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Abstract




Amino acids transport in mammalian cells is mediated by different amino acid transporters whose activity
allow the flow of an important source for metabolic need of cells. Moreover, some amino acids such as Gln,
Arg and Leu work as signalling molecules and their availability and concentration represent key factors in the
regulation of intracellular signalling pathways responsible of cellular growth. Thus, amino acids flow, which
is important under physiological condition, becomes particularly relevant under pathological conditions such
as in tumours cells to satisfy their unique metabolic and proliferative needs. Therefore, since in tumours
upregulation of amino acids transporters is an important step to satisfy the increased demand for these
nutrients, the same transporters are potential drug targets for cancer therapy. However, the certainty that a
specific transporter could be a target in human therapy requires its functional characterization and the
knowledge of the enchanting structure/function relationships. In this context, an important transporter that
became of particular interest for its overexpression in many tumours is LAT1, and the aim of this work has
been that to shed light on still unclear aspects of its function.

hLAT1 belongs to SLC7 family and into the plasma membrane forms heterodimers with the glycoprotein
4F2hc (also known as CD98 in mice), member of SLC3 family. Studies conducted in intact cells showed that
4F2hc/LAT1 complex catalyses amino acids transport; however, in this experimental model it was not possible
to clarify whether one or both subunits are competent for transport activity and substrate recognition. Thus,
aimed to unravel the dark side of 4F2hc/LAT1 mediated transport, different experimental strategies were
adopted allowing to demonstrate that LAT1 is the sole transport competent unit of the heterodimer. Indeed,
using western blot analyses and transport assays in liposomes reconstituted with proteins extracted from SiHa
cells and in liposomes reconstituted with recombinant LAT1, it has been demonstrated that neither the covalent
interaction nor the association of 4F2hc with LAT1 influence transport and specificity of LAT1. Moreover,
the suitability of proteoliposome model used for reconstitution of recombinant LAT1, allowed to identify a
functional asymmetry of this transporter which, on a physiological point of view, exhaustively elucidates the
reciprocal correlation between the transport activity of LAT1 and that of another important amino acids
transporter overexpressed in tumours cells, ASCT2. To the same extent, proteoliposome tool together with
bioinformatics and site-directed mutagenesis have been useful to probe critical residues of the substrate
binding site of LAT1. These results laid the groundwork for deciphering molecular mechanism of LAT1
function and for setting up studies aimed to identify new potent and specific inhibitors great for human health.
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Il trasporto di amminoacidi nelle cellule umane e mediato da diverse proteine di trasporto la cui attivita
consente il flusso, attraverso la membrana, di un’importante classe di nutrienti necessari a soddisfare le
richieste metaboliche delle cellule stesse. Alcuni amminoacidi, quali GIn, Arg and Leu, fungono anche da
molecole segnale percio la loro disponibilita e concentrazione rappresentano fattori chiave per il controllo di
vie di segnalazione intracellulari responsabili della crescita cellulare. Per tale ragione, il flusso di amminoacidi
e rilevante sia in contesti fisiologici che patologici. Le cellule tumorali, ad esempio, presentano un incremento
del flusso di amminoacidi necessari a sostenere la loro proliferazione. Per soddisfare 1’aumentato flusso di
nutrienti, le cellule tumorali over-esprimono sistemi di trasporto di amminoacidi che, quindi, divengono
potenziali target nella terapia anticancro. Tuttavia, perché una specifica proteina di trasporto possa essere
studiata come target farmacologico, e necessaria una profonda conoscenza delle sue caratteristiche funzionali
e cinetiche nonché del rapporto struttura funzione. Per raggiungere tale scopo, nel presente lavoro di dottorato
e stato studiato uno specifico trasportatore umano, LAT1, over-espresso in molti tumori.

hLAT1 appartiene alla famiglia SLC7 e forma, nella membrana plasmatica, eterodimeri con la glicoproteina
4F2hc (anche nota come CD98) appartenente alla famiglia SLC3. L’attivita del complesso 4F2hc/LATI, come
riportato in letteratura, é stata studiata in cellule intatte, tuttavia, tale modello sperimentale non ha consentito
di chiarire se una o entrambe le subunita del complesso fossero necessarie per 1’attivita di trasporto e per il
riconoscimento del substrato. Per tale ragione, al fine di rivelare gli aspetti poco chiari del trasporto mediato
dal complesso 4F2hc/LATL, sono state adottate differenti strategie sperimentali che hanno consentito di
dimostrare che LAT1 ¢ I’unica unita competente del complesso. Analisi di western blot e studi di trasporto
condotti in proteoliposomi hanno consentito di dimostrare che né il trasporto né la specificita del trasportatore
LATI sono influenzate dall’interazione covalente o dall’associazione con la glicoproteina 4F2hc. Questi
risultati sono stati ottenuti sia usando le proteine estratte da cellule SiHa, sia la proteina ricombinate LATL.
La corrispondenza di risultati ottenuti con la proteina nativa e quella ricombinante ha permesso di dimostrare
la validita del modello sperimentale di ricostituzione in liposomi del trasportatore LAT1. Il sistema LATL1 é
un antiport di amminoacidi Na* e pH indipendente che mostra una preferenza per grandi amminoacidi quali
Trp, Phe Tyr ed His, ma anche amminoacidi piu piccoli quali Met, Val, Leu, lle risultano essere trasportati.
Nel modello sperimentale della ricostituzione in liposomi ¢ stata dimostrata anche 1’asimmetria funzionale e
cinetica di LAT1 che, da un punto di vista fisiologico, chiarisce la reciproca correlazione tra 1’attivita di
trasporto mediata da LAT1 e quella mediata da ASCT2, un altro trasportatore di amminoacidi ampiamente
espresso nelle cellule tumorali. Allo stesso modo, la ricostituzione in liposomi della proteina ricombinante
LATI, in associazione a studi di bioinformatica e all’uso della mutazione sito-diretta per ottenere proteine
ricombinanti mutate, hanno consentito di verificare il coinvolgimento di specifici residui amminoacidici nel
riconoscimento, legame e traslocazione del substrato. In particolare e stato dimostrato che F252, S342 e C335
sono cruciali nel riconoscimento del substrato, mentre C407 svolge un ruolo marginale. 1 risultati ottenuti,

rappresentano una base solida per decifrare il meccanismo molecolare del trasportatore oggetto di studio che
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e di tipo random simultaneo in cui i due substrati legano nello stesso momento il sito interno ed esterno del
trasportatore. | risultati complessivamente ottenuti nel presente lavoro di dottorato costituiscono le basi per

effettuare studi volti all’identificazione di nuovi potenti e specifici inibitori importanti per la salute umana.



Abbreviations

AdiC L-arginine/agmatine antiporter

APC Amino acid-polyamine-organocation (APC) superfamily
ApcT Proton-coupled broad-specificity amino acid transporter
BBB Blood brain barrier

BCH 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid
Ci2Es Octaethylene glycol monododecyl ether

CD98 Cluster of differentiation 98

DDM N-Dodecyl B-D-maltopyranoside

DTE Dithioerythritol

E.coli  Escherichia coli

GST Glutathione-S-transferase

LATs  Light subunits of amino acid transporters

LeuT Na*-coupled leucine transporter

mTOR  Mammalian target of rapamycin

MTSEA 2-Aminoethyl methanethiosulfonate hydrobromide
NEM N-ethylmaleimide

SLC Solute carrier

TEMED Tetramethylethylenediamine

TMD  Transmembrane domain

TX-100 Triton X-100
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1.1. Biological membranes and transport activity

Biological membranes represent a permeability barrier that divide the cytoplasmic from the extracellular space
in all cells, establishing and discerning the biochemical identity of a single cell from the external environment.
Therefore, biological membranes govern substance traffic between the internal and the external environments
of cells, safeguarding nutrient assumption, metabolic intermediates retention and scrap product ejection.
Biological membranes consist of a continuous phospholipids bilayer in which many membrane proteins are
included, indeed, a pure phospholipidic bilayer would impede the access of ions, amino acids, sugars and other
hydro soluble molecules. In this contest transport proteins guarantee selective transport of molecules. In the
past, it was believed that a large number of molecules could diffuse through membranes. It is now well
established that transmembrane proteins are necessary for translocating virtually all the molecules with the
exception of very few molecules such as oxygen [1, 2].

In particular, transport proteins mediate entry of nutrients into the cytoplasmic compartment, allowing
metabolism of exogenous sources of carbon, nitrogen, sulfur, phosphorus, ions, micronutrients and, then,
elimination of end products of metabolic pathways. Transporters allow also uptake and efflux of drugs and
other toxic compounds. Active transport of ion species is important to maintain a membrane potential given
by ion concentration gradients. Transporters are also directly involved in the elimination of many
physiological molecules produced by the cell metabolism, such as lipids, proteins, and complex carbohydrates
into and beyond the cytoplasmic membrane. Sometimes, transport proteins work in conjunction with extra
cytoplasmic receptors or with cytoplasmic energy-coupling and regulatory proteins forming protein complex
[3].

Transporters are also important for metabolite exchange among different sub-cellular compartments, allowing

completion of biochemical pathways.
1.2. Membrane transport proteins

Given their essential role for uptake, elimination, and intracellular traffic of all nutrients and metabolites,
transport proteins are fundamental for life, indeed they represent a significant fraction of all proteins encoded
in the genomes of both simple and complex organisms.

Transport proteins can be classified using different criteria based on functional, molecular or evolutionary
aspects. On a functional point of view, in both prokaryotes and eukaryotes, transport systems can be classified

in two main groups: channels and permeases.

I.  Channels are transmembrane proteins, which catalyse ion transport with an high turnover rates. The

driving force for transport derives from ion concentration gradients.
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Permeases catalyse transport of different compounds with a lower turnover than channels and are
active transporters, which utilize diverse energy-coupling mechanisms [4]. In particular, on the basis
of the origin of the transport driving force, permeases can be subdivided into primary and secondary

active transporters.

Primary active transporters contain ATPase domains or subunits which generate free energy from
ATP hydrolysis coupled to the transport process.

Secondary active transporters, which constitute the largest group, can be classified in three
categories (uniporters, symporters and antiporters) on the basis of the number of substrates and of
transport direction. The driving force for this group of transporters is generated, by concentration
gradients of the transported substrates (uniporters), coupling to a co-transported ion such as Na* or H*
(symporters), or coupling to a counter substrate, which is transported in the opposite direction
(antiporters) (Fig. 1) [1].

ADP

ATP

: Secondary active
S -—‘j— Uniport transport
J—
/K, Symport
S —

J/ Antiport
X+

g’

Fig. 1: Functional classification of membrane proteins. (Adapted from Scalise et al., Proteoliposomes as Tool for Assaying Membrane Transporter
Functions and Interactions with Xenobiotics, 2013).

1.3. Amino acid metabolism and transport

Protein’s share through diet is about 30% in a typical western diet. Protein degradation, in their constituent

amino acids, takes place in the gastrointestinal segment. Indeed, after their digestion, the resulting dipeptides

and amino acids are efficiently absorbed by the enterocytes of the small intestine where dipeptides are

metabolized. Most of globular proteins from animal sources are almost completely degraded in free amino
acids [2].
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Amino acids derived from intracellular or diet proteins degradation, are distributed to tissues and metabolized
in liver. Amino acids are an important biological molecule class whose oxidation gives a significant, but
variable, contribution to metabolic energetic request of cells. In particular oxidative degradation of amino
acids require a phase in which the amino group is separated from carbon skeleton and sent to specialized
pathway for amino group metabolism, whereas, carbon skeletons are channelled into citric acid cycle to obtain
energy from oxidation. Amino acids are also necessary for synthesis of proteins and bioactive molecules and
they are delivered to all tissues through the blood [2, 5]. The flow of these important nutrients, across the

plasma membrane, is mediated and strictly controlled by specific transport proteins.
1.4. Mammalian amino acid transporters

Researches on mammalian amino acid transporters have been introduced in 1960 by Christensen’s group, to
identify functional characteristics, which allow to discern different transporter. Indeed, using radiolabelled
amino acids and amino acid analogues, Christensen and colleagues observed that amino acid transporters
accept groups of amino acid rather than single amino acids. Functional characteristics, such as substrate
specificity, kinetic and regulatory properties, ion dependence and pH sensitivity, distinguish specific
transporters [6]. On the basis of the differential characteristics emerged from these studies, the main criteria
adopted to classify amino acid transporters has been the type of amino acid (acidic, zwitterionic or
hydrophobic) and the thermodynamic properties of the transport. Moreover, amino acids transport activity
was commonly defined “system”, 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 amino acid transporters that prefer leucine and other large
hydrophobic neutral amino acids;

e System A for alanine and other small neutral amino acids;

e System ASC for alanine, serine, and cysteine;

e System y* for cationic amino acids;

e System XAC for anionic amino acids;
All amino acid transporters are divided into two categories, Na*-dependent and Na*-independent.

e Na*-dependent amino acid transporters utilize the energy present across the membrane
established by Na* electrochemical gradient which is mainly maintained by the Na*/K*-
ATPase, to drive the uptake of amino acids across the membrane.

e Na'-independent amino acid transporters drive the selective movement of amino acids

across the plasma membrane independently of Na*.
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The nomenclature used for mammalian amino acid transporters terms Na*-dependent systems in uppercase
letters and Na*-independent systems in lowercase letters. Only the Na*-independent transporter System L has
maintained its uppercase designation for historical reasons [7].

Even though the above described classification is still considered effective on a functional point of view, the
growing knowledge of structural data obtained on transporters, together with bioinformatics, introduced a
classification of amino acid transporters based on the sequence homology. In the latest two decade, in silico
methodologies gave additional information on eukaryote amino acid transporters deriving from homology
modelling based on prokaryotic template structures [8]. These studies start from the outset that similar amino
acid sequences in proteins reflect similar three-dimensional structures and mechanisms of action; thus by
determining the structure and function of at least one member of each protein family, it is possible obtain
information about structures, substrate specificities and function of other proteins belonging to the same family
[2, 54].

1.5. The APC superfamily

One of the major transporter groups is the amino acid/polyamine/organocation (APC) superfamily, which is
represented in each of the life domains (eukaryotes, bacteria and archea). The APC superfamily includes 10
families for which literature data report phylogenetic/sequence analyses defining the evolutionary
relationships of the proteins to each other as well as the phylogeny of each of the 10 families within the APC
superfamily [9-11]. The members of these 10 families function as solute:cation symporters and solute:solute
antiporters. The families belonging to APC superfamily 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 (archaeal/bacterial transporter) family; GGA
(Glutamate:GABA antiporter) family; SGP (Spore germination protein) family. The substrate specificities of
some APC superfamily transporters have been carefully studied revealing that while some have exceptionally
broad specificity for amino acids, others are restricted to just one or a few amino acids.

The majority of homologous integral membrane APC permease polypeptide chains, vary in size from about
400 to 800 amino acid residues. According to hydropathy profile analysis and biochemically established
topological features of most prokaryotic and eukaryotic APC superfamily members, both the N- and C-termini
of the proteins are located in the cytoplasm with a 12-transmembrane segment topology, with some exception
[9-11].

1.6. The solute carrier SLC7 family

One family of the APC transporter superfamily have human members involved in relevant physiological

functions. This family is the solute carrier SLC7 family whose members belong to two subfamily: the cationic
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amino acid transporters (CATs, SLC7A1-4 and SLC7A14) and the L-type amino acid transporters (LATS,
SLC7A5-13 and SLC7A15). The latter are also called light chains or catalytic subunits of the heteromeric

amino acid transporters (HATS) or glycoprotein-associated amino acid transporters (the gpaAT family)
(Fig.2).

bA-AT
SLCTAS

probable CAT
SLCTA14

y'LAT1
SLCTAT

y'LAT2
SLCTAE

LAT1
SLCTAS

AGT1
SLCTA13

LAT2
SLCTAS

Asc-1
SLCTA1D

Fig. 2: Phylogenetic tree of SLC7 family members. The SLC7 family is composed of the CATs and the light subunits of HATs. (Adapted from
Fotiadis D. et al., The SLC3 and SLC7 families of amino acid transporters, 2013).

CATs are the principal entry path for cationic amino acids, playing an important role in nitric oxide synthesis
by delivering L-arginine for nitric oxide synthase. These transporters are N-glycosylated and have 14 putative
transmembrane domains (TMDs) with cytosolic N- and C-termini in line with transmembrane topology
prediction and experimental evidence [12].

LATSs are not N-glycosylated and the peculiar property of this group of proteins consists in forming covalent
heterodimer with larger polypeptides belonging to the SLC3 family, a small group of type Il membrane
glycoproteins. LATs only have 12 TMDs, which show significant similarity to the first 12 TMDs of CATSs.
As indicated from sequence analyses both, CATs and LATS, originate from an ancestral 12 TMD protein and
the duplication of the last two TMDs of this ancestral protein is the origin of the 14 TMD CAT structure. An
estimation indicates that this duplication happened about 2.6 billion years ago [13]. Homologous CAT and
LAT proteins are found in prokaryotes, but the cysteine residue of the LATSs involved in the disulphide bridge
with polypeptides belonging to the SLC3 family is not conserved [14]. SLC3 proteins and HATS are only

found in metazoans [12].

1.7. The heteromeric amino acid transporters HATS

The heteromeric amino acid transporters, HATSs, are composed of a light and a heavy subunit linked by a
disulphide bridge. The heavy subunits are the SLC3 members, whereas the light subunits are the eukaryotic
LATs from the SLC7 family of amino acid transporters. For SLC3 members, the cysteine residue participating

in the disulphide bridge with the corresponding light subunit is four to five amino acids away from the TMD,
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whereas for LATS the cysteine residue involved in the disulphide bridge with the heavy subunit is located

between TMD Il and IV (Fig. 3).

SLC3A2 ,
(4F2hc)

]
k4

OO INOFOV0

Fig. 3: Model of human heterodimer 4F2hc/LAT1 proteins. (Adapted from Fotiadis D. et al., The SLC3 and SLC7 families of amino acid
transporters, 2013).

1.7.1. HATSs and their heavy subunits

The SLC3 family includes two members: rBAT (SLC3A1) and 4F2hc (SLC3A2, also named CD98) (Table
1).

Human gene Protein Aliases Predominant Transport Tissue Linkto Human gene
substrates type distribution and  disease locus
cellular/
subcellular
expression
SLC3A1 rBAT NBAT D2  Heterodimerizes Exchanger Epithelialcellsin Classic  2p16.3-p21

with light subunit (see SLC7 kidney and small cystinuri
b%* AT (SLC7A9): table for intestine, liver, atype

amino acid details) pancreas. In
transport system epithelial cells,
bo+ apical plasma
membrane
SLC342 4F2he CD98he Amino acid Exchanger  Ubiquitous. In 11q13
transport systems (see SLC7  epithelial cells,
L,y"L,x.~and table for basolateral
asc with light details) plasma
subunits SLCTAS- membrane
8 and SLC7A10-
11

Table 1: SLC3 family (Adapted from Palacin, M., Kanai, Y., 2004. The ancillary proteins of HATs: SLC3 family of amino acid transporters).

The two proteins share about 20% amino acid sequence identity and both are N-glycosylated with a molecular
mass of ~94 and ~85 kDa for rBAT and 4F2hc, respectively [12]. In particular, SLC3 proteins are type 1l
membrane glycoproteins with a single transmembrane domain and the C-terminal located outside the cell. The
large extracellular domain of SLC3 members has sequence and structural homology with bacterial o-

glucosidases and the insect maltases. In this regard, a bioinformatics study describing a comparison of all
15



available rBAT and 4F2hc sequences with GH13 enzyme family is reported in literature [15]. The crystal
structure of the extracellular domain of human 4F2hc has been solved at 2.1 A resolution, and it has been
observed that the protein has the characteristic fold of these enzymes, a (Ba)s barrel and a C-terminal, anti-
parallel Bg sandwich [16]. However, despite this structural similarity, 4F2hc lacks the key catalytic residues
necessary for glucosidase activity [16]. The atomic structure of the rBAT extracellular domain has not been
solved.

rBAT was identified by expression in Xenopus oocytes and in 1999, b®*AT (SLC7A9) was identified as the
light subunit that co-expresses with rBAT. This complex mediates the antiport of cystine and dibasic amino
acids with neutral amino acids. The rBAT/b®*AT heterodimer is defective in cystinuria, a recessive disease,
and the most common primary inherited aminoaciduria, characterized by hyperexcretion of dibasic amino
acids and cystine in urine [17].

4F2hc was originally identified as a lymphocyte activation antigen through a monoclonal antibody 4F2 and is
a ubiquitous multifunctional protein [17]. 4F2hc, indeed, could associate with different transporters (see Table
1 and below) over-expressed in many tumours and in activated lymphocytes suggesting a role of 4F2hc and
the associated transporters in cell growth. Furthermore, 4F2hc mediates B-integrin signalling and cell fusion.
Thus, given the dual function exerted by 4F2hc, it is possible to hypothesize that this protein plays a key role
in integrating integrin signalling and amino acid transport [12].

In agreement with the different roles of both heavy subunits, rBAT/b%* AT expression is restricted to the apical
domain of the plasma membrane of epithelial cells of the small intestine and of the renal proximal tubule,
whereas 4F2hc-associated transporters are almost ubiquitously expressed. Moreover, 4F2hc is expressed in

the basolateral plasma membrane of epithelial cells (Fig. 4) [18].
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Fig. 4: Physiology of HATSs. (Adapted from Fotiadis D. et al., The SLC3 and SLC7 families of amino acid transporters, 2013).
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1.7.2. HATSs and their light subunits

The eukaryotic LATs from the SLC7 family of amino acid transporters that represent the light subunit of
HATSs are seven transporter, which differ each other for substrate selectivity, ion coupling and tissue
distribution (Fig. 4 and Table 2). As above described, only the amino acid transporter b%*AT (SLC7A9) forms
heterodimers with rBAT, whereas six of these transporters form heterodimers with 4F2hc: LAT1 (SLC7A5),
LAT2 (SLC7A8), y'LAT1 (SLC7A7), y'"LAT1-2 (SLC7A6) and the cystine/glutamate antiporter XCT
(SLC7A11) and ASC-1 (SLC7A10) (Table 2). (The same table contain also SLC7A13 associated with an
unknown protein and SLC7A14 an orphan transporter).

Human gene Protein Aliases Predominant Transport Tissue Link to Human
name [assoc. substrates type distribution disease gene locus
with] and cellular/
subcellular
expression
SLC7AS5 LATI [4F2he], Large E (similar Brain, ovary, Cancer 16q24.3
4F2le, neutral intra- and testis,
system L Lamino extracellular placenta,
acids, T3, T4, selectivities, spleen, colon,
LDOPA, lower blood—brain
BCH intracellular barrier, fetal
apparent liver,
affinity) activated
lymphocytes,

tumor cells

SLC7A46 Y'LAT2 [4F2hce], Na' indep.: E Brain, small 16q22.1
system cationic (preferentially  intestine,
YL amino acids; intracellular testis,
Na™/ cationic parotids,
large neutral  amino acid heart,
amino against kidney, lung,
acids extracellular  thymus/basol
neutral amino ateralin
acid/ epithelial
Na®) cells
SLC7A7 Y+LATI1 [4F2hc], Na* indep.: E Small Lysinuri 14q11.2
system cationic (preferentially intestine, €
¥L amino acids:  intracellular kidney, protein
Na*/ cationic spleen, intolera
large neutral  amino acid leucocytes, nce
L-amino against placenta, (LPI)
acids extracellular  lung/basolate
neutral amino ralin
acid/ epithelial cells
Na*)
SLC7A48 LAT2 [4F2hce], Neutral L- E (similar Small 14q11.2
system L amino intra- and intestine,
acids, T3, T4, extracellular  kidney, lung,
BCH selectivities, heart, spleen,
lower liver, brain,
intracellular placenta,
apparent prostate,
affinity) ovary, fetal

liver,
testis, skeletal

muscle/basola
teralin
epithelial
cells
SLC7A9 b AT IrBAT], Cationic E Kidney, small Cystinur 19q13.1
system amino acids, (preferentially intestine, ia
bo large neutral  extracellular liver, and
amino ioni pic i
acids amino acid al in cystinuri
and cystine  epithelial cells a
against
intracellular
neutral
amino acid)
SLC7A410 Asc-1 [4F2hc], Small Preferentially  Brain, CNS, 19q13.1
system neutral E lung, small
asc amino intestine,
acids heart,
placenta,
skeletal
muscle and
kidney
SLC7AIl xCT [4F2he], Cystine o} Macrophages, 4q28.3
system (anionic (preferentially brain, retinal
xc- form), L- extracellular  pigment cells,
glutamate cystine liver,
against kidney/basola
intracellular teral in
glutamate) epithelial cells
SLC7A413 AGT-1 XAT2 L-Aspartate E Proximal 8q21.3
and L- straight
glutamate tubules and
distal
convoluted
tubules
(basolateral)
SLC7AI4 o Highly 3q26.2

expressed in
CNS/intracell
ular
localization

E: exchanger; O: orphan transporter

Table 2: SLC7 family (Adapted from Fotiadis D. et al., The SLC3 and SLC7 families of amino acid transporters, 2013).
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A characteristic of HATS is that they function as obligatory antiporters with the exception of system Asc that
also mediate facilitated diffusion [19]. The differing tissue localizations of HATSs appear to complete them
each other [20] but at the same time, they are quite diverse in terms of substrate selectivity [21]. Their
selectivity ranges from large neutral amino acids (LAT1-2) to small neutral amino acids (ala, ser, cys-
preferring, Asc-1), negatively charged amino acid (xc’) and cationic amino acids plus neutral amino acids (y*'L
and b%*-like). The (obligatory) antiporters equilibrate the concentrations of their substrate amino acids across
membranes. In particular, these transporters uses the driving force provided by a transmembrane gradient of
one amino acid, accumulated by a parallel transport process. Nevertheless, the transport of specific amino
acids is guaranteed by the intrinsic asymmetry of these antiporters. The fact that genetic defects of the
epithelial b®*AT and y*LAT1 cause non-type | cystinuria and lysinuric protein intolerance, respectively,

demonstrates that these HATSs perform transport of specific amino acids in vivo [20-22].

1.8. 4F2hc (SLC7A2)

The 4F2hc heavy chain of HATS (also called CD98 in mice) has been originally identified in 1981 by a murine
monoclonal antibody (mAD4F2) raised against the human T-cell tumor line HSB-2 [23]. Initial studies
utilizing anti-4F2 antibodies revealed that the antigen is present on all established human cell lines and the
majority of malignant human cells [24]. The gene has been identified on chromosome 11 and seems to be
more ubiquitously expressed than the other human heavy chain rBAT. 4F2hc gene codified a protein
constituted by 630 amino acids with a theoretical mass of ~85 kDa [12, 17, 25].

1.9. LAT1 (SLC7A5)

LAT1 is the first member of HATS that has been identified in 1998 [26, 27]. The LAT1 subunit in humans is
a 507 amino acid long hydrophobic polypeptide with a molecular mass of 55.0 kDa. The protein is predicted
to be constituted by 12 transmembrane segments. The high hydrophobicity that characterize this protein is
responsible of its apparent molecular mass in SDS-PAGE of ~40 kDa. The higher electrophoretic mobility is
probably due to a more compact form of the protein induced by partial oxidation and formation of disulphides
among some of the 12 Cys residues present in hLAT1 amino acidic sequence [25].

As member of HATs LAT1 forms heterodimers with 4F2hc stabilized by a conserved disulphide between
residues C164 of LAT1 and C109 of 4F2hc (Fig. 3). The role of LAT1/4F2hc heterodimer in mediating amino
acid transport across the plasma membrane has been extensively studied in cell systems. Available literature
data describe LAT1/4F2hc heterodimer mediated transport as a sodium independent amino acid antiport with
preference for neutral amino acids with large, branched or aromatic side chains such as Phe, Tyr, His and Trp,
and smaller amino acids such as Met, Val, Leu, lle [27, 28]. LAT1/4F2hc has been also described as a

transporter of non amino acid substrates, such as L-DOPA, gabapentin and thyroid hormones [29, 30]. As
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other member of LATSs subfamily, i.e. LAT2, LATL1 is inhibited by BCH commonly used to discriminate its
activity from that of other amino acid transporters in cells [31].

LAT1 is broadly expressed and mainly localized in basolateral membranes of polarized epithelia [7, 28, 32].
Important exceptions are the luminal and abluminal membranes of BBB (blood—brain barrier) and the brush
border membranes of placenta, i.e. maternal side [29]. More specifically SLC7A5 gene coding for hLATL is
expressed in the placenta > the brain > the spleen > the testes and the colon [27]. Literature data suggest that
in the inner blood-retinal barrier LAT1 plays an important role in transporting large neutral amino acids and
neurotransmitters [33], as well as in placental membranes nourish fetus and placenta with thyroid hormones
and amino acids [12, 29]. Moreover, an intracellular localization of LAT1/4F2hc heterodimer in lysosomes
has been described [34].

1.10. Amino acids, LAT1 and tumours cells

The distinctive traits of tumour cells are rapid growth and proliferation that could be achieved by facilitation
of cell cycle and resistance to apoptosis. The first step to enhance cell proliferation is an increased demand for
nutrients used as building blocks for the synthesis of macromolecules and as carbon source for generation of
metabolic energy. Thus, different nutrients are necessary, i.e. glucose, amino acids, vitamins, fatty acids,
micronutrients, and, tumours cells adopt particular mechanisms to satisfy their increased demand for them.
One of these is the vasculogenesis to increase the availability of nutrients, whereas upregulation of specific
transporters allow entry of the nutrients into tumour cells. In some instances, the same signalling events that
promote vascularization participate also in the upregulation of nutrient transporters, thus coordinating the
availability of nutrients with their entry into tumour cells [35].

Nevertheless all nutrient are important to support growth and proliferation of tumour cells, the latter have an
unique metabolic need for amino acids. Amino acids, indeed, are essential for protein synthesis but also as
carbon and nitrogen source for purine and pyrimidine nucleotides, amino sugars, and glutathione synthesis.
Moreover, the regulation of intracellular signalling pathways responsible of cellular growth involves upstream
sensing of concentration of certain amino acids. The consequent scenario is that although the primary function
of the amino acids is to serve as the building blocks for protein synthesis, some amino acids have specific
signalling functions. Glutamine, glycine, and aspartate are needed for nucleotide biosynthesis, a process
critical for proliferation of tumour cells. Serine plays an important role as a one-carbon source that is critical
in nucleotide synthesis and DNA methylation. Leucine, glutamine, and arginine serve as signalling molecules
[36].

The two best-studied nutrient signalling cascades in higher eukaryotes, important under physiological
conditions, are the GCN (general control non-derepressible) and mTOR (mammalian target of rapamycin)
pathways, both of which are regulated by mechanisms that include upstream sensing of intracellular amino

acids concentrations.

19



One protein involved in the first nutrient signalling cascade is the GCN2 protein kinase. GCN2 appears to
monitor intracellular amino acids concentration from the level of tRNA charging. In particular, uncharged
tRNA accumulation correlated to a low concentration of amino activates GCNZ2, which phosphorylates and
inactivates the initiation factor elF2a (eukaryotic initiation factor 2a). As consequence, the global mMRNA
translation is suppressed, but occur the translation of the transcription factor ATF4 (activating transcription
factor 4) which allow the induction of genes for amino acids biosynthesis and transport [37].

The mTOR pathway, in contrast, is stimulated by cellular amino acids supplementation and activates mRNA
translation, promoting cell growth. This pathway regulates many major cellular processes thus it became
particular relevant in tumours cells. mTOR is the target of a molecule named rapamycin which is a macrolide
produced by Streptomyces Hygroscopicus bacteria that kept attention because of its antiproliferative
properties. In the early 1990s, genetic screens in budding yeast identified TOR1 and TOR2 as mediators of
the toxic effects of rapamycin on yeast. Successively biochemical approaches in mammals led to purification
of mTOR and its discovery as the physical target of rapamycin. mTOR is an atypical serine/threonine protein
kinase belonging to the phosphoinositide 3-kinase (PI3K)-related kinase family and interacts with several
proteins to form two distinct complexes named mTOR complex 1 (MTORC1) and 2 (mTORC?2) (Fig. 5) [38].
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Fig. 5: mMTORC1 and mTORC2 Complexes. (Adapted from Mathieu Laplante and David M. Sabatini, mTOR Signaling in Growth Control and
Disease, 2012).

Amino acids are required for the activation of mMTORC1, but not mTORC2 [39]. Although not yet fully
resolved, the field of mMTORC1 activation by amino acids has rapidly progressed [40]. mTORCL1 activation
occurs at the lysosomal membrane through an inside-out model of amino acid sensing, in which amino acids
accumulate in the lysosomal lumen and initiate signalling through a mechanism that requires the vacuolar H*-
adenoside triphosphate ATPase (V-ATPase). At the surface of the lysosome, the V-ATPase directly interacts
with the Ragulator, a pentameric complex important for amino acids regulation of mMTORCL1. The Ragulator
serves as a scaffold protein complex and possess guanine nucleotide exchange factor (GEF) activity linked to
Rag GTPases a group of four GTPases (RagA, RagB, RagC and RagD) that can recruit and activate mMTORC1
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at the lysosomal surface. Upon amino acid stimulation, the GEF activity of the Regulator promotes the loading
of RagA or RagB with GTP in a V-ATPase-dependent manner allowing RagA or RagB to interact with
RAPTOR component of mTORCL. This interaction results in the recruitment of mTORC1 at the lysosomal
surface, where its endogenous activator Rheb resides [40].

In particular, a relevant role in activating mTORCL1 is fulfilled by Leu and leucine-sensing mechanisms.
Therefore, it is not unexpected that LAT1, which is predominantly expressed in tumours cells, is of particular
interest in the contest of MTORC1 signalling [37, 40]. Indeed, on one hand the overexpression of LAT1 at the
plasma membrane of tumours cells together with other amino acid transporters, such as ASCT2, allow to
supply cell with Leu. On the other hand, the recent work by Milkereit and colleagues, which identified that
LAPTM4b recruits LAT1/4F2hc to lysosomes, suggested a novel mechanism based on leucine lysosomal
sensing (fig. 6) [34].

Leucine go

LAPTM4b

Fig. 6: Proposed role of LAPTMA4b in activation of mMTORCL via recruitment of the Leu transporter to lysosomes. (Adapted from Milkereit et
al., LAPTM4b recruits the LAT1-4F2hc Leu transporter to lysosomes and promotes mTORC1 activation, 2015).

LAPTMA4b recruits the Leu transporter LAT1/4F2hc to lysosomes, enhances Leu uptake into lysosomes and
stimulates mTORC1 activation via V-ATPase. These findings not only identify a functional Leu transporter
at the lysosomal membrane, but also help solve the puzzle of how mTORCL is activated by amino acids in the
lysosome by an inside-out mechanism (intra-lysosomal stimulation of V-ATPase) originally noted by Sabatini

et al. as described above. Being LAT1/4F2hc an antiport intra-lysosomal neutral amino acids would be
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necessary as exchange substrates to sustain LAT1/4F2hc antiport function. Possible sources of lysosomal
amino acids include uptake of large neutral (non-essential) amino acids such as GIn into lysosomes via
directional/accumulative amino-acid transporters. Candidate transporters could be in particular SLC38A3 and
SLC38A5 [34]. Another transporter presents in lysosomal membrane is SLC38A9 that transport Gln and Arg
with low-affinity, indeed its peculiar role is that to function as a transceptor to sense Arg which allow to bind
directly to Ragulator and Rag proteins. Thus, SLC38A9 participates in mTORC1 activation at the lysosome

rather than contributing to the import of extracellular amino acids at the plasma membrane [41].

1.11. SLC7ADS genetic variants in Autism Spectrum Disorder

Beyond the vast literature data that give to LAT1/4F2hc heterodimer a prominent role in tumour survival, very
recently, inherited mutations of SLC7A5 have been described as responsible of Autism Spectrum Disorder
(ASD) a group of disorders often overlapping with other neurological conditions. This interesting study
evidenced that in mice, deletion of SLC7A5 from the endothelial cells of the BBB leads to atypical brain
amino acid profile. Furthermore, the same study has identified several patients with autistic traits and motor
delay carrying homozygous mutations in the SLC7A5 gene. In particular, two genetic variants have been
identified and mapped onto a homology model of SLC7A5. The first, A246V mutation, changes a highly
conserved alanine affecting the transporter’s structure. A246 is located in transmembrane helix 6 in proximity
to the extracellular side and to the channel, and its substitution with the slightly larger residue valine has been
experimentally demonstrated that impair transport activity by disrupting helix-helix packing and ligand
transport. The second mutation identified, P375L, instead, leading to the change of the conserved proline in
position 375 to a leucine. P375 is located in transmembrane helix 9 in close proximity to the cytoplasmic side.
Proline often plays a key role in allowing conformational changes important for transporter function. Thus,
mutation of this residue to leucine is likely to disrupt the flexibility required for transport by SLC7A5. Also
for this mutant, this possible effect has been evaluated measuring transport activity, and it has been observed
that the mutation P375L impairs the driving force for taking up SLC7A5 substrates. Thus, this study
demonstrated that the substitution of the SLC7AS5 alanine 246 into a valine, or of the proline 375 into a leucine,
is sufficient to significantly reduce the SLC7A5-mediated BCAA uptake. This is an important feature because
the fine-tuning of brain BCAA concentrations is critical for normal brain function, and mutations affecting
genes contributing to BCAA homeostasis and the downstream signalling cascade may underlie a larger
subgroup of ASD [42].

1.12. The intriguing role of 4F2hc in the intrinsic transport activity of LAT1

Although there are many literature data about transport properties of LAT1/4F2hc heterodimer, the precise
role of 4F2hc in the intrinsic transport activity of LAT1 is still an open issue. The heavy subunit may be

involved in trafficking the light chain to the plasma membrane or, together with the light subunit may catalyse
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the transporter function [17, 21]. The two proteins as well as HATSs proteins form a heterodimer interacting
via a disulphide bridge. However, if there were other possible interaction between the proteins of the
heterodimers and if both these and the disulphide bridge are critical and/or essential for the stability of the
heterodimer and/or for the transport are intriguing aspects, thus many literature data are present on this issue.
Some authors declaim that the absence of disulphide bond does not preclude, but only decreases transport
surface expression and/or function. The heterodimer interaction takes place also in absence of disulphide
bridge formation and this interaction is stable enough to allow cell surface expression of the light chain [43].
Other authors suggest that despite the disulphide bridge is not necessary for the functional association, in
absence of the covalent bridge, the C-terminal of the heavy chain is necessary for a functional transport
competence [44]. Moreover, seemingly conflicting results published on 4F2hc/LAT1 interaction, declaimed
the importance of the N-terminal part of 4F2hc or alternatively, the role of the extracellular part of 4F2hc [45,
46]. Whereas, other authors deduced that the interaction of the heavy chain 4F2hc with the light chain LAT1
involves all domains of 4F2hc [47].

Studies performed in intact cells considered 4F2hc crucial for LAT1 transport activity [27, 48]. There again,
other authors, claimed that involvement of 4F2hc in transport is linked to maturation and trafficking of LAT1
protein in plasma membrane [26, 47, 49, 50]. In particular, it is reported that rat LAT1 remains in Golgi area
in absence of the heavy subunit [49], thus the heavy chain is necessary for trafficking LAT1 to the plasma
membrane. Moreover, in mouse hepatocarcinoma cells, over-expressed LAT1 has been showed to mediate
leucine transport without involvement of 4F2hc [51].

Therefore, considering that in intact cell, which is the only system used until now, 4F2hc is always present, it
is difficult to understand if 4F2hc is only necessary for maturation, trafficking and/or surface residence of

LAT1 or it is essential for LAT1 transport function. Thus, this aspect remain unclear.

1.13. Pharmacological approaches for LAT1

The over-expression of LAT1 in tumour cells made this human transporter an interesting pharmacological
target. Indeed, as for other amino acids transporters over-expressed in tumour cells compared to normal cells,
compounds with the ability to inhibit the cellular pathways responsible for their induction or to block the
function of the induced transporters would have potential effects as chemotherapeutic agents. Indeed, since
tumour cells induce these transporters specifically for their unique metabolic needs, normal cells are expected
to be relatively resistant to the therapeutic actions of such compounds, thus reducing undesirable side effects
[35]. In this regard, many authors are involved in the research of inhibitors of this transporter useful as
potential anticancer drugs. More specifically literature data report two approaches for anticancer therapies
involving LAT1. The first regard the capacity of this transporter to mediate the uptake of several amino acid-
derived anticancer drugs, thus this approach is based on the notion that LAT1 could be involved in the cellular

internalization of these anticancer drugs. The second approach is a novel strategy based on the inhibition of
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LAT1 activity to reduce tumour proliferation and progression but the targeting of amino acid transporters in
cancer is under development and there are few specific inhibitors available. Thus, the development of more
effective inhibitors of LAT1 will change the scenario. However, identification or design of potent inhibitors
to be proposed as potential drugs, requires a deep knowledge of the target structure and action mechanism
that, in the case of LATL, are still missing [52-55].

The described roles employ by LATL1 justify the growing number of literature works regard this fascinating
protein. Nevertheless, the study of transport proteins is not of simple realization. Given their hydrophobic
nature, transport proteins require different devices for their study.

1.14. X-ray crystallography state for transmembrane protein and bioinformatics approaches

As described above, the three-dimensional structure of the C-terminal of the heavy chain has been solved [16],
while crystals of LAT1 are not available, as for all the mammalian amino acid transporters. The lateness in
the possibility to obtain stable crystals for transmembrane proteins is due to their hydrophobicity; moreover,
resolution of the structure needs large-scale purified transport proteins. The lack of crystal structure of
transport proteins makes difficult the understanding of the structure/function relationships and the mechanisms
of interaction with xenobiotics, a very important issue connected with drug discovery and toxicity.

Nevertheless, the increasing study of atomic structure of homologues prokaryotic transporter allowed
unravelling their molecular mechanisms. In particular, the prokaryotic amino acid transporters AdiC, whose
structure has been solved by x-ray crystallography, is the closest homologue of the mammalian LAT
transporters (amino acid sequence identity ranging from 14% to 20%) [56-60]. These transporters share the
protein fold named 5+5 inverted repeat fold (also known as LeuT-fold). Proteins with the LeuT-fold, although
differing each other in the total number of TM helices, are characterized by two structurally similar repeats,
each containing a core of five consecutive TMs. The feature of this fold is that the first TM in each of the two
inverted repeats (TM1 and 6) is discontinuous and consists of two short alpha helices connected by a highly
conserved unwound segment. This structural feature is important for the transport mechanism of transporters
with the LeuT-fold as it is part of the substrate coordination site in crystallized amino acid transporters with
this fold [59, 60]. Indeed, in absence of crystal structure for LATS transporter, elucidation of the structure of
closely related prokaryotic homologues of human LAT1 transporters and the generation of structural models
from these crystal structures through a bioinformatics approach could be useful to make a step forward in the
understanding of the structure/function relationship. Nevertheless, the silico methodologies represent only a

tile in the complex mosaic of the structure/function relationship of LAT1.
1.15. The study of transport proteins through a multidisciplinary approach

Even though the building of structural model using in silico methodologies could represent an important
feature for advancing the knowledge of a specific transport protein, on the other hand, transport measurements
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are essential to validate, experimentally, the in silico predictions. Nevertheless, to measure transport activity
the best way is to use different system that could confirm each other the results obtained. Indeed, measuring
transport activity both in intact cells and in an isolated environment such as that offered by proteoliposomal
tool, is possible to obtain more clear information. However, the use of proteoliposomal tool requires the
heterologous expression of the protein object of study, an important methodology that, together with site direct
mutagenesis, allowing to obtain also mutants of the protein of interest with consequent possibility of better
understanding of the involvement of specific residues in transport activity.

Thus, the better way to obtain trustworthy results is develop a multidisciplinary approach, which confirm each
other the made observation allowing to shedding light in the complex mosaic of the structure/function

relationship of the studied transport protein.
1.16. Experimental methods to study transport proteins
Two different methods could be used for measuring transport activity of a protein of interest.

1.16.1. Intact cell systems

The study on transport proteins started in 1970’ and the first model adopted was that of intact cells. In
particular, transport functions was studied following the flux of labelled compounds through native
membranes of intact cells, isolated organelles (such as mitochondria) or microsomes, derived from
endoplasmic reticulum. Intact cell models are still broadly used as tools for studying the functional properties
of transport systems. Different cells lines are used, expressing endogenous transporters or over-expressing
specific transporters after transient transfection by appropriate plasmids. X. laevis oocytes over-expressing a
specific transporter are also used in some studies. The over-expression procedure offers the advantage of
increasing the amount of the protein of interest. In this system, the activity of the over-expressed protein
should overcome that of the endogenous ones, leading to a better resolution of the transport activity
measurement.

Nevertheless, the use of intact cell systems, disclose some limits. Indeed the impossibility to control the
intracellular compartment limits the kinetic characterization of the transporter especially on the internal side.
Moreover, intracellular enzyme pathways can readily metabolize the substrates used for measuring the
transport activity and the presence of many similar transporters in the same membrane is responsible of
interferences. Therefore, the use of intact cell systems as unique method is not suitable for a comprehensive

functional characterization of a transporter and even less for revealing structure/function relationships.
1.16.2. Proteoliposomes

An alternative model for studying transport proteins is the proteoliposomes. Liposomes were initially

produced for encapsulating and delivering enzymes or pharmaceutical compounds [61-63], and then, used as
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a tool for studying membrane transporters [64, 65], which are inserted into the membrane bilayer to obtain
active proteoliposomes. Transport proteins could be extracted from biological samples in non-ionic detergent,
but a more recent and effective method is that of producing recombinant proteins by over-expression in
heterologous systems and purification by affinity chromatography. Production of recombinant proteins offer
the advantage of excluding any kind of interference and, in addition, to obtain human proteins that, obviously,
cannot be extracted from tissues. This method offers several advantages with respect to intact cells: 1) the
possibility to control internal and external compartments as well as the internal and the external site of the
transport protein allowing detailed kinetic analysis; 2) the possibility to construct specific mutants in which
selected amino acid residues are substituted, thus allowing the study of structure/function relationships; 3) the
study of interaction with chemicals and potential drugs, that can be well characterized with respect to their

mechanism of action [1].

1.17. Proteoliposomes as method to reveal xenobiotic-transporter interaction mechanisms

When the interest is that of characterizing the interaction between a transport protein and xenobiotic
compounds such as environmental contaminants or drugs, IC50 or Ki parameters have to be measured with a
good confidence. The threshold fixed for considering an interaction of interest is 30uM [1].

Using both intact cell system and proteoliposomes different and complementary information can be obtained.
Intact cell system, including the case of cell lines over-expressing specific transporters, gives information on
vitality of the cells after exposition to a specific compound and only a general alteration of the transport
activity. On the contrary, the suitability of the proteoliposomal method allow the description of the mechanism
of the interaction at the molecular level. Indeed the possibility to make extensive kinetic analysis of the
transporter-xenobiotic interaction gives information both on the constants, i.e. Ki, and on the type of
interaction competitive, non-competitive or mixed inhibition. Moreover, when a homology structural model
is available and possibly validated by site-directed mutagenesis, information on the involvement of amino
acid residues could be obtained.

Thus, the use of proteoliposomes together with intact cells as method to study transporter function, kinetics
and interactions is an example of how a multidisciplinary approach, including bioinformatics allow obtaining

detailed and trustworthy results on the structure/function relationship of a transport protein (Fig. 7).
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Fig. 7: Work plan for xenobiotic-transporter interaction studies in proteoliposomes. (Adapted from Scalise et al., Proteoliposomes as Tool for
Assaying Membrane Transporter Functions and Interactions with Xenobiotics, 2013)
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Materials and Methods
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2.1. Materials

2.1.1. RIPA Buffer 1X
e 20 mM Tris-HCI (pH 7.5)
e 150 mM NaCl
e 1 mM NaEDTA
e 1mMEGTA
e 1% NP-40
e 1% sodium deoxycholate
e 2.5 mM sodium pyrophosphate
e 1 mM fB-glycerophosphate
e 1 mM NasVOqy

e 1 ug/ml leupeptin

2.1.2. Buffers for h4F2hc purification

2.1.2.1. Binding buffer for h4F2hc purification

e 5% Glycerol

e 1% Triton X-100
o PBSpH7.4

e 5mMDTE

2.1.2.2. Washing buffer for h4F2hc purification

e (.1% Triton X-100
e PBSpH7.4

2.1.3. Washing buffer for hLAT1 pellets

e 0.1 M Tris-HCI pH 8
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2.1.4. FPLC buffers for hLAT1 purification

2.1.4.1. Equilibration buffer

20 mM Tris-HCI pH 8
200 mM NacCl
10% Glycerol
0.1% Sarkosyl

2.1.4.2. Washing buffer

20 mM Tris-HCI pH 8
200 mM NaCl

10% Glycerol

0.05% DDM

3mM DTE

2.1.4.3. Elution buffer

20 mM Tris-HCI pH 8
200 mM NaCl

10% Glycerol

0.05% DDM

3mM DTE

400 mM Imidazole

. Desalt buffer for purified hLAT1

20 mM Tris-HCI pH 8
0.05% DDM
10 mM DTE
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2.1.6. Running buffer for PAGE 10X

e 250 mM Tris
e 14.4% Glycine
e 1% SDS or 1% Sarkosyl

2.1.7. Loading dye for PAGE 3X

e 0.2MTris-HCI pH 6.8

e 7.5% SDS or 7.5% Sarkosyl

e 3% Glycerol

e 0.01% Bromophenol blu

e 100 mM DTE (when indicated)

2.1.8. Coomassie Brilliant Blue

e 0.25 g Coomassie Brilliant Blue
e 45 mL Methanol

e 45 mL Distilled H20

e 10 mL Acetic acid

2.1.9. Destaining solution

e 10% Acetic acid
e 40% Methanol
e 50% H,0O

2.1.10. Washing buffer for western blot analysis

e 50 mM Tris-HCI pH 7
e 150 mM NaCl

2.1.11. Lowry’s solution

e 4 mg/mL NaOH and 20 mg/mL NaCOs in water
e 10 mg/mL Potassium Sodium Tartrate
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e 5mg/ mL CuSO4
e 1% SDS

2.2. Experimental procedures

2.2.1. Protein purification by affinity chromatography

Affinity chromatography is a separation method based on a specific binding interaction between an
immobilized ligand and its binding partner. This technique is commonly used for purification of recombinant
proteins genetically modified in order to harbour specific tag(s) for affinity binding. In the case of the proteins
studied in this work, glutathione-S-transferase (GST) or hexahistidine (6His) were used as tags. GST has an
affinity for glutathione, which is commercially available immobilized as glutathione agarose. Histidine tags
have an affinity for nickel or cobalt ions, which have been immobilized by forming coordinate covalent bonds
with a chelator, incorporated in the stationary phase. The elution of the protein with a 6-His tag is performed

using an excess amount of a compound able to act as a metal ion ligand, such as imidazole.
2.2.2. Gel Filtration Chromatography

Gel filtration chromatography is commonly used to separate molecules in a mixture on the basis of their sizes.
The molecules move through a bed of porous beads and diffuse into the beads to greater or lesser degrees. In
particular, smaller molecules diffuse more slowly than larger molecules, which do not enter or enter the beads
to a lesser extent. Gel filtration chromatography may be used for different purposes. In our case, this approach
has been used to separate proteoliposomes from the external substrate both after reconstitution procedure and
transport assay, or for salt removal from the protein.

2.2.3. Reconstitution into liposomes

The reconstitution into liposomes of a transport protein can be performed with two main procedures, which
differ for the efficiency. The first is the freeze-thaw-sonication procedure that consists of three steps: i) a fast
freezing of a mixture of liposomes, transport protein and non-ionic detergent; ii) a slow thawing of this sample;
iii) a final sonication for sealing formed proteoliposomes. After freezing, liposomes are broken due to ice
formation and, during the slow thawing, the protein inserts into the phospholipid bilayer. This procedure has
the disadvantage that the detergent is not removed and can impair the complete sealing of proteoliposomes.
The second procedure, instead, is based on the removing of detergent from mixed micelles of protein,
detergent and phospholipids. In particular, the remove of detergent from mixed micelles can be performed by
cyclic chromatography of the reconstitution mixture on hydrophobic column for 10-20 cycles, or by the batch-
wise procedure. In the latter, the mixed micelles are incubated with an hydrophobic resin 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, by mean of
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detergent removal procedure the protein is inserted with an 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 (Fig. A).
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Fig. A: Sketch of methodologies for proteoliposome preparation. (Adapted from Scalise et al., Proteoliposomes as Tool for Assaying Membrane
Transporter Functions and Interactions with Xenobiotics, 2013).

Given the suitability of the detergent removal method, it has been adopted in this work using the batch-wise
procedure. This initial mixture contains primarily the protein of interest, which has been previously solubilized
from cell extracts (in our case from SiHa cells) or purified through affinity chromatography (recombinant
proteins overexpressed in E.Coli). Subsequently, non-ionic detergent (octaethylene glycol monododecyl ether
C12Es), egg yolk phospholipids (w/v) (in the form of liposomes prepared through sonication), substrate, buffer
and water in a final volume of 700 pL are added to complete the mixture. This mixed mixture is then incubated
at room temperature with a hydrophobic resin (Amberlite XAD-4) for a time sufficient to remove virtually all

the detergent and obtain active proteoliposomes.
2.2.4. Ultracentrifugation of proteoliposomes

To evaluate the insertion of the protein into liposome membranes, after reconstitution the ultracentrifugation
of the proteoliposomes can be performed. After gel filtration chromatography, 500 pL of obtained samples
are subjected to two consecutive ultracentrifugation steps for 90 min 110,000 x g at 4°C. The first one is
performed in order to separate the fraction containing proteoliposomes from that of empty liposomes, i.e.
vesicles which did not incorporate the protein during reconstitution. The separation is achieved because
proteoliposomes are heavier than empty liposomes and, after the first ultracentrifugation, are present in the
pellet. The same pellet is then washed with a saline buffer and the sample obtained is subjected to a second
ultracentrifugation. The pellet obtained after this second ultracentrifugation, is solubilized with 3% of
detergent such as Sarkosyl or SDS, according to experimental needs, and can be used for PAGE or western
blot analyses.
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2.2.5. Cross-link

Cross-link strategy is used to bind one polymer chain to another. These bonds can be covalent or ionic and the
polymer chains can be synthetic or natural polymers such as proteins. In our case, the covalent bond of interest
is a disulphide bridge between two cysteine residues of the proteins and this strategy has been adopted to
evaluate the possible formation of a dimeric structure of the protein. The formation of a disulphide bridge
from two thiol groups (-SH) is a two-electron reaction that require an oxidizing agent or electron acceptor.
These disulphide bridges can form spontaneously in vitro downstream the loss of electrons by two cysteine
residues together with the acquisition of the same electrons by an electron acceptor such as the molecular
oxygen. If the electron acceptor is the molecular oxygen, a catalyst is necessary, such as a transition metal, to
overtake the slow association of the oxygen with the thiol groups of the proteins. Thus, the formation of the
disulphide bridge between the two proteins could be performed in vitro placing the purified proteins in the
presence of molecular oxygen and of a catalyst for an interval of time. In particular, in the cross-link strategy
adopted to our purpose 1 or 2 mM copper phenanthroline (Cu**-phenanthroline) has been used as catalyser
and the formation of the disulphide bridge has been evaluated on PAGE under non-reducing conditions (in

absence of reducing DTE during gel run).
2.2.6. Polyacrylamide gel electrophoresis (PAGE)

To separate biological macromolecules, such as proteins, according to their mobility, a technique diffusely
used is polyacrylamide gel electrophoresis (PAGE). The mobility of the protein depends on their molecular
weight, conformation and charge and on PAGE the proteins can be run either in their native or denatured state.
Sodium dodecyl sulfate (SDS) is the most common ionic detergent applied to protein samples to linearize
them and to confer a negative charge triggering proteins to be separates on the basis of their mass/charge ratio.
This application is called SDS-PAGE. Moreover, using the ionic detergent N-Lauroylsarcosine sodium salt
(Sarkosyl), with lower denaturation power respect to SDS, a gel under mild-denaturating condition can be
performed. The polyacrylamide gels typically consist of acrylamide, bisacrylamide, the denaturant (SDS or
Sarkosyl), and a buffer with adjusted pHs. A source of free radicals and a stabilizer, i.e. ammonium persulfate
and TEMED are added to initiate polymerization. TEMED accelerates the rate of formation of free radicals
from persulfate and these, in turn, catalyze polymerization. The polymerization reaction creates a gel because
of the bisacrylamide, which can form cross-links between two polyacrylamide molecules. The acrylamide
concentration of the gel can also be varied, generally in the range from 5% to 25%. In our case, the
concentration was 10% or 12%. Lower percentage gels are better to separate higher molecular weight
molecules, while much higher percentages are needed to resolve smaller proteins. The protein samples were
solubilized with loading dye (Materials, section 2.1.7.) and then ran using running buffer (Materials, section
2.1.6.). The gels were stained using Coomassie staining (Materials, section 2.1.8.) or Silver staining. In the

Coomassie staining, gel was incubated with Coomassie solution for 30 min and then washed with destaining
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solution (Materials, section 2.1.9.) to remove the unbound Coomassie and detect the protein as blue bands. In
the Silver staining gel was incubated 20’ with destaining solution (Materials, section 2.1.9.), 15” with 10%
glutaraldehyde, 15” with water, 15” with 0.16 mM DTE, 20’ with 0.1% silver nitrate and the dection of proteins
was performed with 30 mM sodium carbonate plus 0.03% formaldehyde.

2.2.7. Western blot

To identify specific proteins in sample derived from tissue extract, homogenate or protein extracts, a diffusely
technique used is the western blot also known as immunoblot. In our case, the proteins derived from cell
extracts (SiHa cells) or obtained through affinity chromatography (recombinant purified proteins). For western
blot analysis, different steps are required. First of all the proteins present in the sample of interest are separated
through PAGE (SDS-PAGE or Sarkosyl-PAGE). In a second step, the proteins are transferred to a
nitrocellulose membrane where the same proteins are stained using specific antibodies for the target proteins.
The proteins subjected to an electric field move from the gel onto the membrane maintaining the organization
that they had within the gel. Then, the incubation with the specific antibody is performed. During the
incubation, to prevent the non-specific binding of the antibody, a solution of 3% Bovine serum albumin (BSA)
and a minute percentage (0.1%) of detergent such as Tween 20 is used. The membrane is then washed with
washing buffer (Materials, section 2.1.10.) to remove the unbound antibody. A further incubation with a
secondary antibody, linked to a reporter enzyme (peroxidase), is necessary for the detection of reaction. This
is performed by using Electro Chemi Luminescence (ECL) (Fig B).

More specifically, in our purpose western blot analyses were performed using anti-4F2hc antibody 1:2000 to
immuno-detect h4F2hc and anti-LAT1 antibody 1:2000 or anti-His antiserum 1:1000 to immuno-detect
hLAT1. The reaction has been performed over night at 4°C for anti-4F2hc and anti-LAT1 antibody and
detected by Electro Chemi Luminescence (ECL) assay after an incubation of 1 h with secondary antibody
anti-rabbit 1:5000. For anti-His HRP conjugate the reaction has been performed for 1 h at room temperature

and detected by Electro Chemi Luminescence (ECL) at the end of incubation.

Detection in Western Blots

Detection Signal
(colorimetric or chemiluminescent)

Enzyme-conjugated — Enzyme Substrate
Secondary Antibody

Primary Antibody

Target Protein

Membrane Containing Transferred Protein

Fig. B: Schematic representation of western blotting technique (Adapted from http://www.leinco.com/).
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2.3. Extraction of 4F2hc/LAT1 complex from SiHa cells

SiHa pellets were adopted to recover native 4F2hc/LAT1 complex for western blot analysis and reconstitution
into liposomes. More specifically, 4F2hc/LAT1 was solubilized from these pellets with RIPA buffer and an
incubation for 30 min on ice was performed. The sample were than subjected to centrifugation (12,000 g, 4°C,
15 min) and the proteins were quantified using Lowry method for following analysis. More specifically to
5uL of the sample plus 45 pL of water were added 1 mL of Lowry’s solution (Materials, section 2.1.11.) and
100 pL of 1.0N Folin’s Phenol reagent.

2.4. Recombinant GST-h4F2hc purification

The purification of recombinant h4F2hc overexpressed in E.Coli with a GST (Glutathione S-transferases) tag
at the N-terminal was optimized respect data previously reported [25]. In the case of this work, the purification
was performed through affinity chromatography in batch using Glutathione Sepharose 4B resin. This resin
forms a bed of porous beads with immobilized GSH able to link the GST tag of the protein. The protocol
optimized for this purification consisted of different steps. First of all, 500 pL of the resin were washed with
degassed water and equilibrated with five volume of Binding Buffer (see Materials section 2.1.2.) to favour
the interaction with the protein. After that, 400 uL of the soluble fraction (supernatant), obtained after 1 mL
of lysate centrifugation (12,000g, 4°C, 10 min) was added to the resin and an incubation on Stuart tube rotator
at 4°C overnight was performed. At the end of the incubation, the sample was subjected to centrifugation
(5009, 4°C, 5 min) to remove the supernatant containing the unbound recombinant proteins and all the other
bacterial proteins. At this point, the resin was incubated with 2U of thrombin (37 °C, 5 hours). Indeed, a cut
site for thrombin is present between the GST tag and the protein exploited to separate the protein of interest
from its tag. After the incubation, 4F2hc was recovered by centrifugation using test-tube with filter. In
particular, on one test-tube pre-incubated aliquots were added and subject to centrifugation (500g, 4°C, 2 min);
the filter retained the resin with the linked GST tag, whereas 4F2hc lacking its tag, crossed the same filter and

was recovered. 4F2hc was used for following analyses.
2.5. Recombinant 6His-hLAT1 purification

hLAT1 over-expressed in E. Coli with a 6His tag at the N-terminal was purified with some modifications
respect data previously reported [25]. For purification of hLAT1, cell lysate pellets were adopted. In particular,
after washing the pellets with washing buffer (see Materials section 2.1.3.), the 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-HCI. After centrifugation (12,000 x g, 4°C, 10 min) supernatant was recovered and applied on a His Trap
HP column (5 ml NiSepharose) for purification using AKTA start. The same column was equilibrated with

10 mL buffer (Equilibration buffer, Materials section 2.1.4.) and supernatant was applied onto the column.

36



Unbound bacterial proteins were washed out by using 10 mL of the same buffer. Elution of the protein was
then obtained by using the same buffer plus imidazole 400 mM (Elution buffer, Materials section 2.1.4.); 2.5
mL of purified hLAT1 were recovered. This pool of purified protein was then desalted on a PD-10 column
using 3.5 mL of a desalt buffer (Materials, section 2.1.5.)

2.6. Reconstitution into liposomes of extracted 4F2hc/LAT1 complex

4F2hc/LAT1 complex extracted from SiHa cells pellets was adopted for reconstitution into liposomes. The
samples were pre-treated or not with DTE to obtain the reconstitution of the single proteins constituting the
complex or the reconstitution of the intact complex respectively. The reconstitution in liposomes was achieved
by detergent removal method using batch-wise technique. The initial mixture used for this purpose included:
150 pg of cell extract, 100 pL of 10% C12Es, 100 pL of 10 % phospholipids, 20 mM Tris—HCI pH 7.5, 10 mM
L-His in a final volume of 700 pL and incubated with 0.5 g Amberlite XAD-4 at room temperature for 40 min
(see section 2.2.3. for details). Internal substrate was opportunely changed for specific purposes, such as

experiments of functional characterization or added at different concentration for kinetic analyses.

2.7. Reconstitution into liposomes of purified h4F2hc or hLAT1

Reconstitution into liposomes was adopted also for recombinant proteins using the same protocol as for native
protein. In particular 4 ug of the purified h4F2hc and hLAT1 were used in the mixture. Also in this case,
internal substrate was opportunely changed for specific purposes, such as experiments of functional

characterization or added at different concentration for kinetic analysis.

2.8. Transport assay

To measure transport activity, 600 pL of proteoliposomes were subjected to gel filtration chromatography to
remove the excess of 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 20 mM Tris—HCI pH 7.5 and sucrose at an appropriate
concentration to balance internal osmolarity. At this point, the pool of proteoliposomes obtained was used for

transport measurements, which can be performed either as uptake or efflux of radiolabelled substrate.
2.8.1. Uptake experiments

For uptake experiments, after passage through Sephadex G-75 column, 5 uM of [*H]His were added to 100pL
of eluted proteoliposomes to start transport. For functional characterization, the transport activity was
measured in 30 or 60 minutes, whereas kinetic analysis were performed measuring transport activity for 10
minutes within the initial linear range of [*H]His. After the specific time, transport activity was stopped by
adding as inhibitors 100 uM BCH (2-amino-2-norbornanecarboxylic acid) and 1.5 puM HgCl>. In controls,
inhibitors were added at time zero according to the inhibitor stop method [66]. After the transport, 100 pL of
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proteoliposomes were subjected to gel filtration chromatography using a Sephadex G-75 column (0.6 cm
diameter x 8 cm height). In this case, gel filtration was adopted to separate the external from the 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.

2.8.2. Efflux experiments

To perform efflux measurements, an uptake step was performed for 60 minutes to preload proteoliposomes
with 5 uM [*H]His [67]. After uptake assay, external radioactivity was removed by another passage through
Sephadex G-75 and efflux was started by adding 5 mM of substrates on the extraliposomal space of the
preloaded proteoliposomes. Efflux measurements could be performed in 10 minutes within the initial linear
range of [*H]His or in time course, and also in the case of efflux experiments, the inhibitor stop method was
adopted to stop transport activity.

2.9. Elaboration of experimental data

Experimental values, obtained from Liquid Scintillation Counter, were corrected by subtracting controls in
the case of uptake measurements and by subtracting radioactivity present in proteoliposomes at time zero for
efflux measurements. The same values were then elaborated 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, (1L-e*)

Single Exponential Decay: is the equation for a single exponential decay:
y — A0.e—kt
Michaelis-Menten Equation: used to calculate kinetics parameters:

— Vmax'[s]
K, +[S]

Lineweaver Burk Equation: the Lineweaver Burk transformation was used to produce a double-reciprocal
plot of the data:

1No = [Km / (Vmax'[S])] + 1/Vmax
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IC50 Fully Range Corrected: dose—response equation to calculate 1C50 value:

100%

1+ X
)
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3.1. Functional characterization of LAT1 mediated transport

3.1.1. 4F2hc and LAT1 are linked through a disulphide bridge in cell membrane

Proteins extracted from pellets of SiHa cells, were subjected to western blot analysis to identify 4F2hc/LAT1
complex. Considering that the two proteins are linked by a disulphide bridge, to observe the entire complex
(4F2hc/LATL) or both single proteins (4F2hc or LAT1), the samples were run on SDS-PAGE under oxidizing
or reducing conditions, i.e., in absence or presence of the reducing agent DTE, respectively. The immuno-
detection of the 4F2hc/LAT1 complex proteins was carried out using both anti-4F2hc (Fig. 8 A) and anti-
LAT1 antibodies (Fig. 8 B).

A B
120 kDa 120 kDa
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Fig. 8: Western blot analysis of h4F2hc/hLAT1 complex from SiHa cells. Cell membranes were solubilized with buffer without DTE (lanes 1) or
with DTE (lanes 2). Western blot analyses were conducted using anti-4F2hc (A) and anti-hLAT1 (B) antibodies. The images (A-B) are
representative of at least two independent experiments.

As shown in Fig. 8 both antibodies identified, under oxidizing conditions (lane 1 of both A and B), a band of
120 kDa which corresponds to the sum of the apparent molecular mass of 4F2hc plus LAT1. Whereas, under
reducing conditions, the apparent molecular mass of the proteins diminished to about 80 kDa (Fig. 8A lane 2)
when immuno-detected with anti-4F2hc and to about 35 kDa when immuno-detected with anti-LAT1 (Fig.
8B lane 2). As above described (Introduction sections 1.8., 1.9.), these are approximately the molecular masses
of the two separate proteins, i.e., 4F2hc (about 80 kDa) or LAT1 (about 35 kDa). The obtained result
confirmed that 4F2hc/LAT1 heterodimer is present in SiHa cells membranes and that the two proteins are
linked by a disulphide in the same membranes. Indeed, the presence of reducing agent DTE caused the
disruption of the disulphide and the immuno-detection of both proteins at their own molecular mass. The
smaller amount of unlinked proteins observed also under oxidizing conditions is probably due to the reducing

action of physiological reducing agents present in cells.
3.1.2. Purification of recombinant h4F2hc and hLAT1

Recombinant h4F2hc and hLAT1 had been previously over-expressed in E. coli [25]. Purification of these

proteins was optimized as described in Materials and Methods.
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The purification of 4F2hc was performed in batch as well as the incubation with thrombin (Materials and

Methods section 2.4.), allowing to obtain a protein lacking its GST tag useful for subsequent analysis (Fig. 9).

« 250 kDa
<« 130 kDa
< 100 kDa
70 kDa
55 kDa

35 kDa
25 kDa

AA A A

15 kDa

A

Fig. 9: SDS-PAGE of recombinant h4F2hc purification. Lane 1 cell lysate (80ug), lane 2 pass through after incubation with resin, lanes 3-4
purified 4F2hc lacking its GST tag after treatment with thrombin, lane M molecular mass markers.

In particular, Fig. 9 shows both 4F2hc in the initial lysate and after treatment with 2U of thrombin. A band
was present at about 130 kDa (lanes 1-2) corresponding to the sum of 4F2hc plus its GST tag either in the
lysate (lane 1) and in the pass through after incubation overnight with Glutathione Sepharose 4B resin (lane
2). Whereas the band at about 80 kDa (lanes 3-4) corresponded to 4F2hc lacking its GST tag after treatment
with thrombin. The latter purified proteins was used for reconstitution into liposomes.

The purification of hLAT1 was modified with respect to the previously published protocol [25], using FPLC
chromatography by AKTA start (Materials and Methods section 2.5.). Fig. 10 shows a chromatogram profile
and a SDS-PAGE of a typical purification of hLATL1. In particular, panel A represents an example of a
chromatogram in which, after the peak of unbound proteins, a second peak containing hLAT1 was eluted, as
indicated by the arrow (1). This fraction is shown by SDS-PAGE of panel B (lane 1). Lane 2 of the same panel
shows the protein after desalting procedure for removing imidazole as described in Materials and Methods.

| .

Fig. 10: Chromatogram profile and SDS-PAGE of recombinant hLAT1 purification. (A) Chromatogram of hLAT1 purification, the arrow
represents the pick containing hLAT1. (B) SDS-PAGE of eluted protein (lane 1) and corresponding desalted protein (lane 2).
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3.1.3. Transport assay of native (4F2hc)/LAT1 in proteoliposomes

The proteins, extracted from cell lysates or purified from E. coli were then adopted for reconstitution into
liposomes as described in Materials and Methods (section 2.6. and 2.7.).

The proteins extracted from SiHa cells were pre-treated, or not, with 10 mM DTE and then reconstituted in
liposomes for transport assay. Treatment with DTE was performed to separate LAT1 from 4F2hc in order to
observe the transport activity of LAT1 alone or (samples not treated with DTE) in complex with 4F2hc.
Transport activity was measured as homologous antiport [2H]Hisex/Hisin as function of time. His was used as
preferred substrate to reduce interferences by other transporters which are present in SiHa cell extracts, but
have lower affinity for His than for neutral amino acids. As shown in Fig. 11, DTE strongly activates [°H]His
transport. Transport equilibrium was reached after 30 min with an initial transport rate of 0.68+0.03
pmol-min~t-mg protein”! in liposomes reconstituted with proteins extract not treated with DTE and of
7.02+2.86 pmol-min~t-mg protein?, in liposomes reconstituted with proteins extract treated with DTE. As
mainly discussed beyond, this discrepancy is probably due to the redox state of the protein extract not treated
with DTE.
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Fig. 11: Time course of [3H]His uptake in liposomes reconstituted with SiHa cells extract treated @) or not @) with 10 mM DTE. Transport
reaction was stopped at indicated times as described in Section 2.8.1. Results are mean + S.D. from three experiments.

To verify if the measured transport activity was actually due to the reconstitution of the complex or of LAT1
alone, and to confirm whether the SiHa cell heterodimer was cleaved and inserted into liposomes downstream
the treatment with DTE, western blot analysis were performed. In particular, after reconstitution,
proteoliposomes were separated from empty liposomes by ultracentrifugation (see Materials and Methods
section 2.2.4.) and run on SDS-PAGE under oxidizing conditions to not alter the oligomerization states of the
proteins. After that, immunoblot analysis was performed using both anti-4F2hc and anti-LAT1 antibodies
(Fig. 12). As shown in the figure, both antibodies identified a band of 120 kDa in liposome reconstituted with
cell extracts not treated with DTE before reconstitution (lane 1 of both A and B). These results confirm that
4F2hc/LAT1 heterodimer was present in the proteoliposome membrane. Whereas, in liposome reconstituted

with cell extracts treated with DTE before reconstitution, the apparent molecular mass of the proteins
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diminished to about 80 kDa (Fig. 12 A lane 2) when immuno-detected with anti-4F2hc and to about 35 kDa
when immuno-detected with anti-LAT1 (Fig. 12 B lane 2), confirming the presence of each single protein

under reducing conditions.
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Fig. 12: Western blot analysis of 4F2hc/LAT1 in proteoliposomes. 4F2hc/LAT1 was solubilized from cells and not treated with DTE (lanes 1) or
treated with 10 mM DTE (lanes 2). Proteoliposomes were separated as described in Section 2.2.4. and then subjected on SDS-PAGE under non-
reducing conditions. Western blot analyses were conducted using anti-4F2hc (A) and anti-hLAT1 (B) antibodies. The images (A-B) are
representative of at least two independent experiments.

The emerging conclusion from reconstitution of native proteins in liposomes is that the pre-treatment with
DTE breaks the disulphide. Even though we can not exclude that a fraction of 4F2hc and LAT1 remains
associated to the liposomal membrane, data on proteoliposomes (Fig.12), suggested that either 4F2hc was
independently reconstituted in proteoliposomes or it was co-reconstituted together with LAT1 in the same

vesicles. Thus, this result highlighted capacity of LAT1 to mediate transport activity per se.

3.1.4. Transport assay of purified hLAT1 and h4F2hc in proteoliposomes

To definitively gain insights on this issue, recombinant proteins were adopted for reconstitution into liposomes
and [*H]His/His antiport was measured in time course . As shown in Fig. 13 reconstituted 4F2hc did not
mediate transport activity, whereas the reconstituted LAT1 alone was sufficient to mediate amino acid
transport. In this reaction, the equilibrium was reached after 30 min with an initial transport rate of 0.70£0.03
nmol-min~-mg protein~t. The difference with respect the transport rate exerted by reconstitution of native
protein (Fig. 11) could be attributed to the presence of other amino acids transporters probably present in SiHa
cells extract, which, even though have lower affinity for His could affect transport activity (e.g. causing the

efflux of His from proteoliposomes).
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Fig. 13: Time course of [®H]His uptake in liposomes reconstituted with purified hLAT1 (@) or h4F2hc (¢). Transport reaction was stopped at
indicated times as described in Section 2.8.1. Results are mean + S.D. from three experiments.

Data obtained with reconstitution in liposomes of the recombinant LAT1 confirmed the observation made

with endogenous protein: LAT1 is the sole competent transport unit of the heterodimer.
3.1.5. Involvement of 4F2hc in transport specificity

Besides the ability of LAT1 to mediate transport activity in absence of 4F2hc, another important aspect was
the possible role of 4F2hc in the specificity of LAT1 towards amino acids. This aspect could not be easily
investigated in intact cells due to the impossibility to control the internal compartment. Proteoliposomes are
indeed suitable for this type of investigation that was carried out with the native proteins as well as the
recombinant hLATL. In particular, two kind of experiments were performed to shed light on the functional
property of LAT1 and on 4F2hc involvement, inhibition and counter substrates analyses.

Inhibition analyses were performed by adding 5 mM of different amino acids in the external space of
proteoliposomes obtained with proteins extracted from SiHa cells untreated or treated with 10 mM DTE before
reconstitution, and with recombinant hLAT1 (Fig. 14 A-B-C respectively).

Fig. 14: Sketch of experimental design for inhibition analysis. Reconstitution of SiHa cells extracted proteins not treated (A) or treated with 10
mM DTE (B), (C) reconstitution of recombinant hLAT1.

The externally added amino acids were used to evaluate their ability to inhibit [°*H]Hisex/Hisin antiport.
Transport was performed in 30 minutes for both native and recombinant proteins. Results obtained are shown

as percentage of residual activity with respect to the control, i.e. in absence of externally added amino acids,
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to highlight differences in substrate specificity and to normalize the actual differences of absolute transport

activities between the analysed conditions (Fig. 15).
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Fig. 15: Effect of amino acids on [®H]His uptake in liposomes reconstituted with SiHa cells extracted proteins (A) not treated or (B) treated with
10 mM DTE and (C) in liposomes reconstituted with recombinant hLAT1. 5 mM of the indicated amino acids were added together with [*H]His.
Transport was performed in 30 min and stopped as described in Section 2.8.1. Percentage of residual His uptake was calculated with respect to
controls (without added amino acids). Results are mean + S.D. from three experiments. Student's two tailed unpaired t-test was performed on the
control; p values were symbolized as follows: “p < 0.05; *p < 0.01 (A-C).

As shown in Fig. 15 inhibition ranged from 80 to 90%, by hydrophobic amino acids such as lle, Val, Leu,
Cys, Met and by more hydrophilic amino acids such as His as well as Tyr and Thr. Instead, inhibition exerted
by Ala, Ser, Trp and Asn appeared to be lower, ranging between 70 and 50%. The other tested amino acids
led to a very slight, if any inhibition. However, inhibition profiles for most of the amino acids were very
similar under oxidizing or reducing conditions of native proteins (Fig. 15 A-B) and these overlapped almost
completely that obtained with recombinant hLAT1 (Fig. 15 C). These data suggest that the specificity on the
external side of LAT1 is different for the diverse amino acids and does not depend on the presence of 4F2hc.
To shed light on transport specificity of hLAT1 and on the involvement of 4F2hc, counter substrates analyses
were also performed. In this type of experiments, 10 mM of different amino acids were inserted in the
intraliposomal space during reconstitution as represented in the sketches in Fig. 16 (see Materials and Methods
section 2.6., 2.7.). In this way, counter-substrate were identified for their capacity to induce [®*H]His uptake
(Fig. 17).
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Fig. 16: Sketch of experimental design for counter substrates analysis. Reconstitution of SiHa cells extracted proteins not treated (A) or treated
with 10 mM DTE (B), (C) reconstitution of recombinant hLATL.
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Fig. 17: Counter substrates for [°H]His in liposomes reconstituted with SiHa cells extracted proteins (A) not treated or (B) treated with10 mM
DTE and (C) in liposomes reconstituted with recombinant hLAT1. Transport was performed in 30 min by adding [3H]His to proteoliposomes
containing 10 mM of the indicated amino acids. Transport reaction was stopped as described in Section 2.8.1. Percentage of His uptake was
calculated with respect to proteoliposomes containing 10 mM internal His (control). Results are mean + S.D. from three experiments. Student's
two tailed unpaired t-test was performed on the control; p values were symbolized as follows: “p < 0.05; ™p < 0.01 (A-C).

In particular, as shown in Fig. 17, besides His also Tyr and GIn appeared to stimulate [*H]His accumulation
in proteoliposomes both in the case of native proteins (Fig. 17 A-B) and of recombinant hLAT1 (Fig. 17 C),
whereas a discrepancy was observed in the case of Cys as counter substrate in all analysed conditions.
Moreover, in spite of their ability to inhibit LAT1 from external side, internal Ile and Leu did not induce
[*H]His accumulation both in the case of native proteins and in the case of recombinant hLAT1, so, also in
this case the results obtained with native proteins (Fig. 17 A-B) and recombinant protein (Fig. 17 C)
overlapped almost completely.

Taken together, transport assays, inhibition analysis and counter substrates analysis performed in
proteoliposomes of both native and recombinant hLAT1 demonstrate that neither the covalent interaction, nor

the presence of 4F2hc is necessary for both transport competence and specificity of hLAT1.
3.1.6. hLAT1 functional asimmetry

The described results have drawn attention to another interesting aspect of hLAT1.: its possible functional
asymmetry. Indeed, as observed in inhibition and in counter-substrate analyses, the specificity on the external
and internal sides of LAT1 appeared to be peculiar for different amino acids, with some substrates such as lle

able to inhibit [?H]His uptake if added on the extraliposomal space, but unable to induce [*H]His accumulation
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when used as counter substrate. Thus, to gain further insight on this issue, reconstitution of recombinant
protein was adopted to measure the uptake of other radiolabelled amino acids and for efflux analysis (Fig. 18).
Only recombinant hLAT1 was used for these experiments. Indeed, even though the results obtained with
native proteins and recombinant hLAT1 overlapped each other almost completely, small differences were

observed, possibly due to the presence of other amino acid transporters in SiHa cell extract.

V (nmol/min/mg prot)
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Fig. 18: [®*H]His uptake and efflux in proteoliposomes reconstituted with recombinant hLAT1. (A) Uptake of different radiolabelled amino acids.
Transport reaction was performed in 30 min and stopped as described in Section 2.8.1. Results are mean + S.D. from three experiments. (B) Efflux
of [®H]His from proteoliposomes in presence of 5 mM of indicated amino acids as counter substrates. Transport reaction was stopped after 10 min
as described in Section 2.8.1. Percentage is referred to proteoliposomes with externally His (control). Results are mean + S.D. from three
experiments. Student's two tailed unpaired t-test was performed on the control; p values were symbolized as follows: “p < 0.05; ™p < 0.01 (B).

As shown in figure 18, uptake of [®H]His, [®H]Leu and [*H]GIn occurs in 30 minutes at different extent.
Efflux analysis was also performed to identify which amino acids were able to induce [*H]His efflux from
proteoliposomes, i.e., were able to be transported from the external to the internal side of the membrane. In
these experiments, 5 mM of different amino acids were added to the extraliposomal space of proteoliposomes
preloaded with [®H]His (see Materials and Methods section 2.8.2.) and the efflux of [°H]His was measured in
10 minutes. Data were expressed as percentage of [®H]His efflux in presence of each amino acids and with
respect to proteoliposomes with externally His (Fig. 18 B). As shown in figure, in line with the antiport
activity, only a slow efflux of His was observed in absence of external substrate, whereas besides His also
Cys, Met, lle, Val, Leu, Tyr and Thr strongly induced [3H]His efflux. Other amino acids, such as GIn, Ser or
Lys were much less efficient in inducing [*H]His efflux.

In all the analysed conditions, transport activity was stopped using the known inhibitor BCH (Materials and

Methods section 2.8.1.). Its IC50 value of 6.8+2.0 uM was calculated from dose-response analyses (Fig. 19).
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Fig. 19: Dose-response curve for BCH. Transport was measured in 15 min and stopped as described in Section 2.8.1. Percent residual activity
with respect to the control is reported. Results are mean + S.D. from three experiments.

Taken together, the described results allowed to confirm the suitability of proteoliposomes model to study
LAT1 mediated transport. Indeed, the described data deriving from different experimental approaches, i.e.
inhibition, counter substrates and efflux analyses, indicate that amino acids showed different specificity on
the two sides of the protein. His and Tyr were recognized by both sides of the transporter, Leu or Ile were only
inwardly transported, while GIn appeared to be preferentially outwardly transported (Fig. 20). This feature
has physiological relevance and explains the link between the transport activity of LAT1 and that of ASCT2
another neutral amino acids transporter. Indeed, this correlation allows Gln, which is transported in a Na*-
dependent manner by ASCT2, to be used by LAT1 as counter (efflux) substrate for the entry of Leu by the
LAT1 mediated antiport (Leu/GlIn). Taken up Leu modulates the mTOR pathway. This function is important
in pathological conditions as well being involved in triggering cell survival and/or death (see Introduction

section 1.10. and Fig 20).
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Fig. 20: Correlation between LAT1 and ASCT2 amino acids transporters in cell membranes. The sketch represents the cell membrane with the
two transporters inserted and the arrows indicate the flux of the amino acids. The enlargement focus on the functional asymmetry exerted by LAT1,
with amino acids efficiency transport highlighted by growing characters size and different shade of colours.
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3.1.7. Effect of cations on LAT1 transport activity

By means of the proteoliposome model, the possible influence of physiological ions on transport was
investigated. Indeed, as shown in Fig. 21 A, the presence of K*, at 100 mM a concentration close to that
present inside cells, stimulated His antiport with respect to the control containing sucrose. To the same extent,
Na* showed a similar effect, whereas the CI~ was not involved in stimulation as suggested by using both K-
gluconate and KCI. The effect of K* was further investigated as dependence of His uptake on intraliposomal
K™ concentrations. As shown in Fig. 21 B, the activity increased along with the internal K* concentration,
reaching a plateau at 80 mM, i.e., a concentration not far from the physiological one.

>
w

__ 050 050
g .o = | B
o * I Q % *
j=J
s E
£ £
= € -
2 025 S 025 ¢ -
= E i
< E
S =
2 2
S 2
0.00 E 5
& S © © & & ’
& LG R, \@
o &£ A& (9 OIS 0 20 40 60 80 100
O @ = W 2 9
RS & \2 Potassium gluconate (mM)
e & &
© o
N

Fig. 21: Effects of intraliposomal salts on Hisex/Hisint transport in proteliposomes. (A) Transport was started adding 5 pM [*H]His to
proteoliposomes containing 10 mM His and 100 mM of indicated salts. Sucrose at 200 mM was used as control of osmotic stress. Effect of 100
mM NaCl added to the extraliposomal compartment was also evaluated. Transport was performed in 30 min and stopped as described in section
2.8.1. (B) Transport was started adding 5 uM [®H]His to proteoliposomes containing 10 mM His and indicated concentrations of Potassium
gluconate and stopped at 30 min as described in section 2.8.1. Results are mean + S.D. from three experiments. Student's two tailed unpaired t-test
was performed on the sample without internal compounds (control); p values were symbolized as follows: “p < 0.05; *p < 0.01 (A-B).

3.2. Kinetic characterization of hLAT1

After completion of the functional characterization, reconstitution of recombinant protein was adopted for
kinetic analysis. External and internal Km values for His were calculated (Fig. 22) showing that the external
Km value (Fig. 22 A) was 24.6+5.6 pM, whereas the internal Km was 2.8£1.7 mM (Fig 22 B). External Km
was investigated also in presence of K*, showing an increase of Vmax from 2.1+0.16 to 3.1+0.28
nmol-mg~!-min~!, in the presence of internal K*, while the Km was not significantly influenced.

In summary, the strong differences between external and internal Km values demonstrated that LAT1 shows,

besides a functional asymmetry, also a kinetic asymmetry.
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Fig. 22: Kinetics analysis of His transport in proteoliposomes reconstituted with over-expressed hLAT1. Transport rate was measured in 10 min
by adding [®H]His at the indicated concentration (A) to proteoliposomes containing 10 mM of internal His or (B) 5 uM [3H]His to proteoliposomes
containing internal His at the indicated concentrations. Transport reaction was stopped as described in section 2.8.1. Data were plotted according
to Michaelis-Menten equation. Results are mean + S.D. from three experiments.

Moreover, external Km was calculated for Leu (2513 uM), Met (31£11 uM), Val (57£20 uM), Gln (0.7+0.4
mM) and Ala (>1 mM). All these values corresponded to that measured in intact cells with the only exception
of Ala for which no Km values were reported in literature [27, 28].

The correspondence among data obtained with recombinant protein and intact cells confirmed that the protein
was inserted in proteoliposomes with the same orientation as in cell membranes. This important feature was
confirmed by an experimental set up in which an anti-His antibody was used to target the His tag located at
the N-terminus of the protein. In this experiment, the transporter was incubated with the antibody before or
after incorporation in proteoliposomes to evaluate the position of the N-terminus of the protein as function of

the inhibition of transport activity (Fig. 23).
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Fig. 23: Inhibition of His transport by antibody. The anti-His antiserum was added to protein before reconstitution (Anti-His Protein), or after
reconstitution (Anti-His Lipo) during transport assay. Anti-OCTN1 antiserum was added to protein before reconstitution as for Anti-His protein
(Anti OC Protein). Percentage is referred to proteoliposomes without added antibody (control). Transport reaction was performed in 30 min and
stopped as described in section 2.8.1. Results are mean + S.D. from three experiments. Student's two tailed unpaired t-test was performed on the
sample without added antibody (control); p values were symbolized as follows: "p < 0.05; ™p < 0.01.

As shown in Fig. 23, incubation of the protein before reconstitution (Anti-His protein) strongly inhibited
hLAT1 with respect to the untreated control (No-Ab). This inhibition is due to the steric hindrance caused by
the binding of the anti-His antibody to the N-terminal of LAT1 confirming its intraliposomal localization. On
the contrary, the antibody externally added to proteoliposomes (Anti-His Lipo) did not inhibit at all. As control

the protein was incubated with an antibody raised against a different protein, OCTN1, under the same
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condition leading to inhibition by anti-His (Anti OC Protein); in this case, no effect was observed indicating
that inhibition was specifically due to N-terminal His tag recognition. Thus, these data demonstrated an
intraliposomal localization of the N-terminus of the protein corresponding to the same orientation as in cell
membrane [20]. Furthermore, the complete absence of inhibition by externally added anti-His antibody
indicated that the virtually 100% of LAT1 was right-side out oriented in proteoliposomes.

Taken together, all the data confirmed the reliability of results obtained with recombinant protein and
proteoliposome tool. For this reason, the suitability of reconstitution into liposomes was adopted for studying
the mechanism of Hisint/HiSex antiport through bi-reactant analyses; these experiments required that both the
external and the internal His concentrations were changed in the same experiment. To discriminate between
ping-pong and simultaneous mechanisms, transport rate of [*H]His uptake was then plotted as function of
external or internal His concentrations according to Lineweaver-Burk (Fig. 24 A and B respectively). Indeed,
as shown in Fig. 24, the straight lines showed non-parallel patterns intersecting in proximity of the X-axis,

and this was indicative of a simultaneous mechanism.
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Fig. 24: Kinetics and Transport mechanism of the recombinant hLAT1. Data were analysed by Lineweaver—Burk plots showing the dependence
of reciprocal transport rate on reciprocal external (A) or internal (B) His concentrations. Transport reaction was stopped at 15 min as described in
section 2.8.1. In (A), the concentrations of intraliposomal His were 2.0 (0), 3.3 (@), 6.0 (@), 12.5 (®) mM; the concentrations of external [*H]His
were 5.0, 7.0, 10, 30, 100 uM. In (B) the same data of (A) were plotted as function of the internal His concentration at external [*H]His 5.0 (@),
7.0 (@), 10 (m), 30 (m), 100 (W) uM. In A-B the insets show the re-plots of the intercepts on the Y-axis (1/Vmax - o) or the slopes (Km/Vmax -
@) from the primary plots as a function of internal (A) or external (B) His. Results are mean + S.D. from three independent experiments (A-B).
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The simultaneous mechanism can be random or ordered, thus, to completely clarify the Hisex/Hisin transport
reaction the dissociation constant of the ternary (Hisex-transporter-Hisin) and binary transporter His complexes
were analysed. These constants were calculated by re-plotting the values of the intercepts on the Y-axis or the
slopes of the straight lines, as function of the reciprocal substrate concentrations (insets of Fig. 24 A and B).
In this way, concentration independent (Ks) values obtained were 47.5 uM for external His and 5.6 mM for
internal His, whereas the calculated Kis values were 73 uM for external His and 9.5 mM for internal His. The
same constants fulfilled the relation Kis-Ks2=Kisz-Ks1 which is typical of a random simultaneous mechanism
implying that the two substrates bind at the same time to the external and internal sites.

3.2.1. Oligomeric structure of hLAT1

The random simultaneous mechanism described is an unexpected observation for a transport protein. Indeed,
considering that membrane transporters work through an alternating-access model, this implies
conformational transition of the transporter between states in which the substrate-binding site is exposed to
opposite sides of the membrane in an alternating manner. This means that the access from both sides of the
membrane to the substrate-binding site cannot be simultaneous [68]. In fact, our observation of a random
simultaneous mechanism was supported by an oligomeric structure of the transporter, which was observed
through western blot analyses and predicted by bioinformatics (Fig. 25 A-D).
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Fig. 25: Oligomeric state of recombinant and native hLATL. In (A) purified and functional hLAT1 has been treated with 1 mM (lane 2) and 2 mM
(lane 3) Cu**-phenanthroline compared to untreated control (lane 1). After stopping cross-linking reaction, samples were ran on a SDS-PAGE
10% without reducing agents in sample buffer. In (B) purified and functional hLAT1 (lane 1) or hLAT1 inserted in proteoliposomes (lane 2) was
subjected to electrophoresis under mild denaturing conditions, using sarkosyl (0.1%) instead of SDS in all run buffers without reducing agents in
sample buffer. Protein monomers and oligomers were detected by immunoblotting analysis using anti-His antiserum 1:1000 dilution as described
in Section 2.2.7. (A-B). In (C) native hLAT1 was extracted from SiHa cell membrane and subjected to electrophoresis under mild denaturing
conditions (as in A) treated (lane 1) or not (lane 2) with 100 mM DTE before running. Protein monomers and oligomers were detected by
immunoblotting analysis using anti-LAT1 antiserum 1:2000 dilution as described in Section 2.2.7. The images (A-C) are representative of at least
two independent experiments. (D) hLAT1 homology models. hLAT1 is shown as ribbon representation in its dimeric conformation. Cys (C458)
at the interface of LAT1 dimer were shown in stick representation and thiol groups were indicated as yellow spheres.
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Western blot analyses were performed in different conditions. To appreciate the formation of an oligomeric
structure of the protein on SDS-PAGE, recombinant purified protein was subjected to a cross-link strategies
using Cu**-phenantroline that catalysed the formation of disulphides through closes Cys residues of the protein
(see Materials and Methods section 2.2.5.). The incubation of the protein with 1 or 2 mM of the catalyst (Fig.
25 A, lanes 2 and 3 respectively), was performed for ten minutes and the same samples were then subjected
to SDS-PAGE under oxidizing conditions and stained with Anti-His. As shown in Fig 25, after treatment with
the reagent most of the protein migrated at a double molecular mass with respect to the untreated monomer
(Fig. 25 A, lane 1) due to formation of disulphide(s) and suggesting the possible the existence of dimeric form
of hLAT. Then, the possible existence of a dimeric structure was investigated by electrophoresis under mild
denaturing conditions on Sarkosyl-PAGE on both purified hLAT1 and after insertion of the same protein in
liposomal membranes (Fig. 25 B). As shown in the case of purified protein (Fig. 25 B, lane 1), the presence
of aggregates at higher molecular masses was observed, besides hLAT1 monomer, suggesting that functional
hLAT1 may have an oligomeric composition, a feature confirmed by the results obtained after insertion of the
protein into liposomes (Fig. 25 B, lane 2). Furthermore, the existence of a dimeric structure of LAT1 was
investigated in SiHa cell extracts both under reducing and oxidizing conditions (Fig. 25 C) using anti-LAT1
antibody. In particular, samples were treated with 10 mM DTE to separate LAT1 from 4F2hc and under this
condition two major bands were observed one at about 35 kDa and the other at about doubled molecular mass
(Fig. 25 C, lane 1). On the contrary, under oxidizing conditions a large higher band was detected, which can
include both hLAT1 homodimer and/or LAT1/4F2hc heterodimer (Fig. 25 C, lane 2). Thus, in all the analysed
conditions an oligomeric form of hLAT1 was observed. However, the possible existence of a dimeric structure
was also predicted by bioinformatics. Indeed, the structural model of hLAT1 was built by homology, using as
template the bacterial AdiC, whose crystallographic structure is currently available in different conformational

states and in analogy to AdiC also hLAT1 could form a homodimer (Fig. 25 D).

3.3. Characterization of substrate-binding site of hLAT1

3.3.1. Identification of critical amino acid residues

The choice of using AdiC (L-Arginine/agmantine antiporter) as template for building hLAT1 homology
model, derives from the growing knowledge on the crystallographic structure of this transporter in different
conformational states, i.e. the open-to-out apo form (PDB ID 3LRB and 3NCY) [56, 57], the substrate-bound
open-to-out form (PDB ID 30B6) [29], and the outward-facing Arg*-bound occluded (PDB ID 3L1L) [21]
conformation. This knowledge is important to clarify the conformational changes that occur during each
transport cycle even though this is only a step forward in the elucidation of the transport mechanism, which
requires also the knowledge of the substrate-binding site. In this regard, comparison of the crystal structures
of amino acids transporter with the LeuT-fold (see Introduction section 1.14.) highlighted the conservation of
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the substrate binding site location as well as the key residues involved in both substrate recognition and
translocation [56-60]. Then, moving from this basis we decided to investigate the actual role of the
corresponding residues in LAT1, even though in line with their substrate specificity, the composition of the
key residues coordinating the substrates in the binding sites varied significantly between different members
of the APC superfamily.

Thus, to satisfy our purpose of shedding light on the transport mechanism and on the substrate translocation
of the human amino acid transporter LAT1, a multi alignment including different member of the APC
superfamily was performed. Considering this alignment and current literature data, the amino acids which
appeared to be critical for recognition and translocation of Arg/agmantine in AdiC, were predicted. The
residues of AdiC W202, W293 and S357 [59, 60, 69] important for substrates (agmatine/Arg) binding and
translocation, corresponded to LAT1 F252, S342 and, C407, respectively, as also reported in Geier et al. [70].
These residues were considered for docking simulation shown in Fig. 26.

Fig. 26: hLAT1 Substrate binding site. Representative docking poses for His in LAT1 outward-open form (A) and outward-closed form (B).
hLAT1 is shown in ribbon representation; His and residues of the binding site are shown as stick representation. Critical residues are highlighted
in red, whereas the novel one residue identify, Cys335, is encircled in red.

All the mentioned residues corresponding to AdiC were highlighted in Fig. 26 (A), i.e. hLAT1 in outward-
open conformation. Moreover, the same docking simulation identified another Cys residue never predicted
before, C335, closed to the substrate-binding residue F252. Moreover, docking simulations performed also on
the outward-closed conformation (Fig. 26 B), showed that all the poses, obtained for His, well fitted with the
position of the Arg in AdiC, and that the residues surrounding the binding site included F252, S342 and C407.
Thus, these residues were considered to shed light in substrate recognition, and, to investigate the effective

role of these residues in substrate recognition, mutants were constructed and corresponding recombinant
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proteins were over-expressed in E. coli and purified as described for wild type protein (see Materials and
Methods section 2.5.).

3.3.2. Characterization of hLAT1 mutants

Concerning Cys residues, C335, C407 or both were substituted with Ala (C355A, C407A and C3355A/C407A
respectively), S342 was substituted with Gly (S342G), whereas for F252 two different mutants were
constructed. F252 was substituted either by the conservative residue Trp corresponding to the homologue
AdiC (F252W), or by the non-conservative residue Ala to change the chemical/steric properties of the side
chain. All these mutants were tested for transport activity measuring Hisint/HiSex antiport in time course (Fig.
27).
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Fig. 27: Time course of [®H]His uptake in proteoliposomes reconstituted with over-expressed hLAT1 wild type and mutants. (A) Transport was
started adding 5 uM [3H]His to proteoliposomes reconstituted with LAT1 WT (@), C335A (4), C407A (V) or double mutant C335A/C407A (
<>) and in (B) to proteoliposomes reconstituted with LAT1 WT (@ ), F252W (&), F252A (H) or S342G (@). Proteoliposomes contained 10 mM
His. Transport reaction was stopped at the indicated times as described in section 2.8.1. Data were plotted according to first rate equation. Results
are mean + S.D. from three independent experiments (A-B).

As shown in Fig. 27 (A-B), only F252A mutant completely lost transport activity (Fig. 27 B), whereas all
other mutants were active even though less than wild type. Thus, to shed light on the differences observed

with respect to the wild type, kinetics analyses were performed (Fig. 28-29).
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Fig. 28: Kinetics analysis of His transport in proteoliposomes reconstituted with hLAT1 mutants. Transport rate was measured in 30 min by adding
[®H]His at the indicated concentration to proteoliposomes containing 10 mM of internal His. (A) C335A mutant, (B) Double mutant
C335A/C407A, (C) C407A mutant, (D) S342G mutant and (E) F252W mutant. Transport reaction was stopped as described in section 2.8.1. Data
were plotted according to Michaelis-Menten equation. Results are mean + S.D. from at least three independent experiments (A-E).

External Km values were measured (Fig. 28 A-E). Concerning Cys mutants, it was observed that substitution
of C335 strongly increased the external Km, which was 5824234 uM, indicating that this residue was
important for His binding. The same applies to double substitution of C335A/C407A, which showed an
external Km value of 775+£127 uM. On the contrary, C407A mutant showed an external Km similar to that of
WT,i.e.37+11 uM (Fig. 28 A-B-C respectively). As in the case of C335A and C335A/C407A, also the S342G
and F252W mutants had and external Km value of 7844139 uM and 184+40 uM, respectively (Fig. 28 D-E

respectively).

Then, internal Km values for His were measured (Fig. 29). In this case, C407 showed a slight increase of this
value with respect to the wild type, i.e. 5.9+1.4 mM (Fig. 29 A). For all the other mutants, measured internal
Km values were similar to that of wild type, i.e. 2.5£0.67 mM for C335A, 3.2+0.49 mM for S342G and
2.0£0.45 mM for F252W (Fig 29 B, C and D respectively).
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Fig. 29: Dependence of the rate of His antiport in proteoliposomes reconstituted with hLAT1 mutants. The transport rate was measured adding 5
uM [3H]His to proteoliposomes containing indicated concentrations of internal His. Transport was measured in 15 min for C407A mutant (A) and
in 30 min for C335A mutant (B), S342G mutant (C) and F252W (D). Transport reaction was stopped as described in section 2.8.1. Data were
plotted according to Michaelis-Menten equation. Results are mean + S.D. from at least three independent experiments (A-D).

Kinetic analyses confirmed the involvement of C335, C407, S342 and F252 residues in substrate recognition
as predicted by bioinformatics but never experimentally proven, so far. F252 and S342 residues appeared to
be involved in substrate translocation. F252 revealed to be essential as a gate of LAT1 as testified by disruptive
effect of Ala substitution compared to F252W mutation and in analogy with structural data on AdiC, even
though the conservative substitution with Trp is not sufficient to maintain proper affinity for substrate, but this
feature is not unexpected. Indeed, differences between AdiC and LATL in terms of molecular mechanism of
substrate recognition correlate with the substrate’s specificity. Indeed, since LAT1 accepts aromatic or
aliphatic amino acids, while AdiC is mainly involved in interactions with the charged, Arg and Agmatine [56],
W202 and W293 of AdiC are replaced in LAT1, respectively, by the more hydrophobic F252 according to
Kyte-Doolittle [71] and by S342. Moreover, C335, which showed an increased external Km value, can be
involved in substrate binding. Indeed, the effect deriving from the substitution of Cys with Ala suggested that
the thiol was the critical chemical group for His binding being a forefront residue. While, concerning C407
residue, predicted as part of the substrate binding site, kinetic analyses suggested that it had a marginal role in
substrate recognition since only the internal Km showed small variation upon mutation. This feature is in line
with data reported for AdiC; indeed, in this bacterial homologue C407 corresponds to S357 for which the

substitution with Ala showed an affinity for substrate similar to that of WT, as we observed in LATL1. Thus,
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taken together, the illustrated data showed that besides a switch from hydrophilic to neutral/hydrophobic
substrate recognition between AdiC and LAT1, F252 is a gate element, allowing substrate entry in the
translocation site playing, possibly, the same function as W202 in AdiC as well as other residues, i.e., S342
and C335 are responsible of substrate docking prior to translocation.

Therefore, the use of combined approaches of bioinformatics, site-directed mutagenesis and transport assay
in proteoliposomes, satisfied our purpose in advancing the molecular knowledge of transport mechanism,
allowing to identify experimentally for the first time amino acid residues critical for substrate recognition and
translocation, with some of these previously reported and a novel one identified.

3.4. Role of Cys residues in protein stability and reactivity

Another important aspect of hLAT1 protein was investigated, concerning the role of Cys residues. Indeed,
hLAT1 harbours in its primary structure twelve Cys residues, which could have a role both in the stability of
the protein structure and in the reactivity to SH xenobiotics reagents such as environmental contaminants and
drugs.

Relatively to the role of Cys residues on the stability of the protein, the structural model of hLAT1 (Fig. 30)
showed that at least three Cys couples lie at proper distances to form disulphide bridges. Experiments
conducted in SiHa intact cells, in proteoliposomes reconstituted with proteins extracted from SiHa cells and
in proteoliposomes reconstituted with recombinant protein, confirmed this possibility showing that reducing
conditions had a role in intrinsic activation of hLAT1 protein.
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Fig. 30: Homology model of human LAT1. The model is depicted by VMD1.9.1. Cys residues are highlighted. C164 forming the disulfide with
4F2hc is indicated by arrow. Cys residues predicted to form disulphides are numbered and in dark green. Remaining Cys residues are in light
green.
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Indeed, activation by the S-S reducing agent DTE (and vice versa inhibition by SH oxidation) was observed
for hLAT1 obtained from cell extracts (Fig. 31 A) and, more evidently, for the recombinant protein purified

in presence of DTE (Fig. 31 B) while, this effect was not observed in intact cells (Fig. 31 C).
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Fig. 31: Time course of [3H]His uptake. (A) Transport in liposomes reconstituted with SiHa cells extract treated (@) or not (@) with 10 mM DTE.
(B) Transport in liposomes reconstituted with hLAT1 purified (@) or not (@) with 2 mM DTE. Proteoliposomes contained 10 mM His. (C)
Transport in SiHa intact cells with (@) or without (®) 2 mM DTE in transport buffer. Transport reactions were stopped at indicated times as
described in section 2.8.1. and data were plotted according to first rate equation. Results are mean + S.D. from three independent experiments (A-
C).

The most likely explanation for this phenomena, relies on a strong influence of the redox state of SH residues
of LAT1 on the correct folding and/or transport function. It is plausible that when disulphides were formed
between Cys couples showed in Fig. 30, the protein lost mobility, becoming inactive. Indeed, in intact cells,
where redox control systems were fully functioning, LAT1 was not sensitive to further addition of reducing
agents (DTE). Whereas, during extraction from cells, the same redox control was lost causing the oxidation
of a significant fraction of the protein and the consequent inactivation which justified the slow transport
activity observed in absence of DTE with respect to presence of DTE. The recombinant protein, being
expressed in bacterial cells, was not subjected to proper redox control systems; therefore, it was virtually
completely oxidized, i.e., very sensitive to activation by reducing agent added during purification step. The
redox control, exerted on hLAT1 protein was also in line with western blot analyses showing that a small
fraction of endogenous LAT1 or 4F2hc protein was reduced also under oxidizing conditions, i.e. a protein
bands migrating at 35 kDa or at 80 kDa were evident together with the heterodimer at 120 kDa (Fig. 8).
Besides the role exerted by Cys residues on the correct folding and/or transport function of proteins, a lot of
literature data support the notion that toxic compounds (such as heavy metal cations) and drugs share a
common property, i.e., the reactivity towards thiol groups of Cys residues [1]. Thus, studies were conducted
on hLAT1 wild type and Cys mutants to ascertain both the reactivity to SH reagents and the possible
involvement of C335 and C407 in this reactivity.

As reported in literature, LAT1 interacts with mercury compounds [72, 73], for this reason, dose response

experiments for HgCl> were conducted on wild type and Cys mutants (Fig. 32).
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Fig. 32: Inhibition by HgCl2 of the hLAT1 wild type and Cys mutants in proteoliposomes. (A) Dose response curves for the inhibition by HgClz.
Transport was measured adding 5 uM [3H]His to proteoliposomes containing 10 mM His reconstituted with LAT1 WT (@), C335A (&), C407A
() or double mutant C335A/C407A (<) in the presence of indicated concentrations of HgCl2. Transport was measured in 30 min and stopped
as described in section 2.8.1. Percentage of residual activity with respect to the control (without additions) is reported. Results are mean + S.D.
from three independent experiments. (B) Kinetic analysis of the inhibition according to Lineweaver—Burk as reciprocal transport rate vs reciprocal
His concentration; transport rate was measured adding 5 uM [3H]His at the indicated concentrations to proteoliposomes containing 10 mM His
and stopping the reaction after 15 min as described in section 2.8.1. In (O) 0.8 uM HgCl2 was added as inhibitor in comparison to samples without
inhibitor (@). Results are mean + S.D. from three independent experiments.

As shown in Fig. 32 (A), very similar patterns were observed for all wild type and mutants proteins with
comparable IC50 values: 0.90+0.14 uM, 1.3+0.13 pM, 1.3+ 0.10 pM or 1.7+0.12 uM for WT, C335A, C407A
or C335/407A, respectively.

Moreover, the kinetic of inhibition of His transport by HgCl> (Fig. 32 B) showed a non-competitive pattern
demonstrating that the interaction of the mercury compound occured via residues far from the substrate
binding site. Then, other hydrophilic or hydrophobic SH reagents were tested; also in this case, it was observed
that Methyl-Hg, Ethyl-Hg, MTSEA and NEM inhibited approximately at the same extent wild type and the
Cys mutants (Fig. 33). Thus, the obtained results indicate that the two Cys residues were not involved in
interaction with SH reagents either small, large, hydrophobic or hydrophilic, as shown by the unvaried
sensitivity of C335A, C407A and C335/407A mutants to all the tested reagents.
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proteoliposomes containing 10 mM His reconstituted with LAT1 WT (green bar), C335A (orange bar), C407A (pink bar) or C335A/C407A
(yellow bar) in the presence of 5 uM Methyl-Hg, 12 uM Ethyl-Hg, 50 uM MTSEA or 500 uM NEM. Transport was measured in 30 min and
stopped as described in section 2.8.1. Percent residual activity with respect to the control (without additions) is reported. Results are mean + S.D.
from three independent experiments. Student's two tailed unpaired t-test was performed on the sample without external compounds (control) and

no differences respect control have been observed within the p value < 0.05.

62



63

Chapter IV

Conclusions




The relevant role of amino acids transporters in cell physiology and pathology is now well acknowledged.
Due to their hydrophobicity, transport protein studies were delayed with respect to soluble proteins. Therefore,
few structural data of mammalian transporters are available, so far. Moreover, results obtained from transport
assays in intact cells were insufficient for extensive characterization of transport systems. The most recent
studies on transporters rely, when possible, on multidisciplinary approaches that guarantee more suitable data
on structure/function relationships. Using in silico predictions, over-expression in heterologous system and in
vitro methods, such as proteoliposome tool to measure transport activity, it is possible to obtain more complete
information for deciphering molecular mechanisms of transport. In this work, such multiple approaches were
used for the LAT1 amino acids transporter. Indeed, in spite of the growing number of literature data, most of
the structures were predictive. In this work, dark sides of LAT1 were solved combining functional and kinetic
data with site-directed mutagenesis and homology structural modelling. Different open questions concerning
LAT1 transport function were solved and new information were obtained. The suitability of proteoliposome
tool and the use of recombinant purified hLAT1 unravelled that LAT1 is the only transport competent unit of
the heterodimer 4F2hc/LAT1. To the same extent using recombinant protein produced in E. coli, site-directed
mutagenesis and transport assay in proteoliposomes the molecular knowledge on the human LAT1 transporter
was improved shedding light in the complex mosaic of the structure/function relationship of LAT1. Thus,
since LATL1 is a valuable target for chemotherapy, the scenario emerging from the collected data represents
the optimal starting point for studies direct to the design and identification of specific inhibitor useful as
potential drugs in cancer therapy.

Different molecules were tested as possible inhibitor of LAT1 protein. These studies are still in progress and
will represent another important step forward in advancing the knowledge on this important target. In
particular, some dithiazole derivatives showed a reactivity towards Cys residues and appeared to be able to
potently inhibit LAT1 transport activity hopefully with affinity higher than that of LAT1 inhibitors previously
described [74] or predicted by Virtual High Throughput Screening of drug libraries [70]. The specificity of
these molecules and the affinity towards LATL1 are object of incoming studies.

Thus, the proteoliposome tool, which allowed the functional characterization and the advancement in the
knowledge of LAT1 kinetics, was also useful to set up a screening tool for chemicals with the aim of
identifying new potent and specific inhibitors.
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LAT1 (SLC7A5) and CD98 (SLC3A2) constitute a heterodimeric transmembrane protein complex that cat-
alyzes amino acid transport. Whether one or both subunits are competent for transport is still unclear.
The present work aims to solve this question using different experimental strategies. Firstly, LAT1 and
CD98 were immuno-detected in protein extracts from SiHa cells. Under oxidizing conditions, i.e., without
addition of SH (thiol) reducing agent DTE, both proteins were revealed as a 120 kDa major band. Upon

- DTE treatment separated bands, corresponding to LAT1(35 kDa) or CD98(80kDa), were detected. LAT1
fg‘;vords' function was evaluated in intact cells as BCH sensitive [2H]His transport inhibited by hydrophobic amino
CDo9s acids. Antiport of [2H]His was measured in proteoliposomes reconstituted with SiHa cell extract in pres-
ence of internal His. Transport was increased by DTE. Hydrophobic amino acids were best inhibitors in
addition to hydrophilic Tyr, GIn, Asn and Lys. Cys, Tyr and Gln, included in the intraliposomal space, were
transported in antiport with external [*H]His. Similar experiments were performed in proteoliposomes
reconstituted with the recombinant purified hLAT1. Results overlapping those obtained with native pro-
tein were achieved. Lower transport of [H]Leu and [*H]GIn with respect to [*H]His was detected. Kinetic
asymmetry was found with external Km for His lower than internal one. No transport was detected in
proteoliposomes reconstituted with recombinant hCD98. The experimental data demonstrate that LAT1
is the sole transport competent subunit of the heterodimer. This conclusion has important outcome for
following studies on functional characterization and identification of specific inhibitors with potential
application in human therapy.
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© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

SLC7AS5 is a neutral amino acid transporter also known as LAT1
(Christensen, 1990; Pochini et al., 2014). It belongs to the SLC7
family, accounting for 13 members divided in cationic amino acid
transporters (CATs) and light subunits of amino acid transporters
(LATs). The peculiar property of the latter group of proteins con-
sists in forming covalent heterodimer with larger polypeptides
belonging to the SLC3 family, a small group of type Il membrane

Abbreviations: CATs, cationic amino acid transporters; LATs, light subunits of
amino acid transporters; CD98, cluster of differentiation 98; BBB, blood brain barrier;
BCH, 2-amino-2-norbornanecarboxylic acid; C,Eg, octaethylene glycol monodode-
cyl ether; DTE, dithioerythritol; TX-100, Triton X-100.

* Corresponding author.
E-mail address: cesare.indiveri@unical.it (C. Indiveri).
T These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.biocel.2015.08.004
1357-2725/© 2015 Elsevier Ltd. All rights reserved.

glycoproteins (Palacin and Kanai, 2004; Verrey et al., 2004). In par-
ticular, SLC7AS5 interacts with SLC3A2, known as CD98 or 4F2hc, via
a conserved disulfide between residues C164 of hLAT1 and C109
of hCD98, forming a heterodimer (Fort et al., 2007; Wagner et al.,
2001).

LAT1 is a polypeptide of 507 amino acids, corresponding to a
molecular mass of 55kDa, with 12a-helical transmembrane seg-
ments (Prasad et al., 1999); it is broadly expressed and mainly
localized in basolateral membranes of polarized epithelia (Bode,
2001; Broer, 2002; Yanagida et al., 2001). Important exceptions are
the luminal and abluminal membranes of BBB (blood-brain bar-
rier) and the brush border membranes of placenta, i.e. maternal
side (del Amo et al., 2008). CD98 is a 630 amino acid polypep-
tide with an apparent molecular mass of 68 kDa on SDS-PAGE
(Galluccioetal.,2013). The role of LAT1/CD98 heterodimer in medi-
ating amino acid transport across the plasma membrane has been
assessed in cell systems, so far. However, the precise role of CD98
in the intrinsic transport function of LAT1 is still controversial
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(Kanai et al.,, 1998; Palacin and Kanai, 2004). On the one hand,
CD98 has been considered crucial for LAT1 transport activity (Kanai
et al.,, 1998; Prasad et al., 1999). On the other hand, some authors
claimed that involvement of CD98 in transport is linked to matu-
ration and trafficking of LAT1 protein in plasma membrane (Franca
et al., 2005; Mastroberardino et al., 1998; Nakamura et al., 1999;
Wagner et al., 2001). Moreover, in mouse hepatocarcinoma cells,
over-expressed LAT1 has been showed to mediate leucine transport
without involvement of CD98 (Campbell and Thompson, 2001).
Thus, the contribute of CD98 to transport function represents still
an open issue. LAT1/CD98 heterodimer mediates a sodium inde-
pendent amino acid antiport with preference for large amino acids
such as Trp, Phe, Tyr and His even though smaller amino acids such
as Met, Val, Leu, Ile are also transported (Kanai et al., 1998; Yanagida
et al.,, 2001). Moreover, LAT1/CD98 has been suggested also as
a transporter of non amino acid substrates, such as L-dopamine,
gabapentin and thyroid hormones (del Amo et al., 2008; Kageyama
etal., 2000). It is specifically inhibited by BCH that has been used to
discriminate its activity from that of other amino acid transporters
in cells (Kim et al., 2002). The three dimensional structure of CD98
has been recently solved (Fort et al., 2007), while crystals of LAT1
are not available, as for all the mammalian amino acid transporters.
Some homology structural models have been built on the basis of
the arginine/agmatine transporter, AdiC, from Escherichia coli and
the ApcT from Methanococcus jannaschii, whose structures have
been solved by X-ray crystallography (Gao et al., 2010). The inter-
est in shedding light on the functional and regulatory properties
of LAT1 is strengthened by its well documented over-expression
in many tumors, together with the glutamine transporter ASCT2
(SLC1A5). Indeed, tumor survival is characterized by increased
absorption of amino acids, used both as oxidative fuel and signal-
ing molecules (Fuchs and Bode, 2005; Ganapathy et al., 2009; Wang
et al., 2013). Therefore, LAT1 represents an important novel target
for chemotherapy since inhibitors of this transporter are potential
anticancer drugs (Baniasadi et al., 2007; Fan et al., 2010; Shennan
and Thomson, 2008). Recently, an elegant approach of Virtual High
Throughput Screening of drug libraries has been described (Geier
et al., 2013). To unravel dark sides of this transporter on both func-
tional and structural point of views, heterologous over-expression
of the human proteins LAT1 and CD98 have been performed. Abun-
dant expression was obtained by cloning hLAT1 and hCD98 in the
plasmids pH6EX3 (Brizio et al., 2000) and pGEX4T1 (Galluccio et al.,
2013). In the present work, hLAT1 mediated transport has been
investigated in intact cells as well as in proteoliposomes reconsti-
tuted with protein extracted from SiHa cells or recombinant hLAT1
protein. Using these combined strategies, it was shown that hLAT1
is the only competent transport unit of the heterodimer.

2. Materials and methods
2.1. Materials

His Trap HP columns, thrombin, PD-10 columns, ECL plus and
Hybond ECL membranes were purchased from GE Healthcare;
SiHa cell line was kindly provided by Dr. Massimo Tommasino
(IARC/CIRC WHO, Lyon France); culture media and Fetal Bovine
Serum were purchased from Life Technologies; radiolabeled amino
acids were purchased from ARC (American Radiolabeled Chemi-
cals); anti-hLAT1, anti-hCD98 and anti-rabbit IgG HRP conjugate
from Cell Signaling; all the other reagents are from Sigma-Aldrich.

2.2. Cell culture

SiHa cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum

(FBS), 1mM glutamine, 1 mM sodium pyruvate and Pen/strep as
antibiotics. Cells were grown on 10 cm? plates at 37 °C in a humid-
ified incubator and a 5% CO, atmosphere.

2.3. Extraction of LAT1/CD98 complex from SiHa cells

LAT1/CD98 complex was solubilized, from SiHa pellets, with
RIPA buffer and incubated for 30 min on ice. After centrifugation
(12,000 x g, 15min, 4°C) proteins were quantified using Lowry
method, analyzed on SDS-PAGE 10% and transferred onto nitro-
cellulose membranes for western blot.

2.4. Western blot analysis

hCD98 and hLAT1 were immuno-detected incubating mem-
branes with anti-LAT1 antibody 1:2000 or anti-CD98 1:1000 over
night at 4°C. The reaction was detected by Electro Chemi Lumi-
nescence (ECL) assay after 1 h incubation with secondary antibody
anti-rabbit 1:5000.

2.5. Transport measurement in cells

SiHa cells were seeded onto 12 well plates up to 80% conflu-
ence. For transport assay, cells were rinsed twice with transport
buffer: 20mM Tris-HCl pH 7.4, 200 mM glucose and 2 mM DTE
where indicated. Radiolabeled 5 uM [3H]His was added and the
transport reaction terminated at the indicated times by discarding
the uptake buffer and rinsing the cells with the same ice-cold buffer
(0.5ml) plus 1 mM BCH. Cells from each well were solubilized in
500 w1 of 1% TX-100. Cell extracts were counted for radioactivity.

2.6. Purification of hCD98 and hLAT1

hCD98 was over-expressed with a GST tag in E. coli and puri-
fied as previously described (Galluccio et al., 2013). hLAT1 was
over-expressed in E. coli and purified as previously described
(Galluccio et al., 2013) with the following modifications: after cell
lysate solubilization and centrifugation (12,000 x g, 10 min, 4°C)
the supernatant was applied on a His Trap HP column (5ml Ni
Sepharose) equilibrated with 10 mL buffer (20 mM Tris-HCI pH 8.0,
10% glycerol, 200 mM Nacl, 0.1% sarkosyl, and DTE 2 mM) using
AKTA start. Column was washed with 10mL of buffer (20 mM
Tris-HCl pH 8, 10% glycerol, 200 mM Nacl, 0.1% n-dodecyl (3-D-
maltoside and 2 mM DTE). Protein was eluted with the same buffer
plus 400 mM imidazole; 2.5 mL were pooled and desalted on a PD-
10 column.

2.7. Reconstitution of the hCD98-hLAT1 complex extracted from
SiHa cells into liposomes

The hCD98/hLAT1 complex was extracted from SiHa cells mem-
brane with RIPA buffer and reconstituted in liposomes by removing
the detergent using the batch-wise method. Mixed micelles con-
taining detergent, protein and phospholipids were incubated with
0.5g Amberlite XAD-4 at room temperature for 40 min (Scalise
et al., 2012). The initial mixture contained: 150 p.g of cell extract,
100 wL of 10% C13Eg, 100 L of 10% egg yolk phospholipids (w/v) in
the form of liposomes prepared as previously described (Indiveri
et al.,, 1994), 20 mM Tris-HCI pH 7.5 and 10 mM L-His, except were
differently indicated, in a final volume of 700 L. Cell extracts were
treated or not with 10 mM DTE.
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2.8. Reconstitution of the purified hLAT1 or hCD98 into liposomes

The purified hLAT1 or hCD98 were reconstituted as above
described using 4 g protein for both the over-expressed proteins.

2.9. Transport measurements

For uptake experiments, to remove the external substrate,
600 L of proteoliposomes were passed through a Sephadex G-
75 column (0.7 cm diameter x 15 cm height) pre-equilibrated with
20mM Tris-HCl pH 7.5 and sucrose at an appropriate concen-
tration to balance internal osmolarity; transport was started by
5 wM [3H]His. For efflux measurements, proteoliposomes contain-
ing 10mM His were preloaded by incubation with 5 uM [3H]His
(1 iCi/ml) for 60 min (Pochini et al., 2012). External compounds
were removed by another passage through Sephadex G-75. Efflux
was started by adding 5 mM amino acids to the preloaded prote-
oliposomes. In both uptake and efflux, transport was stopped by
100 wM BCH. In controls, inhibitor was added at time zero accord-
ing to the inhibitor stop method (Palmieri et al., 1995). At the end
of the transport assay, 100 L proteoliposomes was passed through
a Sephadex G-75 column (0.6 cm diameter x 8 cm height) to sepa-
rate the external from the internal radioactivity. Liposomes were
eluted with 1TmL 50 mM NaCl in 4 mL scintillation mixture and
counted. For [3H]His uptake, experimental values were corrected
by subtracting controls. For [3H]His efflux experimental values at
10 min were subtracted from the radioactivity present in the pro-
teoliposomes at time zero. Initial transport rate was measured by
stopping the reaction after 10 min, i.e., within the initial linear
range of [3H|His uptake or efflux in proteoliposomes. To calcu-
late kinetic parameters or ICsg, experimental data were fitted in
Michaelis—Menten or dose-response equation, using Grafit soft-
ware. To measure the hLAT1 specific activity, protein concentration
was estimated by Chemidoc imaging system (Giancaspero et al.,
2013).

2.10. Ultracentrifugation of proteoliposomes

To separate hCD98 and/or hLAT1 reconstituted proteoliposomes
from liposomes without incorporated proteins, 500 .1 of samples
after passage through Sephadex G-75 column, were ultracen-
trifuged (110,000 x g, 1h 30 min, 4°C). After washing with saline
buffer, samples were ultracentrifuged again and pellet solubilized
with 3% SDS and subjected to western blot analysis.

2.11. Homology modeling of hLAT1

The homology structural model of the hLAT1 was built using
as template the structure of the arginine/agmatine antiporter AdiC
fromE. coli (PDB 3L1L). The amino acid sequence of the human LAT1
(NP_003477.4) and the AdiC (P60063) were aligned using ClustalW
and manually adjusted. The optimized alighment was used to run
the program Modeller 9.14.

3. Results
3.1. LAT1 and CD98 are linked by disulfide in native membrane

LAT1/CD98 heterodimer was immuno-detected in SiHa cell
extracts using both anti-LAT1 and anti-CD98 antibodies. Under
oxidizing conditions, i.e., in absence of DTE during gel run, both
antibodies identified a protein band of 120kDa, resulting from
the sum of the molecular mass of LAT1 plus CD98 (Fig. 1A and
B, lines —DTE). When the gel was run under reducing condition,
i.e. in the presence of the S-S reducing agent DTE, the apparent
molecular mass of the proteins diminished to approximately 35 kDa

A B

-DTE +DTE -DTE + DTE
120 P [ 120 P
80 »
)
35 p
—

Fig. 1. Western blot analysis of hCD98-hLAT1 complex from SiHa cells membrane.
Cell membranes were solubilized with buffer without (-~DTE) or with DTE (+DTE)
and analyzed by WB using anti-hLAT1 (A) or anti-hCD98 (B). The image is represen-
tative of at least two independent experiments.

when detected with anti-LAT1 antibody (Fig. 1A, line +DTE) or to
about 80 kDa when detected with anti-CD98 antibody (Fig. 1B, line
+DTE). These were approximately the molecular masses of the sin-
gle polypeptides LAT1 or CD98, respectively. It has to be stressed
that the apparent molecular mass of LAT1 is lower than the theoret-
ical one, due to the hydrophobicity of this polypeptide (Galluccio
et al., 2013). Smaller amount of the unlinked LAT1 or CD98 was
also detected under non-reducing condition (Fig. 1, lines —DTE).
These results indicate that most of LAT1 and CD98 proteins are
cross-linked in the cell membrane.

3.2. Transport assay of native LAT1(CD98) in intact SiHa cells

Intact SiHa cells were assayed for transport activity of LAT1
under oxidizing or reducing condition, i.e., in absence or presence
of DTE in the transport buffer. Among LAT1 substrates, [2H]His was
chosen. As shown by Fig. 2A, time dependent uptake of [3H]His was
detected in intact SiHa cells reaching the equilibrium after 5 min
with an initial transport rate of 12.2 + 3.5 pmol min~! mg protein~!
and 14.5 + 3.8 pmol min—! mg protein—! in presence or absence of
DTE in transport buffer. Thus, no differences were observed in
cells with LAT1/CD98 heterodimer (absence of DTE) or with LAT1
separated from CD98 (presence of DTE). The same samples were
subjected to SDS-PAGE under oxidizing conditions, i.e. absence
of reducing agent, to not alter the holigomerization state of the
proteins after extraction from intact cells. LAT1 and CD98 were
immuno-detected as aband of 120 kDa (Fig. 2B and C, lines —DTE) in
Western blot analysis. When transport buffer contained DTE, LAT1
and CD98 migrated at 35 and 80 kDa, respectively (Fig. 2B and C,
lines +DTE), confirming that DTE caused reduction of S-S disulfide
in cell membranes. The specificity of transport was evaluated by
adding amino acids together with [3H]His (Fig. 2D). Overlapping
results were obtained under oxidizing and reducing conditions.
Branched chain Ile, Leu and other hydrophobic amino acids, Phe
and Cys inhibited [3H]His uptake, while Ala and GIn had much lower
inhibitory effect. Specificity of LAT1 activity was demonstrated by
the abrogation of transport activity observed in the presence of
BCH, which is a specific inhibitor commonly used in cells (see
Section 1). These results suggested that LAT1 transport function
and specificity are not influenced by covalent interaction with
CD98.

3.3. Transport function of native LAT1(CD98) in proteoliposomes

To gain further insight on this issue, the proteoliposome
experimental model was adopted given its suitability in finely
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Fig. 2. [3H|His uptake in SiHa cells and western blot analysis. (A) Cells were cul-
tured and used for transport measurement as described in Section 2.5. Results
are mean + S.D. of three experiments. (B, C) WB analysis of hCD98-hLAT1 in SiHa
treated or not with 2 mM DTE. Samples for WB were solubilized with buffer with-
out DTE, hLAT1 (B) or hCD98 (C) antibody were used. The image is representative
of at least two independent experiments. (D) Cells were used for transport adding
5 M [3H]His and the indicated 1 mM substrates. Percentage of residual His uptake
was calculated with respect to controls (sample without added external substrate).
Results are mean + S.D. from three experiments. Significantly different from controls
as estimated by 1Way ANOVA test (*P<0.05; **P<0.01).

controlling experimental conditions in both internal and exter-
nal compartments (Rebsamen et al., 2015; Scalise et al., 2013).
Cell extracts were subjected to oxidizing or reducing treatment,
i.e. in the absence or presence of DTE, and then reconsti-
tuted in liposomes for transport assay (Fig. 3A). The reducing
treatment, which cleaved LAT1/CD98 disulfide (see Fig. 1), led
to strong activation of [3H]His transport. The time course
showed that the equilibrium was reached after 30 min with an
initial transport rate of 0.68+0.03 pmolmin~! mgprotein~! or
7.02 +2.86 pmol min~! mg protein~! under oxidizing or reducing
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Fig. 3. Reconstitution of SiHa extract in proteoliposomes. (A) Time course of [*H]His
uptake. Reconstitution was performed in the absence (O) or presence (®, OJ) of
10 mM DTE. In (J),50 mM Na-gluconate was added during transport, performed as
described in Section 2.9. Results are mean + S.D. of three experiments. (B, C) WB of
CD98/LAT1 in proteoliposomes. CD98/LAT1 was solubilized from cells and reconsti-
tuted in absence (—DTE) or presence of 10 mM DTE. Proteoliposomes were separated
asdescribed in Section 2.10. After SDS-PAGE under non-reducing conditions WB was
performed by anti-hLAT1 (B) or anti-hCD98 (C). The image is representative of at
least two independent experiments.

conditions, respectively. Nearly no transport was detected in pro-
teoliposomes with no internal substrate (not shown but next figs).
No significant effect by external Na* was observed (Fig. 3A). The
delayed equilibration with respect to cells was due to the presence
of single transporter molecules per each liposome vesicle differ-
ently from cells in which many transporter molecules per cell are
present (Scalise et al., 2013).

To verify whether the SiHa cell heterodimer was cleaved and
inserted into liposomes, cell extracts subjected to oxidizing or
reducing treatment were reconstituted. To eliminate liposomes
withoutincorporated proteins, proteoliposomes were separated by
ultracentrifugation. Immunoblot analysis was performed running
the gel under oxidizing conditions, i.e., absence of reducing agents
(Fig. 3B and C). A band of 120 kDa was detected in proteoliposomes
reconstituted with proteins subjected to oxidizing conditions (lines
—DTE). In the case of cell extract pre-incubated under reducing con-
ditions, bands of apparent molecular mass of 35 kDa with anti-LAT1
(Fig. 3B, line +DTE) or 80 kDa with anti-CD98 (Fig. 3C, line +DTE)
were detected. This data confirmed the presence of the covalent
LAT1/CD98 heterodimer in proteoliposomal membrane under oxi-
dizing conditions. Transport specificity was assayed adding amino
acids to the extraliposomal compartment and measuring the resid-
ual activity of reconstituted protein both under oxidizing (Fig. 4A)
and reducing (Fig. 4B) conditions. Among hydrophobic amino acids,
Ile, Val, Leu, Cys and Met exerted more than 90% inhibition; while
Phe and Ala inhibited at a lower extent. Among hydrophilic amino
acids, besides His, also Tyr and Thr strongly (more than 80%)
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Fig.4. Effect of external amino acids on [*H]His transport in proteoliposomes recon-
stituted with SiHa extract. Reconstitution was performed in absence (A, light gray)
or presence (B, dark gray) of 10mM DTE. Transport was performed in 30 min.
5mM of the indicated amino acids were added together with [3H]His. Percent-
age of residual His uptake was calculated with respect to controls (without added
amino acids). Transport activity of control was 80 pmol mg protein—! 30 min~'! or
15 pmol mg protein~! 30 min~' in the presence or absence of DTE, respectively.
Results are mean + S.D. from three experiments. Significantly different from controls
as estimated by 1Way ANOVA test (*P<0.05; **P<0.01). Proteoliposomes sketch
describes experimental design in all histogram figures.

inhibited transport. Ser, Trp, Gln, Asn and Lys inhibited by about
50%. Other amino acids led to a very slight, if any inhibition. Inhibi-
tion profile was very similar under oxidizing or reducing conditions
for most of the amino acids. Only in case of Phe, Trp, Glu and GIn
a slightly higher degree of inhibition was observed under reduc-
ing conditions (Fig. 4B). Counter-substrates were identified (Fig. 5):
under oxidizing conditions, Cys allowed accumulation of [3H]His
in the intraliposomal compartment comparable to the control, i.e.
internal His. Hydrophilic amino acids such as Tyr led to lower
but significant accumulation of [3H]His. In spite of their ability to
strongly inhibit LAT1 from external side, internal Ile and Leu did not
stimulate [3H]|His accumulation (Fig. 5A). Only a slight difference
was observed under reducing conditions regarding the lower effi-
ciency of Cys as counter-substrate (Fig. 5B). These results indicated
that the presence of CD98 did not influence function and specificity
of LAT1 mediated transport. To highlight differences in substrate
specificity between oxidizing and reducing conditions, results are
expressed as percent respect to controls. This hides the actual dif-
ference of absolute transport activities in absence or presence of
DTE (see legend to Figs. 4 and 5 and Fig. 3A for comparison).
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Fig. 5. Counter substrates for [*H]His in proteoliposomes reconstituted with SiHa
cell extract. Reconstitution was performed in absence (A, light gray) or presence (B,
dark gray) of 10 mM DTE. Transport was started as in Fig. 4 in proteoliposomes con-
taining 10 mM of the indicated amino acids. Percentage His uptake was calculated
with respect to proteoliposomes containing 10 mM internal His. Transport activity of
control was 92 pmol mg protein~! 30 min~"' or 19 pmol mg protein~! 30 min~" in the
presence or absence of DTE, respectively. Results are mean + S.D. from three exper-
iments. *Significantly different from sample without intraliposomal amino acids as
estimated by 1TWay ANOVA test (*P<0.05; **P<0.01).

3.4. Transport function of recombinant hLAT1 or hCD98 in
proteoliposomes

To definitively prove the major role of LAT1 in transport func-
tion, a single component experimental model was used. This system
consists in reconstitution in liposomes of a single protein obtained
by over-expression in E. coli (Galluccio et al., 2013) exploiting
the property of liposomes in studying unique features of trans-
port proteins (Rebsamen et al., 2015). The recombinant hLAT1 was
reconstituted following conditions set up for the endogenous trans-
porter measuring [3H]His uptake in antiport with internal His. This
definitively demonstrated that hLAT1 is the sole transport compe-
tent unit of LAT1/CD98 heterodimer (Fig. 6). According to literature
data and, differently from LAT2, transport was independent of pH
in the range from pH 6.5 to pH 8.0 (not shown). The reconstitu-
tion of hCD98 over-expressed in E. coli and purified, did not allow
amino acid uptake (Fig. 6A). In line with data shown in Fig. 3A,
reducing conditions, i.e. hLAT1 purified in the presence of DTE,
strongly activated [3H]His time course, with respect to oxidizing
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Fig.6. [*H]His uptake in proteoliposomes reconstituted with over-expressed hLAT1
or hCD98. (A) hLAT1 or hCD98 were purified in the presence (O, ¢) or absence
(@) of DTE. Transport was started as in Section 2.10 with hLAT1(®, O) or hCD98
(¢) proteoliposomes. (B) Uptake of various radiolabeled amino acids in proteolipo-
somes reconstituted with over-expressed hLAT1. Transport was measured in 30 min
by adding 5 wM [3H]His or [*H]Leu or [*H]GIn. (C) Dose-response curve for BCH.
Transport was measured in 15min as described in Section 2.9. Percent residual
activity with respect to the control is reported. Results are mean +S.D. from three
experiments.

conditions, i.e. hLAT1 purified in the absence of DTE (Fig. 6A). The
equilibrium was reached after 30 min with an initial transport rate
of 0.70 + 0.03 nmol min—! mg protein—! under reducing condition.
These results, on the one hand, confirmed those obtained with
endogenous protein (Fig. 3A), on the other hand, suggested that
reducing conditions have a role in intrinsic activation of hLAT1
protein. Thus, all the following experiments were performed using
protein purified in presence of DTE. In the same experiment it was
demonstrated that external Na* is not required for transport func-
tion (not shown). Different radiolabeled amino acids were used; His
was the best substrate also for reconstituted hLAT1 (Fig. 6B), cor-
relating well with previous work (Mastroberardino et al., 1998).
ICs59 for the amino acid analog BCH was calculated from dose-
response analysis; its value was 6.8 +2.0 uM (Fig. 6C). Inhibition
analysis was finally conducted (Fig. 7A): the profile overlapped
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Fig. 7. Effect of amino acids on [3H]His transport in proteoliposomes reconstituted
with over-expressed hLAT1. (A) Inhibition by external amino acids. Transport was
measured as described in Section 2.9. 1 mM of indicated amino acids were added.
Percentage of residual activity was calculated with respect to the control. Signifi-
cantly different from sample without added external amino acids as estimated by
1Way ANOVA test (*P<0.05; **P<0.01) (B) Amino acid as counter substrates for
[3H]His uptake. Transport was started as Section 2.9 in proteoliposomes contain-
ing 10 mM of the indicated amino acids. Percentage His uptake was calculated with
respect to proteoliposomes containing 10 mM internal His. Results are mean +S.D.
from three experiments. *Significantly different from sample without intraliposo-
mal amino acids as estimated by TWay ANOVA test (*P<0.05; **P<0.01).

almost completely that obtained with the endogenous protein,
with the exception of Lys. Then, counter-substrates have been
detected including the amino acids in the intraliposomal compart-
ment and measuring [3H]His uptake which was slightly stimulated
by hydrophilic Gln, Ser and Tyr (Fig. 7B). Hydrophobic Ile and Leu,
which were strong inhibitors of [?H]His uptake, did not stimulate
accumulation, reproducing the discrepancies observed with the
protein extracted from SiHa cells.

Thus, efflux experiments were conducted: according to the
antiport mechanism, no or very slow efflux of [3H]His from
preloaded proteoliposomes was observed (Fig. 8) in absence of
external amino acid. Ile, Leu, Cys, Met, Thr, Tyr and the control His,
strongly stimulated [3H]His efflux. Phe, Ala as well as hydrophilic
Ser, Gln, Asn and Lys, induced efflux at a much lower extent. These
results suggest a functional asymmetry for hLAT1, with some of the
substrates only inwardly transported.
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Finally, kinetic analysis was performed (Fig. 9). The external Km
for His was 24.6 £5.6 pM (Fig. 9A); the internal Km for His was
2.8+ 1.7mM (Fig. 9B). The two values are dramatically different,
demonstrating, besides a functional, also a kinetic asymmetry. The

external Km corresponds to that reported in cells indicating that
the orientation in proteoliposomes and in cells is the same.

The homology structural model of the hLAT1 protein was con-
structed on the basis of the arginine/agmatine transporter, whose
structure has been solved by X-ray crystallography (Gao et al.,
2010). As stated in Section 1, LAT1 contains 12 transmembrane
a-helices connected by hydrophilic stretches with random coil
structures and few a-helical segments. LAT1 harbors twelve Cys
residues; however, the residue C496 is not visible in the model
because is located in the missing 74C-terminal amino acids, which
cannot be modeled. C164 is involved in the dimerization with CD98
and is exposed toward the extracellular side. Six Cys residues are
close enough to form pair wise disulfides as indicated in the fig-
ure, namely C176-C178; C102-C397; C407-C458 with predicted
distances of 6.5A, 5.4 A and 5.5 A, respectively.

4. Discussion

LAT1 is the sole transport competent unit of the LAT1/CD98 het-
erodimer as disclosed, for the first time, by transport assays in intact
SiHa cells, proteoliposomes reconstituted with SiHa cell extracts
and proteoliposomes reconstituted with the recombinant trans-
porter. Congruence of results obtained with the three experimental
models allowed us to conclude that CD98 has no role in trans-
port function clarifying the long lasting controversy concerning
this issue (see Section 1). The lack of CD98 competence in trans-
port is expected, given the presence of a single transmembrane
segment in its structure (Fort et al., 2007). Therefore, the accessory
CD98 subunit, linked to LAT1 in cells (Fig. 1), would play differ-
ent roles, such as trafficking of the heterodimer to the membrane
as previously described for mouse LAT1 (Nakamura et al., 1999).
This, however, does not deny previously reported data obtained in
intact cells, indicating an essential role of CD98 for transport func-
tion (Kanai et al., 1998; Mastroberardino et al., 1998; Prasad et al.,
1999). Indeed, in those experimental conditions, CD98 would be
required to route LAT1 to membrane, being apparently essential
for amino acid transport. It has to be highlighted that LAT1 is not
a glycosylated protein, in line with the detection of a 35 kDa band
with no higher bands (Figs. 2 and 3). On the contrary, CD98 is a
glycoprotein as demonstrated by the presence of multiple bands at
molecular mass higher than 80kDa (Fig. 1) (Fotiadis et al., 2013).
Very recently, some elegant data have defined the interaction of
CD98 with another protein belonging to the SLC7 family, SLC7A8
or LAT2 which shares 52% identity with LAT1 and is an amino acid
transporter specific for Gln, Ile and Leu. In that case, it was demon-
strated that interaction occurs with covalent disulfide formation
and with hydrophobic interactions. In the proposed model, CD98
played a role in stabilizing LAT2 but not in its folding and function
(Rosell et al., 2014). This phenomenon is not unusual, since also in
the case of the heterodimeric transporter b%*, which is very dis-
tant from LAT1 and LAT2 (Verrey et al., 2004), the ancillary protein
rBAT was not involved in transport function (Reig et al.,2002). In the
present work, the proteoliposome tool allowed to gain new insights
on structure/function relationships of LAT1. First, the influence of
different redox conditions was described. Activation by the S-S
reducing agent DTE (and vice versa inhibition by SH oxidation) was
observed for LAT1 obtained from cell extracts (Fig. 3A) and, more
evidently, for the recombinant protein (Fig. 6A). While this effect
was not observed in intact cells (Fig. 2A). The most likely explana-
tion for these phenomena relies on a strong influence of the redox
state of SH residues of LAT1 on the correct folding and/or transport
function. In intact cells, where redox control systems are fully func-
tioning, LAT1 is not sensitive to further addition of reducing agents
(DTE). On the contrary, during extraction from cells the redox con-
trolislostand, hence, a significant fraction of the protein is oxidized,
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Fig. 10. Homology model of human LAT1. The model is depicted by VMD1.9.1. Cys
residues are highlighted. C164 forming the disulfide with CD98 is in black and indi-
cated by arrow. Cys residues predicted to form disulfides are numbered and in dark
gray. Remaining Cys residues are in light gray.

becoming inactive; this condition, however, is not irreversible since
addition of DTE allows recovery of transport activity. The recom-
binant protein, since expressed in bacterial cells, is not subjected
to proper redox controlling systems; therefore, it is virtually com-
pletely oxidized, i.e., very sensitive to activation by reducing agent.
Therefore, all experiments with the recombinant hLAT1 were per-
formed in the presence of DTE. That oxidation (S-S formation) will
have negative effect on transport is well explained by the struc-
tural model of LAT1 from which it is evident that at least three Cys
couples lie at proper distances to form S-S (Fig. 10). It is plausi-
ble that when disulfides are formed between these Cys couples the
protein looses mobility, being inactive. This is in line with west-
ern blot analysis showing that a small fraction of endogenous LAT1
or CD98 protein is reduced also in oxidizing conditions, i.e. a pro-
tein band migrating at 35 kDa or at 80 kDa is evident together with
the heterodimer at 120 kDa (Figs. 1, 2B and C). A further observation
coming from data on proteoliposomes is that endogenous LAT1 and
CD98, even after DTE treatment of SiHa cell extracts, remain associ-
ated to the liposomal membrane. This finding suggested that either
CD98 is independently reconstituted in proteoliposomes or it is co-
reconstituted together with LAT1 in the same vesicles (Fig. 3B and
0).

In the present work, all the transport assays have been per-
formed using His as substrate to better discriminate LAT1 from
other transporters present in intact cells or in cell extracts. Indeed,
SNAT3-5-8, y+LAT1 and CAT1-2 which are known plasma mem-
brane transporters for His are strictly Na*-dependent (Broer, 2008;
Palacin et al., 1998; Verrey et al., 2000). Moreover LAT2, even
though shares some substrate preferences with LAT1, has lower
affinity toward His (del Amo et al., 2008). Thus, using His avoided
the overlap of transport signals coming from the two proteins if
both present in cell membranes. Noteworthy, functional charac-
terization performed in this work revealed that the association
of CD98 with LAT1 does not influence transporter specificity.
Extracellular and extraliposomal sides of proteins are very similar
as confirmed by the overlapping inhibition profiles obtained
(Figs. 4 and 7A). Small differences have been observed between
Fig. 4A and B (oxidizing and reducing conditions), concerning Phe,
Trp, Glu and Gln inhibition. These are due to some changes in expo-
sure of hydrophobic/hydrophilic residues following reduction of
protein Cys residues by DTE and/or to interferences exerted by sim-
ilar amino acid transporters possibly present in cell membrane and
in cell extract. The most suitable results are, indeed, those obtained
with the purified recombinant protein. The suitability of this
model for transport studies allowed to reveal a novel property of
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out

Energy metabolism
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mTOR pathway

Fig. 11. Interplay between LAT1 and ASCT2 amino acid transporters. Transporters
are depicted in the cell membrane. Arrows indicate amino acid fluxes. Dotted arrows
indicate GIn or Leu intracellular pathways. In the inset, substrates outwardly or
inwardly transported by LAT1 are indicated. Character sizes indicate efficiency of
amino acids transport.

recombinant  hLAT1, ie. its functional asymmetry
(Figs. 7B, 8 and inset of 11). In line with previous literature
data, external Km is nearly 100 fold lower than internal one (Fig. 9)
(Mastroberardino et al., 1998; Meier et al., 2002; Wagner et al.,
2001; Yanagida et al., 2001), being in the range of plasmatic His
concentration (Cynober, 2002). Under a physiological point of view,
His transport via LAT1 accomplishes the function of providing
cells with this essential amino acid in those tissue, such as retina,
where His plays the important role of flush sensitivity regulation
(Usui et al., 2013). Given the sub cellular localization of LAT1, this
protein would allow the accumulation of His and other neutral
amino acids representing a tertiary-active mechanism of transport
when coupled with sodium-dependent transporters. Interestingly,
no OMIM (Online Mendelian Inherited in Man) records are linked
to LAT1 and/or CD98 inherited mutations. This may be due to
the need of Leu, recognized as substrate by LAT1 (Figs. 6B and 8),
during mammalian embryo development for mTOR pathway
regulation; thus, absence of Leu transporter(s) is incompatible
with life (Taylor, 2014). An intensive research area of investigation
is represented by the transport of different drugs mediated by
LAT1 (del Amo et al., 2008; Geier et al., 2013). This interest relies
on LAT1 localization at the BBB which is a critical barrier for
delivery of pharmacological and xenobiotic compounds to nervous
tissue (Boado et al., 2005; Ylikangas et al., 2013; Zimmermann
et al., 2013). The pointed out proteoliposome model will be useful
in easy screening for transport competence of virtually every
compound. The above described functional asymmetry is shared
with the “companion” transporter hASCT2 (Pingitore et al., 2013;
Scalise et al., 2014). As mentioned in Section 1, LAT1 is greatly
over-expressed in cancers, where altered amino acid metabolism
occurs. In this scenario, LAT1 functional and kinetic asymmetry,
refine the model proposed by Nicklin et al. (2009). Indeed Gln is
taken up by ASCT2 in a Na*-dependent manner in antiport with
smaller amino acids, such as Ser (Fig. 11). Then, the same GIn is
used for both energetic purposes and for allowing Leu uptake via
LAT1. Leu, Gln and other amino acids are well known to modulate
mTOR pathway (Laplante and Sabatini, 2013).

The described findings, open interesting perspectives on the
study of LAT1 in proteoliposomes as a powerful tool for direct large
scale screening of inhibitors, useful in anticancer therapy. Further
investigation on the still unknown transport mechanism and on
the actual function of the glycoprotein CD98 will be carried out to
definitively establish its role in the human heterodimer.
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Background: LAT1 (SLC7A5) is the transport competent unit of the heterodimer formed with the glycoprotein
CD98 (SLC3A2). It catalyzes antiport of His and some neutral amino acids such as Ile, Leu, Val, Cys, Met, GIn
and Phe thus being involved in amino acid metabolism. Interestingly, LAT1 is over-expressed in many human
cancers that are characterized by increased demand of amino acids. Therefore LAT1 was recently acknowledged
as a novel target for cancer therapy. However, knowledge on molecular mechanism of LAT1 transport is still
scarce.
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L p{)‘/: ome Methods: Combined approaches of bioinformatics, site-directed mutagenesis, chemical modification, and trans-
Membrane transporter reconstitution port assay in proteoliposomes, have been adopted to unravel dark sides of human LAT1 structure/function rela-
Docking tionships.

Results: It has been demonstrated that residues F252, S342, C335 are crucial for substrate recognition and C407
plays a minor role. C335 and C407 cannot be targeted by SH reagents. The transporter has a preferential dimeric
structure and catalyzes an antiport reaction which follows a simultaneous random mechanism.

Conclusions: Critical residues of the substrate binding site of LAT1 have been probed. This site is not freely acces-
sible by molecules other than substrate. Similarly to LeuT, K™ has some regulatory properties on LAT1.

General significance: The collected data represent a solid basis for deciphering molecular mechanism underlying
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LAT1 function.
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1. Introduction

LAT1 (SLC7A5) is a Na* and pH-independent amino acid antiporter
with 12 predicted transmembrane o-helices (TMs) (Uniprot ID:
Q01650) that regulates distribution of specific amino acids across cell
membranes. It was described as a branched chain amino acid transport-
er [1] and, more recently, it was shown that His is one of the major sub-
strates [2]. LAT1 belongs to a special group of Heterodimeric Amino acid
Transporters (HATs) structurally coupled to the glycoprotein CD98
(SLC3A2). The interaction occurs through a conserved disulfide
between C164 of hLAT1 and C109 of hCD98 [1]. The interest on this
peculiar transporter increased a lot in the recent years since its over-

Abbreviations: DTE, dithioerythritol; BCH, 2-amino-2-norbornanecarboxylic acid; C;,Eg,
octaethylene glycol monododecyl ether; MTSEA, 2-Aminoethyl methanethiosulfonate
hydrobromide; NEM, N-ethylmaleimide.

* Corresponding author.
E-mail address: cesare.indiveri@unical.it (C. Indiveri).

http://dx.doi.org/10.1016/j.bbagen.2017.01.013
0304-4165/© 2017 Elsevier B.V. All rights reserved.

expression in many tumors has been described; therefore, LAT1 is
now considered a novel pharmacological target [3,4].

However, identification or design of potent inhibitors to be proposed
as potential drugs, requires a deep knowledge of the target structure
and action mechanism that, in the case of LAT1, are still missing. Indeed,
besides the well-known functional properties of the heterodimeric
complex LAT1/CD98, information on structure/function relationships
are only predicted by in silico methodologies [5].

The tissue distribution of LAT1 is quite narrow but it becomes wider
in tumors [6-9]. Canonical sub-cellular localization for LAT1 is the plas-
ma membrane where it catalyzes inwardly directed flux of His, Ile, Leu,
Val, Cys, Met, GIn and some other neutral amino acids, in antiport with
His, Tyr or GIn; LAT1 activity is combined to the action of other amino
acid transporters whose expression is often redundant [3,10].

Due to its capacity of exchanging GIn with other amino acids, LAT1 is
involved in “Glutamine addiction”, a typical hallmarks of tumors. In fact,
this transporter, together with its companion ASCT2 (SLC1A5) gives rise
to a combined transport cycle of Gln and Leu, used for both cancer
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growth and progression [11]. Indeed it is considered a prognostic mark-
er of malignancy [6-9]. Very recently, a role of LAT1 in cell signaling has
been proposed due to an alternative localization in the lysosomal mem-
brane [12] where it transports Leu, thus transducing amino acids suffi-
ciency to mTORC1 together with SLC38A9 which transports Gln and
Arg [13,14].

The role of CD98 in the heterodimer formation/activity has been
matter of investigation for years. Only recently, it has been demonstrat-
ed that LAT1 is the sole transport competent unit while CD98 does not
play any role in the intrinsic transport function [2]. This correlates
well with the finding that CD98 is a multifunctional protein with other
functions unrelated to transport, such as integrin signaling [15] or oxi-
dative stress response [16]. The hypothesis is that CD98 may function
mainly as molecular chaperone routing LAT1 [17] or other transporters
to its definitive localization in plasma (or intracellular) membrane.

In some elegant studies the homology structural model of hLAT1 has
been built using, as template, the bacterial AdiC transporter, whose
structure has been solved by X-ray crystallography and hypothetical
LAT1 inhibitors have been used for docking analysis [5,18-21]. In the
present work, the homology model of LAT1 was constructed allowing
us to predict amino acid residues critical for substrate recognition and
translocation. Interestingly, some of these residues correspond to
those previously suggested [18] and a novel one was identified. For
the first time, the role of these residues has been demonstrated by com-
bined approaches of site-directed mutagenesis, chemical modification,
and transport assay in proteoliposomes. This novel information on
LAT1 structure/function relationships may have also important out-
comes in cancer drug design.

2. Materials and methods
2.1. Materials

His Trap HP columns, PD-10 columns, ECL plus and Hybond ECL
membranes were purchased from GE Healthcare; anti-hLAT1 and
anti-rabbit IgG HRP conjugate from Cell Signalling (5347S Lot1 and
7074S Lot 25 respectively); anti-His HRP conjugate from Sigma-Aldrich
(A7058); radiolabeled amino acids were purchased from ARC (Ameri-
can Radiolabeled Chemicals); all the other reagents are from Sigma-
Aldrich.

2.2. Construction and over-expression of recombinant hLAT1 proteins

The mutagenesis of hLAT1 has been performed by PCR overlap ex-
tension method as described in [22,23] by using primers reported in
Table 1. hLAT1 WT and mutant proteins have been over-expressed in
E. coli Rosetta(DE3)pLysS as described in [24].

2.3. Purification of hLAT1

hLATT1, over-expressed in E. coli, has been purified as previously de-
scribed with some modifications [24]. In brief, cell lysates were solubi-
lized, centrifuged (12,000g, 10 min, 4 °C) and the purification has
been performed using AKTA start. The supernatant was applied on a

Table 1
Sequences of primers used for mutagenesis. The modified codons are in underlined italic.

LAT1 F252A forward
LAT1 F252A reverse
LAT1 F252W forward
LAT1 F252W reverse
LAT1 C335A forward
LAT1 C335A reverse
LAT1 S342G forward
LAT1 S342G reverse
LAT1 C407A forward
LAT1 C407A reverse

ATTATACAGCGGCCTCGCGGCCTATGGAGGATG
CATCCTCCATAGGCCGCGAGGCCGCTGTATAAT
ATTATACAGCGGCCTCTGGGCCTATGGAGGATG
CATCCTCCATAGGCCCAGAGGCCGCTGTATAAT
TTCGTGGGCCTGTCCGCCTTCGGCTCCGTCAAT
ATTGACGGAGCCGAAGGCGGACAGGCCCACGAA
CGGCTCCGTCAATGGGGGCCTGTTCACATCCTCC
AGGATGTGAACAGG_CCFCCATFGACGGAGC
TTCTTCAACTGGCTCGCCGTGGCCCTGGCCATC
GATGGCCAGGGCCA@GAGCCAGTTGAAGAA

His Trap HP column (5 mL Ni-Sepharose) equilibrated with 10 mL buffer
(20 mM Tris HCI pH 8.0, 10% glycerol, 200 mM Nacl, 0.1% sarkosyl, and
DTE 2 mM). 10 mL of buffer (20 mM Tris HCl pH 8, 10% glycerol, 200 mM
Nadl, 0.05% n-Dodecyl 3-D-maltoside and 2 mM DTE) was used to wash
column while the protein was eluted with the same buffer plus 400 mM
imidazole. Imidazole was removed using a PD-10 column by desalting
2.5 mL of the purified protein collected in 3.5 mL of desalt buffer
(20 mM Tris HCI pH 8, 10% glycerol, 0.05% n-Dodecyl 3-D-maltoside
and 10 mM DTE).

2.4. Reconstitution of the purified hLAT1

The desalted hLAT1 was reconstituted by removing detergent from
mixed micelles of detergent, protein and phospholipids using batch
wise method as previously described [2] with the modification of the
time of incubation with 0.5 g Amberlite XAD-4 performed at room tem-
perature for 90 min. The initial mixture contained: 4 pg of purified pro-
tein, 100 pL of 10% Cy2Eg, 100 L of 10% egg yolk phospholipids (w/v) in
the form of liposomes prepared as previously described [25], 20 mM
Tris HCI pH 7.5 and 10 mM L-His, except were differently indicated, in
a final volume of 700 pL.

2.5. Transport measurements

Uptake experiments were performed by removing the external sub-
strate through the flow of 600 L of proteoliposomes on a Sephadex G-
75 column (0.7 cm diameter x 15 cm height) pre-equilibrated with
20 mM Tris HCl pH 7.5 and sucrose at an appropriate concentration to
balance internal osmolarity. Transport was started by adding 5 pM
[H]His to proteoliposomes containing 10 mM L-His, except were differ-
ently indicated. Transport was stopped by a mixture of 100 pM BCH and
1.5 uM Hg(l, at the indicated times; for the controls samples the mix-
ture of inhibitors was added at time zero according to the inhibitor
stop method [26]. At the end of the transport assay, 100 pL proteolipo-
somes was passed through a Sephadex G-75 column (0.6 cm
diameter x 8 cm height), to separate the external from the internal ra-
dioactivity. Liposomes were eluted with 1 mL 50 mM NaCl in 4 mL scin-
tillation mixture and counted. Experimental values were obtained by
subtracting controls: for the measurement of initial transport rate, the
reaction was stopped after 15 min, i.e., within the initial linear range
of [*H]His uptake in proteoliposomes, except where differently indicat-
ed. To calculate transport rate, IC50 values or kinetic parameters, Grafit
5.0.13 software has been used for fitting data in first order rate, dose re-
sponse or Michaelis-Menten and Lineweaver-Burk equations, respec-
tively. Km values similar to the WT or to previous literature data, are
reported in the Results section with S.D. but not shown graphs. All
these data derive from three experiments. Protein concentration was
estimated by Chemidoc imaging system to calculate the hLAT1 specific
activity [27].

2.6. Ultracentrifugation of proteoliposomes

500 pL of samples were ultracentrifuged (110,000g, 1 h 30 min, 4 °C)
after passage through Sephadex G-75 column to separate hLAT1
reconstituted proteoliposomes from liposomes without incorporated
proteins as previously described [2]. The obtained pellet was solubilized
with 3% sarkosyl for western blot analysis.

2.7. Western blot analysis

Western blot analyses were performed using anti-LAT1 antibody
1:2000 or anti-His antiserum 1:1000 to immuno-detect hLAT1. The re-
action has been performed over night at 4 °C for anti-LAT1 antibody
and detected by Electro Chemi Luminescence (ECL) assay after an incu-
bation of 1 h with secondary antibody anti-rabbit 1:5000. For anti-His
HRP conjugate the reaction has been performed for 1 h at room
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temperature and detect by Electro Chemi Luminescence (ECL) at the
end of incubation.

2.8. Comparative modelling and quality validation

A multiple alignment of some members of the amino acid-poly-
amine-organocation (APC) superfamily was carried out through the
multiple alignment program ClustalW, including 3 amino acid/poly-
amine antiporters (APC), AdiC, CadB and PotE, 1 cationic amino acid
transporter (CAT), CAT6, 1 amino acid/choline transporter (ACT),
Uga4, 1 glutamate/GABA antiporter (GGA), GadC, the large neutral
amino acid transporters LAT2, and our target protein hLAT1. This multi-
ple alignment has been used to carry out the comparative modelling of
hLAT1 via the Molecular Operating Environment (MOE) Homology
Model software with default settings. Three different models for
hLAT1 were generated: an outward- open holo monomeric form,
30B6 [28]; an outward- closed holo monomeric form, 3L1L [20]; and
outward- open apo dimeric form, 3LRB [29]. All the refinement proce-
dures were based on molecular mechanics with the Amber12:EHT
force field. The PSIPRED Protein Sequence Analysis Workbench
(http://bioinf.cs.ucl.ac.uk/psipred/) and the TMHMM Server (http://
www.cbs.dtu.dk/services/TMHMM/) were also used to predict LAT1
secondary structure and the TM helices. In order to operate a quality
validation, a solvent/membrane explicit molecular dynamics (MD) sim-
ulation was carried out on the outward-closed monomeric holo form of
hLAT1 by GROMACS [30]. As a first step, Desmond, a Schrodinger tool
[31], was used to insert hLAT1 into a pre-equilibrated model of mem-
brane bilayer composed by 212 POPC. hLAT1 was oriented into the
membrane model keeping the longest axis of the protein perpendicular
to the membrane surface. The system was solvated with 15538 TIP3P
water molecules.

Then, the system was equilibrated for 100 ps at 300 K, applying pres-
sures independently in the x, y, and z directions using the Berendsen
coupling method [32], and 1000 ps of NPT equilibration at 1.0 Bar
using Nose-Hoover thermostat [33]. At last, a 50 ns MD simulation
was carried out with the following parameters: 300 K, 1 bar, Nose-Hoo-
ver temperature and Parrinello-Rahman pressure couplings, 2 fs of inte-
gration time step. The N- and C-terminal domains were capped and the
Charmm36 force field was used in all MD steps.

2.9. Identification of hLAT1 binding site

hLAT1 binding site was identified through the MOE Site Finder mod-
ule, which uses a geometric approach to calculate possible binding sites
in a receptor starting from its 3D atomic coordinates. This method is
based not on energy models but on alpha spheres, which are a general-
ization of convex hulls [34].

2.10. Molecular docking of His in the hLAT1 binding site

His was docked always in zwitterionic form with respect to the Co-
bound carboxylic and aminic groups. The N6 and Ne tautomers and the
protonated form of the imidazole heteroaromatic ring were generated
and tested.

Molecular docking was carried out through the MOE Docking pro-
gram with default settings and the Amber12:EHT force field, using
both the monomeric hLAT1 models as receptors and the dummy
atoms created by Site Finder as explored site. The receptor was consid-
ered as a rigid body.

2.11. Protein mutation design

C335A and C407A mutations were introduced in the hLAT1 models
through the MOE Protein Design program, and the variation of His affin-
ity (A affinity) of mutant hLAT1 was computed with respect to the wild-

PotE
Uga4
GadC
CadB
CAT6
LAT2
LAT1
AdiC

MSMSSKNENKISVEQRISTDIGQAYQLQGLGSNLRSIRSKTGAGEVNY IDAAKSVNDNQL 60

____________ MEVQSSSNNGGHSSFSSLRVYLNSLSATPSRLSRRAISVSTSSDEMSR 48
MEEGARHRNNTEKKHPGGGESDASPEA 27
M, PKRRALAAPAAEEKEEAREKMLAAKSADGSAPA 38

THERRRE R

PotE 1
Uga4 61
GadC 1
CadB 1
CAT6 49
LAT2 28
LAT1 39
AdiC 1

—-=---MSQAKSNKMGVVQLTILTMVNMMGSGI IMLPTKLAEVGT---ISIISWLVTAVGSM 53
LAEIGYKQELKRQFSTLQVFGIAFSIMGLLPSIASVMGGGLGGGPATLVWGWFVAAFFIL 120
--MATSVQTGKAKQLTLLGFFAITASMVMAVYEYPTFATSGFS---LVFFLLLGGILWFI 55
---MSS---AKKIGLFACTGVVAGNMMGSGIALLPANLASIGG---IAIWGWIISIIGAM 51
VRAVSGEQMRRTLRWYDLIGLGIGGMVGAGVFVTTGRASRLDAG-PSIVVSYAIAGLCAL 107
GSGGGGVALKKEIGLVSACGIIVGNIIGSGIFVSPKGVLENAGSVGLALIVWIVTGFITV 87
GEGEG-VTLORNITLLNGVAIIVGTIIGSGIFVTPTGVLKEAGSPGLALVVWAACGVFSI 97
—---MSSDADAHKVGLIPVTLMVSGNIMGSGVFLLPANLASTGG---IAIYGWLVTIIGAL 54

PotE 54 ALAWAFAKCGMFS-RKSGGM----GGYAEYAFGKSGNFMANYTYGVSLLIANVAIA---- 104
Ugad4 121 LVGITMAEHASSI-PTAGGLYYWTYYYAPEGYKEIISFIIGCSNSLALAAGVCSIDYG-- 177
GadC 56 PVGLCAAEMATVDGWEEGGV----FAWVSNTLGPRWGFAAISFGYLQIAIGFIPML---- 107
CadB 52 SLAYVYARLATKN-PQQGGP----IAYAG-EISPAFGFQTGVLYYHANWIGNLAIG---- 101
CAT6 108 LSAFCYTEFAVHL-PVAGGA----FSYIRITFGEFPAFFTGANLVMDYVMSNAAVSRSFT 162
LAT2 88 VGALCYAELGVTI-PKSGGD----YSYVKDIFGGLAGFLRLWIAVLVIYPTNQAVI---- 138
LAT1 98 VGALCYAELGTTI-SKSGGD----YAYMLEVYGSLPAFLKLWIELLIIRPSSQYIV---- 148
AdiC 55 GLSMVYAKMSFLD-PSPGGS—----YAYARRCFGPFLGYQTNVLYWLACWIGNIAMV---- 104

PotE 105 ----- ISAVG--YGTELLGASLSP-VQIGLATIGVLWICTVANFGGARITGQISSITVWG 156
Uga4 178 -LAEEIAAAVTLTKDGNFEVTSGKLYGIFAGAVVVMCICTCVASGAIARLQTLSIFA 233
GadC 108 -YFVLGALSYILKWPALNEDPITKTIAALIILWALALTQFGGTKYTARIAKVGFFA 162
CadB 102 ----- ITAVS--YLSTFFPVLNDP-VPAGIACIAIVWVFTFVNMLGGTWVSRLTTIGLVL 153
CAT6 163 AYLGTAFGISTSKWRFVVSGLPKGFNEIDPVAVLVVLVITVIICCSTRESSKVNMIMTAF 222
LAT2 139 ----- ALTFSNYVLQPLFPTCFPPESGLRLLAAICLLLLTWVNCSSVRWATRVQDIFTAG 193
LAT1 149 - -ALVFATYLLKPLFPTCPVPEEAAKLVACLCVLLLTAVNCYSVKAATRVQDAFAAA 203
AdiC 105 ----- VIGVG--YLSYFFPILKDP-LVLTITCVVVLWIFVLLNIVGPKMITRVQAVATVL 157

PotE 157 VIIPVVGLCIIGWFWFSPTLYVDS----- WNPHHAPFFSA----- VGSSIAMTLWAFLGL 206
Ugad4 234 NLFIIVLLFIALPIGTKHRMGGFNDGDFIFGKYENLSDWNNGWQFCLAGFMPAVWTIGSF 293
GadC 163 GILLPAFILIALAAIYLHSGAPVAIEMDSKTFFPDFSKVG----- TLVVFVAFILSYMGV 217
CadB 154 VLIPVVMTAIVGWHWFDAATYAAN----- WNTADTTDGHA----— IIKSILLCLWAFVGV 203
CAT6 223 HIAFIFFVIVMGFIKGDSKNLSSPANPEHPSGFFPFGAAG----- VENGAAMVYLSYIGY 277
LAT2 194 KLLALALIIIMGIVQICKGEYFWLEPKNAFENFQEPDIGL----- VALAFLQGSFAYGGW 248
LAT1 204 KLLALALIILLGFVQIGKGDVSNLDPNFSFEG-TKLDVGN----- IVLALYSGLFAYGGW 257
AdiC 158 ALIPIVGIAVFGWFWFRGETYMAA----- WNVSGLGTFGA----- IQSTLNVTLWSFIGV 207

PotE 207 ESACANTDVVENPERNVPIAVLGGTLGAAVIYIVSTNVIAGIVPNMELANSTAPFGLAFA 266
Uga4 294 DSCVHQSEEAKDAKKSVPIGIISSIAVCWILGWLIIICLMACINPDIDSVLDSKYGFALA 353
GadC 218 EASATHVNEMSNPGRDYPLAMLLLMVAAICLSSVGGLSIAMVIPGNEINLSAGVMQTFTV 277
CadB 204 ESAAVSTGMVKNPKRTVPLATMLGTGLAGIVYIAATQVLSGMYPSSVMAASGAPFAISAS 263
CAT6 278 DAVSTMAEEVENPVKDIPVGVSGSVAIVTVLYCLMAVSMSMLLPYDLIDPEAPFSAAFRG 337
LAT2 249 NFLNYVTEELVDPYKNLPRAIFISIPLVTFVYVFANVAYVTAMSPQELLASNAVAVTFGE 308
LAT1 258 NYLNFVTEEMINPYRNLPLAIIISLPIVTLVYVLTNLAYFTTLSTEQMLSSEAVAVDFGN 317
AdiC 208 ESASVAAGVVKNPKRNVPIATIGGVLIAAVCYVLSTTAIMGMIPNAALRVSASPFGDAAR 267

PotE 267 QMFTP----- EVGKVIMALMVMSCCGSLLGWQFTIAQVFKSSSDEGY-FPKIFSRVTKVD 320
Ugad4 354 QIIYDSLGKKWAIAFMSLIAFCQFLMGASITTAVSRQVWAFSRDNGLPLSKYIKRVDSKY 413
GadC 278 LMSHVAPEIEWTVRVISALLLLGVLAEIASWIVGPSRGMYVTAQKNL-LPAAFAKMNKNG 336
CadB 264 TILGN-----! WAAPLVSAFTAFACLTSLGSWMMLVGQAGVRAANDGN-FPKVYGEVDSNG 317
CAT6 338 SNGWE-----WVTKVVGIGASFGILTSLLVAMLGQARYMCVIGRSRV-VPFWFAKIHPKT 391
LAT2 309 KLLG------VMAWIMPISVALSTFGGVNGSLFTSSRLFFAGAREGH-LPSVLAMIHVKR 361
LAT1 318 YHLG------VMSWIIPVFVGLSCFGSVNGSLFTSSRLFFVGSREGH-LPSILSMIHPQL 370
AdiC 268 MALGD----- TAGAIVSFCAARAGCLGSLGGWTLLAGQTAKAAADDGL-FPPIFARVNKAG 321

PotE 321 APVQGMLTIVIIQSG----- LALMTISPSLNSQFNVLVNLAVVTNIIPYILSMAALVIIQ 375
Ugad4 414 SVPFFAILAACVGSLILGLLCLIDDAATDALFSLAVAGNNLAWSTPTVFRLTSGRDLFRP 473
GadC 337 VPVTLVISQLVITS-IALIILTNTGGGNNMSFLIALALTVVIYLCAYFMLFIGYIVLVLK 395
CadB 318 IPKKGLLLAAVKMTALMILITLMNSAGGKASDLFGELTGIAVLLTMLPYFYSCVDLIRFE 377
CAT6 392 STPVNASTFLGIFT----AALALFTDLNVLLNLVSIGTLFVFYMVANALIFRRYVPVGPT 447
LAT2 362 CTPIPALLFTCIST----LLMLVTSDMYTLINYVGFINYLEYGVTVAGQIVLRWKKPDIP 417
LAT1 371 LTPVPSLVFTCVMT----LLYAFSKDIFSVINFFSFFNWLCVALAIIGMIWLRHRKPELE 426

AdiC 322 TPVAGLIIVGILMT----- IFQLSSISPNATKEFGLVSSVSVIFTLVPYLYTCAALLLLG 376
PotE 376 KVANV------- PPSKAKVANFVAFVGAMYSFYALYSSGE--———====- EAMLYGSIVT 418
Uga4 474 GPFYLG------- KIWSPIVAWTGVAFQLFIIILVMFPSQQHGITKSTMNYACVIGPGIW 526
GadC 396 HPDLKRTFNIPGGKGVKLVVAIVGLLTSIMAFIVSFLPPDNIQGDSTDMYVELLVVSFLV 455
CadB 378 G----------- VNIRNFVSLICSVLGCVFCFIALMGASS--—————-—- FELAGTFIVS 416
CAT6 448 --LCFLTLFSITSLVFTLIWKLVPEGKPKA- --FMLGASAVVA 490

LAT2 418 R----
LAT1 427 R--

—-PIKINLLFPIIYLLFWAFLLVFSLWSEP-
—-PIKVNLALPVFFILACLFLIAVSFWKTP-

--VVCGIGLAIM 456
--VECGIGFTII 465

AdiC 377 HGH--------- FGKARPAYLAVTTIAFLYCIWAVVGSGA-—-—-—-——=-— KEVMWSFVTL 417
PotE 419 FLGWTLYGLVSPRFELKNKHG 440
Ugad4 527 ILAGIYYKVYKKKYYHGPATNLSDDDYTEAVGADVIDTIMSKQEP---—-=========— 571
GadC 456 VLALPFILYAVHDRKGKANTGVTLEPINSQNAPKGHFFLHPRARSPHYIVMNDKKH---- 511
CadB 417 LIILMFYARKMHERQSHSMDNHTASNAH 445

CAT6 491 IAIVLSFQCVVPQARKPELWGVPFMPWTPCVSIFLNIFLLGSLDAPSYVRFGFFSGLIVL 548
LAT2 457 LTGVPVYFLGVYWQHKPKCFSDFIELLTLVSQKMCVVVYPEVERGSGTEEANEDMEEQQQ 514
LAT1 466 LSGLPVYFFGVWWKNKPKWLLQGIFSTTVLCQKLMQVVPQET-——===—=========== 507
AdiC 418 MVITAMYALNYNRLHKNPYPLDAPISKD 446

PotE
Uga4
GadC
CadB -
CAT6 549 VYLFYGVHASSDAEANGSFGVKDGQVMKELIEV 582
LAT2 515 PMYQPTPTKDKDVAGQPQP---==-==-=====-— 534
LAT1 - =
AdiC - =

Fig. 1. Critical amino acids discovery. Complete alignment of hLAT1 with orthologous
members of the APC transporter family has been performed as described in Section 2.8.
The crucial amino acids identified and then mutated are shadowed in grey. AdiC:
Arginine/agmatine antiporter (P60061); PotE: ornithine/putrescine antiporter
(POAAF1); Uga4: GABA-specific permease (P32837); GadC: glutamate/gamma-
aminobutyrate antiporter (P63235); CadB lysine/cadaverine antiporter (POAAE8); Cat6:
cationic amino acid transporter 6 (Q9LZ20); LAT2: large neutral amino acids transporter
2 (Q9UHIS); LAT1: large neutral amino acids transporter 1 (Q01650).
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type. Also the Protein Design program was run with the Amber12:EHT
force field.

3. Results
3.1. Identification of crucial amino acid residues

The structural model of hLAT1 was built by homology, using as tem-
plate the bacterial AdiC, whose crystallographic structure is currently
available in different conformational states within the transport cycle:
the open-to-out apo form (PDB ID 3LRB and 3NCY) [29,35], the
substrate-bound open-to-out form (PDB ID 30B6) [28], and the
outward-facing Arg™-bound occluded (PDB ID 3L1L) conformation
[20]. In line with already published alignments, due to the low sequence
identity shared between hLAT1 and AdiC, also other members of APC
transporter family, were included in the alignment, among which the
large neutral amino acids transporter 2 (LAT2), the glutamate:gamma-

aminobutyrate antiporter (GadC), the lysine:cadaverine antiporter
(CadB), the ornithine:putrescine antiporter (PotE), the GABA-specific
permease (Uga4), and the cationic amino acid transporter 6 (Cat6)
[18,29] (Fig. 1). Helices of LAT1 are highlighted in Supplemental Fig. 1
as derived from hydropathy plot of Supplemental Fig. 2 [36]. Notably,
the last published structure of AdiC [21] revealed the same characteris-
tics of that built in this work (not shown, but see Supplemental Fig. 3).
In analogy to AdiC, hLAT1 could form a homodimer (Fig. 2A) in which
monomers are present either in outward-open (Fig. 2B) or closed
(Fig. 2C) forms. To predict some of the crucial residues for substrate
binding and transport, the alignment with AdiC was considered (Fig. 1
and Supplemental Fig. 1). The residues of AdiC W202, W293 and S357
which are important for substrate (agmatine/Arg) binding and translo-
cation [20,21,28] corresponded to LAT1 F252, S342 and, C407, respec-
tively (Fig. 1) as also reported in Geier et al. [18]. The structural
stability and the quality of the hLAT1 homology model were confirmed
by the analysis of the molecular dynamics trajectory. The root means

Fig. 2. hLAT1 homology models. hLAT1 is shown as ribbon representation in its dimeric, outward-open and outward-closed conformation in A), B) and C), respectively. Cys (C458) at the
interface of LAT1 dimer are shown in stick representation in A). Similarly to residue W202 of AdiC, also the conserved residue F252 (stick representation), behaves like a gate in LAT1,

hindering the substrate access pathway (yellow surface), as shown in B) and C).
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square deviation (RMSD) for the main chain shows that the protein
reaches a plateau at 0.27 nm after approx. 20 ns (Supplemental Fig. 4).
A low RMSD value (0.21 nm) was also obtained when the starting pro-
tein structure and the final MD frame (Supplemental Fig. 5) were super-
posed. A z-section of the whole simulated system (hLAT1, membrane
and solvent) is depicted in Supplemental Fig. 6.

Docking simulations on LAT1 outward- open form highlighted an
additional Cys residue, besides C407, never predicted before and close
to the substrate binding site F252, i.e., C335 (Fig. 3A). Docking simula-
tions performed on the outward- closed conformation show that all
the poses, obtained for the natural LAT1 substrate His, well fit with the
position of the Arg substrate in AdiC, and that the residues surrounding
the binding site include F252, S342 and C407 (Fig. 3B) [20]. A compari-
son between the hLAT1 and the AdiC binding sites is shown in Supple-
mental Fig. 3. As reported in Geier et al. [18], our model confirmed
that the hLAT1 binding site volume is greater than the AdiC one, and
this is due to the substitutions of the corresponding residues between
the two primary structures, e.g. W202 is replaced by F252 and W293
by S342 (Fig. 1). To investigate the actual role of these residues, mutants
were constructed and the corresponding recombinant proteins were
produced in E. coli and purified as described in Sections 2.2 and 2.3.
F252 was substituted either by a conservative residue, corresponding
to the AdiC homologue (F252W), or by a non-conservative residue
(F252A), changing the chemical/steric properties of the side chain. The
transport activity of the mutant proteins was tested in proteoliposomes
as Hisey/Hisi, antiport (Fig. 4A) to evaluate possible loss of function. In-
terestingly, the substitution F252A completely abolished transport ac-
tivity; while, substitution F252W only impaired transport with respect
to the WT. To gain further insights into this aspect, kinetic analysis
was conducted on F252W. The measured Km (Fig. 4B) was 184 +
40 pM, higher than that of WT [2]. The internal Km of F252W was
very similar to that of WT, i.e,, 2.0 & 0.45 mM (Supplemental Fig. 7).

Phe252
N
W,

Fig. 3. hLAT1 Substrate binding site. Representative docking poses for His in LAT1
outward-open form A) and outward-closed form B). hLAT1 is shown in ribbon
representation; His and residues of the binding site are shown as stick representation.
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Fig. 4. [*H]His uptake in proteoliposomes reconstituted with over-expressed hLAT1 WT
and mutants. A) Transport was started adding 5 uM [*H]His to proteoliposomes
reconstituted with LAT1 WT (M), F252W (A), F252A (@) or S342G (V).
Proteoliposomes contained 10 mM His and transport reaction was stopped at indicated
times as described in Section 2.5. Data are plotted according to first rate equation.
Results are mean 4 S.D. from three independent experiments. B-C) Dependence of the
rate of His antiport. The transport rate at 30 min was measured adding [*H]His at the
indicated concentrations to proteoliposomes reconstituted with LAT1 F252W B) or LAT1
S342G C) containing 10 mM internal His. Data were plotted according to Michaelis-
Menten equation. Results are mean + S.D. from five independent experiments.

The mutant S342G was also tested for activity (Fig. 4A). This protein
was functional and the transport activity was similar to that of WT.
The Km for His of S342G was much higher than that of WT with a
value of 784 4+ 139 uM (Fig. 4C); while the internal Km, i.e., 3.2 +
0.49 mM (Supplemental Fig. 7), was similar to the WT Km. Cys mutants
were generated substituting C335 or C407 or both with Ala. The time
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course of the two mutants showed that they are functional, even though
C335A and the double mutant were less active than the WT (Fig. 5A).
Km for substrate were measured on both the external and internal
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Fig. 5. [>H]His uptake in proteoliposomes reconstituted with over-expressed hLAT1 WT
and mutants. A) Transport was started adding 5 pM [*H]His to proteoliposomes
reconstituted with LAT1 WT (M), C335A (@), C407A (V) or double mutant C335A/
C407A (A). Proteoliposomes contained 10 mM His and transport reaction was stopped
at indicated times as described in Section 2.5. Data are plotted according to first rate
equation. Results are mean + S.D. from three independent experiments. B) Dependence
of the rate of His antiport. The transport rate at 30 min was measured adding [*H]His at
the indicated concentrations to proteoliposomes reconstituted with LAT1 C335A
containing 10 mM internal His. Data were plotted according to Michaelis—-Menten
equation. Results are mean 4 S.D. from three independent experiments. C) Dependence
of the rate of His antiport. The transport rate at 30 min for C335A mutant and at 15 min
for C407A mutant was measured adding 5 uM [*H]His to proteoliposomes reconstituted
with LAT1 C335A (O) or C407 (@) containing indicated concentrations of internal His.
Data were plotted according to Michaelis-Menten equation, left y-axys corresponds to
(335A data and right y-axis to C407A. Results are mean + S.D. from three independent
experiments.

membrane sides. As shown in Fig. 5B, substitution of C335 strongly in-
creased the external Km which was 582 4 234 uM indicating that also
(335 is crucial for substrate binding. C407A mutant showed a Km
(37 £ 11 uM, Supplemental Fig. 8) similar to that of WT [2]. In silico mu-
tants strongly confirmed this experimental evidence: the mutation of
(335 to A reduces the affinity for the substrate to 2.4 kcal/mol, on the
contrary, the same mutation on C407 does not modify the affinity for
His with respect to the WT hLAT1 (0.1 kcal/mol). Internal Km was not
influenced by the substitution of C335 (2.5 £+ 0.67 mM) but slightly
impaired by the substitution of C407, with a value of 5.9 + 1.4 mM
(Fig. 5C). The external Km of the double mutant was strongly impaired
as in the case of C335A (775 &+ 127 uM, Supplemental Fig. 9) while the
internal one was similar to that of C407A (not shown).

3.2. Inhibition by mercury compounds

To further investigate the topological relationships of the two Cys
residues namely C335 and C407, the reactivity of WT and mutants to-
wards SH reagents was tested. Indeed, it has been previously demon-
strated that LAT1 interacts with mercury compounds [37,38]. Dose-
response experiments for HgCl, were performed on WT, C335A,
C407A and C335/407A (Fig. 6A). Very similar patterns were observed
for WT and the mutants with comparable IC50 values: 0.90 +
0.14 uM, 1.3 £+ 0.13 pM, 1.3 £ 0.10 pM or 1.7 4 0.12 uM for WT,
C335A, C407A or C335/407A, respectively. These data ruled out the
possible involvement of these Cys residues in the interaction with the
mercury compound. The kinetic of inhibition of His transport by HgCl,
(Fig. 6B) showed a non-competitive pattern demonstrating that the in-
teraction of the mercury compound occurs via residues far from the
substrate binding site. Other hydrophilic or hydrophobic SH reagents
were also tested. Methyl-Hg, Ethyl-Hg, MTSEA and NEM inhibited ap-
proximately at the same extent the WT and the Cys mutants (Fig. 6C)
confirming that the two Cys residues are not involved in interaction
with SH reagents. The inhibition by mercury compounds was reversed
by the S-S reducing agent DTE (experiments not shown), proving the in-
volvement of thiol group(s) of Cys residue(s) other than C335 or C407,
in the inhibition.

3.3. Effect of intracellular cations on LAT1 transport activity

As previously shown, His transport mediated by hLAT1 is not
dependent on external Na™ in agreement with data from intact cells
[1]. By means of the proteoliposome model, the possible influence by
intraliposomal (intracellular) ions on transport was investigated.
Fig. 7A shows that internal K™ stimulated His antiport with respect to
the control, containing sucrose. K-gluconate and KCl exerted similar ef-
fects demonstrating that the CI~ was not involved in stimulation. Na™
had a similar effect of that of K. Fig. 7B shows the dependence of
stimulation on K* concentration. The activity increased along with the
internal K™ level reaching a plateau at 80 mM, i.e., a concentration
not far from the physiological level. To understand if intraliposomal (in-
tracellular) K could affect transporter affinity towards its substrates,
kinetic analysis was performed showing an increase of Vmax from
2.1 4 0.16 to 3.1 + 0.28 nmol mg~! min~ !, while the Km was not sig-
nificantly influenced being 36.4 4= 6.7 uM or 36.0 4= 8.0 pM in absence or
presence of internal K™, respectively (Fig. 7C).

3.4. Kinetics and transport mechanism of LAT1

The kinetic mechanism of the Hisey/His;, antiport was investigated
by a bi-reactant analysis. In this type of experiment, the concentrations
of both external and internal substrates were varied in a single experi-
ment [39,40]. The rate of [*H]His uptake was plotted as function of the
external (Fig. 8A) or internal His (Fig. 8B) concentrations. Data were
plotted according to Lineweaver-Burk, which allows discriminating
between ping-pong and simultaneous mechanisms [41]. In all the
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analysed reactions, the straight lines showed non parallel patterns
intersecting in proximity of the X-axis. These data demonstrated that
the Hisex/His;, transport reaction follows a simultaneous mechanism
that can be random or ordered. The first is characterized by no preferen-
tial binding order of the two substrates to the transporter; while in the
ordered type, one of the two substrates binds first to the transporter.
The two types can be discriminated by analyzing the dissociation con-
stant of the ternary (Hisex-transporter-His;,) and binary transporter-
His complexes [41,42]. These constants were calculated by re-plotting
the values of the intercepts on the Y-axis or the slopes of the straight
lines, as function of the reciprocal substrate concentrations (insets of
Fig 8A and B). Concentration independent (Ks) values were 47.5 uM
for external His and 5.6 mM for internal His. The Kis values were
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73 uM for external His and 9.5 mM for internal His, i.e., similar to the re-
spective Ks values and fulfilling the relation Kis; - Ks, = Kis, * Ks; which is
typical of a random simultaneous mechanism. This implies that the two
substrates bind at the same time to the external and internal sites. Ex-
ternal Km for other substrates of LAT1, namely Leu, Met, Val, GIn or
Ala was 25 £ 13 pM, 31 & 11 pM, 57 4 20 uM, 0.7 &+ 0.4 mM or
>1 mM, respectively (experiments not shown). These values are in
the same order of magnitude of those previously measured in intact
cells, i.e., 19.7 uM, 20.2 pM, 47.2 pM, 1.6 mM for Leu, Met, Val, Gln, re-
spectively. While no values of Km for Ala are available in intact cells
[2,43,44]. This confirms that the functional properties of the recombi-
nant protein resemble those of the native one.

3.5. Oligomeric structure of hLAT1

The possible existence of a dimeric structure as predicted by bioin-
formatics (Fig. 1), was investigated. Fig. 9A shows Western Blot of re-
combinant hLAT1 analysed by electrophoresis under mild denaturing
conditions on Sarkosyl-PAGE and stained by anti-His. The presence of
aggregates at higher molecular mass, in addition to the hLAT1 mono-
mer, were observed. This indicated that the functional hLAT1 may
have oligomeric composition. A similar analysis was performed on
hLAT1 after insertion into proteoliposome membrane. In this case
(Fig. 9A, lane 2), the oligomeric form of the protein was predominant.
The apparent molecular mass of the monomeric and dimeric forms
were lower than in lane 1; this was due to interference, during the
run, of phospholipids deriving from proteoliposomes. To further analyze
the presence of an oligomeric hLAT1 by SDS-PAGE, a cross-linking
strategy was adopted. The solubilized protein was treated with Cu™*-
phenanthroline which induces disulfide formation between vicinal Cys
residues of proteins [45,46]. After treatment with the reagent, most of
the protein migrated at a double molecular mass with respect to the un-
treated monomer (Fig. 9B, lane 2) due to formation of disulfide(s),
confirming the existence of a prevalent dimeric form of hLAT1. To inves-
tigate the presence of oligomeric form of the protein in vivo, mem-
branes from SiHa cells were solubilized and assayed with anti-LAT1
antibody (Fig. 9C). Solubilized sample was treated with DTE to separate
CD98 from LAT1. Two major bands were observed under this condition,
one at about 35 kDa and the other at about doubled molecular mass
(Fig. 9C, lane 1). In the sample not treated with DTE (Fig. 9C, lane 2), a
diffuse band was detected at an higher molecular mass which may
have an heterogeneous composition including hLAT1 homodimer and/
or LAT1/CD98 heterodimer.

Fig. 6. Inhibition by SH-reagents of the recombinant hLAT1 in proteoliposomes. A) Dose-
response curves for the inhibition by HgCl, of the hLAT1 WT and mutants. Transport
was measured adding 5 pM [*H]His to proteoliposomes containing 10 mM His
reconstituted with LAT1 WT (M), C335A (@), C407A (¥) or double mutant C335A/
C407A (A) in the presence of indicated concentrations of HgCl,. Transport was
measured in 30 min as described in Section 2.5. Percent residual activity with respect to
the control (without additions) is reported. Results are mean + S.D. from three
independent experiments. B) Kinetic analysis of the inhibition according to Lineweaver—
Burk as reciprocal transport rate vs reciprocal His concentration; transport rate was
measured adding 5 uM [*H]His at the indicated concentrations to proteoliposomes
containing 10 mM His and stopping the reaction after 15 min as described in Section 2.5.
In (@) 0.8 uM HgCl, was added as inhibitor in comparison to samples without inhibitor
(O). Results are mean = S.D. from three independent experiments. C) Effect of Methyl-Hg,
Ethyl-Hg, MTSEA and NEM on the LAT1 WT and Cys-mutants. Transport was measured
adding 5 uM [H]His to proteoliposomes containing 10 mM His reconstituted with LAT1
WT (black bar), C335A (dark gray bar), C407A (light gray bar) or C335A/C407A (white
bar) in the presence of 5 uM Methyl-Hg, 12 uM Ethyl-Hg, 50 pM MTSEA or 500 pM NEM.
Transport was measured in 30 min as described in Section 2.5. Percent residual activity
with respect to the control (without additions) is reported. Results are mean + S.D. from
three independent experiments. Student's two tailed unpaired t-test was performed on
the sample without external compounds (control) and no differences respect control have
been observed within the p value <0.05. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Effects of intraliposomal salts on Hise/His;, transport in proteliposomes. A) The
reconstitution was performed as described in Section 2.4. Transport was started adding
5 uM [®H]His to proteoliposomes containing 10 mM His and 100 mM of indicated salts.
Sucrose at 200 mM was used as control of osmotic stress. Effect of 100 mM NaCl added
to the extraliposomal compartment was also evaluated. Transport reaction was stopped
at 30 min as described in Section 2.5. Results are mean =+ S.D. from three independent
experiments. B) Transport was started adding 5 uM [*H]His to proteoliposomes
containing 10 mM His and indicated concentrations of Potassium gluconate and stopped
at 30 min as described in Section 2.5. Results are mean 4 S.D. from three independent
experiments. Student's two tailed unpaired t-test was performed on the sample without
internal compounds (control); p values were symbolized as follows: “p < 0.05;
**p <0.01 (A-B). C) Dependence of the rate of His antiport. The transport rate at 15 min
was measured adding [*H]His at the indicated concentrations to proteoliposomes
containing 10 mM internal His in the presence (@) or absence (O) of 100 mM
Potassium gluconate. Data were plotted according to Michaelis - Menten equation.
Results are mean + S.D. from four independent experiments.

4. Discussion

In spite of the more than 450 papers dedicated to LAT1(CD98) (from
Pubmed with “LAT1 (OR) SLC7A5” keyword entry in “Title & Abstract”)
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Fig. 8. Kinetics and Transport mechanism of the recombinant hLAT1. Data were analyzed
by Lineweaver-Burk plots showing the dependence of reciprocal transport rate on
reciprocal external A) or internal B) His concentrations. Transport reaction was stopped
at 15 min as described in Section 2.5. In A), the concentrations of intraliposomal His
were 2.0 (O), 3.3 (@), 6.0 (O), 12.5 (M) mM; the concentrations of external [*H]His
were 5.0, 7.0, 10, 33, 100 uM. In B) the same data of A) were plotted as function of the
internal His concentration at external [*H]His 5.0 (O), 7.0 (@), 10 (O), 30 (m), 100
(A) pM. In A-B the insets show the re-plots of the intercepts on the Y-axis (1/Vmax - O)
or the slopes (Km/Vmax - @) from the primary plots as a function of internal A) or
external B) His. Results are mean + S.D. from three independent experiments.

of the last 10 years, no or only predictive information is available on the
structure/function relationships of this important transporter. There-
fore, we have invested efforts in advancing the molecular knowledge
of transport mechanism. Two different crystallized structures, one of
AdiC (e.g. PDB: 3L1L) and the other of ApcT (e.g. PDB: 3GI9), can be
used as distant homologous templates for hLAT1 comparative model-
ling. At the state of the art, the selection of the best template for model-
ling purposes is still challenging since the BLASTP and the HMM-based
alignment are characterized by non-significantly different scores. We
decided to base our modelling on the AdiC crystallographic structures,
since more literature data supported this option [18,20,29]. Even though
the homology model of LAT1 was built on the basis of AdiC, some
relevant differences in term of molecular mechanism of substrate
recognition are expected, since LAT1 accepts aromatic or aliphatic
amino acids, while AdiC is mainly involved in interactions with the
charged, Arg and Agmatine [2,29]. Indeed, W202 and W293 of AdiC
are replaced in LAT1, respectively, by the more hydrophobic F252
according to Kyte-Doolittle [47] and by S342. These residues were
previously predicted by bioinformatics to be involved in substrate rec-
ognition [18] but not experimentally proven, so far. In the present
work, for the first time, the relationship of the F252 and S342 residues
with substrate translocation has been demonstrated. In particular,
F252 revealed to be essential as a gate of LAT1 as testified by disruptive
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Fig. 9. Oligomeric state of recombinant and native hLAT1. In A) purified and functional
hLAT1 (lane 1) or hLAT1 inserted in proteoliposomes (lane 2) was subjected to
electrophoresis under mild denaturing conditions, using sarkosyl (0.1%) instead of SDS
(0.1%) in all run buffers without reducing agents in sample buffer. In B) purified and
functional hLAT1 has been treated with 2 mM Cu™ *-phenanthroline (lane 2) compared
to untreated control (lane 1). After stopping cross-linking reaction, samples were run on
a SDS-PAGE 10% without reducing agents in sample buffer. Protein monomers and
oligomers were detected by immunoblotting analysis using anti-His antiserum 1:1000
dilution as described in Section 2.7 (A-B). In C) native hLAT1 was extracted from SiHa
cell membrane and subjected to electrophoresis under mild denaturing conditions (as in
2A) treated (lane 1) or not (lane 2) with 100 mM DTE before running. Protein
monomers and oligomers were detected by immunoblotting analysis using anti-LAT1
antiserum 1:2000 dilution as described in Section 2.7. Western blots (A-C) are
representative of three independent experiments.

effect of Ala substitution compared to F252W mutation and in analogy
with structural data on AdiC [20]. However, the conservative substitu-
tion with W is not sufficient to restore proper affinity for substrate. An
additional residue involved in substrate recognition and transport has
been further identified, namely C335 which corresponds to C286 in
AdiC (Figs. 1 and 3). This is mostly involved in substrate binding. Indeed,
external Km increases up to 20 fold compared to WT. This result indi-
cates that the thiol was the critical chemical group that is not present
in Ala and that C335 represents a forefront residue for His binding. An-
other Cys residue was predicted to be part of the substrate binding site,
namely C407. This residue, however, has a marginal role in substrate
recognition since only the internal Km shows small variation upon mu-
tation. The corresponding residue in AdiC is S357 (Figs. 1 and 3) whose
side chain is more hydrophilic than that of Cys. Interestingly, AdiC in
which this residue is mutated to Ala shows an affinity for substrate sim-
ilar to that of WT as we observe in LAT1 [21]. Taken together, the results
indicate: i) a switch from hydrophilic to neutral/hydrophobic substrate
recognition between AdiC and LAT1; ii) that F252 is a gate element,
allowing substrate entry in the translocation site playing, possibly, the
same function as W202 in AdiC [20]; iii) that the other residues, i.e.,
S342 and C335 are responsible of substrate docking prior to transloca-
tion. Noteworthy, the prototype transporter with the same fold of
LAT1, LeuT, shows critical residues more similar to LAT1 than AdiC, ac-
cording to the more hydrophobic nature of LeuT substrates (not
shown). This concept is also in agreement with predictions of a LAT1
wider binding site (smaller residues of the crucial amino acids) with re-
spect to AdiC to accommodate larger amino acids [18].

C335A and C407A play a role in substrate handling and are not
targeted by SH reagents either small, large, hydrophobic or hydrophilic,
as shown by the unvaried sensitivity of C335A, C407A and C335/407A
mutants to all these reagents. This means that the residues are not easily
accessible by molecules other than substrates, i.e., the active site is ac-
cessible only upon substrate induced gating. Therefore, the high affinity
of the transporter towards SH reacting compounds, mercurial or
alkylating ones, is mediated by one or more of the other ten Cys resi-
dues. The mercury compounds do not interfere with the substrate
path but impair conformational changes, according to the non-compet-
itive inhibition caused by HgCl,. Concerning the effect of K™ and, at a
similar extent, of Na* in stimulating the transport activity of LAT1
from the internal side, it might be due to a remnant cation binding

site which is present in LeuT [48,49]. A similar effect by cations has
been described for other membrane transporters of neutral amino
acids, namely ASCT2, ASCT1 and BOAT1 which are stimulated/regulated
by internal cations at physiological concentration [40,50,51]. Data
on the kinetic mechanism of transport are in favor of a random
simultaneous transport mechanism which implies formation of a terna-
ry complex in which internal and external substrates are bound and
translocated simultaneously towards opposed sides of the membrane.
This type of mechanism cannot be easily explained by an alternating
access model as that of LeuT [52,53] or APCS [54]. The simultaneous
mechanism could however be explained by the existence of an oligo-
meric structure in which each single monomer can bind and translocate
substrates from outside to inside or vice versa independently [40,41,55].
Data suggesting existence of hLAT1 dimeric structure are indeed in
favor of the above described transport mechanism. Interestingly, AdiC,
used as model and other similar eukaryotic transporters show also a di-
meric organization [20,21,56-59]. Covalent dimer is observed upon
treatment of the protein with S-S forming reagent; thus, it is likely
that one (or more) Cys residue is located along the contact surface
between the two monomers as highlighted by our model (Fig. 2) in
which the residue C458 faces the homodimerization space, far from
the C164 responsible of covalent interaction with CD98. Therefore, it
can be hypothesized that also in cells hLAT1 can exist in a dimeric
quaternary structure made by either homodimers of hLAT1 or dimers
of the hLAT1/CD98 complex.

5. Conclusions

In this work, we improved the molecular knowledge on the human
LAT1 transporter by using recombinant protein produced in E. coli,
site-directed mutagenesis and transport assay in proteoliposomes. The
residues F252, C335, S342 and C407 have been experimentally demon-
strated to be critical for substrate binding and translocation shedding
light on possible dimerization of the protein in cell membrane in
analogy of APC transporters [20,21,56-59]. Since LAT1 is considered a
valuable target for cancer therapy, the scenario resulting from these
data represents also a step forward for studies aimed to identification
of new potent and specific inhibitors that may have great outcome on
human health.
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