDQDDARHSFGHTGGFTCPFVPLLPTACILINVYLLINLGG 599
GKAPCT PDLKRAFRVPFVPWPILAVLFCGYLVLQLPA 433
‘! t!l! lt _:!: xx. ::!
SKCAT2 ETWARVSIWLVIGTCIYALYGRTHSSLKTAVYVPSTHVDEIYETSAISLAC 650
GkApcT MTWIGFVSWLLIGLVIYFIYGRKHSELNEMARTEEKAG------------- 471
% 5 !¥ *x % xxt xl x L R

Figure 11. The sequences of SICAT2 and GkApcT were aligned using the software Clustal Omega as
described in Section 4.7.
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Figure 12. Homology structural model of SICAT2. The three-dimensional model is built, as described
in Section 4.7, using the GkApcT atomic coordinates (5OQT) as a template. The «-helices are colored in
orange or in blue to identify the pseudo two-fold symmetry axis of LeuT-fold. The «-helices which are
not part of LeuT fold are colored in gray. The model is designed using the Chimera 1.13.1 software.
(A) The protein is inserted in the membrane with the N- and C-termini in the luminal space (left-front
view); on the right, the model is rotated by 90 °C showing the top view and «-helices are numbered.
(B) Ramachandran plot of the model in A with residues in favored (smaller gate) and allowed (larger
gate) regions. The residues are depicted as blue circles. (C) Molecular docking of arginine in the
putative binding site of SICAT2; residues putatively responsible for arginine binding and gating (S353,
D269, and F263) together with the residue putatively responsible for proton coordination (E142) are
indicated in the ball and stick representation. (D) Residues of CRAC motifs responsible for cholesterol
binding are highlighted in TM 2 (orange «-helix) and TM 14 (gray «-helix) in the ball and stick
representation; numbering of x-helices corresponds to that of Figure 12A.
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3. Discussion

The majority of the studies on plant transporters has been conducted so far, on A. thaliana,
whose genome has been sequenced revealing the existence of 14 APC genes. However, studying
S. lycopersicum transporters might be in some instances, even more interesting due to the applications
of tomato in biotechnology. Arginine is the highest affinity substrate of SICAT2, as previously shown
using the recombinant protein reconstituted into proteoliposomes [7]. Noteworthy, a relatively high
concentration of arginine into the vacuole has been measured [44]. The importance of this amino acid
for plants mainly resides in its high nitrogen content and in its involvement in polyamines and nitric
oxide (NO) synthesis, which is important during fruit development [44].

On the basis of the data here presented, the SICAT2 inserts asymmetrically into the proteoliposomal
membrane (Figures 1 and 12) allowing both arginine uptake and efflux. The asymmetric insertion is
further confirmed by the side-specific regulation observed for both osmolyte and cations, which exert
opposite effects at the two sides of the membrane. The side-specific regulation of SICAT2 suggests that
the protein is inserted in the proteoliposomal membrane with an orientation that may correspond to
that in the native membrane of vacuoles (right-side-out). This is consistent with the detergent removal
reconstitution procedure that forms proteoliposomes with a relatively small radius. This physical
property forces the orientation of the membrane proteins as shown for several transporters from either
plasma membrane or intracellular organelles [45-49]. Notably, the percentage of reconstituted SICAT2
is ~30%, in-line with previous literature data demonstrating that the average of reconstitution efficiency
is in the range of 10 to 30% [50,51]. We cannot absolutely exclude that the orientation of the transporter
in proteoliposomes could be the opposite of the native membrane, even though this would not fit
with the data on regulation. In fact, it is well known that the intravacuolar osmolality can undergo
wide oscillations in normal conditions. In good agreement with this physiological phenomenon, also
the activity of the SICAT2 is modulated only by the increase of intraliposomal, i.e., intravacuolar,
osmolality. This may ensure a fast response of the transporter to osmotic changes in vivo [52-54].
On the contrary, increased external (cytosolic) osmolality has an opposite effect with a slight inhibition
occurring in conditions of high osmotic imbalance, which may not be physiological [54].

The side-specific effect of ions is in favor of a right-side-out orientation, too. In fact, in the external
compartment, i.e., cytosolic, besides a plausible sucrose-similar osmotic effect, an additional effect
by cations, superimpose the osmotic one. On the contrary, in the intraliposomal side, i.e., vacuolar
lumen, the effects of ions are negligible. Noteworthy, the response of the protein to ions is coherent
with their cytosolic/luminal concentrations being in favor of a largely right-side-out orientation of the
protein. In the frame of regulation by cations, Mg?* revealed to be particularly interesting: this divalent
cation does not exert direct effects on the transporter when present in the internal side. The apparent
inhibition observed is due to the formation of an Mg-ATP complex which reduces the concentration of
free ATP, necessary for SICAT?2 full activity [7]. At this stage, we cannot assess with certainty whether
or not the ATP sequestering effect in the vacuolar lumen, may be physiologically relevant. Differently
from the luminal side, Mg?* inhibits the transporter from the cytosolic (extraliposomal) side even at low
concentration. However, this effect is observed on the arginine uptake while there is no transinhibition
on the arginine efflux. Therefore, it can be hypothesized that the regulation by Mg?* affects arginine
storage, not its release from vacuoles. The asymmetric effect of Mg?* further supports the side-specific
(right-side-out) orientation of the transporter. Possible physiological regulators could induce arginine
remobilization from the vacuole under specific physiopathological conditions. Some clues can also
derive from bioinformatics by analyzing the 3D homology model built in the present work (Figure 12).
As an example, Glul15 involved in proton binding on the internal side in GkApcT may suggest that
the corresponding homologous Glul42 of SICAT2 might be involved in the binding of a proton in
SICAT2, as well (Figure 12C). At this stage, it cannot be ascertained if a proton moves across the
membrane or only binds to a regulatory site. Counter-translocation of a proton may compensate for the
movement of the positive charge of arginine. Alternatively, a proton might only bind and be released
from the protein allowing some conformational changes which facilitate arginine transport as shown
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for other transporters [55]. The physical interaction between the transporter GkApcT and cholesterol
has been proposed to mediate the connection of the transporter with another bacterial protein with
a single membrane-spanning domain [41]; interestingly, the molecule of cholesterol could interact
with SICAT?2 at transmembrane domains 2 and 14. In this region, in fact, we identified two possible
cholesterol binding sites on the basis of the algorithm of CRAC motif (L/V)-X;_5-(Y)-X1_5-(K/R)
(Figure 12D) [41,56]. However, additional site-directed mutagenesis and structural and topological
studies are required to deal with these aspects, including the definitive assessment of the orientation
of the transporter in the artificial and native membranes. Finally, the function of arginine uptake or
efflux and its diverse modulation may be linked also to a more complex phenomenon, i.e., intracellular
amino acid sensing, whose study in the plant is yet underdeveloped, as recently pointed out [32].
Amino acid sensing is, in fact, a well-described phenomenon in animals and yeast where availability
of these molecules is responsible for modulation of mTOR and GCN2 pathways involved in cell
growth, development, and metabolism regulation [57]. In particular, amino acid transporters of the
plasma membrane as well as of intracellular organelles may be considered a “transceptor”, i.e., low capacity
transporter with a receptor function able to transmit the availability of a specific nutrient for sensing
machinery [48,57]. In this scenario, arginine is one of the amino acids known to play a role in the mentioned
signaling function in cells via mTOR pathway modulation [58]. Therefore, the results here presented suggest
that SICAT2 may be also involved in sensing pathways via mobilization of arginine from vacuoles.

In conclusion, the proteoliposome experimental model allowed us to characterize the transport
mediated by SICAT2. Some information on osmotic as well as salt regulation of SICAT2 were gained by
exploiting the suitability of proteoliposomes in handling and precisely manipulating the experimental
conditions in the internal and external compartments. Even though the experiments were conducted
exquisitely in vitro, this work highlights one of the few examples of the influence of cations and
osmolytes at physiological concentrations on the activity of a plant transporter. To uncover the
structural basis of these regulatory responses, future work using bioinformatics coupled to site-directed
mutagenesis will be carried out.

4. Materials and Methods

4.1. Materials

E. coli Rosetta(DE3)pLysS cells were from Novagen (Rome, Italy); ECL plus, Hybond ECL membranes
were from GE Healthcare; L—[3H]Arg was from Perkin Elmer (Waltham, MA, USA); conjugated anti-His6
antibody, TX-100, Amberlite XAD-4, egg yolk phospholipids (3-sn-phosphatidylcholine from egg yolk),
Sephadex G-75, His-Select resin, L-Arg and all the other reagents were from Sigma-Aldrich (Saint Louis,
MO, USA).

4.2. Protein Production

Heterologous expression of SICAT2 E. coli Rosetta(DE3)pLysS cells (Novagen) were transformed
with pET21-SICAT2 (pET21 from Novagen and SICAT2 amplified and cloned in Indiveri’s lab) as
previously described [7]. In brief, E. coli Rosetta(DE3)pLysS cells carrying the pET21-SICAT2-6His
were preinoculated in LB medium, supplemented with same concentrations of ampicillin and
chloramphenicol, and grown overnight at 37 °C under rotatory stirring (300 rpm). After overnight
growth, the saturated inoculum was diluted 1:10 in the same LB medium supplemented with the same
concentrations of ampicillin and chloramphenicol. Then, at an OD of ~0.8 measured at 600 nm, 0.4 mM
isopropyl-f3-D-thiogalactopyranoside (IPTG) was added to induce protein synthesis. After 4 h of
growth at a temperature of 28 °C, cells were harvested by centrifugation at 3000x g for 15 min at 4 °C.
The bacterial pellets were resuspended in a buffer containing 20 mM Hepes Tris pH 7.5 and 300 mM
NaCl supplemented with protease inhibitor cocktail. Thus, cells were lysate by mild sonication at
4 °C (10 min in pulses of 1 s sonication, 1 s intermission) with a Vibracell VCX-130 sonifier (SONICS).
The soluble and the insoluble fractions were separated by centrifugation at 12,000x g for 5 min at 4 °C.
The proteins of the cell lysates were analyzed by 12% SDS-PAGE.
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4.3. Protein Purification

The protein was purified as previously described [7] with some modifications: in brief,
the insoluble fraction was treated with 10 mM DTE, 3.2 M urea, 0.8% Sarkosyl, 200 mM NaCl, 20 mM
Tris, and HCI pH 8.0 and centrifuged at 12,000 x g for 10 min at 4 °C. One milliliter of the solubilized
lysate was applied onto a column filled with His-select Ni-Chelating affinity gel (0.5 cm diameter, 3 cm
height) preconditioned with 8 mL of a buffer containing 0.1% Sarkosyl, 200 mM NaCl, 10% glycerol,
and 20 mM Tris HC1 pH 8.0. The elution profile: 5 mL of a wash buffer containing 20 mM Tris HCI
pH 8.0, 10% glycerol, 200 mM NaCl, 0.1% DDM, and 5 mM DTE,; then, the protein was eluted with
3 mL of the same buffer containing 10 mM imidazole and 3 mL of the same buffer containing 50 mM
imidazole; fractions of 1 mL were collected. The third fraction of protein eluted with 10 mM imidazole
and the first and the second fraction of 50 mM imidazole were pulled together for subsequent desalting
using PD-10 column using the desalting buffer composed of 20 mM Tris HCI pH 8.0, 0.1% DDM, 10%
glycerol, and 5 mM DTE. The desalted protein was then used for reconstitution in proteoliposomes as
described in the following paragraph. Protein concentration was estimated by the Chemidoc imaging
system to calculate the SICAT?2 specific activity as previously described [59].

4.4. Reconstitution of the SICAT2 Transporter into Liposomes

The desalted SICAT2 was reconstituted by removing the detergent from mixed micelles containing
detergent, protein, and phospholipids by incubation with Amberlite XAD-4 in a batch-wise procedure,
as previously described [60]. The composition of the initial mixture used for reconstitution (except
when differently indicated) was 400 pL of the purified protein (6 ng protein in 0.1% DDM), 80 uL
of 10 % TX-100, 120 uL of 10% egg yolk phospholipids in the form of sonicated liposomes prepared
as previously described [61], 15 mM ATP, and 10 mM Tris Hepes pH 7.5 (except where differently
indicated) in a final volume of 700 pL. After vortexing, this mixture was incubated with 0.5 g Amberlite
XAD-4 under rotatory stirring (1200 rpm) at 23 °C for 40 min in a batchwise procedure as previously
pointed out [62].

4.5. Transport Measurements

Five-hundred-and-fifty microliters of proteoliposomes were passed through a Sephadex G-75
column (0.7 cm diameter x 15 cm height) preequilibrated with 10 mM Tris Hepes pH 7.5. From
these columns, 550 puL of proteoliposomes were collected and divided into aliquots (samples) of
100 pL. Transport was started by adding 100 uM of [*H]Arg to the proteoliposome samples. The pH
gradient experiments were performed reconstituting protein in liposome with 10 mM Tris Hepes pH
5.5. After incubation with Amberlite XAD 4 resin, 550 pL of proteoliposomes were passed through a
Sephadex G-75 column preequilibrated with 0.5 mM Tris Hepes pH 5.5. Transport was started by adding
100 uM [3H]Arg buffered with 10 mM Tris Hepes at the different pH as indicated in the figure legend.

The changes in external/internal osmolality were performed by adding in the extraliposomal/
intraliposomal compartment appropriate concentrations of sucrose as indicated in the figure legend.

Transport reaction was stopped by adding 5 mM Pyridoxal Phosphate (PLP); according to the stop
inhibitor method, the same inhibitor was added at time zero to control samples (blank) [63]. The initial
rate was measured in 10 min, i.e., in the linear range of time courses as previously described [7].
The PLP insensitive radioactivity associated with the control samples (blank) was less than 30% with
respect to the PLP-sensitive arginine transport.

For efflux measurements, proteoliposomes containing 15 mM ATP were preloaded by incubation
with 100 uM [*H]Arg (1 uCi/mL) for 90 min [64]. External compounds were removed by another passage
through Sephadex G-75 and efflux was measured as indicated in the figure legend. In both uptake and
efflux, transport was stopped by passing 100 uL of each sample through a Sephadex G-75 column (0.6 cm
diameter x 8 cm height) in order to separate the external from the internal radioactivity. Samples were
eluted with 1 mL 50 mM NaCl and collected in 4 mL of scintillation mixture, vortexed and counted.
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The experimental values were corrected by subtracting the respective controls. Specific activity
was calculated and expressed as nmol/mg at a given time of measurement or as nmol/(mg X min) in
the case of initial rate measurement. For calculation of initial rate, transport was measured in 10 min,
i.e., within the initial linear part of the uptake. Grafit 5.0.13 software (Erithacus Software, West Sussex,
UK) was used to derive ICsy values in inhibition assays and to measure transport rate by first-order
rate equation and by a single exponential decay with offset.

4.6. Other Methods

CHS was solubilized in 20 mM Tris HCI pH 8.0 and 5% TX-100 by two sonication cycles of
2 min (no pulse, 40 W) with a Vibracell VCX-130 sonifier (SONICS, Newtown, CT, USA) as previously
suggested [65]. Solubilized CHS was added to liposome preparation under rotatory stirring (1200 rpm)
at 23 °C for 30 min. Electrophoresis was conducted using 12% SDS-PAGE and the resulting gel was
stained using standard silver staining procedure.

4.7. Homology Modeling and Docking Analysis

The crystal structure of GkApcT (50QT) was used as a template to build the homology structural
model of SICAT2 [41]. The amino acid sequence of SICAT2 and GkApcT were aligned through the
Clustal Omega [66]. The alignment was used to run the program Swiss Model [67]. On the basis of
the binding site of GkApcT, the position of Arg was determined using the software ArgusLab (M.A.
Thompson, ArgusLab 4.0.1, Planaria Software LLC, Seattle, WA, USA).

4.8. Statistical Analysis

Results were analyzed by nonparametric Student’s t-test or 1-way ANOVA test as appropriate as
described in figure legends.
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Abbreviations

APC Amino acid Polyamine Choline
SICAT2 Solanum lycopersicum CAT2
GkApcT Geobacillus kaustophilus ApcT
CAT Cationic Amino acid Transporter
CRAC Cholesterol Recognition/interaction Amino acid Consensus sequence
TX-100 Triton X-100

DTE DiThioErythritol

CHS Cholesteryl HemiSuccinate
DDM n-Dodecyl-f3-D-Maltoside
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ARTICLE INFO ABSTRACT

Keywords: The lysosomal amino acid transporter SLC38A9 is referred to as transceptor, i.e. a transporter with a receptor
mTOR function. The protein is responsible for coupling amino acid transport across the lysosomal membrane according
Proteoliposomes to the substrate availability to mTORC1 signal transduction. This process allows cells to sense amino acid level
Cholesterol responding to growth stimuli in physiological and pathological conditions triggering mTOR regulation. The main
Glutamine . . . . . . . .

Transcentor substrates underlying this function are glutamine and arginine. The functional and kinetic characterization of
hSLCSSiQ glutamine and arginine transport was performed using human SLC38A9 produced in E. coli, purified by affinity

chromatography and reconstituted in liposomes. A cooperative behaviour for the wild type protein was revealed
for both the substrates. A novel Na* binding site, namely T453, was described by combined approaches of
bioinformatics, site-directed mutagenesis and transport assay. Stimulation by cholesterol of glutamine and ar-
ginine transport was observed. The biological function of SLC38A9 relies on the interaction between its N-
terminus and components of the mTOR complex; a deletion mutant of the N-terminus tail was produced and
transport of glutamine was assayed revealing that this portion does not play any role in the intrinsic transport
function of the human SLC38A9. Different features for glutamine and arginine transport were revealed: human
SLC38A9 is competent for glutamine efflux, while that of arginine is negligible. In line with these results, im-
posed ApH stimulated glutamine, not arginine transport. Arginine plays, on the contrary, a modulatory function
and is able to stimulate glutamine efflux. Interestingly, reciprocal inhibition experiments also supported by
bioinformatics, suggested that glutamine and arginine may bind to different sites in the human SLC38A9
transporter.

1. Introduction

The amino acid transceptor SLC38A9 belongs to the SLC38 cluster of
the Major Facilitator Superfamily (MFS). The SLC38 group includes
eleven members some of which have been functionally characterized in
cell systems [1,2]. Historically, these transporters were known as
SNATs and classified in systems A and N, according to different trans-
port modes and substrate specificity. In particular, System A includes
those transporters that are specific for small amino acids whose pro-
totype is alanine, are inhibited by MeAIB and work in a Na*-dependent
uniport mode. Instead, System N includes transporters specific for

glutamine, histidine and asparagine with a transport mode dependent
on both Na* and H* [1]. Some of the SLC38 family members are still
orphan transporters. Recently, the human SLC38A9 (hSLC38A9) has
been deorphanized, revealing its crucial role in amino acid-dependent
mTORC1 activation at the lysosomal membrane. Owing to the in-
tracellular localization, the transport function of hSLC38A9 has been
investigated in proteoliposomes [3,4]. It was produced by recombinant
biotechnology in E. coli, purified by Ni*>* affinity chromatography and
inserted in the proteoliposome membrane in a right-side-out orientation
with respect to its natural location. In this system, some biochemical
information in terms of substrate specificity was provided with
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Fig. 1. Alignment of the Na™-dependent members of the human SLC38A family. All the members with the exception of SLC38A9 (due to the presence of N-terminus
long tail boxed in grey) were aligned with ClustalX2 software to create a scaffold. The hSLC38A9 sequence was aligned to the scaffold by the same software and the
alignment was manually adjusted. Amino acids involved in sodium binding and in forming CRAC and CARC motifs are boxed in black; residues F449 and Y460,

responsible for cholesterol binding, are in red.

glutamine as a main substrate and transport activity also observed for
arginine [3]. Some regulatory aspects were also shown: the transport is
dependent on intraliposomal sodium that, according to the lysosome/
cytosol gradient, stimulates the transport from the internal side. Mul-
tiple alignment with the glutamine/sodium co-transporters SLC38A1,
A2, A3, A5 and A7 identified the residue N128 as a putative sodium
binding site in hSLC38A9 [5]. Indeed, the N128A mutant showed im-
paired sodium-dependent transport with respect to the WT protein [3].
In a parallel study, the role of hSLC38A9 in mTORC1 activation has
been described and the protein has been over-expressed in human cells,
purified and inserted in the proteoliposomes in a right-side-out or-
ientation, as well; in this study, arginine was revealed as a low-affinity
substrate [4]. The double role of transporting amino acids and inter-
acting with other proteins for mTORC1 activation deserved the classi-
fication of SLC38A9 as a transceptor [3,4]. Larger attention was ad-
dressed, so far, to the receptor role of this protein that displays a larger
molecular mass than the other SLC38 members, due to the presence of
an extra-membrane N-terminus tail of more than one hundred amino
acids long (Fig. 1). This tail enabled hSLC38A9 to act as an activator of
mTORC1 via binding to the Rag GTPase-Ragulator complex [3]. The
complex is responsible for the regulation of key cell functions ranging
from metabolism to cell growth and proliferation [6,7]. The mechanism
of mTORC1 activation via hSLC38A9 requires the efflux of specific
amino acids from lysosomes which triggers conformational changes at
the level of the N-terminus tail and the consequent contact with
mTORC1. Furthermore, positive regulation of receptor function by
cholesterol present in the lysosomal membrane was revealed in line
with the presence of two consensus motifs for cholesterol binding in the
hSLC38A9 primary structure [8]. More recently, it was demonstrated
that in the presence of amino acids, hSLC38A9 acts as a guanine ex-
change factor (GEF) for RAGA [9]. Notwithstanding the information
concerning the receptor role of hSLC38A9, the transport function is still
underneath. In this respect, the capacity for leucine transport induced
by intra-lysosomal arginine has been recently shown [10]. The three-
dimensional structure of SLC38A9 from D. rerio, that shares 61.9%
identity with the human one, was recently solved and the residues re-
sponsible for arginine binding were shown, even though this structure
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lacks of 185 amino acids [11]. In order to shed light on the transport
features of hSLC38A9, the kinetics of transported substrates and some
regulatory aspects have been approached in this work. Moreover, some
feasible structural clues have been predicted combining the experi-
mental data with the homology model, obtained on the basis of the D.
rerio SLC38A9 structure [11].

2. Materials and methods
2.1. Materials

Pico-Fluor Plus, 1-Arginine [®H] and i-Glutamine [3,4->H(N)] were
from PerkinElmer; ECL plus, Hybond ECL membranes from GE
Healthcare; pET vectors, RosettaGami2 and RosettaGami2(DE3)pLysS
strains from Novagen; restriction endonucleases, other cloning reagents
from Fermentas; Lemo21(DE3)pLysS from New England Biolabs; opti-
mized hSLC38A9 cDNA from GenScript. Protease inhibitor cocktail,
Monoclonal Anti-polyHistidine-Peroxidase antibody produced in
mouse, C;5Eg, Amberlite XAD-4, egg yolk phospholipids (3-sn-phos-
phatidylcholine from egg yolk), Sephadex G-75, cholesteryl hemi-
succinate, .-Gln and 1-Arg were from Sigma-Aldrich; all of the other
common reagents were of analytical grade.

2.2. Cloning of hSLC38A9 WT and mutants

The ¢DNA coding for the full length and A111-hSLC38A9 proteins
were amplified by PCR reaction starting from wild type full length
construct cloned into pH6EX3 expression vector [3] and sub-cloned into
the pET16b plasmid in order to add a 10 His tag at the N-terminus of
the proteins. T453A, F4491 and Y4601 mutants were obtained by PCR
overlap extension method as previously described [3]. All the primers
used for cloning and mutagenesis are reported in Table 1.

2.3. Expression of hSLC38A9 WT and mutants

The recombinant plasmid pH6EX3-6His-hSLC38A9 obtained as de-
scribed in [3] was used to transform E. coli RosettaGami2 strain. The
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Forward and Reverse primers for performing mutagenesis of hSLC38A9 ¢cDNA.

Forward primer

Reverse primer

T453A mutation

F4491 mutation

Y4601 mutation
PpH6EX3-A111-hSLC38A9
PET-16b-A111-hSLC38A9
pET-16b-WT-hSLC38A9

ctgtttcagatgatggcagtttatccgetgetg
cgtatcttectgetgattcagatgatgacggttt
tatcegetgetgggtattetggegegegtecaa
cgeggatccgaaggetacggeaagaacacctetetg
gggaattccatatggaaggctacggcaagaacacctetetg
gggaattccatatggegaacatgaactccgaca

cagcagcggataaactgccatcatctgaaacag
aaaccgtcatcatctgaatcagcaggaagatacg
ttggacgegegecagaatacccageageggata
acgcgtcgacttacataaagaattgaacgatcaga
cgcggatecttacataaagaattgaacgatcagat
cgcggatecttacataaagaattgaacgatcagat

selection was performed on LB-agar added with 100 pug/ml ampicillin,
34 pg/ml chloramphenicol and 12.5 pg/ml tetracycline. One colony was
inoculated overnight in LB broth with the same antibiotics and the day
after the culture was diluted 1:20 in fresh LB broth. When the culture
reached an optical density of about 0.8-1 at 600 nm wavelength, 1 mM
IPTG was added to induce protein expression and cells were grown at
28°C for 4h. Cells were resuspended and sonified as previously de-
scribed [12]. The protein patterns of the cell lysate fractions were
analysed by SDS-PAGE and western blotting. The recombinant con-
structs pET16b-10His-hSLC38A9, or pET16b-10His-hSLC38A9 T453A,
pET16b-10His-hSLC38A9 F4491, pET16b-10His-hSLC38A9 Y4601 or
pET16b-10His- A111-hSLC38A9 were used to transform E. coli Ro-
settaGami2(DE3)pLysS strain. The selection was conducted as described
above. One colony was picked and cultured overnight in LB broth
added with 100pg/ml ampicillin, 34 ug/ml chloramphenicol and
12.5 pg/ml tetracycline. The day after the culture was diluted 1:20 in
fresh LB broth containing the same antibiotics. When the optical density
of the culture measured at 600 nm of wavelength reached 0.8-1 the
protein synthesis was induced by 0.4 mM of IPTG and the cells were
grown at 28 °C for up to 4 h. Cells were treated as described above and
protein expression was verified by SDS-PAGE and western blotting.

2.4. Western blotting analysis

To verify protein expression, samples of bacterial lysates were
analysed on SDS-PAGE 12% and transferred onto the nitrocellulose
membrane. Western blot analysis has been performed using anti-His
antibody 1:10000 (Sigma) incubated 1h in 3% BSA under shaking at
room temperature and revealed by Electrochemiluminescence (ECL)
assay.

2.5. Purification of hSLC38A9 WT and mutants

The purification procedure was performed using the Akta Start
system. The insoluble cell fraction (about 1.5 mg proteins) from cells
expressing hSLC38A9 WT or mutants, was washed with 100 mM
TrisHCI pH 8.0 and resuspended in 10 mM DTE, 3.2 M urea, 0.5% sar-
kosyl, 200 mM NaCl, 10% glycerol, 20 mM TrisHCl pH 8.0 and cen-
trifuged at 12,000g for 10 min at 4 °C. The supernatant (of about 1.5 ml)
was applied on a His-Trap HP column (5 ml Ni-Sepharose) equilibrated
with 10 ml buffer (20 mM Tris HCI pH 8.0, 10% glycerol, 200 mM NacCl,
0.1% sarkosyl). Ten ml of buffer (20 mM Tris HCI pH 8, 10% glycerol,
200 mM NaCl, 0.05% n-Dodecyl B-D-maltoside and 3 mM DTE) was
used to wash column while the protein was eluted using 15 ml of the
same buffer plus 500 mM imidazole. Fractions of 1 ml were collected
and protein was present in the fractions 8-9.

2.6. Reconstitution of the hSLC38A9 in proteoliposomes

The purified hSLC38A9 WT or mutants were reconstituted by re-
moving the detergent in a batch-wise procedure previously pointed out
for another human membrane transporter [13]. The reconstitution
mixture, except where differently specified, was prepared adding:
400 pl of protein (about 2 g protein), 80 ul of 10% C;5Eg, 120 pl of 10%
egg yolk phospholipids (w/v) prepared as previously described [14],
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20 mM Hepes Tris pH 6.8, except when differently indicated, in a final
volume of 700 pl. After vortexing, the mixture was incubated with 0.5 g
of Amberlite XAD-4 for 90 min at 23°C under rotatory stirring at
1200 rpm as previously described [3].

2.7. Transport measurements

After detergent removal, 600l of proteoliposomes was passed
through a Sephadex G-75 column (0.7 cm diameter X 15cm height)
pre-equilibrated with 20 mM Hepes Tris pH 6.8. Transport (uptake)
measurement was started adding 100 uM [*H]glutamine or [*H]argi-
nine to 100 pl proteoliposomes aliquots. For efflux measurements, ali-
quots of the same pool of proteoliposomes passed through a Sephadex
G75 column (0.7 cm diameter X 15 cm height) pre-equilibrated with
20 mM Hepes Tris pH 6.8 (except where differently indicated) were
incubated with external 100 uM [’H] glutamine or [3H]arginine
(0.5 uCi/nmol) for 120 min. After loading, proteoliposomes were passed
again through a Sephadex G75 column (0.7 cm diameter X 15cm
height) pre-equilibrated with 20 mM Hepes Tris pH 6.8, for removing
the residual external (not taken up) radioactivity. The time course of
[*H]glutamine or [*H]arginine efflux was then measured. Both uptake
and efflux assays were carried out at 25 °C; transport was stopped by
applying each sample on a Sephadex G75 column (0.6 X 8cm) to se-
parate the external from the internal radioactivity. Proteoliposomes
eluted with 1 ml 50 mM NaCl were collected in scintillation cocktail for
counting. The experimental values were analysed by subtracting to each
sample the respective controls (blank) according to the stop inhibitor
method [15]. In this procedure, the stop inhibitor HgCl, is added at
time zero to proteoliposomes (blank) together with the radiolabelled
substrate(s). The initial rate of transport was measured by stopping the
reaction after 20 min, i.e., within the initial linear range of [*H]gluta-
mine or [*H]arginine uptake into the proteoliposomes. Grafit 5.0.13
software was used to measure transport rate by first-order rate equation
calculated as k X transport at equilibrium, to derive kinetic parameters
using Michaelis-Menten and Hill equations and to measure ICs, values
from dose-response analysis. The amount of reconstituted recombinant
protein was estimated as previously described [3].

2.8. Homology modelling and docking of hSLC38A9 transporter

The homology structural model of the hSLC38A9 was built using the
interactive mode on the SWISS-MODEL Workspace available at https://
swissmodel.expasy.org/interactive. The structure of D. rerio SLC38A9
transporter (PDB 6C08) [11] was used as a template. The ligands (Arg
and Gln) were downloaded from PubChem Database (https://pubchem.
ncbi.nlm.nih.gov/#) and converted to PDB file format by using Open-
babel software [16]. The ligands were prepared using ADT [17]. Gas-
teiger charge was assigned to the ligands that were saved in PDBQT
format. AutoDock Vina was used for molecular docking studies [18].
The grid box size was set at 32, 32, and 36 A for X, y, and z, respectively.
The spacing between the grid points was 1.0 A. The grid centre was set
at —49.505, 37.334, and 63.076 A for X, y, and z, respectively.


https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
http://firstglance.jmol.org/fg.htm?mol=6C08
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/

M. Scalise, et al.

none 2

HgCl, 02 [ R

HgCl, 05 [ H+ i” .
MTSEA 1 Ho ek
MTSEA 10 ——

NEM 1 i

NEM 2 —
PLP 5[
PLP 10 i

0 50 100 150 200

% residual activity

250

Fig. 2. Effect of inhibitors on hSLC38A9 transport activity. The reconstitution
was performed as described in Materials and Methods. Transport was started by
adding 100 uM [*H]glutamine at time zero to proteoliposomes in the presence
of HgCl, (0.2 and 0.5 mM), MTSEA (1 and 10 mM), NEM (1 and 2 mM), PLP (5
and 10 mM). The transport reaction was stopped after 30 min, as described in
Materials and Methods. Transport activity was calculated as the percent of re-
sidual activity with respect to condition without any addition. In the inset,
dose-response analysis for the inhibition of hSLC38A9-WT by HgCl,. Transport
was measured adding 100 uM [®H]glutamine to proteoliposomes in the pre-
sence of indicated concentrations of HgCl,. Transport activity was calculated as
the percent of residual activity with respect to condition without any addition.
Results are means + SD of three different experiments. *significantly different
from sample prepared without any addition (control) ex as estimated by
Student's t-test (P < 0.05).
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Fig. 3. Kinetics of hSLC38A9 glutamine transport. The reconstitution was
performed as described in Materials and Methods. Transport was started by
adding indicated concentrations of [*H] glutamine at time zero to proteolipo-
somes and stopped after 20 min. Initial rates of transport are plotted vs gluta-
mine concentration using non-linear fit Hill equation to evaluate external Km
and cooperativity index. Results are means = SD of three different experiments.

2.9. Other methods

Cholesteryl hemisuccinate (CHS) was solubilized in 20 mM Tris HCL
pH 8.0 and 5% C;,Eg by two sonication cycles of 2 min (no pulse, 40 W)
with a Vibracell VCX-130 sonifier (SONICS) as previously suggested
[19]. Solubilized CHS was added to liposome preparation under rota-
tory stirring (1200 rpm) at 23 °C for 30 min prior reconstitution to reach
concentration of 75ug/ml.
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Fig. 4. Functional characterization of hSLC38A9-T453A mutant. (A) Western
blotting analysis of purified WT and T453A mutant using anti-His antibody. (B)
Time course analysis of WT and T453A mutant. The reconstitution was per-
formed as described in Materials and Methods. Transport was started by adding
100 uM [®H]glutamine at time zero and stopped at indicated times to proteo-
liposomes reconstituted with WT (O,®) or T453A ([, W) purified in the pre-
sence of 50 mM NacCl (O,[]) or 200 mM NacCl (@, l). Data are plotted using first
order rate equation. Results are means + SD of three different experiments.

3. Results
3.1. Inhibition and kinetic characterization of WT hSLC38A9

The inhibition of transport activity mediated by the hSLC38A9 has
been investigated in proteoliposomes reconstituted with the re-
combinant protein produced in E. coli. Different reagents have been
tested on [*H]glutamine uptake in proteoliposomes as shown in Fig. 2.
The SH reagents NEM, MTSEA and HgCl, have been used exploiting the
presence of 12 cysteine residues in the structure of hSLC38A9. The
hydrophilic MTSEA failed to inhibit transport, while HgCl, strongly
inhibited glutamine uptake, with an ICso value of 176 = 30 uM (inset
of Fig. 2). The membrane-permeable NEM was a poor inhibitor with
40% inhibition at 2mM. The lysine reagent PLP also inhibited
hSLC38A9-mediated transport (8. 2). Based on the described data, the
mercury compound, which exhibited a higher efficiency of inhibition,
was used in the following experiments as stop-inhibitor for kinetic
measurements. The dependence of transport rate on the external glu-
tamine concentration (Fig. 3) shows a cooperative behaviour with a Ky 5
of 518 + 58uM, a positive cooperativity index (Hill coefficient) of
1.4 * 0.079 and a V. of 8.8 = 0.57 nmol - mg prot™! - min~?.
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3.2. Identification and characterization of the putative Na™ binding site

As stated in the introduction, the effect of Na* in stimulating glu-
tamine transport by human SLC38A9 was previously demonstrated and
a Na* binding residue was identified [3]. The alignment of Fig. 1
highlights the presence of another putative residue participating in the
Na™ binding, i.e. the T453 in line with previous results [5,20]. Thus,
the site-directed mutant T453A was constructed and the corresponding
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recombinant protein was produced in E. coli and purified for functional
assay as described in Materials and Methods section (Fig. 4A). To
evaluate the response to Na™, both WT and T453A were reconstituted
in proteoliposomes containing 50 or 200 mM NaCl in the internal
compartment. As shown in Fig. 4B, the WT transporter exhibited a
higher transport activity in the presence of internal 200 mM NaCl with
respect to the condition of 50 mM internal NaCl, in agreement with
previous data [3]. The T453A mutant showed nearly no stimulation by
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Fig. 7. Functional characterization  of
hSLC38A9-F4491 and Y4601 mutants. (A)
Western blotting analysis of F449I and Y4601
mutants using anti-His antibody. Time course
analysis of F449I (B) and Y460I (C) mutants. The
reconstitution was performed as described in
Materials and Methods. Transport was started by
adding 100 uM [®Hlglutamine at time zero and
stopped at indicated times to proteoliposomes
prepared in the absence (O) or presence (@) of
cholesteryl hemisuccinate. Data are plotted
using first order rate equation. Results are
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increasing the concentration of intraliposomal NaCl, demonstrating
that, indeed, T453 is involved in the interaction with Na*, as well.
Noteworthy, from time course analysis the measurement of initial
transport rate revealed that intraliposomal Na™ was able to double the
rate of WT, leaving unaltered that of T453A (Fig. 4B). It has to be
stressed that if Na* was omitted from the purification buffer, the
transport protein was nearly inactive both in the case of the WT and the
mutant.

3.3. Characterization of A111 mutant

The hSLC38A9 protein has an N-terminus tail (Fig. 1) responsible
for interaction with the mTORC1 complex [3,5]. To ascertain whether
this protein moiety plays any role in the intrinsic transport function, a
truncated protein, lacking of the first 111 amino acids, was produced in
E. coli and purified for functional assay as described in Materials and
Methods section (Fig. 5A). This deletion mutant mediated uptake of
glutamine with an activity comparable to that of WT indicating that the
N-terminus portion does not affect its intrinsic transport properties
(Fig. 5B and see Fig. 4B). To further confirm this analysis, kinetics was
also studied. Interestingly, the data points obtained studying the de-
pendence of the transport rate on the glutamine concentration, fitted a
Michaelis Menten equation, thus corresponding to a non-cooperative
behaviour. The external Km for glutamine, derived from this experi-
ment was 455 + 18 uM, which is similar to the Ky 5 of WT (Fig. 5C).
The same results applied to the inhibition exerted by HgCl, (Fig. 5D); in
this case, ICsq value of 348 + 120 uM was measured.

3.4. Effect of pH and cholesterol on glutamine uptake

The SLC38A9 is localized in the lysosomal membrane where a
gradient of pH is maintained thanks to the activity of V-ATPase [21].
Thus, the effect of pH on glutamine transport mediated by hSLC38A9
was investigated. The uptake of glutamine in proteoliposomes was sti-
mulated in the presence of a pH gradient of about 2.0 units (pH 5.5.

means *+ SD of three different experiments.

60 90
time (min)

inside/pH 7.5 outside; Fig. 6A). This corresponds to the physiological
condition in which the pH in the internal lysosomal compartment is
acidic [22]. This conclusion can be drawn on the basis of the right-side-
out orientation of the transporter that is inserted in the proteoliposomes
as in the native membrane [3]. Cholesterol is an essential component of
the lysosomal membrane and mTORCI1 regulates the synthesis of fatty
acids and sterols [23]. It has been previously shown that hSLC38A9 is
required for mTORCI1 activation by cholesterol [8]. Indeed, hSLC38A9
harbours in its primary structure a CARC motif followed by CRAC a
motif, which are acknowledged cholesterol-binding sequences (Fig. 1)
[8]. Thus, cholesterol, in the form of Cholesteryl HemiSuccinate (CHS),
was added to the liposomal membrane and its effect on glutamine
transport was evaluated. As shown in Fig. 6B, the transport was sti-
mulated with respect to the control, without added CHS. The effect of
cholesterol was evaluated in terms of kinetics as reported in Fig. 6C: in
line with data reported in the time course, only Vmax is increased by
roughly 35% (12.4 + 1.9nmol - mg prot~' - min~!) while no varia-
tions of Kogs5 (476 = 144uM) and Hill coefficient (1,3 = 0.2) were
observed. The key residues, i.e. F449 and Y460, in CARC and CRAC
motifs (Fig. 1), were substituted by isoleucine and the mutant proteins
were over-expressed in E. coli and purified (Fig. 7A). The effect of
cholesterol on the glutamine transport activity of reconstituted proteins
was evaluated (Fig. 7B and C): no stimulation was observed for the two
mutants, confirming that F449 and Y460 are involved in the interaction
with cholesterol.

3.5. Transport of arginine mediated by hSLC38A9

It was previously demonstrated that hSLC38A9 is also able to
mediate arginine transport [3,4,10]. Arginine uptake could be mea-
sured in proteoliposomes with an efficiency comparable to that of
glutamine; however, differently from glutamine, arginine uptake
showed a scarce sensitivity to ApH (Fig. 8A). Kinetics was conducted
and, similarly to glutamine kinetics, a cooperative behaviour was ob-
served with a Km of 2.7 = 0.83mM and a Hill coefficient of
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Fig. 8. Regulation of arginine transport mediated by WT hSLC38A9 recon-
stituted in proteoliposomes. The reconstitution was performed as described in
Materials and Methods. (A) Transport was started by adding 100 uM [®H]ar-
ginine at time zero to proteoliposomes reconstituted with buffers at the in-
dicated internal/external pH. Transport was stopped after 20 min. (B) Kinetics
of arginine transport. Transport was started by adding indicated concentrations
of [*H]arginine at time zero and stopped after 20 min. Initial rates of transport
are plotted vs arginine concentration using non-linear fit Hill equation to
evaluate external Km and cooperativity index. Results are means * SD of three
different experiments.

1.5 + 0.38 (Fig. 8B). The measured Ky 5 value for arginine is higher
than that for glutamine correlating with previous reports highlighting
that arginine is a lower affinity substrate [4,10]. Effect of cholesterol
was also evaluated on arginine transport and, as shown in Fig. 9, the
presence of cholesterol stimulates arginine uptake, as well. According
to the physiological function of SLC38A9 in vivo, this transporter may
mediate efflux of amino acids across the lysosomal membrane [10].
Thus, the efflux of both glutamine and arginine was measured
(Fig. 10A). Interestingly, a different behaviour was observed between
the two substrates: while hSLC38A9 efficiently mediates glutamine ef-
flux, the arginine efflux was poor. These results suggested that different
mechanisms of transport might occur for the two amino acids. The
biological significance of amino acids efflux has been suggested to rely
on the presence of arginine in the lysosomal compartment. Therefore,
glutamine efflux was measured in the presence of arginine in the in-
traliposomal (intralysosomal) compartment (Fig. 10B); in this condi-
tion, the efflux of glutamine was stimulated. The reciprocal inhibition
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Fig. 9. Effect of cholesterol on arginine transport by WT hSLC38A9 recon-
stituted in proteoliposomes. The reconstitution was performed as described in
Materials and Methods. Transport was started adding 100 pM [3H]arginine at
time zero and stopped at indicated times to proteoliposomes prepared in the
absence (O) or presence (@) of cholesteryl hemisuccinate. Results are
means + SD of three different experiments.

of glutamine and arginine transport was evaluated (Fig. 11A and B).
Interestingly, arginine did not inhibit glutamine uptake up to 10 mM
concentration (Fig. 11A) while glutamine, at high concentration, is able
to cause inhibition of arginine transport (Fig. 11B).

3.6. Homology modelling of hSLC38A9 and docking of substrates

As stated in the introduction, the 3D structure of drSLC38A9 that
shares 61.9% identity with hSLC38A9, has been recently solved [11].
Therefore, the homology model of hSLC38A9 has been built on the
basis of drSLC38A9 (PDB 6C08) as shown in Fig. 12. The structure of
drSLC38A9 lacks of 185 out of 549 amino acids corresponding to about
28% of the human amino acid sequence. The two substrates, arginine
and glutamine (Fig. 12), have been positioned in the homology model.
Interestingly, the two amino acids bind to regions that do not perfectly
overlap. This result may suggest the existence of two alternative
binding sites of hSLC38A9 presumably with different affinities in line
with kinetics and lack of reciprocal inhibition data.

4. Discussion

The localization of hSLC38A9 in the intracellular lysosomal mem-
brane and its interaction with many other proteins hampered the pos-
sibility of studying the transport role in intact cells. Therefore, the most
suitable strategy to dissect the transport function of hSLC38A9 was the
reconstitution of the recombinant protein into proteoliposomes. In this
experimental model, the sole hSLC38A9 protein is inserted into the
membrane in the absence of interactors and with the same orientation
as in the lysosomal membrane, previously demonstrated by combining
western-blotting with protease cleavage analysis [3]. In line with these
premises, the available information on transport features of hSLC38A9
derives from studies conducted in proteoliposomes [3,4,10]. Therefore,
it was extremely interesting to better characterize the transport medi-
ated by this protein. In this work, we dealt with inhibition studies, the
kinetics of glutamine and arginine, direct assay of efflux activity and
some regulatory aspects. Glutamine transport revealed to be blockable
by the mercurial agent HgCl,. The inhibition correlates well with the
presence of at least one cysteine residue (C375) of the protein close to
the predicted glutamine binding site (Fig. 12B). However, it is likely
that other cysteine residues are also involved in the inhibition since the
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Fig. 10. Efflux of arginine and glutamine by WT hSLC38A9 reconstituted in
proteoliposomes. The reconstitution was performed as described in Materials
and Methods. (A) Efflux of [3H]arginine (@) or [3H]glutamine (O) from pro-
teoliposomes reconstituted with hSLC38A9. (B) Efflux of [®H] glutamine in the
absence (O) or presence (@) of 0.2 mM intraliposomal arginine. In (A) and (B)
the efflux is measured as described in Materials and Methods at indicated times.
Data are calculated as the percent of residual activity with respect to the control
sample (efflux time zero). Results are means = SD of three different experi-
ments.

protein possesses 12 cysteine residues. Indeed, the mutant A111, which
lacks of 2 out of the 12 cysteines, shows a lower affinity for HgCl, with
respect to the WT protein. The alkylating reagent NEM is much less
effective in inhibiting glutamine transport. This could be ascribed to a
scarce and/or slow reactivity of the cysteine(s) towards alkylation with
respect to the formation of the metal-sulfur bond. The strong and fast
inhibition exerted by HgCl, was exploited to efficiently stop the
transport for kinetic measurements. This gives the advantage of im-
proving the kinetic resolution compared to the previous studies in
which transport was stopped by radioactive substrate removal [3,4,10]
which is not as fast as the inhibitor stop procedure [24,25]. The
hSLC38A9 catalyzes glutamine uptake and efflux, according to previous
findings [3]. The external Km for glutamine was measured for the first
time and the obtained value is in the range of the physiological con-
centrations of this amino acid in the cytoplasm (up to 0.8 mM), thus
indicating that the transporter can potentially catalyze the flux of glu-
tamine in the two directions. Interestingly, the catalytic constant is
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Fig. 11. Inhibition experiments on WT hSLC38A9 reconstituted in proteolipo-
somes. (A) Reciprocal inhibition of glutamine transport. Transport was started
by adding 100 uM of [*H]glutamine at time zero in the presence of 1 mM or
10 mM of unlabelled arginine. (B) Reciprocal inhibition of arginine transport.
Transport was started by adding 100 uM of [*H]arginine at time zero in the
presence of 1 mM or 10 mM of unlabelled glutamine. In (A) and (B) transport
was stopped after 30 min. Data are calculated as the percent of residual activity
with respect to sample without any addition. Results are means = SD of three
different experiments. *significantly different from the control sample (without
any addition) as estimated by Student's t-test (P < 0.05).

0.5min" !, which is lower than that of other transporters [26,27].
However, for most transporters, only the Vmax is available, not the
kcat. The Vmax of hSLC38A9 is also lower than that measured for other
purified and reconstituted transporters [28,29]. It is not possible to
compare the Vmax (kcat) data with transporters assayed in intact cells
since the calculation of their specific activity is influenced by the pre-
sence of other proteins. Taken together our data supports the role of
hSLC38A9 in mediating sensing rather than the abundant flux of amino
acids, that is probably performed by other high capacity transporters
[30]. Differently from glutamine, the Km for arginine is in the milli-
molar range, similar to that previously reported for the same substrate
[10]. Even though the Vmax for arginine is higher than that for glu-
tamine, the data indicates that arginine uptake in vivo is unlike since
the average concentration of arginine in cells is much lower than the
Km of the hSLC38A9 for this substrate [31]. At difference with
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Fig. 12. Homology structural model of the hSLC38A9 transporter. Side view (A) and top view (B) of the hSLC38A9 homology model. Arginine depicted in green or
glutamine depicted in yellow is positioned in the binding center. (B) C375 as a hypothetical mercurial binding residue is highlighted in stick.

glutamine, our direct measurements show that the transporter catalyzes
a scarce, if any, efflux of arginine. Thus, the efflux of arginine is un-
likely to occur in vivo reinforcing the idea of an involvement of arginine
in regulating the transport of other essential amino acids by hSLC38A9
[10]. On the contrary, arginine was shown to stimulate the efflux of
glutamine demonstrating the hypothesis that arginine plays a mod-
ulatory function from the internal side of the protein that corresponds
to the intralysosomal compartment. Furthermore, the different kinetics
of glutamine and arginine also correlates with the absence of inhibitory
effect of arginine on the transport of glutamine, while, some inhibition
of glutamine on arginine transport is observed at glutamine con-
centration higher than the Km of hSLC38A9 for arginine. These results
could be interpreted in light of the prediction of different binding sites
for arginine and glutamine (Fig. 12). In this respect, hSLC38A9 reflects
some transport features of SLC38A7, in which arginine was not able to
inhibit glutamine uptake [32]. This finding also correlates with
homology modelling and docking showing that the predicted site of
glutamine is different from that of arginine, positioned according to the
previous data on drSLC38A9 [11]. As already mentioned, an important
aspect of hSLC38A9 biology is its dual function as transporter and re-
ceptor for sensing nutrient sufficiency to regulate the mTORC1 pathway
that relies on the presence of the N-terminus tail [3,4]. Interestingly,
the glutamine uptake in proteoliposomes is fully active in the deletion
mutant (A111); this finding confirms that the N-terminus tail plays its
role in interacting with mTORC] rather than in the intrinsic transport
activity of the hSLC38A9, as previously suggested [3]. This is in line
with the recent finding showing that the N-terminus tail is not required
for uptake of arginine and leucine [10,11,33]. However, an interesting
novelty is the different kinetic behaviour between the deletion mutant
(A111) and the wild type hSLC38A9. While the Km values are similar,
the A111 mutant loses cooperativity suggesting that the N-terminus tail
has some role in transport regulation, probably conserved across evo-
lution [11,33]. In this respect, a complex model in which the N-ter-
minus tail acts as a plug regulated by arginine availability has been
proposed for drSLC38A9 [33]. Interestingly, the presence of alternative
binding sites is common also to other transporters, i.e. LeuT, SERT, DAT
and B°AT1 [10,29,34,35], which have two distinct binding sites, one
for the transported molecule and another for a modulatory molecule.
Glutamine, but not arginine uptake, is stimulated by internal acidic
pH, i.e. under conditions mimicking the physiological context. This
finding is again in agreement with a lower, if any, contribution of
hSLC38A9 in transporting arginine. Internal sodium, close to the in-
tralysosomal level, stimulates glutamine uptake, as previously shown
[3]. The interaction of sodium with the protein is mediated by, at least,
two residues as demonstrated by the loss of sodium stimulation in site-
directed mutants. The first residue, N128, has been previously
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identified [3]. The second, T453, was described in this work. Both re-
sidues are homologues to those conserved in the SLC38 family (Fig. 1).
The mutation at T453 residue only slightly impairs the glutamine up-
take but abolishes the responsiveness to intraliposomal, i.e. in-
tralysosomal, Na* mediated by hSLC38A9 suggesting a modulatory
function of Na™ rather than a direct involvement in the transport cycle.
This finding smooths the distinction of hSLC38A9 as belonging to
system A or N as already described for the other lysosomal transporter,
i.e. SLC38A7 specific for both glutamine and asparagine [30]. This
correlates with the much lower identity among A9 and the other SLC38
members (Fig. 1). Another regulatory property, that is the effect of
cholesterol, was investigated; in the recent years, in fact, modulation by
cholesterol has been reported for other transporters, even though the
studies are still not completed and effects are not always the same in the
different proteins [36-38]. The use of cholesterol-like lipids has been
also employed to dissect the precise effect of cholesterol; however, also
in this case, studies are still at infancy. In line with the presence of
CRAC and CARC motifs in the structure of hSLC38A9, the addition of
cholesterol to the proteoliposomes stimulates the uptake of glutamine
and arginine demonstrating that, besides the effect on mTOR regulation
[8], cholesterol has also a direct effect on the intrinsic transport activity
affecting the Vmax but not the Km of hSLC38A9 for glutamine. The
mutation of two key residues for CARC and CRAC motif abolished
cholesterol effect, confirming that the molecule binds to these regions,
as previously proposed [8]. Therefore, it can be concluded that the
modulatory effect of cholesterol on the receptor function of hSLC38A9
is exerted through to the activation of its transport function.

5. Conclusions

In this work, we improved the molecular knowledge of the transport
function of hSLC38A9 by using the recombinant protein produced in E.
coli, site-directed mutagenesis and transport assay in proteoliposomes.
As previously proposed, we have assessed that hSLC38A9 is a low-ca-
pacity transporter confirming that its transport function is important for
mediating the local flux of small amount of amino acids compatible
with a sensing role, for activating mTORC1 to the lysosomal membrane.
The transport activity is modulated by cholesterol potentially ex-
plaining the previously described action of this lipid on the activation of
mTORCI. Altogether, the results described in this work support the
classification of hSLC38A9 as a transceptor, i.e. a transporter with a
receptor function, crucial for mTOR activation. Due to this role,
hSLC38A9 is considered a potential target for several human diseases.
Therefore, the knowledge of the regulatory aspects related to its
transport function may give additional clues, which may be relevant to
human health.
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The human SLC1A5 commonly known as ASCT2 is a sodium-dependent neutral amino
acid antiporter involved in transmembrane traffic of glutamine that is exchanged through
the cell membrane with smaller amino acids such as serine or threonine. Due to the
strong overexpression in human cancers, ASCT2 is widely studied for its relevance
to human health. Of special interest are the aspects related to the regulation of its
function. The role of cholesterol as a modulator of the transport activity has been studied
using a combined strategy of computational and experimental approaches. The effect
of cholesterol on the Naet(—[SH]glu‘[amineex/glutaminein antiport in proteoliposomes has
been evaluated by adding cholesteryl hemisuccinate. A strong stimulation of transport
activity was observed in the presence of 75 g cholesteryl hemisuccinate per mg total
lipids. The presence of cholesterol did not influence the proteoliposome volume, in a wide
range of tested concentration, excluding that the stimulation could be due to effects
on the vesicles. cholesteryl hemisuccinate, indeed, improved the incorporation of the
protein into the phospholipid bilayer to some extent and increased about three times the
Vmax Of transport without affecting the Ky, for glutamine. Docking of cholesterol into the
hASCT?2 trimer was performed. Six poses were obtained some of which overlapped the
hypothetical cholesterol molecules observed in the available 3D structures. Additional
poses were docked close to CARC/CRAC motifs (Cholesterol Recognition/interaction
Amino acid Consensus sequence). To test the direct binding of cholesterol to the protein,
a strategy based on the specific targeting of tryptophan and cysteine residues located
in the neighborhood of cholesterol poses was employed. On the one hand, cholesterol
binding was impaired by modification of tryptophan residues by the Koshland’s reagent.
On the other hand, the presence of cholesterol impaired the interaction of thiol reagents
with the protein. Altogether, these results confirmed that cholesterol molecules interacted
with the protein in correspondence of the poses predicted by the docking analysis.

Keywords: membrane transport, proteoliposomes, SLC, cholesterol, chemical targeting, mercury, cysteine,
tryptophan
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INTRODUCTION

The human ASCT2 transporter is one of the seven members
of the SLC1 family (SLC1A5) and represents one of the most
studied proteins among the SLC members being considered a hot
spot topic for either biochemical interest and pharmacological
applications (Kanai et al., 2013; Scalise et al., 2019). ASCT2 shows
abroad tissue expression. The first pioneering studies on the mice
and human isoforms, conducted in intact cells, showed that this
transporter has a preference toward neutral amino acids (Kekuda
et al, 1996; Utsunomiya-Tate et al., 1996; Torres-Zamorano
etal., 1998; McGivan and Bungard, 2007) and displays a peculiar
transport mode: an antiport of neutral amino acids coupled to
co-transport of Nat from the external to the internal side of
the cell membrane. Soon after, the rat transporter (Oppedisano
et al., 2004, 2007) was studied employing the proteoliposome
technology that allows investigating a single protein inserted in
an artificial membrane with the same orientation as in the native
cell membrane (Scalise et al., 2017a). These studies confirmed
most of the characteristics described in intact cells. The human
protein has been then obtained by overexpression in Pichia
pastoris and purification by affinity chromatography (Pingitore
et al.,, 2013). Novel features of the human ASCT2 have been
revealed thanks to the proteoliposome tool (Scalise et al., 2014).
Functional asymmetry of the transporter has been described: the
ASCT?2 revealed to be competent for the bidirectional transport
of glutamine, asparagine, threonine, and serine while alanine
can be only inwardly transported. Kinetic asymmetry has been
also demonstrated with external affinities toward substrates in
the micromolar range and internal affinities in the millimolar
range. These parameters correlate with the extra and intracellular
concentrations of the amino acids (Cynober, 2002; Pingitore
et al., 2013; Scalise et al., 2014). Interestingly, cysteine, i.e., one
of the amino acids underlying the acronym ASC(Cysteine)T2,
has been shown to be a modulator of the transporter but
not a substrate (Scalise et al., 2015) explaining overlooked old
data (Utsunomiya-Tate et al., 1996). This peculiar regulation
mode, together with the discovered responsiveness to GSH, H,S,
and NO suggested that ASCT2 could be a redox sensor in
physiological and pathological conditions. This was confirmed by
site-directed mutagenesis identifying key residues for the redox
sensing (Scalise et al., 2018b). An interesting and controversial
aspect is the electrical nature of the transport reaction that has
been solved in the proteoliposome model by specifically setting
the experimental conditions close to the physiological milieu:
the ASCT2 mediated Na™ dependent antiport is electrogenic
involving at least one Nat ion per transport cycle (Scalise
et al., 2014). Combining in vivo and in vitro approaches, novel
aspects of ASCT?2 biology have been revealed. ASCT2 contains

Abbreviations: SLC, SoLute Carrier; GSH, Reduced Glutathione; H,S Hydrogen
Sulfide; NO, Nitric Oxide; mTOR, mammalian Target of Rapamicyn; CHEMS,
Cholesteryl HemiSuccinate; p-MCD, Methyl-beta-CycloDextrin; Cryo-EM, Cryo
Electron Microscopy; Ci2Eg, Octaethylene glycol monododecyl ether; YPDS,
Yeast Extract Peptone Dextrose Sorbitol; BMGY, Buffered Glycerol-complex
Medium; BMMY, Buffered Methanol-complex Medium; DTE, DiThioErythritol;
NEM, N-ethylmaleimide; BSA, Bovine Serum Albumin; CRAC, Cholesterol
Recognition/interaction Amino acid Consensus sequence.

PDZ binding domain allowing for interaction with PDZKI, a
well-known scaffold protein which takes contact with several
plasma membrane transporters and regulates either activity
and/or stability of the interactors (Dephoure et al, 2008).
Furthermore, the molecular determinants for trafficking to the
plasma membrane, i.e., glycosyl residues linked to asparagine
163 and 212, have been characterized. Glycosylation is required
for both routing the transporter to the definitive location and
for stabilizing the protein while it is not needed for intrinsic
transport function (Console et al, 2015). From the findings
obtained in different experimental systems, it can be deduced
that the main physiological role of ASCT2 consists in mediating
cell uptake of glutamine and balancing the amino acid pools in
several tissues. ASCT2 has been also reported to be involved in
the glutamine/glutamate cycle between astrocytes and neurons
allowing for both the recycle of glutamate from the synaptic
cleft in astrocytes and its re-synthesis in neurons (Broer et al.,
1999; Leke and Schousboe, 2016). However, it has to be stressed
that the enormous interest in ASCT2 derives from the well-
acknowledged involvement in cancer development and growth.
Indeed, ASCT?2 is overexpressed in virtually all human cancers
so far analyzed thus making this transporter a valuable target
for novel drugs (Bhutia and Ganapathy, 2016; Scalise et al.,
2017b; Schulte et al., 2018). Few molecules revealed to be potent
inhibitors of ASCT2 and one of these, i.e,, V-9302, has been
tested in cell culture, tumor xenograft, and mice model for
cancers (Schulte et al, 2018), even though the specificity of
V-9302 is still controversial (Broer et al., 2018). The hASCT2
overexpression can find an explanation on at least two molecular
events. At first, on the metabolic point of view, over-expression of
hASCT?2 provides cancer cells with glutamine, one of the major
nutrients for cells under high proliferative state, in exchange
with other amino acids such as serine deriving from glucose
metabolism (Scalise et al,, 2017b). At second, the glutamine
taken up by hASCT2 may play also a role in cell signaling, for
cell growth and development, due to the regulation of mTOR
pathway with the sensing of amino acids availability in cells
(Chantranupong et al., 2015; Rebsamen et al., 2015). Deciphering
other regulatory properties and structure/function relationships
of ASCT2 is thus of primary interest. In this respect, very
recently cholesterol revealed to be important for several plasma
membrane transporters function and stability (Penmatsa et al,,
2013; Coleman et al., 2016; Dickens et al., 2017; Garcia et al.,
2019). The presence of protein-bound cholesterol, in the form of
Cholesteryl HemiSuccinate (CHEMS), has been hypothesized in
the Cryo-EM structures of the hASCT?2 trimer in both inward
and outward-facing conformations (Garaeva et al., 2018; Yu
et al,, 2019). In the present study, we sought to investigate the
relationships among cholesterol interacting with ASCT2 and
modulation of its transport activity.

MATERIALS AND METHODS

Materials

The P. pastoris wild type strain (X-33), the pPICZB vector,
zeocin, Ni-NTA agarose resin were from Invitrogen; anti-rabbit
IgG HRP conjugate from Cell Signaling; PD-10 columns, ECL
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plus, Hybond ECL membranes were from GE Healthcare; L-
[*H]Glutamine was from Perkin Elmer; anti-ASCT?2 (rabbit) was
from Millipore; conjugated anti-His antibody, C,Eg, Cholesteryl
hemisuccinate, Amberlite XAD-4, egg yolk phospholipids (3-
sn-phosphatidylcholine from egg yolk), Sephadex G-75, L-
glutamine, methyl-B-cyclodextrin (MBCD) and all the other
reagents were from Sigma-Aldrich.

Recombinant Production of hAASCT2 WT

and Mutants

To obtain the recombinant hASCT2-6His proteins, 10 pg of
pPICZB-ASCT2-6His WT or mutant constructs were linearized
with Pmel and used to transform P. pastoris wild type strain
X-33 by electroporation (Oberg et al., 2011). Putative multi-
copy recombinants were selected using YPDS plates containing
2,000 pg/ml zeocin and analyzed after 3 days as previously
described (Scalise et al., 2018b). For large scale protein
production, transformed P. pastoris cells were inoculated in
BMGY medium and grown at 30°C under rotatory stirring. To
over-express hASCT2 WT and mutants, P. pastoris cells were
centrifuged to remove the BMGY medium and resuspended
at final OD of 1 in 250 mL BMMY medium added with 0.5%
of methanol and placed in a 2L conical flask. The growth
in methanol was performed at 30°C under rotatory stirring,
for 3 days adding fresh methanol every 24h. To isolate the
membrane fraction, 30g of P. pastoris cells were resuspended
in 300ml of a buffer containing 50mM Tris HCl pH 7.4,
150 mM NaCl, 6 mM p-mercaptoethanol, and 0.5 mM PMSF and
disrupted using a bead beater (BioSpec Product). The chamber
of the bead beater was loaded with the cell suspension mixed
with glass beads (0.5 mm). After 5min, almost 90% of the cell
wall was destructed. The cell suspension was centrifuged in
a JA30.50 rotor at 108,000g for 30 min and the supernatant
containing membrane and cytosolic fractions was collected. The
supernatant was centrifuged in a JA30.50 rotor at 108,000 g for
90 min. The resulting membrane pellet was washed with urea
buffer (5 mM Tris HCI pH 7.4, 2mM EDTA, 2mM EGTA, and
4M urea) and then centrifuged as above described. The pellet
containing the washed membrane fraction was resuspended at
a final concentration of about 300 mg/ml in a buffer containing
25mM Tris HCl pH 7.4, 250 mM NaCl, 6 mM p-mercaptoethanol
and, 10% glycerol and homogenized using a potter homogenizer.
Aliquots of 3 mL of the membrane fraction were stored at —80°C
before solubilization.

Solubilization and Purification of hASCT2

WT and Mutants

For a large-scale solubilization and purification of WT hASCT2
protein and mutants, about 1.5g of washed membranes (400
mg/mL) were solubilized using a buffer containing 25 mM Tris
HCI pH 7.4, 250 mM NaCl, 6 mM p-mercaptoethanol, 1 mM L-
glutamine, 10% glycerol, and 2% C;,Eg (w/w) by rotatory stirring
for 3h at 4°C. Then, centrifugation at 18,000 g for 45 min was
performed and the supernatant was recovered for purification.
The supernatant was applied to 2mL Ni-nitrilotriacetic acid
(NTA) agarose resin pre-equilibrated with the equilibration

buffer (20 mM Tris HCI pH 7.4, 300mM NaCl, 10% glycerol,
6 mM p-mercaptoethanol, 0.03% Cj,Es, 1 mM L-glutamine, and
50 mM imidazole). The resin, after supernatant application, was
incubated over night with gentle agitation at 4°C to allow specific
binding of recombinant hASCT2 to the NiNTA resin. After
incubation, the Ni-NTA resin was packed into a column and
washed with 30 mL of the equilibration buffer. Then, 10 mL of
the elution buffer (20mM Tris HCl pH 7.4, 30 OmM NacCl,
10% glycerol, 6 mM P-mercaptoethanol, 0.03% Cj2Eg, 1 mM
L-glutamine, and 500 mM imidazole) were added. Fractions
containing purified protein were pooled to 2.5 mL and desalted
on a PD-10 desalting column pre-equilibrated with desalting
buffer (20 mM Tris HCl pH 7.4, 100 mM NaCl, 10% glycerol,
6 mM B-mercaptoethanol, 0.03% Cj,Eg, and 1 mM L-glutamine),
from which 3.5 mL were collected.

Preparation of Cholesteryl Hemisuccinate
Cholesteryl HemiSuccinate (CHEMS) was prepared in 5%
Ci2Eg, to reach the final concentration required in the
initial reconstitution mixture (see section Reconstitution of the
hASCT2 WT and mutants into liposomes) and 20 mM Tris HCI
pH 8.0. The solubilization was performed by two sonication
cycles of 2min (no pulse, 40 W) with a Vibracell VCX-130
sonifier as previously suggested (Hanson et al, 2008). The
solubilized CHEMS was centrifuged for 5 min at 10,000 g and the
supernatant was added to sonicated liposomes for 30 min under
rotatory stirring (1,200 rpm) at 23°C before reconstitution.

Protein Treatments With NEM and

Koshland’s Reagent

The purified WT or mutants hASCT2 were incubated with
0.5mM NEM during the transport assay below described. In
the case of the Koshland’s reagent (Giangregorio et al., 2019),
the purified WT hASCT2 was incubated with 0.5mM of the
reagent under rotatory stirring (1,200 rpm) at 23°C for 15 min
before reconstitution.

Reconstitution of the hASCT2 WT and

Mutants Into Liposomes

The purified WT hASCT2 protein and mutants were
reconstituted by removing the detergent using the batch-
wise method in which mixed micelles of detergent, protein and
phospholipids were incubated with 0.5 g Amberlite XAD-4 resin
under rotatory stirring (1,200 rpm) at room temperature (23°C)
for 40 min (Scalise et al., 2018a). The composition of the initial
reconstitution mixture was: 50 wL of the purified WT protein
or mutants (5 pg protein), 5 wL of 0.3 M EDTA, 340 pL of the
mixture containing 100 pL of 10% egg yolk phospholipids (w/v)
in the form of sonicated liposomes (Tonazzi et al., 2015) and 240
WL of 5% Cj2Es or CHEMS as specified in the figure legends,
10mM L-glutamine (except were differently indicated in the
figure legend), 20 mM Hepes Tris pH 7.0 in a final volume of 700
pL. All the operations were performed at room temperature.

Transport Measurements
To remove the external compounds prior functional uptake
experiments, 600 WL of proteoliposomes was passed through a
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Sephadex G-75 column (0.7 cm diameter x 15cm height) pre-
equilibrated with 20 mM Hepes Tris pH 7.0 and sucrose at an
appropriate concentration to balance the internal osmolarity.
Uptake experiment was started by adding 50 uM [*H]glutamine
and 50 mM Na-gluconate to 100 pL proteoliposomes, at 25°C.
Transport reaction was stopped by adding 100 uM HgCly;
according to the inhibitor stop method, the same inhibitor
was added at time zero to control samples (blanks) (Palmieri
and Klingenberg, 1979). At the end of the transport, 100
ML of proteoliposomes was passed through a Sephadex G-75
column (0.6 cm diameter x 8 cm height) to separate the external
from the internal liposomal radioactivity. Then, proteoliposomes
were eluted with 1 mL 50 mM NaCl and collected in 3 mL of
scintillation mixture, vortexed and counted. The experimental
values were analyzed by subtracting to each sample the respective
control (blank); the initial rate of transport was measured by
stopping the reaction after 15min, i.e., within the initial linear
range of [*H]glutamine uptake into the proteoliposomes. Grafit
5.0.13 software was used to calculate kinetic parameters, to derive
percent of residual activity values in inhibition assays and to
measure transport rate by first-order rate equation.

Cell Culture, Methyl-g-Cyclodextrin

Treatment, and Transport Assay

HeLa cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% (v/v) Fetal Bovine
Serum (FBS), 1mM glutamine and 1mM sodium pyruvate
under standard conditions, i.e., 37°C in a humidified incubator
and a 5% CO, atmosphere. Prior of methyl-B-cyclodextrin
experiments, cells were plated on 12-well plates and treatment
was performed when cells reached 70% confluence. Treatment
with 10 mM methyl-B-cyclodextrin was performed for 60 min
in the incubator in serum free medium (Dickens et al., 2017)
and then, transport assay was performed as previously described
(Console et al., 2015). In brief, cells were rinsed twice with warm
transport buffer prepared with 20 mM TrisHCI pH 7.4, 10 mM
BCH, and 10mM MeAIB. Radiolabeled 10 uM [*H]glutamine
was added together with 100 mM NaCl and the transport reaction
was terminated after 60s by discarding the uptake buffer and
rinsing the cells three times with the same ice-cold transport
buffer (500 wL per well per rinse). Cells from each well were
solubilized in 500 WL of 1% TX-100 solution. Cell extracts were
counted for radioactivity (400 pLL). The remaining 100 pL in each
well were used for protein concentration assay. Na™-dependent
glutamine transport was evaluated by subtracting the transport
values from those deriving from transport conducted in the
absence of Na't.

Cross-Link Reaction of hASCT2

The HeLa cells were plated on 10 cm? dishes an treatment was
performed when cells reached 70% confluence. Then, cells were
treated with 0.75% formaldehyde for 10 min shaking at room
temperature; the reaction was stopped using 125mM glycine
prepared in PBS for 5 min shaking at room temperature. Then,
cells were collected and washed with PBS. Cells pellet were stored
at —20°C. The purified WT hASCT2 protein, incubated in the
absence or the presence of 0.75mg CHEMS prepared as above

described, was used for the cross-link reaction with formaldehyde
diluted in 20 mM Tris HCl pH 9.0. The protein in both conditions
was treated with increasing concentrations of the cross-linker for
2 min at 23°C, as detailed in the figure legends. The reaction was
stopped adding cold 1.25M glycine solubilized in PBS. Samples
were prepared using loading dye with 10% SDS and heated for
5min at 65°C. Samples were analyzed by SDS—PAGE followed
by western blotting as described below.

Internal Volume Measurement

The internal volume of proteoliposomes prepared with different
amount of cholesterol was calculated using the colorimetric
phosphate method as previously described (Indiveri et al,
1994). In brief, different proteoliposome samples were prepared
including, in the reconstitution mixture, 50 mM dipotassium
phosphate (K;HPOy4). After elution from Sephadex G75,
buffered without phosphate, 100 wL of sample were used
for the colorimetric reaction with 150 wL of 10% SDS and
700 WL of solution R (prepared with 10 mM hexammonium
heptamolybdate 4-hydrate, 0.3mM of H,SO4, and 0.1 mM
FeSO4). After incubating samples in the dark for 30 min, the
absorbance was measured using spectrophotometer analysis
(wavelength = 578 nm). Internal volume in pL was derived from
nmol of phosphate included in liposomes.

Molecular Docking Approach

To identify cholesterol binding sites in ASCT2 transporter
(PDB: 6GCT), molecular docking was performed using Autodock
4.2 (Forli et al, 2016). At first, a blind docking was made,
generating a grid which covered the whole trimer. The size
of the grid box was set to 114 x 114 x 114 A (x, y,
and z). The optimized ligand molecule was docked into
refined ASCT2. The best conformation space of the ligand
was searched employing the Lamarckian Genetic Algorithm.
Default parameters were used and 20 different conformers
were generated for cholesterol molecule. Other six refined
docking simulations were then carried out for accurate results.
For each docking, a grid box with reduced size and space
between gridpoints was generated in a specific area. For
each docking process, the number of generation was reduced
to 10 conformers. The best final pose was chosen giving
priority to the lowest binding-energy conformation. As a further
docking proof, a blind docking calculation was also performed
with Achilles Blind Docking Server (https://bio-hpc.ucam.edu/
achilles/) (Sanchez-Linares et al., 2012). Molecular graphics and
visualization of the amino acids involved in the interaction
with cholesterol were performed with the UCSF Chimera 1.13.1
software (Pettersen et al., 2004) (Resource for Biocomputing,
Visualization, and Informatics, University of California, San
Francisco, CA, USA).

Other Methods

The amount of purified recombinant hASCT2 WT and mutants
was estimated from Coomassie blue-stained 12% SDS-PAGE
gels by using the Chemidoc imaging system equipped with
Quantity One software (Bio-Rad) as previously described
(Torchetti et al., 2011). The cross-linked samples were analyzed
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FIGURE 1 | Effect of cholesterol on hASCT2 reconstitution in proteoliposomes. (A) Purified WT hASCT2 was reconstituted in proteoliposomes prepared with the
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indicated amounts of CHEMS per mg phospholipids as described in Materials and Methods. Transport assay was started adding 50 uM of [*H]glutamine and 50 mM
Na-Gluconate to proteoliposomes containing 10 mM glutamine. Transport was measured in 20 min, i.e., within the initial linear part of the time course. Transport rate
was expressed as hmol/mg prot/min (o, left y-axis). In the right y-axis, the internal volume of proteoliposomes used for the transport assay was calculated as described
in Materials and Methods (e). (B) Experimental data obtained from experiments shown in (A) were analyzed subtracting each value corresponding to a specific
CHEMS amount to the condition in which CHEMS was not present in the reconstitution mixture. Data were then plotted using non-linear Michaelis- Menten equation
as described in Materials and Methods excluding data of high CHEMS amount, i.e., 100 and 150 ng/mg phospholipids, because out of the plot range. (C) Samples (a
volume corresponding to 1% of the total reconstitution mixture) derived from (A) were subjected to SDS-PAGE and western blotting analysis, as described in Materials
and Methods, for evaluating the incorporation of hASCT2 into proteoliposomes prepared with the indicated amount of CHEMS. Recombinant protein, harboring a 6His
tag at the C-terminus, was detected using anti-His antibody. (D) Relative quantification of band intensity from western blotting of (C). In (A,B) data are means + SD of

three independent experiments. In (C), a representative image of three different experiments; in (D) data are means + SD of three different western blotting analysis.

on 8% SDS-PAGE. For Western Blot analysis, hASCT2 was
immuno-detected incubating membrane with conjugated anti-
His antibody 1:10,000 in 3% BSA for 1h at room temperature
or with anti-hASCT2 (1:1,000) incubated overnight in 3% BSA
under shaking at 4°C and then 1h at room temperature with
secondary antibody anti-rabbi (1: 5,000) in 1% BSA. The reaction
was detected by Electro Chemi Luminescence (ECL) assay in
the darkroom.

RESULTS

Effect of Cholesterol on the hASCT2

Reconstitution and Function

The effect of cholesterol on the transport function of ASCT2
was studied using the proteoliposome experimental model
which allows modifying the lipid composition of the membrane.
Cholesterol, in the form of cholesteryl hemisuccinate (CHEMS),
was added to the lipid/detergent mixture before the formation
of proteoliposomes, as described in Materials and Methods.
As shown in Figure 1A, cholesterol strongly stimulated the

transport activity of hASCT2 measured as sodium-dependent
glutamine antiport (Na;’;( -*H] glutamine.y/glutaminejy ).
Maximal stimulation was observed at a cholesterol concentration
of 75 pg/mg total lipids corresponding to 7.5% cholesterol
which falls within the physiological cholesterol concentration
in cells (Litvinov et al, 2018); at higher concentrations, the
activity dramatically decreased. To investigate whether the
increase of [*H]glutamine accumulation could simply be due to
an increase in the internal space of proteoliposomes caused by
the inclusion of cholesterol, the internal volume was measured.
Nearly no variations were observed at the various concentration
of cholesterol, with respect to the control, indicating that
cholesterol does not affect the internal proteoliposome volume
(Figure 1A). Thus, the stimulation may be caused by an effect
of cholesterol in improving the protein insertion into the
membrane and/or the kinetics. The hyperbolic trend of the
data up to 75 pg/mg total lipids (Figure 1B) observable after
subtracting the control value (absence of cholesterol), correlates
with a saturation process which is typical of protein-ligand
interactions. A further increase in cholesterol concentration
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FIGURE 2 | Effect of cholesterol on kinetics of hASCT2 reconstituted in
proteoliposomes. Purified hASCT2 was reconstituted in proteoliposomes
prepared without CHEMS (o) or with 75 .g/mg phospholipids CHEMS () as
described in Materials and Methods. Transport was started by adding
indicated concentrations of [*H]glutamine and 50 mM Na-Gluconate to
proteoliposomes containing 10 mM glutamine. Transport was stopped after
15min and analysis of the data was performed according to linear
Lineweaver-Burk plot as reciprocal transport rate vs. reciprocal glutamine
concentration. Data are means + SD of three independent experiments.

impaired the transport function. To gain further insights
into the mechanism of stimulation of the transport activity,
the amount of protein incorporated into proteoliposomes at
increasing cholesterol concentrations was detected (Figure 1C).
As shown by the Western blot, protein incorporation increased
by increasing the cholesterol concentration with a maximum
at 50 pg/mg total lipids of cholesterol. Thus, the increase
in reconstituted protein amount did not exactly follow the
increase in transport activity (Figure1D), as indicated by
the low correlation coefficient of 0.78 calculated for the two
sets of data. Taken together, these results showed that the
effect on reconstitution of hASCT2 into proteoliposomes is
not the sole responsible for transport stimulation. To gain
further insights into these aspects, kinetics was studied in
the absence or presence of cholesterol (Figure2). The Ky,
for glutamine was not substantially changed in the absence
or presence of cholesterol while the Vp,,x increased about
three times (113 £ 26.6 nmol - mg ~! - min~! and 370 +
79.3 nmol - mg ~! - min~! in the absence or the presence
of cholesterol, respectively). Furthermore, to evaluate the
effect of cholesterol in the transport cycles resembling those
occurring in physiological conditions, the heterologous
exchanges Na*t-[*H]glutamine,y/asparagine;,, Na™-
[*H] glutaminecy/threonine;,, or Na*t- [*H] glutamine.y/serinejy,
were measured (Figure 3A). Interestingly, the addition of
cholesterol was much more effective on the heterologous antiport
of [3H]glutamineex/serinein and [3H]glutamineex/threoninem
(six and nine times stimulation, respectively) than on the
homologous antiport (two times stimulation) or the heterologous
[H]glutaminecy/asparagine;, antiport (three times stimulation).
The effect of cholesterol was shown also in intact HelLa
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FIGURE 3 | Effect of cholesterol on transport activity mediated by hASCT2. In
(A), purified hASCT2 was reconstituted in proteoliposomes prepared without
CHEMS or with 75 png/mg phospholipids CHEMS as indicated and described
in Materials and Methods. Transport assay was started adding 50 uM of
[BH]glutamine and 50 mM Na-Gluconate to proteoliposomes containing

10 mM glutamine (black bar) or asparagine (dark gray bar) or threonine (light
gray bar) or serine (white bar). Initial transport rates were calculated as k x limit
(nmol/mg prot/min) from the first-order rate equation used to plot the time
course data. Data are means + SD of three independent experiments. In (B),
Hela cells were treated with 10 mM methyl-p-cyclodextrin (MCD) as described
in Materials and Methods. Transport was started adding 10 wM [°H]glutamine
in the presence or in the absence of 100 MM NaCl. Transport activity was
calculated as the percent of residual activity with respect to the control
condition (without MCD in the transport assay). *Significantly different from the
control sample (proteoliposomes prepared without CHEMS in A or without
MCD in B) as estimated by Student’s t-test (P < 0.05).

cells treated with methyl-B-cyclodextrin, which is a known
cholesterol depleting reagent (Dickens et al, 2017). In line
with results obtained in proteoliposomes the Na'-dependent
glutamine transport was impaired upon cholesterol deprivation
(Figure 3B).

Docking of Cholesterol to the 3D Structure
of hASCT2

To shed new lights on the molecular mechanisms underlying
effects of cholesterol on the transport activity of ASCT2 and
in agreement with the data of Figurel, direct binding of
cholesterol to the protein was hypothesized. This correlated
well with previous structural data that showed electron density
areas in the 3D structure of the hASCT2 trimer (Garaeva
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FIGURE 4 | 2D schematic representation of a protomer organization. TransMembrane domains (TMs) of hASCT2 are depicted in dark gray (scaffold domain) or light
gray (transport domain); HP1 and HP2 hairpins connect TM6-8; loops between TMs are indicated in lines. N- and C-termini of the protein face to the intracellular
space delimited by the membrane.

Bottom view ([
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FIGURE 5 | Docking of cholesterol molecules with hAASCT2. Bottom view (left) and side view (right) of the trimeric hRASCT2 (PDB: 6GCT). Cholesterol molecules,
indicated by letters A, B, C, D, E, and F are depicted as red sticks with mesh surface interacting with the scaffold domain (TMs 1,2,4,5 in dark gray ribbon) and with
the transport domain (TMs 3,6,7,8, HP1 and HP2 in the light gray ribbon) of a protomer. The numbering of TMs corresponds to those described in Figure 4. Dotted
gray lines indicate missing residues in the 3D structure (PDB: 6GCT). The structure was visualized using Chimera 1.13.1 software.

et al, 2018; Yu et al, 2019). To predict the possible sites
of interaction, docking of cholesterol into the hASCT2 trimer
was performed. As shown in Figures4-6, at least six sites
were predicted. Some of these poses, i.e., those indicated by
A, B, C, and D well overlap the electron density areas in
the recently published 3D structures (Garaeva et al,, 2018; Yu
et al,, 2019). Interestingly, two additional poses, indicated by
the letters E and F resulted from the docking. Noteworthy,
the mentioned poses E and F were docked close to CARC
(pose E, TM6) and CRAC (pose F, TM6) motifs that are well-
acknowledged binding sites for cholesterol. CRAC is an acronym
standing for Cholesterol Recognition/interaction Amino acid
Consensus sequence, while CARC is considered as an inverted
CRAC domain (Fantini and Barrantes, 2013; Fantini et al,,
2019). Moreover, pose D (TM3), also present in the 3D
structure, is docked close to a R-W-L domain that is considered
a simil-CARC/CRAC domain (Fantini and Barrantes, 2013).
To prove that indeed cholesterol binds to the protein, a
strategy based on the specific targeting of residues located
in the neighborhood of cholesterol molecules was employed.
According to this approach, we sought to evaluate the possible

prevention of chemical targeting by the cholesterol added to
the proteoliposomes.

Targeting Tryptophan Residues by the

Koshland’s Reagent

The Koshland’s reagent was employed due to its acknowledged
specific reactivity toward tryptophan residues at pH 7.0. In
particular, the reaction triggers a chemical modification of the
indole ring of the tryptophan side chain (Loudon and Koshland,
1970). The purified WT hASCT2 was treated with Koshland’s
reagent as described in Materials and Methods in the presence
or the absence of cholesterol (Figure 7). The treatment of the
protein with the reagent had nearly no effect in the absence of
cholesterol indicating that the modification of such residues does
not influence the protein activity, i.e., tryptophan residues are
not crucial for transport function. The reagent, on the contrary,
prevented the stimulation exerted by cholesterol by roughly
30%, indicating that tryptophan residues might be critical for
the interaction with cholesterol thus confirming the predicted
location of cholesterol in the vicinity of those residues (poses
letters C, D, and E; see related Figure 6).
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Targeting Cysteine Residues With
SH-Reagents

Following the same experimental setup, changes of the reactivity
toward SH reagents was also investigated considering that
the poses B and E are predicted to be in the vicinity of
cysteine residues. Previous work showed that hASCT?2 transport
activity is stimulated by DTE that reduces thiol residues of
cysteines (Scalise et al., 2018b); interestingly, in the presence
of cholesterol, the stimulation by DTE was nearly abolished
(Figure 8A). Interestingly, the addition of DTE had no effect
on transport measured in HeLa cells (not shown) where
the ASCT2 should have an optimal cholesterol milieu. To
further investigate this issue, the transporter was treated with
SH reagents previously shown to interact with the protein,
causing transport inhibition. The treatment of WT hASCT2
with HgCl, was performed using proteoliposomes prepared
in the presence or absence of cholesterol; as expected, HgCl,
exerted strong transport inhibition (Figure 8B); interestingly,
the presence of cholesterol protected from the inhibition. A
similar experiment was performed with the SH alkylating reagent
NEM and, also, in this case, significant protection by cholesterol
was observed (Figure 8B). These results indicated that some
cysteine residues of the hASCT2 are masked by one or more
bound cholesterol molecules (Figures 6B,E). The availability
in our laboratory of some cysteine mutants (Scalise et al,
2018b), together with the previous finding that C467 is the
major target of SH reagents, allowed us to map the presence
of the new predicted cholesterol pose E (Figure 6E) facing
to the C467 residue. Therefore, the extent of inhibition by
HgCl, was evaluated on three mutants, i.e., C308A, C309A,
and C467A reconstituted in proteoliposomes prepared in the
absence or in the presence of cholesterol (Figure 9A). The data
showed that the protection of HgCl, binding and inhibition
by cholesterol in the mutants was different with respect to
the WT. The protection index was calculated as the ratio
between residual activity in the presence and in the absence
of cholesterol (dotted boxes in the Figure 9A) confirming that
protection observed in the WT was lost or much smoothed in
the three mutants indicating that a cholesterol molecule may
mask one or more of the three cysteine residues. Furthermore,
the same experiment was conducted using the C110A mutant
(Figure 9A) since this residue lies in the neighborhood of the
cholesterol pose B which corresponded to an electron density
area in the previously published 3D structure (Figure 6B).
Also, in this case, protection was observed. However, differently
from C308A, C309A, and C467A data, the protection index
was more similar to that of the WT. This may indicate that
either the cysteine is targeted by HgCl, without consequences
for the transport activity, or that this cysteine residue is not
easily accessible to the provided reagent given its location in
the core of the scaffold domain of the homotrimer (Figure 4).
Therefore, the alkylating reagent NEM was employed on
the C308A, C309A, C467A, and C110A mutants (Figure 9B).
Interestingly, the observed results were very similar to those
obtained with HgCl, even if the extent of inhibition and, hence,
of protection by cholesterol were less strong than those observed
using HgCl,.

FIGURE 6 | Enlargements of cholesterol poses. Cholesterol molecules are
depicted as red sticks with mesh surface facing to residues of neighboring
helices in scaffold domain (dark gray ribbon) or transport domain (light gray
ribbon). (A) Cholesterol facing to TMs 2, 4¢ (scaffold domain) and HP2
(transport domain) of a protomer. (B) Cholesterol facing to TMs 2, 4b and 5
(scaffold domain) of two protomers; in gray stick, residue C110. (C)
Cholesterol facing to TM4c (scaffold domain) of a protomer and TM2 and TM5
(scaffold domain) of the adjacent protomer; in gray stick, residue W272. (D)
Cholesterol facing to TMs 3, 6 and 8 (transport domain) of a protomer; in gray
stick, residue W130. (E) Cholesterol facing to TM6 (transport domain)
including CARC motif and TM8 (transport domain); in gray stick, residues
C308 and C309 (TM6) and W461 and C467 (TM8). (F) Cholesterol facing to
TMB (transport domain) including CRAC motif and HP1 (transport domain) of a
protomer. Except those indicated in gray stick, all residues are indicated as

gray wire. The structure was visualized using Chimera 1.13.1 software.

Effect of Cholesterol on the Homotrimer

Formation of hASCT2

The 3D structure of ASCT2, as well as the previous homology
models obtained on the GItPh and on the hEAAT1 (Yernool
etal., 2004; Canul-Tec et al., 2017), share a trimeric organization
(Garaeva et al.,, 2018; Scalise et al.,, 2018b; Yu et al., 2019).
This oligomeric form is very probably the functional one as
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FIGURE 7 | Effect of Koshland's reagent on cholesterol stimulation of hRASCT2
reconstituted in proteoliposomes. Purified hASCT2 was incubated (e, ) or
not (o, 0J) with 0.5 mM Koshland’s reagent prior reconstitution. After treatment
with the Koshland’s reagent, the protein was reconstituted in proteoliposomes
prepared without CHEMS (o, ®) or with 75 png/mg phospholipids CHEMS ([,
) as described in Materials and Methods. Transport assay was started
adding 50 pM of [2H]glutamine and 50 mM Na-Gluconate to proteoliposomes
containing 10 mM glutamine. Transport was stopped as described in Materials
and Methods at the indicated time points. Values were plotted according to
the first-order rate equation. Data are means + SD of three independent
experiments.

it was indicated by previous kinetic and functional studies
(Pingitore et al., 2013; Scalise et al., 2014). To address this issue,
a cross-linking approach was employed in intact cells using
formaldehyde (Sutherland et al., 2008). The experiment showed
that in HeLa cells ASCT2 is mostly assembled in a trimeric
form (Figure 10A). The effect of cholesterol on the trimeric
form of hASCT2 was further evaluated using the recombinant
purified protein in a cross-linking reaction conducted by adding
cholesterol to the protein. The western blot analysis suggested
that the presence of cholesterol facilitated the formation of
ASCT2 trimer with respect to the samples with no added
cholesterol (Figure 10B) as indicated by both the decrease of
the monomer band and the increase of the band at a triplicate
apparent molecular mass.

DISCUSSION

Interaction Between Cholesterol and

Membrane Proteins

In the recent years, the studies on SLCs received more
and more attention for either physiological and pathological
aspects given their well-acknowledged role in mediating traffic
of nutrients, catabolites, drugs, and xenobiotics across cell
membranes and within cells across intracellular compartments.
Besides function and kinetics, characterization of regulatory
properties of membrane transporters represents a novel and
promising field of investigation that is still in nuce (Cesar-
Razquin et al., 2015). In this scenario, a very important
issue is the influence that the lipid milieu can exert on
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FIGURE 8 | Effect of SH reagents on the transport activity of hASCT2
reconstituted in proteoliposomes. (A) Effect of DTE. Purified hASCT2 was
reconstituted in proteoliposomes prepared without CHEMS (o, ®) or with 75
wg/mg phospholipids CHEMS (L], M) as described in Materials and Methods.
Transport was started by adding 50 uM [*H]glutamine and 50 mM
Na-Gluconate in the absence (o, [J) or the presence (e, B) of 10 MM DTE, to
proteoliposomes containing 10 MM glutamine. Transport was stopped as
described in Materials and Methods at the indicated time points. Values were
plotted according to the first-order rate equation. (B) Effect of HgCl, and NEM.
Purified hASCT2 was reconstituted in proteoliposomes prepared without
CHEMS (dark gray bars) or with 75 ng/mg phospholipids CHEMS (light gray
bars) as described in Materials and Methods. Transport was started by adding
50 uM [PH]glutamine and 50 mM Na-Gluconate, in the presence of 20 uM
HgCl, or 0.5 mM NEM, to proteoliposomes containing 10 mM glutamine.
Transport was measured in 20 min. Transport activity was calculated as the
percent of residual activity with respect to the control condition (without any
addition in the transport assay). *Significantly different from the control sample
(proteoliposomes prepared without CHEMS) as estimated by Student’s t-test
(P < 0.05). In (A,B) data are means + SD of three independent experiments.

transporter function. Among membrane lipids, cholesterol is of
special interest since besides influencing physical properties of
membranes (Yang et al., 2016; Fantini et al., 2019), it mediates
the interaction between the transmembrane domains of proteins
and the membrane interior thereby modulating protein function
(Fantini and Barrantes, 2013). Noteworthy, over the years,
some protein motifs have been described which are responsible
for cholesterol binding: the best known are the CRAC and
CARC (inverted CRAC) motifs (Li and Papadopoulos, 1998).
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FIGURE 9 | Effect of HgCl, and NEM on transport activity of hAASCT2 WT and
Cys mutants reconstituted in proteoliposomes. Effect of HgCl, (A) or NEM (B).
Purified hASCT2 WT, C308A, C309, C467A or C110A was reconstituted in
proteoliposomes prepared without CHEMS (dark gray bars) or with 75 pg/mg
phospholipids CHEMS (light gray bars) as described in Materials and Methods.
Transport was started by adding 50 uM [PH]glutamine and 50 mM
Na-Gluconate in the presence of 20 WM HgCl, (A) or 0.5 mM NEM (B), to
proteoliposomes containing 10 MM glutamine. Transport was measured in
20min. The boxes grouped the residues corresponding to the indicated poses
(see Figure 6). Dotted boxes indicated the protection index calculated as the
ratio between residual activity in the presence of CHEMS and the residual
activity in the absence of CHEMS. Transport activity was calculated as the
percent of residual activity with respect to the control condition (without any
addition in the transport assay). *Significantly different from the control sample
(proteoliposomes prepared without CHEMS) as estimated by Student’s t-test
(P < 0.05). Data are means + SD of three independent experiments.

Binding of cholesterol to transmembrane domains may also
occur at motifs not completely overlapping CARC and CRAC
(Fantini and Barrantes, 2013). This scenario has been depicted
for different eukaryotic membrane transporters; interestingly,
the first report dealing with cholesterol effects on a eukaryotic
membrane transporter has been published in the 1970s. In this
work, it has been shown that the activity and also the affinity of a
glucose transporter is modulated by sterols (Komor et al., 1974).
Later on, the effect of cholesterol has been also evaluated on the
Na™ pump in human blood cells (Giraud et al., 1976) and also on
ion channels (Brini et al., 2017). Recently, other studies have been
conducted and more refined results have been obtained thanks
to the resolution of 3D structures such as in the case of DAT
from Drosophila melanogaster (Penmatsa et al., 2013), hSERT
(Coleman et al., 2016), hLAT1 (Yan et al., 2019).

Anti ASCT2
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180 »

Low exposure
180 B

Anti His

55 b

oew ge-
FIGURE 10 | Cross-linking analysis of hASCT2. In (A), immunoblot analysis of
protein extracted from Hela cells treated with 0.75% formaldehyde as
described in Materials and Methods. Samples (50 g total lysate) were
subjected to SDS-PAGE and immunoblot with anti-hASCT2 (1:1,000); (-),
control without formaldehyde; (+), sample treated with formaldehyde. In (B),
immunoblot analysis of purified hASCT2 treated with 1 or 4% formaldehyde as

described in Materials and Methods. Samples were subjected to SDS-PAGE
and immunoblot with anti-nASCT2 (1:1,000).

Combination of Computational Analysis

and Chemical Targeting Approaches

In the current work, a combined strategy of experimental
and computational approaches has been used for describing
the effects of cholesterol bound to the hASCT2. It is worth
noting that docking of cholesterol is particularly challenged by
its hydrophobic nature and, hence, experimental validation is
useful to confirm the predictions (Listowski et al., 2015). The
employed strategy allowed us to compare the transport function
and kinetics under conditions of absence (or low content) with
the increased cholesterol content. The range of used cholesterol
concentrations does not affect the size of proteoliposomes and,
hence, the observed effects are due to direct interaction with
the protein. The presence of saturable sites for cholesterol on
hASCT2 has been suggested by the hyperbolic dependence
of transport activity on cholesterol concentrations. This has
been further confirmed by the activity impairment at higher
cholesterol concentrations (Figure 1). The results correlate with
the presence of multiple cholesterol sites on each protein
monomer as observed in the case of the nicotinic receptor (Baier
et al., 2011). Interestingly, cholesterol did not change the Ky,
for glutamine, while strongly affected the initial transport rate
(Figures 2, 3). This finding indicates that the structure and/or the
binding properties of the active site do not vary, while cholesterol
probably influences the rate of conformational changes that are
at the basis of the elevator mechanism of transport. Indeed,
four out of six poses are on the transport domain: three
cholesterol molecules face toward the lipid bilayer, one faces
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toward the scaffold domain. Cholesterol may play a major role in
mediating the interaction with the phospholipid bilayer favoring
the sliding of the elevator. This finding can be relevant in terms
of the biological function of ASCT2 favoring an increase of
glutamine uptake when cells undergo high proliferation (Scalise
et al., 2018a). In this condition, glutamine is exchanged with
smaller amino acids such as serine allowing the net uptake of
at least one carbon atom used in the truncated form of TCA
for energy production from glutamine carbon skeleton (Scalise
etal.,, 2017b). Interestingly, the reaction serine;j,/glutaminey was
stimulated by cholesteryl hemisuccinate more than the other
hetero-exchanges (Figure 3A). This indicates that cholesterol
may exert a specific modulation of serine binding to the internal
site, increasing the rate of conformational changes underlying the
transport reaction. Indeed, allosteric sites for lipid binding have
been recently described in the ASCT2 structure (Garaeva et al,,
2019). Therefore, it can be speculated that cholesterol may act as
another key regulation point of hASCT2 transport activity and/or
stability in the plasma membrane, required in both physiological
and pathological conditions. Interestingly, cholesterol membrane
content is modulated in cancer cells (Garcia-Bermudez et al,,
2019). It is worth noting that docking performed with cholesteryl
hemisuccinate or cholesterol perfectly overlapped (not shown)
in line with the observation that cholesteryl hemisuccinate and
cholesterol show similar properties in cell membranes and the
interaction with proteins. Indeed, cholesteryl hemisuccinate is
virtually always used for studying protein-cholesterol interaction
(Kulig et al., 2015).

Identification of Cholesterol Poses on
ASCT2 Transport Protein

Interestingly, the pose shown in Figure 6C occupies a site which
overlaps the allosteric site described in SLC1A3 as the binding site
of the inhibitor UCPH¢; (Canul-Tec et al., 2017). In addition,
the pose shown in Figure 6D is included in a non-canonical
cholesterol binding motif very close to another key regulatory
point of hASCT2, that is the PDZ binding domain; interestingly,
cholesterol has been shown to regulate also the interactions
between PDZ binding domain and scaffold proteins (Sheng et al.,
2012). Furthermore, the protection by cholesterol on the SH
reagents HgCl, and NEM is prevented in the case of cysteine
mutants C308 and C309 which lie on the CARC motif of the
pose E. When looking at the C467A mutant the protection by
cholesterol was not measurable. This may indicate that in the WT
protein, cholesterol that binds in the vicinity of C308 and C309
residues, can reduce the inhibition by HgCl, caused by binding

Baier, C. J., Fantini, J., and Barrantes, F. J. (2011). Disclosure of
cholesterol recognition motifs in transmembrane domains of the

human nicotinic acetylcholine receptor. Sci. Rep. 1:69. doi: 10.1038/srep
00069

Bhutia, Y. D., and Ganapathy, V. (2016). Glutamine transporters in mammalian
cells and their functions in physiology and cancer. Biochim. Biophys. Acta 1863,
2531-2539. doi: 10.1016/j.bbamcr.2015.12.017

of the reagent to C467. When this cysteine residue is missing,
also protection by cholesterol is less evident. It is important to
note that C467 is one of the residues responsible for substrate
recognition in hASCT2 but cholesterol does not affect the Ky,
for glutamine. Indeed cholesterol does not enter the substrate-
binding site (pose E) but is peripherally located and exposed
toward the residues C308, C309. This location, therefore, only
influences the environment involved in the reagent reaction with
C467. Cholesterol molecules are also predicted and described
in the 3D structure (Yu et al., 2019) to interact with the
scaffold domain. Thus, besides the effect on the function of
hASCT2, cholesterol may play also a role in the stabilization
of the trimer. Indeed, the two poses interacting with the
scaffold domain (Figures 6B,C), take contact with two different
subunits. The cross-linking experiment on the recombinant
protein confirms the hypothesis. The trimer formation is, indeed,
required for the proper functionality of the protein which is
almost exclusively present in a trimeric form in the plasma
membrane (Figure 10A). In conclusion, the suggested physical
interaction of cholesterol with hASCT2 has been confirmed at the
functional level by employing biochemical and bioinformatics
approach. Further work is in the course to better define the
molecular determinants of such interactions and to identify other
potential sites.
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The Human SLC1A5 Neutral Amino
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pH-Dependent Glutamate/Glutamine
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ASCT2 is a neutral amino acid transporter, which catalyzes a sodium-dependent
obligatory antiport among glutamine and other neutral amino acids. The human ASCT2
over-expressed in Pichia pastoris and reconstituted in proteoliposomes has been
employed for identifying alternative substrates of the transporter. The experimental
data highlighted that hASCT?2 also catalyzes a sodium-dependent antiport of glutamate
with glutamine. This unconventional antiport shows a preferred sidedness: glutamate
is inwardly transported in exchange for glutamine transported in the counter direction.
The orientation of the transport protein in protecliposomes is the same as in the cell
membrane; then, the observed sidedness corresponds to the transport of glutamate
from the extracellular to the intracellular compartment. The competitive inhibition exerted
by glutamate on the glutamine transport together with the docking analysis indicates
that the glutamate binding site is the same as that of glutamine. The affinity for glutamate
is lower than that for neutral amino acids, while the transport rate is comparable
to that measured for the asparagine/glutamine antiport. Differently from the neutral
amino acid antiport that is insensitive to pH, the glutamate/glutamine antiport is pH-
dependent with optimal activity at acidic pH on the external (extracellular) side. The
stimulation of glutamate transport by a pH gradient suggests the occurrence of a
proton flux coupled to the glutamate transport. The proton transport has been detected
by a spectrofluorometric method. The rate of proton transport correlates well with
the rate of glutamate transport indicating a 1:1 stoichiometry H*: glutamate. The
glutamate/glutamine antiport is also active in intact HelLa cells. On a physiological
point of view, the described antiport could have relevance in some districts in which
a glutamate/glutamine cycling is necessary, such as in placenta.

Keywords: amino acid, SLC, glutamine, glutamate, membrane, transport, proteoliposome

Abbreviations: BBB, Blood Brain Barrier; BMGY, Buffered Glycerol-complex Medium; BMMY, Buffered Methanol-complex
Medium; C;,Eg, Octaethylene glycol monododecyl ether; CNS, Central Nervous System; CryoEM, CryoElectron Microscopy;
DEPC; diethyl pyrocarbonate; DMEM, Dulbecco’s Modified Eagle Medium; DTE, DiThioErythritol; SLC, SoLute Carrier;
YPDS, Yeast Extract Peptone Dextrose Sorbitol.
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INTRODUCTION

The fifth member of the SLC1 family, ASCT2 (SLC1A5), attracted
the attention of the membrane transport scientific community
in the last years for its link with the metabolic rewiring occurring
in cancer cells. The increased efforts in studying this transporter
revealed novel physiological roles in the regulation of the amino
acid homeostasis (Scalise et al., 2018a; Freidman et al., 2020) and
brought to the resolution of the 3D structure (Garaeva et al.,
2018). Since its first isolation in mice and human cells, ASCT2
was described as a sodium-dependent obligatory antiporter of
neutral amino acids with specificity toward Ala, Ser, and Cys as
indicated by the acronym ASCT2. Soon after its basic functional
characterization, glutamine revealed to be the preferred substrate
of the protein. This data was obtained in studies conducted in
intact cell systems as well as in proteoliposomes using the murine
and the human isoforms of ASCT2 either in native form or
obtained by over-production in P. pastoris (Utsunomiya-Tate
et al.,, 1996; Torres-Zamorano et al., 1998; Oppedisano et al.,
2007; Pingitore et al., 2013). Interestingly, the availability of
the recombinant hASCT2 together with its reconstitution in
proteoliposomes allowed solving some controversies around this
protein. As an example, it was demonstrated that the antiport
of neutral amino acids, coupled to the movement of at least
one sodium ion, is electrogenic in contrast with the previous
believing describing an electroneutral exchange of amino acids
and sodium. The intracellular sodium is an allosteric regulator
of the hASCT?2 transport function (Scalise et al,, 2014). The
kinetics of transport reaction obeys to a random simultaneous
mechanism in which the three substrates do not influence the
affinity of the transporter toward each other. A trimeric assembly
of hASCT2 was proposed by cross-linking experiments. In this
quaternary structure, the monomers work independently from
each other (Scalise et al., 2014). Later on, the 3D structure of
ASCT2 was solved by CryoEM employing the protein over-
produced in P. pastoris (Pingitore et al., 2013; Garaeva et al.,
2018, 2019), confirmed that the protein is organized as a trimer
in the plasma membrane. The high affinity of hASCT2 toward
glutamine underlies its role in cancer (Bhutia et al, 2015;
Scalise et al., 2018a). Indeed, cancer cells are glutamine addicted
and require a great supply of this amino acid to sustain their
high proliferation rate both in terms of biomass and energy
production. Interestingly, ASCT?2 is overexpressed in virtually all
human cancers, thus, it is not a surprise that this protein became a
hot target for drug design (Bhutia et al., 2015; Scalise et al., 2018a).
Therefore, one of the most attractive topics around hASCT?2 is
defining the molecular determinants for the substrate specificity.
Understanding this basic aspect is, indeed, fundamental in
either physiological studies and pharmacological applications.
In this respect, it was recently described that cysteine is not a
substrate of ASCT2 but acts as an allosteric regulator driving
a glutamine efflux in intact cells as well as in proteoliposomes
(Scalise et al., 2015). Then, data on the substrate-binding site
were obtained by site-directed mutagenesis (Scalise et al., 2018a),
which correlated well with the 3D structure (Garaeva et al,
2018, 2019). Soon after, the modulation of the transport function
by cholesterol was described by structure/function relationship

studies (Scalise et al., 2019). Again, this last finding correlated
well with structural data obtained by CryoEM (Yu et al., 2019).
In the frame of substrate specificity, previous results showed
that some transporters of the SLC1 family, as well as their
bacterial homologs, can be forced to switch the specificity from
neutral amino acids to acidic ones (glutamate or aspartate) or
vice versa, by mutating some specific residues (Scopelliti et al.,
2013, 2018; Canul-Tec et al., 2017). Noteworthy, besides these
artificial mutations, the very first report on mice ASCT2 showed
Na™ and pH-dependent transport of glutamate with a Km in the
millimolar range, indicating a lower affinity compared to that of
neutral amino acids (Utsunomiya-Tate et al., 1996; Broer et al,,
1999). Then, it was shown that glutamate triggered the glutamine
efflux in rat astrocytes but without a definitive molecular
explanation (Deitmer and Rose, 1996; Broer and Brookes,
2001). The rat ASCT2 reconstituted in liposomes catalyzed a
glutamine/glutamate antiport even though at a lower efficiency
in comparison to that of neutral amino acids (Oppedisano et al.,
2007) correlating with the data collected in intact cells. No data
on direct glutamate transport by the human isoform of ASCT2
was available so far, then, we have further dealt with the issue
of substrate “adaptation” by investigating the capacity of the
hASCT?2 to transport glutamate and aspartate. Indeed, we here
demonstrated that the wild type hASCT2 can mediate a Na™
dependent aspartatee-glutamateey/glutamine;, antiport without
any artificial modification of its primary structure. This novel
aspect represents a step forward in the understanding of the
actual physiological role of hASCT2 with potential outcomes also
in pharmaceutical applications.

MATERIALS AND METHODS

Materials

The P. pastoris wild type strain (X-33), the pPICZB vector,
zeocin, Ni-NTA agarose resin were from Invitrogen; PD-
10 columns were from GE Healthcare; L-[>H]Glutamine
and L—[3H]glutamic acid were from Perkin Elmer; CiyEg
was from TCI Europe; Cholesterol, Amberlite XAD-4, egg
yolk phospholipids (3-sn-phosphatidylcholine from egg yolk),
Sephadex G-75, L-glutamine, L-glutamic acid monosodium
salt, DEPC, valinomycin, nigericin, pyranine (8-Hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt) and all the other reagents
were from Sigma-Aldrich.

Recombinant Production of
hASCT2-6His

To produce the recombinant hASCT2-6His protein a previously
pointed out approach was employed (Pingitore et al., 2013).
In brief: 10 pg of pPICZB-ASCT2-6His WT construct was
linearized with Pmel. The linearized plasmid was used to
transform P. pastoris wild type strain X-33 by electroporation
(Oberg et al,, 2011). Prior large scale protein production,
transformed P. pastoris cells were selected using YPDS plates
containing 2,000 pg/ml zeocin; then, cells were inoculated in
BMGY medium (Buffered glycerol-complex medium) and grown
at 30°C under rotatory stirring (Scalise et al., 2018b). Then, the
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BMGY medium was removed by centrifuging P. pastoris cells
which were resuspended at final OD of 1 in 250 ml BMMY
medium (Buffered complex methanol medium) containing 0.5%
methanol. The cells were placed in a 2 L conical flask and
grown in the same medium at 30°C under rotatory stirring,
for 3 days. Fresh methanol was added every 24 h. The
P. pastoris membrane fraction was prepared using, as starting
material, 30-40 g of cells resuspended in 300 ml of a buffer
composed by 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM
p-mercaptoethanol and 0.5 mM PMSF. The cell suspension was
loaded in the chamber of a bead beater (BioSpec Product) for
disruption using glass beads (0.5 mm) for 5 min cycle reaching
90% of cell disruption. Then, the broken cell suspension was
centrifuged in a JA10 rotor at 10,000 g for 30 min at 4°C.
The collected supernatant, containing membrane and cytosolic
fractions, was subjected to centrifugation in a JA30.50 rotor at
45,000 g for 90 min at 4°C. The resulting pellet containing
membrane fraction was washed with a buffer composed by
5 mM Tris-HCl pH 7.4, 2 mM EDTA, 2 mM EGTA and
4 M urea, followed by another centrifugation cycle as above
described. The washed membrane fraction was resuspended
in a buffer composed by 25 mM Tris-HCI pH 7.4, 250 mM
NaCl, 2 mM B-mercaptoethanol and 10% glycerol to reach
a concentration of about 400 mg/ml. The membranes were
homogenized with a potter and 3 mL aliquots were stored at
—80°C before solubilization.

Solubilization and Purification of

hASCT2-6His

The purification of hASCT2-6His was performed starting from
about 1.2 g of washed membranes (400 mg/ml) that were
solubilized in a buffer composed by 25 mM Tris-HCI pH 7.4,
250 mM NaCl, 6 mM B-mercaptoethanol, 1 mM L-glutamine,
10% glycerol and 2% Cj3Eg (w/w). The solubilization was
performed under rotatory stirring for 3 h at 4°C followed by
centrifugation at 18,000 x g for 45 min. The supernatant was
applied to 2 ml Ni-nitrilotriacetic acid (NTA) agarose resin pre-
equilibrated with a buffer containing 20 mM Tris-HCI pH 7.4,
300 mM NaCl, 10% glycerol, 6 mM B-mercaptoethanol, 0.03%
Ci2Es, 1 mM L-glutamine and 50 mM imidazole and incubated
over-night, with gentle agitation, at 4°C. Then, the Ni-NTA resin
was packed by gravity into a glass-column and washed with 30 ml
of the same buffer above described. Elution of protein was, then,
performed using 10 ml of a buffer containing 20 mM Tris-HCl
pH 7.4, 300 mM NaCl, 10% glycerol, 6 mM p-mercaptoethanol,
0.03% Cj2Es, 1 mM L-glutamine and 500 mM imidazole.
2.5 ml of purified protein were pooled and desalted on a
PD-10 column from which 3.5 ml were collected. The column
was pre-equilibrated and eluted with a buffer composed by
20 mM Tris-HCI pH 7.4, 100 mM NaCl, 10% glycerol, 6 mM
p-mercaptoethanol, 0.03% C;Es and 1 mM L-glutamine.

Inclusion of Cholesterol in Liposome

Preparation
7.5 mg of cholesterol were added to 100 mg of egg yolk
phospholipids and solubilized with 1 mL of chloroform obtaining

a completely clear solution. After short incubation under rotatory
stirring (30°C 5 min 1200 rpm) open tube is dried O.N. at
room temperature. The dried lipid film was resuspended in 1 mL
water (10% final concentration) and unilamellar liposomes were
formed by two sonication cycles of 1 min (1 pulse ON and 1
pulse OFF, 40 W) with a Vibracell VCX-130 sonifier as previously
suggested (Hanson et al., 2008).

Reconstitution of the hASCT2-6His Into

Liposomes

The purified hASCT2 was reconstituted by detergent removal
in a batch-wise procedure. Mixed micelles of detergent, protein
and phospholipids were incubated with 0.5 g Amberlite XAD-4
resin under rotatory stirring (1,200 rpm) at 23°C for 40 min
as previously described (Scalise et al., 2019). The composition
of the reconstitution was: 50 pl of the purified hASCT2 (5 pg
protein), 2 mM EDTA, 220 pl of a mixture composed by 100 .1
of 10% (w/v) egg yolk phospholipids (with or without included
cholesterol as described in section 2.4) in the form of sonicated
liposomes and 120 pl of 10% CizEg, 10 mM L-glutamine (or
other amino acids as specified in the figure legend), 20 mM Hepes
Tris pH 6.0 (or different pH as specified in the figure legend) and
10 mM NaCl (deriving from the purified protein and EDTA) in
a final volume of 700 pl. All the operations were performed at
room temperature.

Transport Measurements

To remove the external compounds, 600 L of proteoliposomes
was passed through a sephadex G-75 column (0.7 cm
diameter x 15 cm height) pre-equilibrated with a buffer
composed by 20 mM Hepes Tris pH 6.0 and sucrose to balance
the internal osmolarity. Uptake experiments were started in a
100 I proteoliposomes sample by adding 50 uM [*H]glutamine
or 500 LM [*H]glutamic acid (or other radiolabeled substrates
as indicated in the figure legends) together with 50 mM Na-
gluconate to, at 25°C. The transport reaction was stopped at
the indicated times using 100 wM HgCl,. The control sample,
blank, was prepared by adding the same inhibitor at time
zero according to the inhibitor stop method (Palmieri and
Klingenberg, 1979). At the end of the transport, 100 nL of
proteoliposomes was passed through a sephadex G-75 column
(0.6 cm diameter x 8 cm height) buffered with 50 mM NaCl
to separate the external from the internal radioactivity. Then,
proteoliposomes were eluted with 1 ml 50 mM NaCl and
added with 3 ml of scintillation mixture, vortexed and counted.
The experimental values were analyzed by subtracting to each
sample the respective blank; the initial rate of transport was
measured by stopping the reaction after 15 min, i.e., within
the initial linear range of radiolabeled substrate uptake into
the proteoliposomes.

Spectrofluorometric Assays

The intraliposomal pH changes were monitored by measuring
the fluorescence emission of pyranine included inside the
proteoliposomes. Reconstitution mixture was performed as
described in section 2.4 with some modifications: 25 g purified
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FIGURE 1 | Effect of glutamate and alanine on the glutamine transport by
hASCT2 reconstituted in proteoliposomes. Purified hASCT2 was reconstituted
in proteoliposomes prepared at the indicated pH and containing 10 mM
glutamine, as described in materials and methods. The transport assay was
started by adding 50 uM [*H]glutamine, buffered at the indicated pH, in the
presence of 50 mM Na-gluconate and 1 mM glutamate (gray bar) or 1 mM
alanine (light gray bar). The transport was measured in 15 min according to
the stop inhibitor method. The transport was indicated as % [*H]glutamine
uptake with respect to the condition with no addition (control). Results are
means + S.D. from three independent experiments. *Significantly different
from the control as estimated by Student’s ¢-test (P < 0.05).

protein was used for the reconstitution mixture and 0.1 mM
pyranine at pH 7.0 was included in proteoliposomes. After
reconstitution, 600 wL of proteoliposomes was passed through
a sephadex G-75 column, pre-equilibrated with 20 mM Hepes
Tris pH 7.0 and 10 mM sucrose, except where differently
indicated. Then, 150 pL proteoliposomes were diluted in
3 ml of the same buffer containing 100 mM Na-gluconate,
except where differently indicated. In the blank sample,
10 pM HgCl, was added according to the stop inhibitor
method above described. To start the transport assay, 5 mM
glutamate buffered at pH 7.0, except where differently indicated,
was added to induce glutaminej,/glutamatec, antiport; the
uptake of protons was measured as a reduction of pyranine
fluorescence included in proteoliposomes. The measurement
was performed in the fluorescence spectrometer (LS55) from
Perkin Elmer under rotatory stirring. The fluorescence was
measured following time drive acquisition protocol with A
excitation = 450 nm and \ emission = 520 nm (slit 5/5) according
to manufacturer instructions of pyranine. Calibration of the
internal fluorescence changes vs. pH inside the proteoliposomes
has been performed by reconstituting proteoliposomes with
different pH buffers (from pH 6.0 to pH 7.5). Then, the
fluorescence of internal pyranine was measured as function of
the internal pH finding a linear correlation. The calibration
was used to report the data of Figure 9B as nmol of
protons transported inside proteoliposomes with glutamate
and to calculate the stoichiometry of proton uptake vs.
glutamate uptake.

Sequence Alignment and Molecular
Docking Approach

Multiple sequence alignment of SLC1 members was performed
using Clustal Omega, after downloading amino acid sequences
from UniProt. Docking analysis was performed using AutoDock
Vina v.1.1.2 (Trott and Olson, 2010). The grid box was
generated on the binding site, on the basis of glutamine
coordination, and its size was set to 40 x 40 x 40 A (x,
y, and z) with spacing 0.375. Glutamate was downloaded
from PubChem in sdf format. The ligand was prepared using
LigPrep (Schrodinger, 2020a) within Schrédinger-Maestro
v.12.4 (Schrodinger, 2020b). Default parameters were applied,
except for the pH range since the ligand was prepared at
two pH, 2.0 £ 0.5 and 7.0 £ 0.5, to have two different
protonation states. Glutamate, with two different protonation
states, was docked into refined ASCT2 (PDB ID: 6GCT,
chain A). Lamarckian Genetic Algorithm was employed to
search for the best conformation space of the ligand. Default
parameters were used and 20 different conformations of
glutamic acid were generated. The pose with the lowest binding
energy conformation was chosen. Molecular visualization was
performed with the UCSF Chimera v.1.14 software (Pettersen
et al, 2004) (Resource for Biocomputing, Visualization,
and Informatics, University of California, San Francisco,
CA, United States).

Cell Culture and Transport Assay in

Intact Cells

HeLa cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS), 1 mM sodium pyruvate and 4 mM glutamine.
The cells were grown in a humidified incubator in a 5% CO2
atmosphere at 37°C. Cells for the transport assay were seeded
into a 12 well dish up to 80% confluence. After 24 h, the
medium was removed and the cells were washed twice with
warm transport medium containing 20 mM Tris-HCl pH 7.4,
130 mM NaCl, 10 mM BCH, 10 mM MeAIB and 100 uM
nimesulide. For efflux experiments, cells were allowed to take
in 10 pM [*H]glutamine up to 10 min. Thus, uptake buffer
was removed and cells were rinsed two times with 0.5 mL
per well of ice-cold transport buffer containing 20 mM Tris-
HCI pH 7.4; [3H]glutamine efflux was measured in 0.5 mL of
transport buffer containing 130 mM NaCl and 20 mM Tris-
HCl pH 7.0 or pH 6.0 as indicated in the figure legends in
the presence of 10 mM different substrates. The efflux was
measured within 1 min and cells from each well were solubilized
in 500 w1 of 1% TX-100 solution. Intracellular radioactivity was
measured by adding 3 mL of Scintillation Cocktail to 400 pl
of cell extract.

Other Methods

To generate imposed membrane potential, valinomycin
(0.75 pg/mg of phospholipid) was added to proteoliposomes
prepared  with intraliposomal 50 mM  K-gluconate.
Proteoliposomes were passed through sephadex-G75 and,
then, treated with valinomycin for 30 sec before transport
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FIGURE 2 | Effect of glutamate on the kinetics of glutamine transport by k= 50 s
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condition (o) represents a mean of [°H]glutamine measurements at the
different pH (5.5, 6.0, 6.5, and 7.0) being Km for glutamine not affected by pH
variations. The transport was measured in 15 min according to the stop 0 ‘
inhibitor method. Data were plotted according to linear Lineweaver-Burk
equation as reciprocal transport rate vs. reciprocal glutamine concentration. 10 }_‘
. . =
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. o . 50 -
measurement to allow potassium diffusion downhill its
concentration gradient. To generate an artificial pH gradient 100
(ApH), nigericin (0.15 pg/mg phospholipid) was added to ; ‘ :

proteoliposomes in the presence of an inwardly directed Kt
gradient. Proteoliposomes were passed through sephadex-G75
and, then, treated with nigericin for 30 sec before transport
measurement to allow potassium/proton exchange. For DEPC
treatment, proteoliposomes were incubated after passage through
sephadex G-75 column with 5 mM DEPC solution for 5 min
under rotatory stirring (1,200 rpm) at 23°C prior transport
measurement. Stock solutions of valinomycin, nigericin and
DEPC in ethanol were prepared daily, and intermediate dilutions
of this reagent into buffer were prepared immediately before
use. The amount of purified recombinant hASCT2 WT was
estimated from Coomassie blue-stained 12% SDS-PAGE
gels by using the ChemiDoc imaging system equipped with
Quantity One software (Bio-Rad) as previously described
(Giancaspero et al., 2015).

Data Analysis

Results are expressed as means &+ SD. GraFit 5.0.13 software was
used to calculate kinetic parameters, to derive per cent of residual
activity values in inhibition assays and to measure transport
rate by first-order rate equation. The statistical significance of
experimental data was assessed by Students test for p < 0.05 as
specified in the figure legends.

0 50 100 150
% residual activity

FIGURE 3 | Functional characterization of glutamate transport by hASCT2
reconstituted in proteoliposomes. Purified hASCT2 was reconstituted in
proteoliposomes as described in materials and methods. In (A), Uptake of
[®H]glutamate. The transport was started by adding 500 uM of [*H]glutamate
in the absence (M) or the presence (o, M, e,¢) of 50 MM Na-gluconate to
proteoliposomes containing (o,M,e,e) or not (LJ) 10 mM glutamine.
Proteoliposomes and radiolabeled substrate were prepared at pH 6 (o, l,[J),
pH 6.5 (e), or pH 7(e). In (B), Uptake of [*H]serine, [*H]asparagine,
[BH]glutamine, and [*H]glutamate. The transport was started by adding

50 M [PH]serineex (o) or [PH]asparagine (M) or [*H]glutamine (e, A) or 500 WM
[®H] glutamate (CJ) together with 50 mM Na-gluconate to proteoliposomes
containing 10 mM glutamine (o, o, CJ, M) or 10 mM glutamate (A). In (A,B),
the transport was measured at the indicated times according to the stop
inhibitor method. Data were plotted according to the first-order rate equation.
In (C), Dependence on internal K* of the [*H]glutamate transport. Indicated
concentrations of K-gluconate were added together with 10 mM glutamine in
the intraliposomal compartment. The transport assay was started by adding
500 pM of [*H]glutamate together with 50 mM Na-gluconate. The transport
was measured in 60 min according to the stop inhibitor method. The values
were expressed as percent residual activity with respect to the control
condition that is no K* in (0 mM K*). Results are means + SD from three
independent experiments. No significant difference from the control was
observed as estimated by Student’s t-test (P < 0.05).
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RESULTS

Effect of Glutamate on the Glutamine
Transport by hASCT2 Reconstituted in

Proteoliposomes

The hASCT2 was reconstituted in proteoliposomes and the
transport was assayed as Na't-[*H]glutamine,/glutamine;,
antiport. The effect of glutamate added to the proteoliposomes
was tested on the transport function. As shown in Figure 1,
glutamate inhibits the glutamine antiport in a pH-dependent
fashion; the extent of inhibition varied substantially being
maximal, around 50%, at acidic pH and very low or null at
pH 7.0 and pH 8.0, respectively. The pH-dependent effect was
specific for glutamate: indeed, when alanine was added to the
proteoliposomes at the same concentration of glutamate, the
inhibition ranged from 80 to 90%, being nearly pH-independent.
As expected, the extent of inhibition by alanine was stronger than
that by glutamate, given the higher affinity of ASCT2 toward
alanine (Zander et al., 2013; Scalise et al., 2014). To characterize
the inhibition, kinetic experiments were conducted (Figure 2).
The dependence of the transport rate on glutamine concentration
was measured in the presence of 5 mM glutamate at different pH
values from pH 5.5 to pH 7.0. The pattern depicted in Figure 2 is
typical of competitive inhibition, suggesting that glutamate binds
to the glutamine binding site and, hence, it could be a potential
substrate of the transporter.

Transport of Glutamate by hASCT2

Reconstituted in Proteoliposomes

To confirm that hASCT2 could mediate the glutamate transport,
the [*H]glutamate uptake in proteoliposomes containing internal
glutamine, in the presence of external sodium, was measured.
As shown by the figure, the reconstituted transporter is indeed
able to mediate the uptake of [3H]glutamate as a function of time
(Figure 3A). In line with the results from Figure 2, the uptake of
[*H]glutamate is dependent on pH with an optimum at pH 6.0.
According to the peculiar three-substrate reaction of hASCT2,
the transport of [*H]glutamate requires both internal glutamine
and external sodium. Indeed, the uptake was not measurable
in the absence of the internal substrate or external sodium. To
compare the efficiency of the Nat[*H] glutamateey/glutaminej,
antiport with that of other neutral amino acids, the antiport
of [*H]serine or [3H]asparagine in exchange for internal
glutamine was measured (Figure 3B). The transport rate
of [’H] glutamateey/glutaminey, antiport is only four or
two times lower than that of [ H]serineex/glutaminej, or
[3H]asparagineex/glutaminein, respectively. Interestingly, the
reverse reaction, ie., [*H] glutaminecy/glutamatej, was the
least stimulated suggesting that glutamate is preferentially
transported from the external to the internal side of cells, in
line with the feature of the glutamine/glutamate cycle (Leke
and Schousboe, 2016). The activity of glutamate transporters
belonging to the SLCI family is dependent on intracellular
potassium; then, increasing concentrations of intraliposomal
(intracellular) potassium were tested on the [*H]glutamate
uptake via hASCT2 (Figure 3C). None or negligible effect was

measured on hASCT?2 transport activity. Moreover, the electric
nature of the Na™T [3H]glutamateex/glutaminein antiport was
investigated imposing a K diffusion membrane potential
in the presence of valinomycin, as previously described for
the Nat [3H]glutamineex/glu‘[aminein antiport (Pingitore
et al, 2013; Scalise et al, 2014). This triggered a slight
stimulation of the Na™[*H]glutamate.y/glutamine;, transport
(Figure 4A). In line with the electrical nature of the vectorial
reaction, the homoexchange Na"’[3H]glutamateex/glutamatein
(Figure 4B) is more stimulated than the heteroexchange
Na+[3H]glutamateex/glutaminem (Figure 4C). However,
the homoexchange (Gluey/Gluj,) is less efficient than the
heteroexchange (Gluex/Glniy) in line with the results obtained
from the experiments reported in Figure 3B.

Kinetics of Glutamate Transport by
hASCT2 Reconstituted in
Proteoliposomes

The kinetic analysis of the [ H]glutamate.y/glutamine;, antiport
was performed as the dependence of the transport rate on
glutamate concentration at different pH conditions (Figure 5A).
The collected data showed that the Km was virtually not affected
by the pH, while the Vmax doubled at pH 6.0 with respect
to pH 7.0. Km values in the millimolar range were obtained
at the different pH values: 4.8 £ 1.9 mM, 5.3 + 1.4 mM and
3.9 £ 1.5 mM at pH 6.0, pH 6.5, and pH 7.0, respectively.
The data reported in Figure 5A were re-plotted against
proton concentration to evaluate the affinity of the hASCT2
toward proton at different glutamate concentrations, reported in
Figure 5B. Interestingly, the Km toward proton was only slightly
affected by the glutamate concentrations in a range from 0.5 to
5 mM, being around a proton concentration corresponding to
pH 7.0. On the contrary, Vmax increased by increasing glutamate
concentration. It is worthy of note that the range of pH used in
these experiments is above the pKa of the side chain carboxylic
group of glutamate; in these conditions, the majority (from 98.3%
at pH 6.0 to 99.8% at pH 7.0) of glutamate is in a dissociated form,
suggesting that the proton should not be bound to glutamate
during the transport process.

Involvement of Proton in the Transport of
Glutamate by hASCT2 in

Proteoliposomes

The transport of glutamate via the high-affinity glutamate
transporters of the SLC1 family occurs together with the
movement of a proton across the plasma membrane (Zerangue
and Kavanaugh, 1996). Therefore, the possible involvement
of proton in the transport of glutamate via hASCT2 was
investigated. According to the results described in Figure 5, two
hypotheses could explain the collected data: (i) the proton is
transported along a different pathway than that of glutamate;
(ii) the proton binds to a transporter site, facilitating the
glutamate transport, but is not transported itself. To discriminate
between the two possibilities, we employed different approaches.
At first, the [3 H]glutamate.y/glutamine;, antiport was measured
in the presence of a ApH (Figure 6). In particular, the
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FIGURE 4 | Effect of imposed membrane potential on glutamate transport by hASCT2 reconstituted in proteoliposomes. Purified hASCT2 was reconstituted in
proteoliposomes as described in materials and methods. After sephadex-G75 chromatography, proteoliposomes were treated with valinomycin (0.75 wg/mg
phospholipid) to impose the artificial membrane potential. The vehicle of valinomycin, ethanol (EtOH) was used as control of valinomycin treatment. The transport
assay was started adding 500 uM of [*H]glutamate together with 50 mM Na-gluconate to proteoliposomes containing 10 mM glutamine (A) or glutamate (B) and
50 mM K-gluconate. The transport was measured in 60 min according to the stop inhibitor method. The transport rate was expressed as nmol/mg in 60 min. In
(A,B) sketch of the experimental set up (proteoliposomes); Val: valinomycin. In (C), data from (A,B) were used to calculate the fold of activation valinomycin/ethanol.
Results are means + SD from four independent experiments. *Significantly different from the control sample (EtOH) as estimated by Student’s t-test (P < 0.05).

transport of [*H]glutamate in proteoliposomes was stimulated conducted using [*H]glutamine, the transport in the presence
by a pH gradient pH 6.0cx/pH 7.0y, if compared to the of the pH gradient was less active than the control condition
conditions with no gradient, ie., pH 7.0ex/pH 7.0i, or pH at pH 7.0ex/pH 7.0in, i.e., the optimal transport condition for
6.0ex/pH 6.0, (Figure 6A). This feature was specific for the the glutamine antiport (Figure 6B). To confirm the observed
glutamate transport; indeed, when the same experiment was effect on the Nat[*H]glutamatecy/glutamine;,, a pH gradient was
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FIGURE 6 | Effect of ApH on glutamate transport by hASCT2 reconstituted in
FIGURE 5 | Effect of pH on the kinetics of glutamate transport by hASCT2 proteoliposomes. Purified hASCT2 was reconstituted in proteoliposomes as
reconstituted in proteoliposomes. Purified hASCT2 was reconstituted in described in materials and methods, buffered at the indicated intraliposomal
proteoliposomes prepared at the indicated pH and containing 10 mM pH (in). The transport assay was started by adding 50 mM Na-gluconate and
glutamine, as described in materials and methods. In (A), the transport was 500 pM of [PHlglutamate (A) or 50 pM of [*H]glutamine (B) prepared at the
started by adding indicated concentrations of [*H]glutamate and 50 mM indicated pH (ex). The transport was measured in 60 min according to the
Na-gluconate to proteoliposomes buffered at different pH: pH 6.0 (o), pH 6.5 stop inhibitor method. The transport rate was expressed as nmol/mg in
(e), and pH 7 (e). The transport was measured in 15 min according to the stop 60 min. Results are means + SD from three independent experiments.
inhibitor method. Data were plotted according to linear Lineweaver-Burk *Significantly different from the control sample (pH 7.0i,/7.0ex) as estimated by
equation as reciprocal transport rate vs. reciprocal glutamate concentration. In Student’s t-test (P < 0.05).
(B), data from Figure 5A were replotted according to Lineweaver-Burk
equation as reciprocal transport rate vs. reciprocal proton concentration,
performed at different glutamate concentration: 0.5 mM (o), 0.6 MM (e),
0.8 mM (), 1.2 mM (M), 2 mM (A), and 5 mM (a). The derived pKa values experiment was conducted without K™ in the extraliposomal
were as follows: 7.0 £ 0.2,6.8 +£0.2,6.9 £ 0.2,6.8 £ 0.2, 6.8 + 0.2, compartment, no stimulation was observed (Figure 7B).
7.0+ 0.2at0.5,0.6,0.8, 1.2, 2, and 5 mM glutamate, respectively. Results
are means + SD from five independent experiments.

generated by using nigericin, an ionophore able to mediate the
exchange of KT with HY (sketch in Figure 7A). In this condition,
an inwardly directed pH gradient was generated and an increased
[H]glutamate uptake was observed in comparison to the control,
i.e., no nigericin (Figure 7A). The extent of activation is about
75% at the initial transport rate, as derived from the time-
course analysis. In good agreement with this data, when the same

Transport of Proton by hASCT2 in

Proteoliposomes

To achieve the final proof of proton movement across the
membrane, an alternative strategy was employed based on
spectrofluorometric measurement using the pH-sensitive dye
pyranine whose fluorescence emission increases with the pH
(Giuliano and Gillies, 1987; Indiveri et al., 1994). Therefore,
pyranine was included in the intraliposomal compartment (see
Materials and methods) and the uptake of protons was measured
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FIGURE 7 | Effect of imposed membrane proton gradient on glutamate
transport by hASCT2 reconstituted in proteoliposomes. Purified hASCT2 was
reconstituted in proteoliposomes as described in materials and methods. After
sephadex-G75 chromatography, proteoliposomes were treated with nigericin
(0.12 wg/mg phospholipid) (o) to impose the artificial membrane proton
gradient. The vehicle of nigericin, ethanol (e) was used as control of nigericin
treatment. The transport assay was started adding 500 uM of [*H]glutamate
together with 20 mM Na-gluconate and 30 mM K-gluconate to
proteoliposomes containing 10 mM glutamine (A). In (B), the transport was
performed in the absence of external K-gluconate, as control. In the figure,
sketch of the experimental set up (proteoliposomes); Nig: nigericin. The
transport was measured at the indicated times according to the stop inhibitor
method. Data were plotted according to the first-order rate equation. Results
are means + SD from four independent experiments.

in the presence of glutamate or glutamine externally added
(Figure 8). As shown in the figure, the addition of glutamate
caused a time-dependent decrease of the fluorescence, in line
with the uptake of protons coupled to that of glutamate.
As a control, the addition of glutamine did not induce any
fluorescence changes, i.e., protons were not taken up during
the glutamine/glutamine antiport reaction. According to the
sodium dependence of glutamate transport, proton movement
was not detected when sodium was not included in the transport
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380
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FIGURE 8 | Transport of proton by hASCT2 reconstituted in proteoliposomes.
Purified hASCT2 was reconstituted in proteoliposomes containing 10 mM
glutamine and 0.1 mM pyranine as described in materials and methods. The
fluorescence measurement was started by adding 150 pL proteoliposomes to
the transport buffer (up to 3 mL final volume) composed by Hepes Tris 20 mM
pH 7 and 100 mM Na-gluconate. After ~1 min, as indicated by the arrow,

5 mM glutamate (thick black line) or 1 mM glutamine (gray line) was added to
the sample and fluorescence change was recorded. As a control, the same
measurement was performed in the absence of Na-gluconate (black line); in
the blank sample, 10 wM HgCl, was added at time O to the transport buffer
(light-gray line). In the figure, sketch of the experimental set up
(proteoliposomes); Pyr: pyranine. The fluorescence signal is indicated as
arbitrary units (AU). Results are representative of three independent
experiments.

buffer. Finally, the proton uptake, i.e., fluorescence decrease, was
abolished by the addition of the inhibitor, HgCl, (Figure 8). The
dependence on pH was also evaluated in the spectrofluorometric
assay (Figure 9); the decrease of fluorescence, i.e., the increase
of proton concentration in the intraliposomal compartment, is
indeed pH-dependent (Figure 9A). The maximal fluorescence
decrease is observed at pH 6.5. To quantify the extent of
proton transport, the data from Figure 9A was used to
calculate the nmol of proton taken up in proteoliposomes at
different pH values (Figure 9B). The uptake of protons in
terms of specific transport, ie., nmol/mg protein taken up,
was in the same order of magnitude of that measured for
glutamate under similar experimental conditions (Figure 5A),
being in favor of a 1:1 stoichiometry for H":Glu™ transport.
The hASCT2 harbors in its primary structure four histidine
residues; therefore, we argued that at least one of them could
be involved in the proton transport. Then, DEPC was employed
for spectrofluorometric measurements performed at pH 6.5
(Figure 10). Interestingly, the decrease of fluorescence, i.e., the
proton flux toward the intraliposomal compartment, was reduced
in the presence of 10 mM DEPC.

Docking of Glutamate to hASCT2

The binding site for neutral amino acids on hASCT2 was
previously identified by a site-directed mutagenesis approach
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FIGURE 9 | Effect of pH on proton transport by hASCT2 reconstituted in
proteoliposomes. Purified hASCT2 was reconstituted in proteoliposomes
buffered at pH 7.0, containing 10 mM glutamine and 0.1 mM pyranine, as
described in materials and methods. In (A), the fluorescence measurement
was started by adding 150 pL proteoliposomes to the transport buffer (up to
3 mL final volume) composed by 100 mM Na-gluconate and Hepes Tris

20 mM at pH 6.0 (light gray) or pH 6.5 (gray) or pH 7.0 (black). After ~2 min,
as indicated by the arrow, 5 mM buffered glutamate was added to the sample
and fluorescence change was recorded. The fluorescence signal is indicated
as arbitrary units (AU). In (B), data from (A) were converted in nmol of
transported proton measured as nmol/mg; the calculation was performed
after calibrating the fluorescence signal assuming a linear relationship between
fluorescence decrease and proton uptake (Gibrat and Grignon, 2003). Data
were plotted according to a first-order rate equation. Results are
representative of three independent experiments.

(Scalise et al., 2018a) and then confirmed by the recently obtained
3D structure (Garaeva et al., 2018, 2019; Yu et al., 2019). The
competitive inhibition data reported in Figure 2, suggested that
also glutamate binds to the substrate-binding site of hASCT?2.
To further support this biochemical finding, we performed
docking analysis on the available 3D structure of hASCT?2 in the
inward open conformation (PDB 6GCT) (Figures 11A,B).
Glutamate, both in the protonated (Figure 11A) and
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FIGURE 10 | Effect of DEPC on the proton transport by hASCT2 reconstituted
in proteoliposomes. Purified hASCT2 was reconstituted in proteoliposomes
buffered at pH 7.0, containing 10 mM glutamine and 0.1 mM pyranine, as
described in materials and methods. After reconstitution, proteoliposomes
were incubated with 10 mM DEPC (gray line) or ethanol (black line) for 5 min
at 23°C and, then were subjected to sephadex-G75 chromatography. The
fluorescence measurement was started by adding 150 pL proteoliposomes to
transport buffer (up to 3 mL final volume) composed by 100 mM
Na-gluconate and Hepes Tris 20 mM at pH 7.0. After ~2 min as indicated by
the arrow, 5 mM glutamate was added to the sample and fluorescence was
recorded. The fluorescence signal is indicated as arbitrary units (AU). Results
are representative of three independent experiments.

deprotonated (Figure 11B) state, positioned similarly to
glutamine (Figure 11C), docked as a control (Figure 11C).
Interestingly, docked glutamate did not directly interact with
Cys467 but with the residues of the hASCT2 substrate-binding
site conserved among the SLC1 family members (Figure 11D).

Transport of Aspartate by hASCT2

Reconstituted in Proteoliposomes

The high-affinity glutamate transporters of the SLC1 family
can mediate the flux of aspartate as well. Therefore, the
inhibition of the [*H]glutamate transport by aspartate added
to the extraliposomal compartment was evaluated; indeed,
aspartate inhibited the hASCT2 mediated glutamate transport
(Figure 12A). Then, we evaluated the direct transport of
[*HJaspartate via hASCT?2 reconstituted in proteoliposomes;
interestingly, as it is shown in Figure 12B, the transport of
aspartate was lower than that of glutamate in line with the lack
of complete inhibition of glutamate transport (Figure 12A).

Glutamine Efflux Induced by Glutamate
via hASCT2 in Intact Cells and

Proteoliposomes

The ability of glutamate to induce efflux of glutamine was
investigated in both proteoliposomes and intact cells (Figure 13).
In line with the data from Figure 3, glutamate was able to induce
the efflux of [*H]glutamine from preloaded proteoliposomes
(Figure 13A). As shown by the figure, externally added glutamate
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SLC1A4 VPAGGVLTIATILEATGLPTHDLPLILAVBWI EGDALGAGI LHHLNQKAT 482
IPAGGVLTLAIILEAVNLPVDHISLILAVDWL VUNVEGDALGAGLLQNYVDRTE 490
SLCIA2 IPSAGLVTMLLILTAVGLPTEDISLLVAVDWL SVNMVGDSFGAGIVYHLSKSEL se1
SLC1AL VPQAGLVTMVIVLSAVGLPAEDVTLTTAVDWL MNVLGDAFGTGIVEKLSKKEL 470
SLC1A7 TPQAGLVTMVIVLTSVGLPTDDITLITAVDWA MINVLGDALAAGIMAHICRKDF 481
SLC1A3 IPQAGLVTMVIVLTSVGLPTDDITLITAVDWF TTNVLGDSLGAGIVEHLSRHEL 502
SLC1A6 IPQAGLVTMVIVLTSVGLPTEDITLITAVDWF M

LGDSIGAAVIEHLSQREL 527

ok k.. ..

SR HE Rl TR Bl

FIGURE 11 | Sequence alignment and docking analysis of the hASCT2 binding site. In (A,B), Molecular docking of glutamic acid in the binding site of ASCT2. The
crystal structure of ASCT2 in the inward open conformation has been used (PDB ID: 6GCT). To simplify the visualization, only the Chain A without Cholesterol was
represented as light gray ribbon, with the scaffold domain in dim gray, using Chimera v.1.14. In (A), a zoom of protonated glutamate docking in the binding site. The
ligand was represented as dodger blue stick and amino acids belonging to the binding site as a stick and labeled using Chimera v.1.14. Glutamate in the protonated
state was prepared at a pH range of 2.0 & 0.5 using Schrédinger-Maestro v.12.4 and docking was performed using AutoDock Vina v.1.1.2 as described in materials
and methods. This pose has a docking score of —6.0 and it makes hydrogen bonds with G435, T468, N471, and S353. In (B), a zoom of deprotonated glutamate
docking in the binding site. The ligand was represented as dodger blue sticks and amino acids belonging to the binding site are represented as a stick and
(Continued)
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SLC1Ab) are highlighted with a red box.

FIGURE 11 | labeled using Chimera v.1.14. Glutamate in the deprotonated state was prepared at a pH range of 7.0 & 0.5 using Schrodinger-Maestro v.12.4 and
docking was performed using AutoDock Vina v.1.1.2 as described in Methods. The best pose has a docking score of —6.1 and it makes interaction with G430,
G434, G435, N471, and S353. In (C) visualization of the glutamine binding site. Glutamine is represented as salmon sticks and the amino acids belonging to the
binding site are represented as a stick and labeled using Chimera v.1.14. In (D), Multiple sequence alignment of SLC1 members. To simplify, the multiple alignment is
represented from L311 to E490 referring to SLC1A5 (boxed in light blue). Residues belonging to the binding site (A390, S351, S353, D460, D464, C467, N471 in

caused a reduction of intraliposomal radioactivity of about
65% at pH 6.0. As controls, glutamine or buffer alone was
externally added: 85% or 0% efflux was detected, respectively.
The data confirmed that hASCT2 could mediate the antiport of
glutamatecy/ 3 H]glutamine;,, even though at a lower extent with
respect to glutamineey/[>H]glutamine;,. In line with the ability of
hASCT?2 to mediate also aspartate transport, a similar extent of
efflux was observed adding aspartate in the place of glutamate.
In good agreement with the uptake of radiolabeled glutamate,
the described phenomenon is also pH-dependent; indeed, the
addition of glutamate or aspartate buffered at pH 7.0, caused a
lower efflux compared to that measured at pH 6.0. As a control,
in the case of glutamine, nearly no difference was observed at
the different pH values. A similar experiment was performed
in intact HeLa cells, which are known to express ASCT2
and have been previously used for studying ASCT2 transport
(Torres-Zamorano et al., 1998; Scalise et al, 2014, 2019).
Also in this case, glutamate and aspartate evoked a glutamine
efflux of about 50% and 25%, respectively, in comparison to
the control. Glutamine, as expected, induced a greater efflux,
reaching about 60%. Collectively, the data from intact cells and
proteoliposomes confirmed the ability of glutamate to induce
glutamine efflux in line with the glutamine/glutamate cycle
(Leke and Schousboe, 2016).

DISCUSSION
Transport of Glutamate via hASCT2

In this work, different assays have been employed to shed
light on the substrate specificity of hASCT?2; this represents a
vintage but very relevant issue in the understanding of hASCT2
biology in both physiological and pathological conditions with
potential outcomes in pharmacology. In line with very early but
disregarded observations on mice and rat ASCT2 (Utsunomiya-
Tate et al., 1996; Broer et al., 1999; Oppedisano et al., 2007),
the capacity of the hASCT2 to mediate a Na® and HT
dependent glutamate.y/glutamine;, antiport emerged. The rate
of this reaction is comparable to the well-assessed antiport
of neutral amino acids (Figure 3B). As a matter of fact, the
substrate-binding site of wild type hASCT?2 can accept glutamate
and, at a lower extent, aspartate (Figure 12). The critical
variation, with respect to the conventional hASCT2 transport
mode, is the requirement for acidic pH that suggests the
involvement of protons in the transport mechanism, reminiscent
of the other glutamate transporters belonging to the SLCI
family, i.e., the EAAT members. Based on the kinetic data on
WT hASCT2, it can be assumed that the transported form
of glutamate is the anionic one (Figure 5); this is in line

with the observation that the Km values toward glutamate
do not change when varying the pH of the transport assay,
reflecting the concentration of glutamate in the anionic form.
It is then expected that the proton flux occurs through an
independent transport path, even though at this stage, we
cannot completely exclude that the proton might be transported
together with glutamate.

Transport of Proton via hASCT2

The availability of recombinant hASCT2 reconstituted in
proteoliposomes allowed to directly measure the proton
movement by fluorescence changes induced by the glutamate
transport. This approach represents a methodological novelty
in the study of the transporter; the advancement was made
feasible thanks to the improvement of the functional protein
fraction following the discovery that cholesterol facilitates
the formation of the trimeric functional assembly of the
protein (Garaeva et al.,, 2018, 2019; Scalise et al., 2019). These
achievements resulted in a substantial increase in the active
space of proteoliposomes and, hence, of the volume available
for the fluorescence detection by pyranine (Indiveri et al,
1994). The results collected by the spectrofluorometric assays
correlated well with the transport assay of glutamate by
radioactivity. The stoichiometry of transport is in favor of
an overall Na™ dependent transport reaction of 1H":1Glu™
in exchange for internal glutamine. From the Kkinetic data
reported in Figure 5, a further biochemical conclusion
can be drawn: the pH dependence of glutamate transport,
that is maximal at pH 6.0, is in line with the Km toward
proton calculated as a proton concentration corresponding
to pH 7.0 (Figure 5B). Indeed, when measuring glutamate
transport at pH 6.0, the proton concentration is 10 times
above the Km, i.e., close to saturation, correlating well with
the doubling of the Vmax of glutamate transport from pH
7.0 to pH 6.0. In line with the proposed charge movement,
valinomycin imposed membrane potential positively affects
the glutamate transport via hASCT2. In good agreement with
the hypothesis that glutamate is transported in the anionic
form, the stimulation by the imposed membrane potential
is amplified when the glutamate™ ec/glutamate™;, antiport
is measured: the homologous glutamate/glutamate antiport,
per se, is indeed electroneutral with consequent net inward
movement of two positive charges deriving from sodium and
proton. In the case of glutamate™ o/glutaminej, exchange,
the negative charge of glutamate compensates one of the co-
transported positive charges. It has to be stressed that the charge
movement accounts only partially in the overall driving force
of transport, that mainly derives by the antiport component
and the sodium gradient (Scalise et al, 2014) similarly to
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FIGURE 12 | Interaction of hASCT2 reconstituted in proteoliposomes with FIGURE 13 | Efflux of glutamine through hASCT2. In (A) [*H]glutamine efflux
aspartate. Purified hASCT? was reconst‘ituted in proteoliposome§ C(‘)n‘t‘aining from proteoliposomes. Purified hASCT2 was reconstituted in proteoliposomes
10 mM glutamine as described in materials and methods. In (A), inhibition by containing 10 mM glutamine as described in materials and methods. The
aspartate of the glutamate transport by ASCT2 reconstitited in accumulation of radiolabeled glutamine was started by adding 50 uM
proteoliposomes. The transport assay was started by adding 500 pM [BH]glutamine in the presence of 50 mM Na-gluconate. After 60 min uptake,
[*Hlglutamate together with 50 mM Na-gluconate to protecliposomes in the the [®H]glutamine efflux was started in different conditions: no addition
presence of indicated concentrations of aspartate. The transport was (control), the addition of 10 mM of glutamate or aspartate or 1 mM glutamine
measured in 60 min according to the stop inhibitor method. The transport was to the transport buffer in the presence of 50 mM Na-gluconate. The efflux was
indicated as % residual activity with respect to the condition with no external measured in 60 min using substrates buffered at pH 7.0 (light gray) or pH 6.0
addition (none). Results are means + SD from four independent experiments. (dark gray). In (B), Efflux of [*H]glutamine from HeLa intact cells. Cells were
*Significantly different from the control sample (none) as estimated by cultured as described in materials and methods; uptake was performed in
Student’s t-test (P < 0.05). In (B), uptake of glutamate and aspartate by 10 min adding 10 M [*H]glutamine in the presence of 20 mM Tris-HCI pH
ASCT2 in proteoliposomes. The transport assay was started by adding 7.0 and 130 mM NaCl as described in materials and methods. The efflux was
500 pM [PH]glutamate (o) or 500 wM [PH]aspartate (e) together with 50 mM measured in 1 min in the presence of different conditions: no addition
Na-gluconate to proteoliposomes. The transport was stopped at the indicated (control), the addition of 10 mM of glutamate or aspartate or 1 mM glutamine
times according to the stop inhibitor method. Data were plotted with the to the transport buffer constituted by 20 mM Tris-HCI pH 6.0 and 130 mM
first-order rate equation. Results are means + SD from three independent NaCl. Results are means = SD from four independent experiments.
experiments. *Significantly different from the control sample (no addition) as estimated by
Student’s t-test (P < 0.05).

what previously observed for the rat ASCT2 (Zander et al,
2013). The electrogenic nature of the glutamatey/glutamine;,
antiport is in agreement with the role of allosteric regulation
by internal Na¥, similar to that described in the case of the
neutral amino acid antiport (Scalise et al., 2014). Noteworthy,
when measuring the glutaminecy/glutamate;, antiport, the
transport activity was lower if compared to the vice versa reaction

(Figure 3B); besides the affinity issue, this can be explained
by the electrogenicity of the hASCT2 mediated transport.
Indeed, the exit of a net negative charge due to glutamate™
movement, would create a charge unbalance positive inside
which counteracts the movement of Na* and HY, from the
external environment.
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Transport of Acidic Amino Acids Within

the SLC1 Family

Interestingly and differently from the high-affinity glutamate
transporters of the SLC1 family, the glutamate transport via
hASCT2 does not require internal potassium. This is in good
agreement with data collected in the pre-3D structure era, in
which a residue of glutamate of EAAT2 (previously known
as GLT-1), namely E404, was identified as responsible for the
EAAT-specific potassium stimulation; indeed, ASCTs does not
harbor a glutamate residue in the corresponding position but
a neutral glutamine residue (Kavanaugh et al, 1997; Grewer
et al, 2003). Still in agreement with our data, the EAAT2-
E404Q mutant is not sensitive to intracellular potassium (Grewer
et al., 2003). The layout of hASCT2 binding site able to
coordinate both neutral and negatively charged amino acids
is a distinctive trait of hASCT2 with respect to the other
members of SLC1 family (Figure 11). Over the years, several
mutations have been generated on ASCT1 and EAATs to
switch substrate specificity of these proteins. In the case of
hASCT?2, the presence of C467 seems to increase the range
of acceptable substrates depending on the pH. This may
find a possible explanation in the size of the cysteine side
chain. Indeed, in old papers, it was already highlighted that
cysteine, smaller than arginine of EAATs and smaller than
threonine of ASCTI, creates a larger niche to accommodate
substrates (Bendahan et al., 2000). Later on, the 3D structure
of hASCT2 showed the presence of a narrow space, between
scaffold and transport domain, that forms a larger space
directed to the intracellular side; this feature is peculiar of
hASCT2 (Freidman et al., 2020). Furthermore, recent work
showed that, even if lysine is not recognized as a substrate
of hASCT2, small amino acids, modified to have basic side
chains, can be translocated by hASCT2 and rASCT2 (Ndaru
et al., 2020). Also in this case, the basic amino acid substrates
do not interact with C467. The interaction of protons with
the high-affinity glutamate transporters has been investigated
in the very early studies conducted on EAAT2. The key
residues H326, and a stretch constituted by D398, E404 and
D470, were identified by site-directed mutagenesis. Interestingly,
these amino acids are conserved in all the EAATs (Pines
et al, 1995) and a similar mechanism was described for the
proton dependent lac permease (Sahin-Toth and Kaback, 2001).
Interestingly, in hASCT2, three out of the four mentioned
residues are conserved, suggesting that they could be part
of the proton path in the protein. Investigations are in the
course for identifying the transport path of protons and
glutamate in hASCT?2.

Glutamate and Aspartate Transport in
Physiological and Pathological

Conditions

Besides the mere biochemical feasibility of the exchange of
external glutamate or aspartate with internal glutamine, this
vectorial reaction is plausible to take place also in the actual
physiological context, as suggested by the experiments conducted
on intact cells (Figure 13B). Indeed, the presence of ASCT2

in the placenta may account for the glutamate/glutamine cycle
between placenta and fetus to sustain the metabolic requirement
(Vaughn et al., 1995; Torres-Zamorano et al., 1998; Day et al,,
2013). A similar role may be suggested for ASCT2 in the
glutamate/glutamine cycle between neurons and astrocytes to
sustain the activity of EAATs, ie., the major players in the
glutamate reuptake from the synaptic cleft to avoid glutamate
excitotoxicity (Leke and Schousboe, 2016). It has to be noted
that in synaptic cleft the transient concentration of glutamate
may reach 100-200 mM (Meldrum, 2000; Gras et al., 2006),
that is much higher than the Km of ASCT2 for glutamate.
However, given the major role played by EAATs and the
relatively low expression of ASCT2 in the adult brain, it can be
speculated that the role of ASCT2 in the reuptake of glutamate
in the brain may become relevant in pathological conditions
characterized by transient pH changes, such as in hypoxia
(Deitmer and Rose, 1996). Besides the transport of glutamate,
a physiological explanation of recognizing negatively charged
amino acids by hASCT?2, relies on the transport of aspartate
across the BBB, as previously suggested in mice to maintain
the homeostasis of excitatory amino acids in the brain (Tetsuka
et al., 2003). A glutamate/glutamine cycle has been proposed
also in activated macrophages in CNS following HIV infection,
as a neuroprotective mechanism (Gras et al., 2006). Recently, a
glutamate/glutamine cycle has been suggested to occur between
cancer and stromal cells to sustain the metabolic changes
(Lyssiotis and Kimmelman, 2017; Bott et al., 2019). Interestingly,
a pH-dependent glutamate uptake was described in the intestine,
where luminal pH is acidic. This glutamate transport was
attribute to the ASC transporter by competitive inhibition
studies (Munck and Munck, 1999; Munck et al., 2000). From
the described scenario, it can be speculated that the substrate
specificity of ASCT2 may change according to the tissues in
which the protein is expressed following also developmental
stage and/or post-translational modifications that may refine the
preference toward one or more amino acids. Furthermore, the
possibility of mediating the uptake of glutamate and aspartate
further enlarges the significance of ASCT2 overexpression in the
context of cancer metabolic rewiring; as an example, aspartate is
required for nucleotide biosynthesis and glutamate is required
for redox balance in cancer initiation and progression (Lieu
et al,, 2020). Taken together, the novelties on substrate specificity
here presented further points out that ASCT2 is one of the
key players for the metabolism of highly proliferative cells.
Furthermore, the identification of other substrates, rather than
neutral amino acids, may have also a relevance in providing new
clues for pharmacological research. Indeed, ASCT?2 is considered
an eminent druggable target and the design of drugs able to
specifically interact with this protein is subjected to its improved
biochemical characterization.
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ATP modulates SLC7A5 (LAT1)
synergistically with cholesterol

Jessica Coscol*, Mariafrancesca Scalise*, Claire Colas?, Michele Galluccio?,
Riccardo Martini2, Filomena Rovella?, Tiziano Mazza®, Gerhard F. Ecker? & Cesare Indiveri***

The plasma membrane transporter hLAT1 is responsible for providing cells with essential amino
acids. hLAT1 is over-expressed in virtually all human cancers making the protein a hot-spot in the
fields of cancer and pharmacology research. However, regulatory aspects of hLAT1 biology are still
poorly understood. A remarkable stimulation of transport activity was observed in the presence of
physiological levels of cholesterol together with a selective increase of the affinity for the substrate on
the internal site, suggesting a stabilization of the inward open conformation of hLAT1. A synergistic
effect by ATP was also observed only in the presence of cholesterol. The same phenomenon was
detected with the native protein. Altogether, the biochemical assays suggested that cholesterol and
ATP binding sites are close to each other. The computational analysis identified two neighboring
regions, one hydrophobic and one hydrophilic, to which cholesterol and ATP were docked,
respectively. The computational data predicted interaction of the Y-phosphate of ATP with Lys 204,
which was confirmed by site-directed mutagenesis. The hLAT1-K204Q mutant showed an impaired
function and response to ATP. Interestingly, this residue is conserved in several members of the SLC7
family.

The human LAT1 transporter (SLC7A5) is one of the seven members of the SLC7 family characterized by the
association with ancillary glycoproteins belonging to the SLC3 family, namely SLC3A1 and SLC3A2'2. The forma-
tion of these heterodimers represents a peculiar feature for mammalian transporters in terms of both structural
and functional properties. The heterodimer is formed via a disulfide (S-S) between a conserved Cys residue of
the SLC7 member(s), representing the light subunit, and a conserved Cys residue of the SLC3 member(s), rep-
resenting the heavy subunit. The actual biological significance of such an interaction is not completely defined
neither in terms of evolution nor in terms of regulatory aspects even though it is plausible that the ancillary
glycoproteins serve as a chaperone for the light subunit to reach the definitive location in the cell membrane'?.
In particular, LAT1 forms a functional heterodimer with SLC3A2, commonly known as CD98 or 4F2hc. Over
the years, it has been demonstrated, both in intact cells (ex vivo) and in proteoliposomes (in vitro), that the
sole competent subunit for the transport function is LAT1, while CD98 does not play any role for the intrinsic
transport function®. In good agreement with this observation, CD98 is a multifunctional protein that plays
biological roles independently from the interaction with membrane transporters indicating that this protein
is not a “simple” chaperone®. The functional properties of LAT1 have been investigated for decades and upon
the description of its substrate specificity, it is now well assessed that the protein is involved in the distribution
of essential amino acids in cells by catalyzing an amino acid antiport. Physiologically, histidine is the substrate
preferentially exported from the cell interior to allow the other essential amino acids to be absorbed**. LAT1
has a quite narrow tissue distribution: it is mainly expressed in placenta and the blood-brain barrier. In these
districts, the supply of essential amino acids is fundamental for normal cell growth and development®. Indeed,
mice embryos KO for LAT1 are not vital, indicating that the absence of this protein is life-threatening or, even,
not compatible with lifeS. Besides this experimental observation, the relevance of hLAT1 for the human being is
testified by the virtual absence of diseases so far known, characterized by the complete lack of protein expression.
In good agreement with this postulate, it has been recently demonstrated, by experiments conducted on mice
and in vitro models, that two natural point mutations of LAT1 are responsible for the appearance of a familiar
form of autism spectrum disorders (ASD) characterized by a lower supply of essential amino acids in brain®.
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Figure 1. Effect of cholesterol on the transport activity of hLAT1. The purified protein was reconstituted

in proteoliposomes as described in “Methods”. Transport assay was started adding 5 pM [*H]-histidine to
proteoliposomes containing 10 mM histidine prepared with the indicated concentrations of cholesterol (CHOL).
The transport was measured in 15 min according to the stop inhibitor method. Transport rate was expressed as
nmol/mg in 15 min. Results are means + SD of at least three independent experiments.

On the other way round, the over-expression of LAT1 is now considered a hallmark of several human cancers
even if they originate from tissues that normally do not express LAT1*’. Notwithstanding the high frequency of
this phenomenon, its biological significance is not yet completely defined. Over the years, it has been proposed
that cancer cells over-express LAT1 for absorbing glutamine and leucine, through a cycle with the glutamine
transporter ASCT2, to supply the high demand of these amino acids®. Later on, it has been demonstrated that
glutamine is not a good substrate of LAT1, in both directions of transport cycle®. Therefore, the high expression
of LAT1 may be linked to the need for essential amino acids used in protein synthesis under the high prolifera-
tion conditions of cancer cells. However, LAT1 is not only required for sustaining cell divisions. It is not trivial
that, among the transported substrates, there is likely one or more responsible for the additional role(s) in cancer
cells. As an example, leucine is an allosteric regulator of the mitochondrial enzyme GDH that is responsible for
the utilization of glutamine carbon skeleton in TCA, a feature typical of cancer cells*!’. Leucine is also one of
the signals employed by cells to regulate their metabolism: in lysosomes, the master regulator of cell metabolism,
mTORCI, senses leucine levels in both physiological and pathological conditions'!. Furthermore, sestrin 2 has
been recently described as the cytosolic sensor of leucine levels, linked to mTORCI1. Then, it is not a surprise
that LAT1 is considered a hot protein and that over the years, efforts have been made to define structure/func-
tion relationships as well as regulatory properties with the main scope to specifically target this protein for
pharmacological applications'>"'*. Interestingly, the 3D structure of the complex LAT1/CD98 has been recently
solved opening important perspectives for structure/function relationship studies and drug design'. So far,
only one compound which targets LAT1 reached the clinical trial for cancer treatment, i.e. the tyrosine analogue
JPH203'¢"7. In the context of drug development, parallel to inhibitors, also prodrugs are designed given the abil-
ity of LAT1 to transport also thyroid hormones, L-DOPA and gabapentin, i.e. non amino-acid substrates'®. The
study of the regulators of LAT1 is, on the contrary, still in nuce and this represents a strong restrain for further
understanding of LAT1 biology both in physiological and in pathological conditions. Therefore, in the present
work, we aimed to investigate the modulation of LAT1 transport activity by physiological effectors, employing
the experimental model of proteoliposomes. This tool gives the possibility of easily modifying the lipid com-
position of the membrane as well as precisely controlling the composition of the external and internal aqueous
compartments of the protein-harboring vesicles'. We moved from the increasing evidence that cholesterol
can regulate the features of several membrane transporters and that LAT1 shows potential binding sites for
cholesterol®. Interestingly, we identified by in silico and in vitro studies a novel regulation by intracellular ATP
which is synergistic with the effect of cholesterol. Moreover, the molecular basis of the pH sensitivity was also
described, moving a step forward in completing the knowledge on human LAT1.

Results

Effect of cholesterol on the transport activity of hLAT1 in proteoliposomes. The effect of choles-
terol (CHOL) on hLAT1 function was studied using the proteoliposome tool harboring the functionally active
recombinant protein and assaying its function as [*H]-histidine,/histidine;, antiport. The transport activity
increased by increasing the cholesterol content in the proteoliposome lipids up to 75 ug cholesterol/mg phos-
pholipids; at higher cholesterol concentration, the transport activity decreased (Fig. 1). To obtain information
on the possible influence of cholesterol on the affinity for the substrate on the external or internal face of the
protein, kinetic parameters were measured under the optimal condition of cholesterol concentration. It has to
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Figure 2. Effect of cholesterol on the kinetics of hLAT1. The purified protein was reconstituted using
proteoliposomes prepared without (O) or with 75 pg cholesterol/mg phospholipids (O). The transport was
measured in 15 min according to the stop inhibitor method. In (a), measurement of external Km. Transport
rate was measured by adding [*H]-histidine at the indicated concentrations to proteoliposomes containing

10 mM histidine. Data were plotted according to the Michaelis—Menten equation as transport rate vs
histidine concentration. In (b), measurement of internal Km. Transport rate was measured by adding 30 M
[*H]-histidine to proteoliposomes containing in the internal side indicated concentrations of histidine. Data
were plotted according to the Michaelis—Menten equation as transport rate vs histidine concentration. Results
are means = SD of at least three independent experiments.

be stressed that the transporter is inserted in the proteoliposome membrane with the same orientation as in
the cell membrane, therefore, the extraliposomal or the intraliposomal side corresponds to the extracellular or
the intracellular side, respectively®*'. Figure 2a shows the transport rate dependence on external substrate con-
centration plotted according to Michaelis—Menten equation; a Km of 22.6 +4.3 uM (Fig. 2a, upper curve) was
measured which was similar or only slightly higher than the external Km measured in the absence of cholesterol,
that is 14.9+2.7 uM (Fig. 2a, lower curve). This small variation correlates well with previous data obtained in
cell systems in which the Km of the low-affinity substrate L-DOPA was shown to not be influenced by seques-
tration of cholesterol by methyl-cyclodextrin®’. The Vmax of [*H]-histidine./histidine;, antiport increased in
the presence of cholesterol (Fig. 2a) from 0.069 +0.0094 to 0.12+0.012 nmol/mg/min, in line with the data of
Fig. 1. Interestingly, when measuring the internal Km, a different behavior was observed with respect to the
external one; indeed, the internal Km significantly decreased from 2.3+0.6 mM in the absence of cholesterol
to 0.87+0.12 mM in the presence of cholesterol (Fig. 2b), indicating an increased internal affinity for the sub-
strate. In good agreement with the data obtained when investigating the external side, the Vmax increased from
0.061 £0.0087 nmol/mg/min to 0.10 +0.0038 nmol/mg/min.

Effect of nucleotides on the transport activity of hLAT1. In the attempt of exploring possible cell
regulators linked to the energy metabolism, nucleotides were tested since ATP and other nucleotides were previ-
ously found to influence the activity of transporters*>-*°. The [*H]-histidine,,/histidine;, antiport was measured
in the presence of internal ATP under the optimal condition of cholesterol concentration. The transport activity
increased by increasing the intraliposomal (intracellular) ATP concentration up to 4 mM and then decreased at
higher concentrations (Fig. 3a). Then, other tri-phospho-nucleotides, namely CTP, UTP and GTP were tested in
comparison with ATP. CTP, UTP and at a lower extent GTP, stimulated the transport function at a concentra-
tion of 4 mM (Fig. 3b). It has to be highlighted that 4 mM is in the range of the intracellular concentration of
ATP but is much higher than the concentration of other nucleotides. Indeed, GTP, CTP and UTP did not exert
any effect at concentrations from 0.1 to 0.3 mM (Supplementary Fig. 1a) which are closer to the physiological
conditions**-2. To exclude the possibility that the activation by ATP was due to an osmotic effect or to the Na*
cation present with the commercial formulation of ATP, sucrose or NaCl were tested as a control. No, or very
small effect was observed in either condition indicating that the effect of the nucleotide is specific (Fig. 3b). Very
interestingly, the activation by ATP did not occur if cholesterol is omitted from the proteoliposome preparation.
In fact, in the absence of cholesterol, the nucleotide exerted only a very small, if any, effect (Fig. 3¢). A clear acti-
vation was indeed observed in the presence of 75 ug cholesterol/mg phospholipids, in agreement with the data
of Fig. 3a. This result suggests that the sites of interaction of cholesterol and ATP may be close to each other. The
data reported in Fig. 3b indicates that the base moiety is not crucial for the activation. To investigate if the effect
could be influenced by the phosphate groups, the transport activity was measured in the presence of 4 mM AMP,
ADP or cAMP in comparison to ATP. As shown in Fig. 3d, the extent of activation decreased by decreasing the
number of phosphate groups. This indicates that three phosphates are necessary for the full effect. Interestingly,
the effect exerted by ATP is in the same order of magnitude of that exerted by ATP-Magnesium (Supplementary
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Figure 3. Effect of intraliposomal nucleotides on the transport activity of hLAT1. The purified protein

was reconstituted in proteoliposomes prepared with 75 pg cholesterol/mg phospholipids as described in
“Methods” Transport assay was started adding 5 uM [*H]-histidine to proteoliposomes containing 10 mM
histidine. The transport was measured in 15 min according to the stop inhibitor method. Transport rate was
expressed as nmol/mg in 15 min. In (a), the dependence of hLAT1 transport activity on intraliposomal ATP.
The indicated concentrations of ATP, buffered with 20 mM HepesTris pH 7.0, were added in the internal

side of proteoliposomes. In (b), the effect of nucleotides on the transport activity of hLAT1. Intraliposomal
compartment included 4 mM of the indicated nucleotides, buffered with 20 mM HepesTris pH 7.0. As an
osmotic control, 12 mM NaCl or 12 mM sucrose was added in place of nucleotides. In (c), transport activity
of the recombinant hLAT1. Proteoliposomes were prepared without (-) or with (+) 75 pg cholesterol/mg
phospholipids as indicated; 4 mM ATP, buffered with 20 mM HepesTris pH 7.0, was included (+) or not (=) in
the intraliposomal compartment as indicated. (d) Effect of AMP, ADP and cAMP on the transport activity of
hLAT1. Proteoliposomes contained 4 mM of AMP, ADP, cAMP or ATP. Results are means + SD of at least from
three independent experiments. (*) Significantly different from the control (no addition in the intraliposomal
compartment, none) as estimated by the Student’s t-test (p <0.05).

Fig. 1b). The kinetic parameters were then evaluated in the presence of 4 mM ATP with respect to the control
condition without ATP. As shown in Fig. 4a, in the presence of intraliposomal ATP the external Km was slightly
increased (33.9 £4.4 uM) and the V| ,, was higher than the control, i.e. the condition without ATP. The internal
Km was not significantly influenced by the presence of ATP (0.57+0.14 mM), while the Vmax was increased
(Fig. 4b). To exclude a possible influence of the ancillary protein CD98 on the effect of cholesterol and ATP on
hLAT1, the protein extracted from SiHa cells that is in complex with CD98* was employed. As shown in Fig. 5,
the transport activity is influenced by cholesterol and/or ATP as the recombinant protein. Indeed, ATP stimu-
lated the transport only in the presence of cholesterol while the nucleotide did not exert any effect in the absence
of cholesterol.

The effect of ATP was also evaluated on the external side. The transport activity is 25% inhibited at 4 mM
ATP (Supplementary Fig. 2). This concentration value is higher than the extracellular concentration of ATP**,

SCIENTIFIC REPORTS |

(2020) 10:16738 | https://doi.org/10.1038/s41598-020-73757-y



www.nature.com/scientificreports/

a b
0.14 0.15
£ - e
£ vo7} D////’ﬂ 2 //,é_-——~§
s ¥ _ £ 0071 /§ -
£ - Q -~
£ s = -
= I > /'ﬁ
3
/
/
OOO 1 1 1 ! 1 1 | ! ] O OO I I I I I I
0 20 30 40 50 :
Hislex (4M) 0.0 26 50 75
[His]in (mM)

Figure 4. Effect of ATP on the kinetics of hLAT1. The purified protein was reconstituted in proteoliposomes
prepared with 75 ug cholesterol/mg phospholipids as described in “Methods”, containing (M) or not (O0) 4 mM
ATP (in dotted line, data from corresponding Fig. 2). The transport was measured in 15 min according to the
stop inhibitor method. In (a), measurement of the external Km. Transport rate was measured by adding [*H]-
histidine at the indicated concentrations to proteoliposomes containing 10 mM histidine. Data were plotted
according to the Michaelis—Menten equation as transport rate vs histidine concentration. In (b), measurement
of the internal Km. Transport rate was measured by adding 30 uM [*H]-histidine to proteoliposomes containing
the indicated concentration of histidine. Data were plotted according to the Michaelis—-Menten equation as
transport rate vs histidine concentration. Results are means+S.D. of at least three independent experiments.

0.90
*
= T
€ L
0
FS)
£
o 045 | *
5 T
=t
(@]
o
g -
E -
|_
0.00
ATP - + - +
CHOL - - + +

Figure 5. Effect of ATP on the transport activity of hLAT1 extracted from SiHa cells reconstituted in
proteoliposomes. SiHa cell extract was prepared as described in “Methods” Transport was started adding

5 uM [*H]-histidine to proteoliposomes containing 10 mM histidine prepared without (—) or with (+) 75 pg
cholesterol/mg phospholipids as indicated; 4 mM ATP, buffered with 20 mM HepesTris pH 7.0, was included
(+) or not (-) in the intraliposomal compartment as indicated. The transport was measured in 15 min according
to the stop inhibitor method. Results are means + S.D. of at least three independent experiments.

therefore this inhibition cannot be considered physiologically relevant. Moreover, this data confirms that the
transporter is asymmetrical and inserted into the proteoliposome membrane with a right-side-orientation with
respect to the native membrane as previously described?!.

Computational analysis of cholesterol and ATP interaction with hLAT1. To investigate the inter-
action of cholesterol and ATP with hLAT1 on a molecular level, computational analysis was performed (Supple-
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Figure 6. Docking analysis of hLAT1. Docking analysis in site 1 of hLAT1. The cryo-EM structure of hLAT1
in inward conformation (PDB ID: 6IRT, chain B) was represented as ribbon (sky blue) using Chimera v.1.7
software (https://www.cgl.ucsf.edu/chimera). Docking analysis was performed using InducedFit docking from
Schrédinger-Maestro v11.3% as described in “Methods” In (a), molecular docking of cholesterol (in salmon)

in the site 1 (TM 1a, TM5 and TM7). Residues belonging to cholesterol site are represented as sticks. This

pose has a docking score of -5.54 and a MMGBSA binding energy of —46.66 kcal/mol. The membrane and
intracellular/extracellular environment are indicated. In (b), molecular docking of ATP in site 1 in the presence
of cholesterol. The best pose from cholesterol docking was used to dock ATP. Lys 204 represented in stick
makes an electrostatic bond (in violet) with the y-phosphate of ATP. This pose has a docking score of —6.92
and a MMGBSA binding energy of —8.97 kcal/mol. In (c), 2D visualization of hLAT1 interaction with ATP. The
arrows indicated the residues involved in the binding of ATP. In (d), molecular docking of ATP in site 1 in the
absence of cholesterol; in violet, electrostatic bond with Lys 204 represented in stick. The pose has a docking
score of —6.336.

mentary Fig. 3). The structure of the hLAT1 (PDB ID: 6IRT, chain B)'® has been used for the analysis. The initial
step consisted in identifying hydrophobic and hydrophilic regions on the surface of hLAT1 using SiteMap®-*°.
Ten sites have been predicted with a score from 0.888 to 1.015, i.e. the optimal range for a reliable SiteMap pre-
diction (Supplementary Fig. 3)*. Interestingly, site d corresponded to one of the lipid-like densities observed in
the cryo-EM structure of hLAT1 (Supplementary Fig. 4). In this site, the very conserved LLYAFSK motif is pre-
sent (Supplementary Fig. 4), well-acknowledged as a cholesterol binding motif CRAC*'. However, our attention
for deepening the analysis of cholesterol and ATP binding sites was focused on site h, due to the presence of a
hydrophilic surface close to a hydrophobic one (Supplementary Fig. 3). It is worth to note that site h includes two
hydrophobic subsites, namely subsite 1 and subsite 2. Only subsite 1 is close to a hydrophilic region (identified in
red/blue surfaces by SiteMap—Supplementary Fig. 3) thus being in line with our working hypothesis, based on
biochemical data, that the binding sites for cholesterol and ATP should be close to each other. Moreover, subsite
1 includes also the residues previously predicted to be involved in cholesterol binding by sequence alignments
with the Drosophila melanogaster dopamine transporter dDAT, sharing a similar fold and also presenting a
cholesterol modulated activity*. Subsequently, docking of cholesterol was performed after generating a grid on
the subsite 1 of site h. To obtain a more reliable result, an Induced Fit docking was performed as it incorporates
side chains mobility of the binding site. After clustering of all poses retrieved, the pose with the lowest docking
score (—5.54) was selected from the most populated cluster (Fig. 6a). In this site cholesterol is accommodated
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SLC7A2_A FTAUNILVLLFVMVAGFVK---GNVANWKISEEFLKNISASAREPPSENGTSIYGAGGFM 290
SLC7A2_B FTAUNILVLLFVMVAGFVK---GNVANWKISEEFLKNISASAREPPSENGTSIYGAGGFM 250
SL7A1 FTCINVLVLGFIMVSGFVK---GSVKNWQLTEEDFGNTSGRLCL -NNDTKEGKPGVGGFM 248
SLC7A3 FTGUNLLVLGFVMISGFVK- - -GDVHNWKLTEEDYELAMAE - -L-NDTYSLGPLGSGGFV 246
SLC7A13 SSVLKVSILSFISLTGVVFLIRGKKENVERFQNAFDAE-------------- LPDIS--- 205
SLC7A9 FTAZKLVIVAIIIISGLVLLAQGNTKNFDNS---FEGA-------------- QLSVG--- 219
SLC7A11 LTFCKLTAILIIIVPGVMQLIKGQTQNFKDA---FSGR----~---------- DSSIT--- 233
SLC7A6 FTYAKVVALIAIIVMGLVKLCQGHSEHFQDA---FEGS-------------- SWDMG- - - 234
SLC7A7 FTYAKVLALIAVIVAGIVRLGQGASTHFENS---FEGS-------------- SFAVG--- 226
FAALKLLALALIILLGFVQIGKGDVSNLDPNF-SFEGT-------------- KLDVG--- 241
SLC7A8 FTAGKLLALALITIIMGIVQICKGEYFWLEPKN-AFENFQ------------- EPDIG--- 232
SLC7Al10 FTGGKLLALSLIIGVGLLQIFQGHFEELRPSN-AFAFWM------------- TPSVG--- 232
L * . *

Figure 7. Multiple alignments of SLC7 protein sequences. Indicated SLC7 members were aligned using the
software Clustal Omega as described in “Methods” (https://www.ebi.ac.uk/Tools/msa/clustalo). In the yellow
box, the conservation of Lys 204 (yellow box) of SLC7A5 is shown in comparison to the other members of the
SLC7 family.

by hydrophobic residues of the helices 1a, 5 and 7 such as L53, V56, A57, L208, A209, 1212, 1284, V288, L291.
As described above, subsite 1 has in its vicinity a hydrophilic pocket that might accommodate ATP (Fig. 6a).
Thus, Induced Fit docking of ATP was performed on this region (Fig. 6b). The Y-phosphate has an electrostatic
interaction with the Lys 204. The ribose group was predicted to interact with the residues Gln 197 and Asp 198.
Besides the interaction with the ribose group, Gln 197 interacts also with the a-phosphate. The B-phosphate
forms a hydrogen bond with Ser 338 and (Fig. 6¢). Interestingly, in the absence of cholesterol, the docking of
ATP was different with the nucleotide remaining in a more external position (Fig. 6d) indicating that its bind-
ing is influenced by the presence of cholesterol in the subsite 1. Next, we conducted a blind docking of ATP in
the presence of cholesterol in subsite 1 using AutoDock Vina®?, which resulted in a single cluster located in the
region of the hydrophilic surface of pose h (Supplementary Fig. 5). These results gave us further confidence in
our ATP binding mode prediction.

Basic functional characterization of site-directed mutant hLAT1-K204Q. The docking analysis
together with the biochemical data suggested focusing on Lys 204 since this residue establishes an electrostatic
interaction with Y-phosphate, crucial for the ATP effect (Figs. 3d and 6c). Moreover, Lys 204 is conserved in the
SLC7 family members whose transport function is already characterized (Fig. 7). Therefore, Lys was mutated
to Gln to retain the hydrophilic nature and the size of the residue, while removing the positive charge. Despite
the conserved features, the hLAT1-K204Q at pH 7.0 only exhibited 15% activity when compared to the WT
(Fig. 8a). Another peculiar feature of this mutant was the loss of sensitivity towards inhibitors both competitive
and covalent ones (Fig. 8b), indicating that the substrate-binding site of hLAT1 might be compromised by the
mutation. The importance of Lys 204 for basic transport function of hLAT1 allowed us to hypothesize that its
positive charge could be involved in the pH sensitivity of the protein. In contrast with previous findings'3**, we
observed that the transport activity of hLAT1 is pH-dependent, being maximal at neutral pH but much lower
at acidic pH (Fig. 9). Surprisingly, the hLAT1-K204Q exhibited an inverted pH dependence with the lowest
activity at pH 7.5, while the activity at pH 6.0 was comparable to that of the WT at pH 7.0 (Fig. 9). Kinetics of
transport was also studied and Km towards histidine was measured at both pH 7.0 and pH 6.0. The Km values
were 549 +108 pM or 51.4+7.5 uM at pH 7.0 (Fig. 10a) or pH 6.0 (Fig. 10b), respectively. In line with the data of
Fig. 9, the V,,,, value at pH 6.0 is one order of magnitude higher than that at pH 7.0. Both the values were higher
than that of the WT protein confirming the role of Lys 204 in the transport process and in substrate recognition
(Fig. 8). This is in agreement with the location of this Lys residue in the proximity of the substrate-binding site
(Supplementary Fig. 6).

Effect of the K204Q mutation on ATP and cholesterol dependence. After the basic functional
characterization of the mutant, we investigated the dependence on cholesterol and ATP (Fig. 11). Interestingly,
the mutant is activated by cholesterol similarly to the WT protein (Fig. 11a). In contrast, regarding the ATP
dependence, the hLAT1-K204Q showed different behavior in comparison to the WT protein. As reported in
Fig. 11b, the hLAT1-K204Q showed a shift in the ATP concentration required for transport stimulation. Note-
worthy, the activity of the mutant was only slightly stimulated at 4 mM but reached the maximum of activation
at 8 mM ATP (Fig. 11b). These results, which are quite different from those of the hLAT1 WTT, indicated that the
residue Lys 204 is crucial for ATP sensitivity in hLAT1.

Discussion

The role of cholesterol in modulating the transport activity of hLAT1 is described in this work. The interaction
of cholesterol with hLAT1 was previously hypothesized based on the identification of conserved motifs within
proteins structurally related to hLAT1?° such as dDAT** and hSERT®*. Then, the recently solved 3D structure of
hLAT]1 in complex with hCD98 showed some lipid sites probably occupied by cholesteryl hemisuccinate added
to the protein during purification'®. The same authors showed that the addition of cholesterol to proteoliposomes
harboring the LAT1-CD98 complex led to stimulation of leucine uptake. Transport modulation by cholesterol
revealed to be a particularly interesting issue, since other transporters belonging to different SLC families were
found to be modulated by this lipid as well?>***¢-42_ Therefore, we deepened this aspect by using biochemical
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Figure 8. Transport activity of the recombinant hLAT1 WT or hLAT1-K204Q mutant. The mutant protein was
prepared as described in “Methods”. The purified hLAT1-WT or hLAT1-K204Q proteins were reconstituted

in proteoliposomes prepared with 75 ug cholesterol/mg phospholipids as described in “Methods”. Transport
assay was started by adding 5 pM [*H]-histidine to proteoliposomes containing 10 mM histidine. The transport
was measured in 15 min according to the stop inhibitor method. In (a), comparison of the transport activity

of hLAT1-WT or hLAT1-K204Q mutant. Transport rate was expressed as nmol/mg in 15 min. In (b), the

effect of HgCl, and BCH on transport activity of hLAT1-WT or hLAT1-K204Q mutant. During transport

assay, 15 uM HgCl, and 5 mM BCH were added in the extraliposomal side together with the radiolabeled
substrate. Transport was indicated as % residual activity with respect to the control (i.e. proteoliposomes with no
externally added inhibitor). Results are means + SD of at least three independent experiments. (*) Significantly
different from the control (no externally added inhibitor) as estimated by the Student’s t-test (p <0.05).
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Figure 9. Effect of pH on the transport activity of hLAT1-WT or hLAT1-K204Q mutant. The purified
proteins, WT (O) and K204Q (¢), were reconstituted in proteoliposomes prepared with 75 pg cholesterol/mg
phospholipids as described in “Methods” and buffered with 20 mM Hepes Tris at the indicated pH. Transport
was started by adding 5 uM [*H]-histidine to proteoliposomes containing 10 mM histidine. The transport

was measured in 15 min according to the stop inhibitor method. Transport rate was expressed as nmol/mg in
15 min. The pH was equal in both the internal and external sides of proteoliposomes. Results are means+ SD of
at least three independent experiments.
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Figure 10. Effect of pH on external Km of hLAT1-K204Q mutant. The purified protein was reconstituted using
proteoliposomes prepared with 75 pg cholesterol/mg phospholipids. The transport was measured in 15 min
according to the stop inhibitor method. Transport rate was measured by adding [*H]-histidine at the indicated
concentrations to proteoliposomes containing 10 mM histidine. Data were plotted according to the Michaelis—
Menten equation as transport rate vs histidine concentration. In (a), proteoliposomes were prepared at pH 6.0
and substrate was buffered with 20 mM HepesTris pH 6.0. In (b), proteoliposomes were prepared at pH 7.0
and substrate was buffered with 20 mM HepesTris pH 7.0. Results are means+ SD of at least three independent
experiments.
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Figure 11. Effect of cholesterol and ATP on the hLAT1-K204Q mutant. The purified protein was reconstituted
as described in “Methods” Transport was started adding 5 uM [*H]-histidine to proteoliposomes containing

10 mM histidine. The transport was measured in 15 min according to the stop inhibitor method. Transport

rate was expressed as nmol/mg in 15 min. In (a), the effect of cholesterol on the transport activity of hLAT1-
K204Q mutant. Proteoliposomes were prepared with indicated concentrations of cholesterol (CHOL). In (b),
the effect of internal ATP on transport activity of hLAT1-K204Q mutant. The indicated concentrations of ATP,
buffered with 20 mM HepesTris pH 7.0, were added in the internal side of proteoliposomes prepared with 75 ug
cholesterol/mg phospholipids. Results are means +SD of at least three independent experiments.

approaches together with computational analysis. From the collected data, it emerged that cholesterol added to
the proteoliposomes indeed stimulated the transport activity measured as antiport of the high-affinity substrate
histidine (Fig. 1). The intrinsic feature of proteoliposome tool allowed us to investigate in further detail the effect
of cholesterol on hLAT1 function in terms of kinetic parameters. The affinity for the substrate on the external
face of the transporter was not, or only slightly, modified by cholesterol (Fig. 2a). These findings correlate well
with previous results on hLAT1, obtained by a different experimental approach consisting in sequestering cho-
lesterol from the cell membrane by methyl-cyclodextrin®. Moreover, the internal affinity for the substrate, which
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cannot be approached using the intact cell system, was also investigated. Differently from the external side, the
internal affinity was strongly increased suggesting a stabilization of the hLAT1 inward open conformation by
cholesterol (Fig. 2b). This differs from data on hSERT, obtained by studies performed with inhibitors, showing
that cholesterol favours the outwardly open conformation®. As in the case of other membrane proteins®>*"-#,
cholesterol effects might be not exclusively due to an action on the membrane fluidity/arrangement, but they
could be related to a physical interaction with the protein. Very probably, cholesterol binds to hLAT1 in more
than one site as suggested by the patch of densities reported in the 3D structure, and in agreement with our
computational analysis (Supplementary Fig. 3). At this stage is not possible to evaluate the exact contribution of
each cholesterol binding site to the transport activity of LAT1. Interestingly, some of the identified sites, namely
d, e, f, g and h are coincident with those previously predicted'>*** (Supplementary Fig. 3). It is important to
highlight that cholesterol can bind to membrane proteins in annular or non-annular sites, engaging distinct
types of interaction: (1) annular sites are less specific and devoted to mediate the interaction of a hydrophobic
transmembrane segment with the phospholipid bilayer; (2) non-annular sites engage larger protein domains and
are involved in the regulation of the protein function®. Therefore, it is more likely that the effect on substrate
affinity could be due to the interaction of cholesterol with sites showing non-annular features. The selection of
the most plausible cholesterol-binding site was supported by the new collateral finding of regulation of transport
activity by intraliposomal ATP (Fig. 3). Indeed, the stimulatory effect of ATP was only exerted in the presence of
cholesterol, thus strengthening the hypothesis that the respective binding sites are close to each other. The extent
of stimulation by cholesterol is similar to that previously described for the same'>*° or other transporters®-3%4!.
The synergistic effect by cholesterol and ATP reaches a factor higher than 3. In line with a physiological role of
such a modulation, ATP-Magnesium is able to exert the same activation of free ATP. This indicates that the LAT1
bound form is ATP, as observed in other cases*>*’. It has to be stressed that this phenomenon was observed also
on the native transporter. This is in line with our previous findings demonstrating that all the transport features
are virtually identical in the native and the recombinant hLAT1°. Very interestingly, the docking analysis of ATP
on the whole hLAT1 structure resulted in a single cluster of interactions coincident with the hydrophilic pocket
close to subsite 1 in site h (Fig. 6a and Supplementary Fig. 5). Altogether, the described observations indicated
that binding of ATP in subsite 1 (of site h) might explain the synergistic effect of ATP and cholesterol. It has to
be noted that ATP has a secondary role in the transport modulation with respect to cholesterol, since it does
not influence substrate affinity, but only the transport rate (Fig. 4). This phenomenon may be interpreted also in
terms of docking analysis of ATP performed on the homology model of hLAT1 in an outward open conforma-
tion (Supplementary Fig. 7). In fact, the hydroxyl moiety of cholesterol establishes hydrogen bond interactions
alternatively with the backbone atoms of Leu 53 (Fig. 6a) or the side chain of Asp 198 (Supplementary Fig. 7) in
the inward or outward conformation, respectively. In the outward state, Lys 204 that is the major determinant
for ATP coordination is buried. This let us hypothesize that the binding of ATP only occurs in the inward open
conformation in line with its accessory role with respect to cholesterol.

As a serendipity event, the residue underlying the ATP effect gave further insights into the hLAT1 structure/
function relationships. The homologous residue in bacterial ApcTs has a role in conformational changes and pH
response*®~’. Thus, we investigated the relationships of Lys 204 with the pH response of hLAT1. First, we revealed
that, contrarily to previous assumptions"'®*, the activity of hRLAT1-WT is pH-dependent (Fig. 9). This novel
finding may be due to the better suitability of the in vitro system of proteoliposomes for investigating the pH
dependence®. Interestingly, the loss of the positive charge of Lys 204 in the hLAT1-K204Q triggered an inverted
pH dependence with respect to the hLAT1-WT. Moreover, as previously supposed for the bacterial homologue
GKApcT®, Lys 204 has also a crucial role in the layout of the active site: the hLAT1-K204Q shows an impairment
of the affinity towards histidine and loses the response to inhibitors targeting the substrate-binding site (Fig. 8).
Indeed, Lys 204 is not far from residues involved in the substrate binding and translocation'>*' (Supplementary
Fig. 6). The influence of Lys 204 on the active site may be mediated by the residues present in the kink of helix
1 interposed between the active site and Lys 204 (Supplementary Fig. 6). This correlates with the finding that
this helical domain most probably moves during the conformational changes necessary for translocation as also
recently proposed*>°!. The stimulation by ATP may have a biological significance linked to the metabolic state
of the cells. It is well known that ATP acts also as a metabolic regulator on a great number of enzymes and, in
some cases, of transporters®>-2>#2, To our knowledge, this is the first case of a transporter of the SLC7 family,
showing a regulation by ATP. Therefore, hLAT1 could respond to metabolic changes via the interaction with ATP
and increasing the distribution of essential amino acids to cells under conditions of energy sufficiency. This may
have a relevant role also in the metabolic rewire typical of cancer cells®>. Furthermore, the accessible hydrophilic
pocket identified in this work opens perspectives for the design of potential interactors able to target specifically
hLAT]1 contributing to the design of drugs for its silencing.

Methods

Materials. E. coli Rosetta(DE3)pLysS cells were from Novagen (Rome, Italy); His Trap HP and PD10 col-
umns were from GE Healthcare; L-[*H]histidine was from American Radiolabeled Chemicals (ARC Inc., USA);
C,Eg Amberlite XAD-4, egg yolk phospholipids (3-sn-phosphatidylcholine from egg yolk), cholesterol, Sepha-
dex G-75, imidazole, L-histidine and all the other reagents were from Merck KGaA (Germany).

Extraction of hLAT1 from SiHa cells.  SiHa cells were maintained in Dulbeccos Modified Eagle Medium
as described in®. LAT1 was extracted from SiHa pellets, after solubilization with RIPA buffer and incubation
for 30 min on ice. Proteins were quantified, after centrifugation (12,000g, 15 min, 4 °C), using the colorimetric
method Lowry-Folin®.
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LAT1 K204Q Forward TTTGCGGCGGCGCAGCTGCTGGC
LAT1 K204Q Reverse GCCAGCAGCTGCGCCGCCGCAAA

Table 1. Sequences of primers used for mutagenesis.

Construction and over-expression of recombinant hLAT1 proteins. hLAT1 has been mutated
using PCR overlap extension method as described in**** by using primers reported in Table 1. hLAT1 WT and
K204Q mutant have been over-expressed in E. coli Rosetta(DE3)pLysS as described in>.

Protein purification. hLAT1 WT and K204Q mutant were over-expressed in E.coli and purified as previ-
ously described®®. AKTA start FPLC equipment was used for purification. The supernatant from solubilized
cell lysate was loaded on a His Trap HP column (5 mL Ni Sepharose) preequilibrated with a buffer containing
20 mM Tris HCI pH 8.0, 10% glycerol, 200 mM NaCl, and 0.1% sarkosyl (10 mL). The column was washed with
a washing buffer containing 20 mM Tris HCI pH 8.0, 10% glycerol, 200 mM NaCl, 0.1% DDM, and 3 mM DTE
(10 mL). The protein was eluted by the washing buffer added with 400 mM imidazole (15 mL). Desalt of 2.8 mL
of the purified protein was then performed using a PD-10 column. The desalting buffer contained 20 mM Tris
HCI pH 8.0, 10% glycerol, 0.1% DDM, and 10 mM DTE.

Liposome preparation. 7.5 mg of cholesterol were added to 100 mg of egg yolk phospholipids and solubi-
lized with 1 mL chloroform. After short incubation under rotatory stirring (1200 rpm, 30 °C, 5 min) open tube
is dried O.N. at room temperature®. The lipid film was resuspended in 1 mL water (10% final concentration) and
sonicated to form unilamellar liposomes as previously described™.

Reconstitution of the hLAT1 transporter into proteoliposomes. The desalted proteins, hLAT1
WT and mutant K204Q, were reconstituted by removing the detergent from mixed micelles containing deter-
gent, protein, and phospholipids by incubation with Amberlite XAD-4 in a batch-wise procedure, as previously
described?!. In brief: the mixture for reconstitution was composed of 4 pg purified protein in desalting buffer
(150 pL), 100 pL of 10% C,,Eg, 100 uL of sonicated liposomes prepared as described in the above paragraph,
10 mM histidine, 10 mM DTE, and 20 mM HepesTris pH 7.0 (except where differently indicated) in a final
volume of 700 pL. Amberlite XAD-4 (0.5 g) was added to this mixture and incubated for 90 min under rotatory
stirring (1200 rpm) at 23 °C using a previously pointed out procedure?. This methodology allows inserting the
structurally asymmetric protein, with an homogeneous orientation (right-side-out) into the membrane'.

Transport measurements. Transport was assayed as previously described?’. In brief: proteoliposomes
(600 pL) were 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 7.0 and 10 mM sucrose. Eluted proteoliposomes were divided into
aliquots of 100 pL for transport assay. [*H]-histidine (5 uM) was added to the proteoliposome samples for start-
ing the transport and 15 uM Mercury(II) Chloride (HgCl,) was added to stop the transport according to the
stop inhibitor method?!. To remove the external (not taken up) radioactivity, 100 uL of each sample were passed
through a Sephadex G-75 column (0.6 cm diameter x 8 cm height). Samples were eluted with 1 mL 50 mM NaCl
in 4 mL of scintillation mixture for radioactivity counting. Calculated specific activity was expressed as nmol/mg
at a given time or as nmol/mg/min in the case of transport rate measurement. Kinetic parameters were derived
from data fitting in Michaelis-Menten equation using Grafit 5.0.13 software (Erithacus Software, West Sussex,
UK).

Computational analysis. Protein preparation. The three-dimensional coordinates of LAT1 (PDB ID:
6IRT)' were downloaded, refined, and prepared within Maestro v11.3%® using Schrddinger Protein Preparation
Wizard tool***° which consists of three essential steps: addition of hydrogens, optimization of hydrogen bonds
by flipping amino side chains, correction of charges, and minimization of the protein complex. Default param-
eters were used. Chain A, corresponding to CD98 and all ligands in 6IRT were removed.

SiteMap.  The hydrophobic and hydrophilic regions on the protein surface were investigated using SiteMap3%¢!.,
The prepared chain B of 6IRT was submitted to SiteMap using default parameters and ranked. 10 sites were iden-
tified with a minimum of 15 site points after generating a fine grid (i.e. corresponding of a grid spacing of 0.35 A)
and enabling the detection of shallow binding sites on the surface.

Preparation of ligands. ‘'The ligands cholesterol and ATP were downloaded from PubChem in sdf format.
Subsequently, they were prepared using LigPrep®? by optimizing geometries of the ligands and assigning them
appropriate protonation states®. Epik with default parameters was used®.

Receptor grid generation. Receptor grids were generated keeping the default parameters of van der Waals
scaling factor 1.00 and charge cutoff 0.25 subjected to OPLS3 force field. A cubic box of specific dimensions
(30x30%30 A) centered around selected residues (L53, V56, V60, F200, K204, A207, L210, 1211, 1280, 1284,
L291) was generated for the protein.
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Induced fit docking (IFD) extra precision (XP). Docking analysis were performed using Induced Fit XP
Docking® protocol in Maestro®®’ . At first, a Glide docking was carried out®. On the basis of B-factor, side
chains were trimmed and a van der Waals scaling factor of 0.50 was used for both receptor and ligand. The
number of poses generated was set to 20. All residues within 5.0 A of ligand poses were refined and side chains
optimized using a Prime structure prediction. This procedure allows the binding site residues to better accom-
modate the various ligand poses, resulting in more optimized protein-ligand interactions. Finally, structures
within 30.0 kcal/mol of the best structure, and within the top 20 structures overall were redocked using Glide
XP. The ligand was docked into the induced-fit receptor structure and the results yielded an IFD score for each
output pose.

Autodock Vina. Autodock Vina v1.1.2 was used to identifying ATP binding sites in LAT1 transporter in the
presence of Cholesterol (pose with docking score —5.54 of Cholesterol, from Maestro)*? using a blind docking
procedure. The grid box, which covered the whole protein, has a size of 70 x 102 x 74 A (x, y, and z) with spacing
1.0. After ligand preparation (see above), the ATP molecule was docked into refined LAT1. The best conforma-
tion space of the ligand was searched employing the Lamarckian Genetic Algorithm. Default parameters were
used and 20 different conformers were generated for the ATP molecule.

Binding energy calculation. Molecular Mechanics Generalized Born Surface Area (MMGBSA) solvation® were
used to calculate the binding energies for the best poses of LAT1-cholesterol and LAT1-cholesterol-ATP com-
plexes derived from Induced fit docking XP (i.e. docking score). Default parameters with VSGB 2.051 energy
model”® and OPLS3e force field were applied.

Visualization of docking results. Molecular graphics and visualization of docking results were performed with
the UCSF Chimera v.1.7 software (Resource for Biocomputing, Visualization, and Informatics, University of
California, San Francisco, CA, USA)L.

Alignment. 'The amino acid sequence of SLC7 members and other orthologues were downloaded from UniProt
and aligned through the Clustal Omega’.

Homology modeling. We used a previously published homology model of LAT1 described in”>7*. Briefly, the
model was built using MODELLER using the structure of the arginine/agmatine transporter AdiC from E. coli
in the outward open conformation (PDB ID: 5J4N) as a template”.

Statistical analysis. Results were analyzed by nonparametric Student’s t-test as described in figure legends.
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