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ABSTRACT

Administered drugs interact with membrane transgesrtof epithelia, Blood Brain Barrier and other
districts influencing their delivery and efficaclrugs can also be used as inhibitors of transporter
involved in human pathology. Drug-transporter iatgions are responsible of off-target effects
contributing to toxicity. High Throughput Screenitechnologies increased the potential applications
therapy or in predicting side effects. These stige will be helpful in reducing animal experimerda.
The identification of transporters important fougdrabsorption, delivery and side effect productmal
the best technologies for studying interactions theemain goals in this field. Amino acid transgost
are not yet considered in human therapy in spitin@f involvement in several pathologies. The tiorc

of the amino acid transporters EAAT1, ASCT2, GLYTA,YT1, BOAT1, LAT1 and LAT2 is so far well
characterized. Some structural data on these toatgsp have also been obtained by bioinformatics.
Interactions of these proteins with several drugsehbeen well defined at the molecular level. Large
scale and, in some cases, high throughput screeafngharmacological compounds make these
transporters of particular interest and potentigligation in human health.
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1. INTRODUCTION efficacy (Agarwalet al., 2013; Giacominét al., 2010;
Mandery et al., 2012; Pardridge, 2012). Drug-
The assumption that the majority of administered transporter interactions play also key roles in
drugs interact with membrane transporters locatied atherapeutic interventions in which inhibition of a
the boundary between the intra end extracellularspecific transporter causes beneficial effectsuman
environment, became accepted over the years and nowathologies. This applies both to transporters over
is well established (DeGorteret al., 2012; expressed in pathologies such as cancer and to
Giacominiet al., 2010; Han, 2011; Huarey al., 2008; transporters expressed at normal levels (Ganajhtiy,
Nakanishi and Tamai, 2011). Noteworthy, the brush2009; Penmatset al., 2013).
border epithelia of intestine and kidney tubuleséha Finally, drug-transporter interactions could lead t
very large surface in contact with the external other unexpected and undesired effects caused
environments from which drugs are absorbed afterbyimpairment or stimulation of physiological actiyi
oral administration or reabsorbed after glomerularof a specific transporter. These phenomena are
filtration. In these and in other districts, such the collectively known as off-target interactions, j.e.
Blood Brain Barrier (BBB), membrane transporters binding to proteins different from the primary tatg
mediate delivery of most drugs influencing their of the drugs, which contributes in generating side
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effects. These aspects promise great progress aftemembrane transporters that exhibit different salbstr
developing of large scale and High Throughput specificity but a common evolutionary history.

Screening (HTS) of drugs. Therefore, knowledgehef t The main characteristics of amino acid membrane
interaction mechanisms of pharmacological compoundstransporters is the apparent redundancy and oyenigp
with membrane transporters can help in improvinggdr ~ function. According to this, the same amino acids be
bioavailability, in designing new pharmacological substrates of different transporters belongingitierent
inhibitors, in predicting off-target interactionall these ~ SLCs. One typical example is the amino acid glutemi
applications are strategically important for reagci for which a complex network of membrane transperter
animal experimentation with terrific consequenceshb  exists. This phenomenon may find explanation on the
in ethics and costs. This research area has beelinportance of maintaining amino acid homeostastfién
acknowledged not only by academic scientists bso al Whole body since these nutrients have pleiotroplesr

by regulatory and industrial bodies (Giacomini and and each tissue may have special needs to acconglis
Huang, 2013). The International Transporter Consmrt ~ function. A brief summary of the main functional
(Chamberset al., 2011) provided important indications characteristics of the SLCs families including amnarid

for establishing: (i) which transporters are impattfor ~ transporter is reported infable 1, together with
drug absorption, delivery and excretion; (i) thesb referencgs describing interactions Wl'gh d_rugs.[dlhgsof
technologies for studying interactions of transpartwith ~ the mentioned redundancy, the localization in dfisgr
drugs; (iii) the criteria for designing clinicalusties for ~ €Pithelia as well as in tissues with high metabadites,
evaluating drug interactions with transporters. egaly €W Of these proteins have been considered for
transporters are ascertained to be involved in daligery Interactions W|th_(_jrugs or in general with xenoluist
and reviewed in a number of papers (Ciarimboli, 201 (Table 1). In addition, Package Inserts (Pls) of recently

Koepsellet al., 2007; Rask-Anderseat al., 2013). More approved molecules consider organic cation or anion
recently, regulatory guidance in considering drug- trg?:ssport_le_zrqs b?t nottﬁmmptamdt_ones EAgar@tahl., id
transporter interactions have been recommende ). Therefore, the interaction of amino aci
(USFDA, 2012: EMA, 2012). Also the Society for [ansporters with drugs is a relatively recent dielf
Laboratc;ry Al’Jtomati’on an.d Screening  (SLAS investigation that, in our opinion, will grow indhnext

i ' _years. An up to date of the most important achiears
https://www.slas.org), started to consider membrane : : . :
traﬂsporters as ign)teresting objects for HTS and'(;]- the relat|or(1jsh|ps of ammo_”agld transgo(;tershvdtug
application in drug discovery. Therefore, methodas iscovery and interaction will be provided. Amorigt

hich hel dicti ¢ drua t ter int > findings summarized in references reportedable 1, a
which help prediction of drug transporter Interans are — ¢,0,5™ i pe given, together with the essential
very welcome. In fact, the field of membrane

. . ) information, on those transporters for which intéiens
transporters, being a relatively recent researea,als it drugs has been deeply analyzed by performing

continuously evolving due to the progress in gma or large scale screening of pharmacological
manipulating and studying the hydrophobic membrane ,mpounds exploiting also the molecular mechanisms.

proteins. Consequently, also the knowledge on drug-the other amino acid transporters for which the
transporter interactions and mechanisms is expgndin jnformation is  still preliminary remain only listeth

As an example, amino acid transporters are not yetrgple1 to furnish a complete overview situs artis.
considered among those recommended by the ITC, in

spite of their strategic importance in human healtl 3. INTERACTIONOF AMINO ACID

therapy. The purpose of the present review isa@oetan TRANSPORTERSWITH DRUGS
update on the current and potential involvementhef

amino acids transporters in drug interaction. Sfeci 31.SLC1A3: EAAT1
reference to their involvement in widely diffused '

pathologies such as cancer is made. EAAT1, also known as GLAST1belongs to SLC1
family. EAAT1 (SLC1A3) gene has been identified
2. AMINO ACID TRANSPORTERS together with SLC1Al (EAAT3) and SLC1A2

(EAAT?2). Later, the other subtypes EAAT4 and EAAT5
Several SLC families, grouped on the basis of were identified. These transporters are responsilble
sequence similarity, include amino acid transperter glutamate and aspartate uptake in neurons. Incpéati
among their members. This classification had as aEAAT1 besides astrocytes is mainly expressed imthea
consequence the presence, in the same SLC fanfily, oskeletal muscle and placenta (Grewteal., 2014).
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Table 1. The basic characteristics of the amino acid trarispg The SLC classifications is reported; theanajibstrates of transporters are indicated; knimberaction
with drugs are reported with relative referencestéilics those references dealt within the manpgcr

Family Amino acid Transporter Aliases Main substrat Known drug interactions
SLC1 Al EAAT3 Glu/Asp Jensen and Brauner-Osborne, 2004);
A2 EAAT2 Glu/Asp (ensen and Brauner-Osborne, 2004)
A3 EAAT1 Glu/Asp (Jensen and Brauner-Osborne, 2004)
A4 ASCT1 Ala/Ser/Cys/Thr none
A5 ASCT2 Ala/Ser/GIn/Thr/Asn Albers et al., 2012; Oppedisano et al., 2012);
A6 EAAT4 Glu/Asp Zheng et al., 2010)
A7 EAATS Glu/Asp none
SLC6 A5 GlyT2 Gly Vandenberg et al., 2014)
A7 PROT Pro none
A9 GlyT1 Gly (Parrotet al., 2013) (Suganet al., 2013)
Al4 ATBO,+ neutral and cationic amino acids (Mubeal., 2014) (Karunakaraet al., 2011)
Al5 BOAT2 large neutral amino acids (Januchovesk., 2014)
Al7 XT1 neutral amino acids none
A18 BOAT3 neutral amino acids none
Al19 BOAT1 neutral amino acids Pgchini et al., 2014)
A20 XT3 Pro none
SLC7 Al CAT-1 cationic amino acids (Gruppetal., 2013) (Speranzet al., 2011)
A2 CAT-2 cationic amino acids none
A3 CAT-3 cationic amino acids (Januchowskal., 2014)
A5 LAT1 large neutral amino acids de{ Amo et al., 2008)
A6 y+LAT2 cationic and neutral amino acids none
A7 y+LAT1 cationic and neutral amino acids none
A8 LAT2 neutral amino acids dél Amo et al., 2008)
A9 b0,+AT cationic and neutral amino acids (Kadetral., 2013)
Al10 Asc-1 small neutral amino acids (Broetral., 2014) (Helboet al., 2003)
All xCT CySS/Glu (Dixomt al., 2014) (Albrechet al., 2010)
Al13 AGT-1 Asp/Glu none
SLC16 A10 MCT10 Aromatic amino acids (Getcal ., 2013)
SLC36 Al PAT1 Ala (Schiottet al., 2013); (Edwardst al., 2011) Thwaites and Anderson, 2011)
A2 PAT2 Pro/Glu/Ala (Schiottet al., 2013); (Edwardst al., 2011) Thwaites and Anderson, 2011)
A4 PAT4 Trp (Schiotlet al., 2013); (Thwaites and Anderson, 2011)
SLC38 Al SNAT1 GlIn/Ala/Asn/CysHis/Ser (Schictal., 2013); (Kwaket al., 2012)
A2 SNAT2 Ala/Asn/Cys/GIn Glu/his/Met/Pro Ser  (Sathiet al., 2013); (Kwaket al., 2012)
A3 SNAT3 GlIn/His/Ala/Asn (Rahamimott al., 2013)
A4 SNAT4 Ala/Asn/Cys/Glu Ser/Thr (Schioghal., 2013); (Januchowskt al., 2014)
A5 SNAT5 GIn/Asn/His/Ser (Misiewicet al., 2013)
A7 SNAT7 GIn/His/Ser/AlaAsn none
SLC43 Al LAT3 Branched chain amino acids (Wangl., 2013)
A2 LAT4 Branched chain amino acids (>aeal., 2013)

A complex electrogenic mechanism in which a and Nd binding sites have been derived. Under a
glutamate anion is co-transported with thre€” ms physiological point of view, EAAT1 together witheh

and exchanged for one *Kwas described by other glutamate transporters contribute to the
electrophysiological measurements. This systemregulation of synaptic neurotransmission, to the
allows glutamate uptake against its concentrationGABA supply into neurons and to the

gradient. Associated to Nacurrent, an anion glutamine/glutamate cycle (Greweet al., 2014).
permeability has also been shown even though itsGiven these functions, it is not surprising that
physiological role is still unclear (Wadichet al., alterations of glutamate transporters can be
1995). Further insights in the EAAT translocation responsible of a wide range of diseases, such as
pathway have been obtained upon homology modelalcohol dependence, Alzheimer disease, autism,
built on the crystallized orthologous glutamate depression, ALS, Huntington disease (Grewenl.,
transporter fromP.horikoshii (Yernool et al., 2004) 2014) (and refs herein). In the case of EAATL, a
These transporters show a Gltph fold which is alsosingle point mutation (P290R) appears to be thetien
shared by the ASCT transporter&id. 1). Even basis of a form of ataxia, hemiplegia and seizure,
though this transporter does not couplé ¢ounter referred to as Episodic Ataxia 6 (EA6) (Jeh al.,
transport to glutamate uptake, the location of salbs 2005). The involvement of EAATs in several
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pathologies made these proteins interesting targets
pharmacology and drug design. In particular,
searching for substrate binding requirement alloveed
find efficient inhibitors of transport. Inhibitorsre Out
classified as competitive or non competitive.
Hydroxyaspartate (THA) and benzyl-hydroxyaspartate
(TBOA) have been developed as competitive
inhibitors indicating that hydrophobic bulk is
important for high affinity substrate interactioA
large scale screening of more than 3000 drugs has
been performed leading to design of coumarin
analogues responsible of non- competitive inhilitio
This result was particularly relevant because adldw Tn
for the first time,the identification of a bindimpcket

specific for EAAT1 that did not overlap with EAAT2

and EAATS3 (Erichseret al., 2010). Noteworthy, for

those pathological conditions characterized by
increased glutamaergic neurotransmission, the main

goal would be discovery of positive allosteric
modulator that enhance the glutamate uptake leading

to neuroprotection. In this field a spider toxinsha

Membrane

Fig. 1. Homology structural model of human ASCT2 with

been_ associated to increase of glutamate transporte typical Gltph fold. The homology structural model o
function (Fontanaet al., 2007). In 2004 the first human ASCT2 was obtained by the Modeller 9.13
attempt of high throughput screening for EAATS has software (Sali and Blundell, 1993) using as tempilage

been reported. A fluorescent based assay has been  Structure of the glutamate transporter (Gltph) frém

developed using HEK293 cells stably transfected wit horikoshii (PDB 1XFH). To run the software, sequences

EAAT1, 2 or 3 in which the transporter activity has were aligned by ClustalX2 software with. pir output
’ . ) format. The homology model has been represented

been measured in presence of different effectone T using the molecular program VMD 1.9.1. Ribbon

assay was based on measuring the charge movement diagram viewing from lateral side

associated to glutamate or aspartate translocafiba.

suitability of this tool has been validated by 3.2. SLC1A5: ASCT2

performing, in parallel, canonical experiments. fthe ASCT2 belongs to the SLC1 family. ASCT2

e o oo Tt (SLC1A8) gone enodes a peptde of 54t amind acis
b (Kekuda et al., 1996). The expression profile of this

This report was the_first attemp.t of validating taigh protein is quite broad: kidney, intestine, braiond,
Throughput _Screemng for testing a hu_ge number Ofskeletal muscle, placenta and pancreas (Broer and
pharmacological compounds. Interestingly, anOtherBrookes, 2001: Deitmeet al., 2003: Gliddonet al.,
member of SLC1 family, named SLC1A6 (EAAT4), 2009: Kekudaet al., 1996; Utsunomiya-Tatet al.,
has been considered for a drug screening (Zleeag, 1996). ASCT2 function has been extensively studied
2010). This study, however, was designed to testysing different experimental approaches: cell syste
twenty-one FDA approved drugs on three membrane(Torres-Zamorano et al., 1998) as well as
transporters with different specificities in ordes  proteoliposome reconstituted with the rat tranggort
distinguish true inhibitory effects from false pi& extracted from kidney brush borders (Oppedisaral.,
ascribed to cytotoxicity. In the mentioned workpfo ~ 2004; 2007) and, more recently, with the humanoisof
different drugs were found to inhibit EAAT4 stably over-expressed irP.pastoris (Pingitore et al., 2013).
over-expressed in HEK293; however, only one drug, ASCT2 is an amino acid transporter whose acronym
i.e., fluvastatin targeted EAAT4 without exerting stands for AlaSerCysTransporter 2, even thouglis it
cytotoxic effect. This finding suggested a molecula now well recognized that it has a primary role as
scaffold suitable for designing good EAAT4 inhio.  glutamine transporter. All the experimental datancm
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from different models described similar basic prtips: members share the Gltph fold (Yernebkl., 2004). The
ASCT2 is an obligatory antiporter of neutral amawids glutamate transporter fror®.horikoshii has a trimeric
strictly Na&'-dependent, since it does not tolerate quaternary structure; each protomer represents an
substitution with Li. The preferred substrates, besides independent transport unit, formed by eight
glutamine, are: alanine, threonine, serine, leucine transmembrane domains and two hairpin loops (HFIL an
valine, asparagine, methionine, isoleucine, tryptop HP2) which are thought to be involved in substrate
histidine and phenylalanine, while glutamate, Igsin translocation (Boudkegt al., 2007; Reyest al., 2009).
arginine, MeAIB and BCH are not substrate neither This may be valid also for ASCT2, whose rat an huma
inhibitors. A functional and kinetic asymmetry Hasen (Fig. 1) homology models have been constructed using the
reported: glutamine, serine, asparagine and thneoni Gltph as template (Albert al., 2012; Oppedisanet al.,

are bi-directionally transported while alanine, inal 2010; Pingitoreet al., 2013; Zanderet al., 2013).
and methionine can be only inwardly transported Significant differences between the rat and
(Pingitoreet al., 2013). The overall transport reaction of humanisoforms, in a region predicted in the vigiait the
hASCT2 follows a random simultaneous mechanism assubstrate binding site were found (Oppedisahaal.,
recently reported in proteoliposomes (Scatisd., 2014). 2010). In addition, in the two proteins the totatmber of

A functional aspect still underneath is the eleatrnature  Cys residues is very different, being doubled in ra
of the transport reaction; after several contratdyct isoform. This represents an important issue sihodies
reports (Utsunomiya-Tatet al., 1996; Zanderet al., in proteoliposomes revealed that Cys residuesamivied
2013), this issue has been recently dealt withptiréied in substrate translocation. In one of the firstdgtu
hASCT2, demonstrating a positive regulation by isgsb  conducted on rat ASCT2 glutamine derivatives were
membrane potential due to an electrogenic companent designed as inhibitors which, however, showed Vewy
the substrates translocation (Scaéiseal., 2014). Under a  affinity (ICso in the range of 500 uM for the transporter
physiological point of view, hASCT2 is involved @amino (Esslingeret al., 2005). Then, a combined approach of
acid absorption in epithelia and other tissuesridmiting docking and experimental validation has been used t
to the glutamine-glutamate cycle in brain and pié@e  improve this outcome; moreover, criteria for deBign
The regulation of transport activity is poorly interactorsof this protein have been drown (Albetral.,
characterized; it has been recently reported atipesi 2012). The model predicts that small side-chainnami
regulation by intracellular Na Interestingly, a physical acids with low hydrophobicity (and their derivatye
interaction with the scaffold protein PDZK1 has fee interact with a transport competent form of thedporters
described bothin vitro and in vivo opening new  behaving as substrates. While molecules with aroraiate
perspectives of investigation. The regulation ofCAR chains interact with high affinity with the transfsy
expression is also underneath; it is linked to mTORbehaving as inhibitor. Using the predictions, aepbt
signaling (Nicklinet al., 2009). The interest for ASCT2 in inhibitor serine biphenyl-4-carboxylate was desijne
human health arose some years ago, when a linkiof t exhibiting an apparent Ki of 30 uM. Validation dfet
transporter with cancer was discovered. Cances belle  results were performed by measuring the anion adadoe

a special need for glutamineand hence, over-expressf rat ASCT2. This electrophysiological measurement
ASCT2 and LAT1 transporters (Fuchs and Bode, 2005).however, is not the most appropriate activity askay
Glutamine taken up with higher efficiency enters a ASCT2, since gives indirect measurement of specific
truncated form of TCA for producing metabolic energ transport. According to the finding that rat ASCI®
This derangement occurs in cancer cells togethir tive strongly inhibited by SH reagents (Oppedisaa., 2010;
well  known switch towards anaerobic glucidic Pingitoreet al., 2013), a screening of molecules which
metabolism, known as Warburg effect (Ganapattsl., react with SH functional groups was performed mesti
2009). Very recently and in line with the role 088T2 many chemical compounds chosen among known or
in cancers, it has been shown that the constityiRb newly synthesized molecules (Oppedisab@l., 2012).
degradation of cancer cells leads to enhanced ssipre By using this approach, irreversible inhibitors thwthe

of ASCT2 (Reynoldst al., 2014). The over-expression scaffold of dithiazoles, were identified with highe
of ASCT2 is a hallmark of several cancers (Indietal., affinity, i.e., IC50 of 6 uM (Oppedisanet al., 2012),
2014), starting investigation on inhibitors targgti  respect to the substrate analogues (Alstral., 2012).
specifically this protein. This kind of studiesiesl on the  Irreversible inhibitors will have the advantage stébly
availability of three dimensional structures or lubogy inactivate the transporter with respect to comijwetit
models of the protein. As above mentioned, SLClilfam inhibitors, which are displaceable by the substrataes
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property makes such molecules, potentially relevant symptoms which overlap some human hereditary diseas
specifically inhibiting ASCT2 activity in cancer It Glycine encephalopathy and hyperkplexia, charaedri
Given the pivotal role played in cancer by hypoglycinergic transmission. More interestifug,the
development/progression, the most striking interestwider range of applicability, is the link with
about this transporter is towards the human protein schizophrenia: Inhibition of GlyT1 exerts positiefect
Notwithstanding rat transporters are considerethblé on schizophrenic patients (Sur and Kinney, 2004).
models of their human orthologs, in the case of A3C GlyT1 and GIlyT2 proteins share 50% amino acid
this criterion is not completely fulfilled for theeasons  sequence identity with C and N termini intracelilyla
already discussed. Therefore, the possibility ofkiva located (Eulenburgt al., 2005) and references herein).
with the recombinant human transporter is an ingrdrt  Three-dimensional structures of these transpoitenst
achievement in the research field of drug-trangport available, even though homology models have been
interactions (Pingitoreet al., 2013). Taking into recently built on the basis of dopamine transpdiram
account that the proteoliposome model gives theDrosophila melanogaster revealing a LeuT fold like
possibility to study the specific properties of a BOAT1 which belongs to the same SLC famikid. 2).
transporter, in the absence of any interferencagiel  The transporters are formed by 12 transmembraries$ie
screening of drugs will be performed on hASCT2 with ion and substrate binding sites at the botiminma
(Scaliseet al., 2013) with the aim to identify potent cavity. The availabilty of the model allowed the
inhibitors potentially applicable to human therapy. investigation of a novel aspect in pharmacological
) research, i.e., treatment of chronic pain. Thigigact, an
3.4.SLC6AS and SLCBAS: GLYT2and GLYT1 important issue, since the current analgesic dowusk
GlyT2 (SLC6A5) and GlyT1 (SLC6A5) belong to properly in mitigating pain symptoms (Vandenber@.,
SLC6 family. The two genes encode transport prstein 2014). Interestingly, drugs able to inhibit GlyTsinc
localized mainly in CNS. GIyT1 is mainly expressed reverse the nociceptive signals. In this respeeb t
astrocytes at both pre and post synaptic termibatss also  inhibitors specific for GlyT2 revealed to be mofteetive
found in liver and pancreas (Eulenbetgl., 2005). GlyT2  than those designed for GlyT1. These studies haes b
has, on the contrary, exclusively a neuronal eswwas conducted on animal models showing the potential
restricted to presynaptic terminals (Eulenbeirgl., 2005). application of these inhibitors in the treatmenpain. The
These transporters are responsible of regulatiygirg molecules have been docked in the tridimensional
concentrations in inhibitory neurons as well as in structural model of GlyTs (Vandenbestal., 2014).
glutamatergic synapses. The reaction is energitical However, there are still concerns with the useuchs
coupled to sodium gradient across membranes evemrugs for the possible side effects; they need ¢o b
though with two different stoichiometries: 3Mal/ Gly optimized in order to reduce GlyT2 activity without
and 2N&/CI/ Gly for GlyT2 and GlyT1, respectively. compromising the filling of synaptic vescicles with
This dependence on Nagradient is responsible of the glycine. In the same work, the potential role of an
different ability of the two transporters to accuate endogenous analgesic has been evaluated. Theatitty
glycine in cells. Regulation of these transporiertight N-Arachidonic Glycine (NAGIy) which has a structure
and still under investigation: Arachidonic acidridimg related to the endocannabinoid anandamine, seems to
from phospholipase A2 inhibits GlyT1, pH modulates alleviate pain in animal models trough interactigith
GlyT1 activity trough interaction with an His reagl GlyT2; this began the investigation on lipid inhdys
Furthermore, Zff that is co-released with glutamate such as Oleoyl-carnitine. This area represents gan o
inhibits specifically GlyT1 without interfering wit  research field in drug design, even though the afse
GlyT2 activity. GlyT2 expression levels are positiy lipid-like structure may have the problem of forigin
modulated by membrane depolarization”Canediated.  micelles. This would make difficult the measuremeht
Some interactors of GlyTs have been described asch true drug concentration as well as the predictibtofi-
the PDZ protein syntenin-1 (Eulenbueigal., 2005). The  site” targets (Vandenbergal., 2014).
interest in studying these transporters relies logirt .
involvement in neurological diseases characteribgd 3.5. SLCBA19: BOAT1
glycinergic  neurotransmission  alterations. These BOAT1 belongs to the SLC6 family. BOAT1
phenomena have been firstly described in knock-out(SLC6A19) gene encodes a transport protein lochlize
mice for GlyTs. The animals show lethal phenotypesmainly in kidney and intestine (Broer, 2006; Prarebdl.,
early after birth, with a wide range of neurologica 2013; Verreyet al., 2005). BOAT1 recognizes glutamine,
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leucine, cysteine, valine, isoleucine, methionine, Moreover, the function of BOATL1 is up-regulated by
phenylalanine, alanine, serine and asparagine daa ma PKB/Akt also in tumor cells (Bogatikost al., 2012). A
substrates with half saturation constants in uMgean specific allosteric regulation by ‘Khas been described:
Arginine, lysine, aspartate, glutamate and MeAIB aot K" indeed, shows a biphasic modulation at the
substrate. Transporter function and regulation Hasen intracellular site with stimulation up to 50 mM énhal
studied both in cell systems and in proteoliposorBgs  (intracellular) K and inhibiton at higher K
mean of this tool the overall transport mechanisnthe concentrations (Oppedisano and Indiveri, 2008).
rat protein has been revealed as random simultanéou The importance of BOAT1 is demonstrated by the
addition a kinetic asymmetry for glutamine has beenoccurrence of a mendelian disease referred to asilin
reported. As expected for a transporter belonginghe  disease (OMIM 234500) caused by mutations of human
Na'-dependent neurotransmitter family, the transport gene encoding for this transporter.
mechanism is StriCtly I\Tadependent and does not tolerate As for the other mammalian amino acid transporters
substitution with L. Moreover, BOAT1 mediated dealt within this review, three-dimensional struetwf
transport is electrogenic, not influenced bya@t exhibits  hig protein is not available; however, BOAT1 disl a
a stoichiometry of laa:l NgOppedisancet al, 2011). | eyT fold Fig. 2). This architecture influences the
Electr(_)physmlogy documented a _channel-llke agvit  gypstrate  choice: Transported amino acid have L-
g(s)%%mat?d q o suEstr_atle @rarllsloqattlop, _(Cané%atAg%, configuration, net neutral charge and hydropholiie s

)- Under a physiological point of view, BOATANC o\ .n " \vhich interact with hydrophobic pocket. Muyi
ggsﬁnﬁfﬁ ";?,éh?egﬁggrragcfﬁo{rﬁerir:?g’;'i\rﬁd ;r;]aé’mggne from the models, structure/function relationshipsdes

P P have been conducted on the rat BOAT1. This protein

respectively (Bohmeet al., 2005; Broeret al., 2011; g T .
Camargoet al., 2005). BOAT1 expression is positively harbors two metal binding motifs: The CXXC (coniag

regulated by the Janus Kinase 2 and collectrin that©200/C203) and the CXXXC motifs (containing
increase protein abundance in the cell membraneC45/C49). These are responsible of strong inhibiby
(Bhavsaret al., 2011) and negatively regulated by leptin. heavy metals which are harmful environmental pafits.

Membrane

Fig. 2. Homology structural model of human BOAT1 with tyai LeuT fold. The homology structural model of huma
BOAT1 was obtained by the Modeller 9.13 softwarali(8&nd Blundell, 1993) using as template the stmacof
the Dopamine transporter frobh melanogaster (PDB 4M48). To run the software, sequences weagned by
ClustalX2 software with.pir output format. The hdogy model has been represented using the molecular
program VMD 1.9.1. Ribbon diagram viewing fromelat! side
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Regarding BOAT1 role in pharmacokinetics very small neutral amino acids with millimolar Km valués

little is known. Interestingly, several drugs iratetr with

cell systems, transport mediated by LAT1 and LA$2 i

sodium-coupled transporters, with the same fold asspecifically inhibited by the non-metabolizable lagae
BOAT1, such as the GABA transporter and SERT BCH. Under a physiological point of view, LAT1 and

(Agarwal et al., 2013; Penmatsat al., 2013). Taken
together these observations suggested to perform
screening of different pharmaceutical

protein from rat kidney in proteoliposomes. Amohg t
tested compounds the anti inflammatory nimesulgda i
potent inhibitor and thus, a combined proteoliposem
bicinformatics experimental strategy has been aztbpt
to reveal the molecular mechanism of inhibition
(Pochiniet al., 2014). The mentioned study highlighted
that nimesulide exerts an inhibitory effect on giaine
uptake in a non competitive fashion since bindsato
external dedicated binding site causing stericraimck and
thus, abolishing substrate translocation. Veryr@stingly,
when the same study is conducted with respecktottier
substrate of BOATL, i.e., Nathe inhibition followed a
competitive mode.The relevance of such study isdbas
the high degree of identity between the rat and d@mum
isoform (more than 87% identity).

3.6.SLC7A5and SLC7A8: LAT1and LAT2

L-type Amino acid Transporters 1 (LAT1) and 2
(LAT?2) belong to the large SLC7 family which incksl

LAT2 are involved in equilibrating the pools of el
amino acids, whose net uptake derive from other

compounds, transporters (del Amet al., 2008).
commonly used in human therapy, using the BOAT1

A role in cancer development has been clearly
demonstrated for LAT1, in association to the *Na
dependent transporter ASCT2 (see paragraph
“SLC1A5:ASCT2") (Fuchs and Bode, 2005). Recently,
it has been reported that LAT1 promoter harbors a
canonical sequence for c-myc (Hayashil., 2012), a
known transcription factor that controls genes Iagd
in cell cycle and metabolism. The knock out of cemy
triggers down-regulation of LAT1 expression in feds
cancer cells with subsequent decrease of proliferat
(Hayashiet al., 2012). Given those information, it is not
surprising that LAT1 and LAT2 are important target
pharmacology and pharmacokinetics (del Amtoal.,
2008). However, the bottleneck of these studies is
represented by the overlapping functions of LATs
transporters and of other amino acid transportehnich
hamper the measurements of affinity constants dsase
the single contribution of each amino acid trantgoin
pharmacokinetics. Very interestingly, LAT1/CD98 and
LAT2/CD98 heterodimers have been heterologously

two transporter subgroups: The Cationic Amino acid over-expressed irE.coli and P.pastoris, respectively

Transporters, CATs and the light subunits
Heterodimeric Amino acid Transporters, HATs. LAT1
and LAT2 are classified in this second subgroupeifTh
cDNAs have been isolated and identified in 1998 and
1999 (Kanakt al., 1998; Pinedat al., 1999; Prasae al.,
1999; Segawat al., 1999).

LAT1 and LAT2 are widely expressed (brain, ovary,
testis, placenta, spleen, colon, blood-brain bgrfetal
liver, activated lymphocytes, skeletal muscle, hdang,
thymus and kidney (Kanagét al., 1998; Yoonet al.,
2005). In polarized epithelia cells, they are mgainl
localized at the basolateral membranes. LAT1 an@i2A
activity has been studied in cell systems. Theykwas

heterodimers with the glycoprotein 4F2hc (CD98) of

of shedding light on important functional and struatur

aspects (Costat al., 2013; Galluccioet al., 2013). In
particular, the availability of studying such priote
isolated from the cellular context, represents sseatial
condition for drug interaction analysis. Up to noke
main studies conducted with LAT1 and LAT2 in cell
systems have been focused on BBB, since these
transporters are highly expressed in that membrane.
DOPA, used by Parkinsonian patients is transpobted
LAT1 and LAT2 across the BBB (Km ranging from 30
to 100 uM in rodents) and its absorption is de@ddsy
high protein diet, because amino acids competelfor
DOPA. Notwithstanding, there is not a definitiveopf
LAT1 and LAT2 contribution in L-DOPA

encoded by SLC3A2 gene. The interaction occurs bypharmacokinetics. The same results can be sumrdarize

formation of a disulfide bridge involving conserv€gs
residues and it seems that the main role of 4F2Ho i

for the anticancer drug mephalan and the structural
analogs of GABA, gabapentin and baclofen used in

route transporters to plasma membrane (Palacin angpilepsy. The BBBin vitro models show transport of

Kanai, 2004). The transport mode of LAT1 and LAS2 i
quite similar, being Naindependent antiport of amino
acids, while the substrate preference is differeAT 1
mediates transport of large neutral amino acidh itn
in micromolar range, while LAT2 mediates transpafrt
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these drugs by LAT1 and LAT2 even though no
mechanistic experiments definitively prove the role
the transporters in drug disposition and clearance.
Alignment between hLAT1 and hLAT2 shows 50%
identity; 12 TMDs are predicted for the two protein
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with intracellular N- and C-terminals. LAT1 and LAT
show similarity with the arginine/agmantineantigort

recent study revealed some structural features dhat
discriminate LAT1 and LAT2 activities, since this an

rAdiC, the broad-specificity amino acid transporter important issue to solve in the drug design prgaessis

ApcT and the glutamate/GABA antiporter fron coli
whose structure have been
crystallography (Maet al., 2012; Shaffeet al., 2009).

been demonstrated that contrary to LAT1, LAT2 does

solved by X-raynot accept alkyl moieties on the putative tranggbrt

molecules (Khunweeraphomgal., 2012).

Therefore homology models have been constructed

which highlight the AdiC fold for LAT transporterss
shown inFig. 3 (Geieret al., 2013). Recently, based on

homology model of LAT1, some compounds have been

specifically designed and tested as inhibitor of THA
activity in cell systems (Geieat al., 2013). This result
was achieved by comparative modeling,

4. AMINO ACID PRODRUG APPROACH

Prodrug approach aims to increase efficacy of drugs
by improving their physicochemical, biopharmaceailtic
or pharmacokinetic properties. Up to now 20% of all

virtual small molecule can be classified as prodrugs @'ig.,

screening and experimental validation. The virtual 2013). This technique consists in facilitating drug

screening has been realized using libraries of rivaa

entering into cells by means of specific transpsrte

12°000 compounds. The top scoring molecules havewidely expressed in the target tissue; the targetoiety
been then tested on HEK293 cells over-expressirg th would act as a cargo by interacting with transpoated

transporter as inhibitor of leucine uptake. Twehits
have been characterized for their ability to cf8B8 via
LAT1 and to inhibit cancer cell growth. The study
revealed some “scaffold” for improving drugs
permeability of BBB, increasing drug disposition in
CNS. Moreover, given the primary role of LAT1 in
cancer development and progression, the identificat
of molecules with cytotoxic properties such as @sid -
tyrosine and acivicin opened new perspectives ugdr
design to specifically target cancer cells. Notdtwpra

Membrane

mediating the uptake ofthe conjugated therapeugienia
across the cell membrane (Piermattial., 2008). This
approach can be used on the one hand to enhange dru
availability by increasing for example intestinalsarption
(Gaucheet al., 2004; Rouquayrad al., 2002) on the other

to reduce drug affinity towards efflux transportarsl thus

to circumvent the phenomenon known as multi-drug
resistance (Patelet al., 2013). Indeed, systemic
administration of high doses of inhibitors requitednhibit

P-gp and/or MRP2 may result in relevant toxicity.

Fig. 3. Homology structural model of human LAT2 with typigsdiC fold. The homology structural model of humbAT2 was

obtained by the Modeller 9.13 software (Sali and ngkll,

1993) using as template the structure of the

arginine/agmantineantiporter (AdiC) frob coli (PDB 30B6). To run the software, sequences wegnedi by ClustalX2
software with.pir output format. The homology modhels been represented using the molecular progkdvtD 1.9.1.

Ribbon diagram viewing from lateral side

////4 Science Publications 9

CRDD



Mariafrancesca Scaligt al. / Current Research in Drug Discovery 1 (1): 1-18,2

Moreover, this approach allows the enhancementrad d compounds which cross much easier the intestinaieba
absorption in those districts where the drug dslivis (Thwaites and Anderson, 2011). An interesting
impeded such as CNS, where the BBB prevents theapplication of amino acid prodrug strategy concerns
entry of drugs. Among the molecules used as moiety,cancer therapy and, in general, the pathological
amino acids have been considered, for a number otonditions in which a specific tissue over-express
reasons. First, the use of amino acids usuallyeg®s amino acid transporter. Tumors, in fact, are knawn
the water solubility of the conjugated drug throupk need large amount of amino acids for growth and
presence of ionized carboxylate anion or ammoniumproliferation; this need is sustained by increasing
cation (Viget al., 2013). Furthermore, the use of amino expression of plasma membrane transporters as above
acids is suitable because several membrane traaspor reported (Ganapathgt al., 2009). This feature can be
which play the physiological role of amino acids exploited to increase the delivery of a specifiegdin the
absorption, are expressed in intestinal epithelidimino target of interest without affecting normal tissue.
acid prodrugs, thus, mimic structural features loé t breast cancer the non-nucleoside anti-cancer d\488
natural substrates. Among the amino acid transpmrte valine-derivative, enters cells trough the trantgrsr
intestinal mucosa expresses high levels of theoprot ATB®*, ATA1, ATA2 and ASCT2 (Maengt al., 2014).
coupled peptide transporter 1 (PepT1, SLC15A1}hef  In prostate cancer, quinidine derivatives linked/atine
Na'-dependent neutral amino acid transporter (ATBO and isoleucine cross cell membranes via LAT1
SLC6A14) and of LAT1 Table 1). These transporters transporter (Patekt al., 2014). Another example is
are characterized by high capacity, allowing ragthke represented by increased delivery of the anti reestigl

of substrates. One of the first example of drugiedrby drug floxuridine via PepT1 (Maeng al., 2014). Even
amino acid is represented by valacyclovir and though this strategy is still at the beginningeipresents
valganciclovir esterified with valine. Later on, animportant open field in treatment of human casice
lisdexamfetamine dimesylate has been produced as

lysine amide derivative (Viget al., 2013) and refs 5. CONCLUSION

herein). In BBB the presence of amino acid
transporters, like LAT1, could be exploited to allthe
accumulation of a specific drug in this inaccessibl
district (Peuraet al., 2011). Several reports have dealt
with the use of natural amino acids as pro-moidty,-0
DOPA, 7-chlorokynurenic acid and ketoprofen via
LAT1. The uptake was inhibited by 2-aminobicyclqg (2
2, 1) heptane-2-carboxylic acid (BCH) confirmingeth
involvement of LAT1 ((Peureet al., 2011) and refs
herein). The protease inhibitors saquinavir, indinand
nelfinavir, largely used to treat HIV infectionsave
been conjugated to phenilalanine and leucine; this

strategy allowed increased absorption in the iest g 4t the beginning. Very recent studies, desediin

via LAT1 (Patel et al., 2014). Interestingly, also (he present review shed new light on the important
prodrugs with chemical structures different fromiam  ~ontribution given by these proteins to

acids have been designed to be transported by LAT1 ynarmacokinetics. Notwithstanding the delay in this
BBB (Peuraet al., 2011). Another plasma membrane research field, the involvement of amino acid
transporter used in the prodrug approach is PATICtW  transporters in common and diffuse diseases, sach a
belongs to SLC36 familyTable 1). This H-coupled,  cancer and diabetes, makes these proteins hot spot
pH-dependent, low-affinity transporter is involved  targets for drug discovery. In this scenario, the
alanine and small zwitterionic amino acids uptakie availability of the over-expressed purified human
relatively broad substrate specificity of PAT1 madbes proteins will give important efforts in discriminay
transporter an interesting target of administeredspecific inhibitors and/or substrates of the
prodrugs, like several GABA and proline related transporters, with important fall out in human hbal

As stated in the introduction, the International
Transporter Consortium and FDA gave
recommendations and guidelines for studying
interactions of transporters with drugs (Giaconainal.,
2010). In particular, the pioneer research aredraf
discovery and design is represented by identificati
of new targets of side effects. FDA highlighted the
pivotal role played by membrane transporters ingdru
disposition and, then, in pharmacokinetics.
Noteworthy, amino acid transporters were still not
present among those listed in the mentioned studies
since the information on interaction with drugs wer
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