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ABSTRACT
Administered drugs interact with membrane transporters of epithelia, Blood Brain Barrier and other
districts influencing their delivery and efficacy. Drugs can also be used as inhibitors of transporters
involved in human pathology. Drug-transporter interactions are responsible of off-target effects
contributing to toxicity. High Throughput Screening technologies increased the potential applications in
therapy or in predicting side effects. These strategies will be helpful in reducing animal experimentation.
The identification of transporters important for drug absorption, delivery and side effect production and
the best technologies for studying interactions are the main goals in this field. Amino acid transporters
are not yet considered in human therapy in spite of their involvement in several pathologies. The function
of the amino acid transporters EAAT1, ASCT2, GLYT2, GLYT1, B0AT1, LAT1 and LAT2 is so far well
characterized. Some structural data on these transporters have also been obtained by bioinformatics.
Interactions of these proteins with several drugs have been well defined at the molecular level. Large
scale and, in some cases, high throughput screening of pharmacological compounds make these
transporters of particular interest and potential application in human health.
Keywords: Amino Acid Transporters, Drug Delivery, Pharmacokinetics, Screening, Liposome
efficacy (Agarwal et al., 2013; Giacomini et al., 2010;
Mandery et al., 2012; Pardridge, 2012). Drugtransporter interactions play also key roles in
therapeutic interventions in which inhibition of a
specific transporter causes beneficial effects in human
pathologies. This applies both to transporters overexpressed in pathologies such as cancer and to
transporters expressed at normal levels (Ganapathy et al.,
2009; Penmatsa et al., 2013).
Finally, drug-transporter interactions could lead to
other unexpected and undesired effects caused
byimpairment or stimulation of physiological activity
of a specific transporter. These phenomena are
collectively known as off-target interactions, i.e.,
binding to proteins different from the primary target
of the drugs, which contributes in generating side

1. INTRODUCTION
The assumption that the majority of administered
drugs interact with membrane transporters located at
the boundary between the intra end extracellular
environment, became accepted over the years and now
is well established (DeGorter et al., 2012;
Giacomini et al., 2010; Han, 2011; Huang et al., 2008;
Nakanishi and Tamai, 2011). Noteworthy, the brush
border epithelia of intestine and kidney tubules have a
very large surface in contact with the external
environments from which drugs are absorbed after
oral administration or reabsorbed after glomerular
filtration. In these and in other districts, such as the
Blood Brain Barrier (BBB), membrane transporters
mediate delivery of most drugs influencing their
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effects. These aspects promise great progress after
developing of large scale and High Throughput
Screening (HTS) of drugs. Therefore, knowledge of the
interaction mechanisms of pharmacological compounds
with membrane transporters can help in improving drugs
bioavailability, in designing new pharmacological
inhibitors, in predicting off-target interactions. All these
applications are strategically important for reducing
animal experimentation with terrific consequences both
in ethics and costs. This research area has been
acknowledged not only by academic scientists but also
by regulatory and industrial bodies (Giacomini and
Huang, 2013). The International Transporter Consortium
(Chambers et al., 2011) provided important indications
for establishing: (i) which transporters are important for
drug absorption, delivery and excretion; (ii) the best
technologies for studying interactions of transporters with
drugs; (iii) the criteria for designing clinical studies for
evaluating drug interactions with transporters. Several
transporters are ascertained to be involved in drug delivery
and reviewed in a number of papers (Ciarimboli, 2011;
Koepsell et al., 2007; Rask-Andersen et al., 2013). More
recently, regulatory guidance in considering drugtransporter interactions have been recommended
(USFDA, 2012; EMA, 2012). Also the Society for
Laboratory Automation and Screening (SLAS,
https://www.slas.org), started to consider membrane
transporters as interesting objects for HTS and
application in drug discovery. Therefore, methodologies
which help prediction of drug transporter interactions are
very welcome. In fact, the field of membrane
transporters, being a relatively recent research area, is
continuously evolving due to the progress in
manipulating and studying the hydrophobic membrane
proteins. Consequently, also the knowledge on drugtransporter interactions and mechanisms is expanding.
As an example, amino acid transporters are not yet
considered among those recommended by the ITC, in
spite of their strategic importance in human health and
therapy. The purpose of the present review is, to trace an
update on the current and potential involvement of the
amino acids transporters in drug interaction. Specific
reference to their involvement in widely diffused
pathologies such as cancer is made.

membrane transporters that exhibit different substrate
specificity but a common evolutionary history.
The main characteristics of amino acid membrane
transporters is the apparent redundancy and overlapping
function. According to this, the same amino acids can be
substrates of different transporters belonging to different
SLCs. One typical example is the amino acid glutamine
for which a complex network of membrane transporters
exists. This phenomenon may find explanation on the
importance of maintaining amino acid homeostasis in the
whole body since these nutrients have pleiotropic roles
and each tissue may have special needs to accomplish its
function. A brief summary of the main functional
characteristics of the SLCs families including amino acid
transporter is reported in Table 1, together with
references describing interactions with drugs. In spite of
the mentioned redundancy, the localization in absorbing
epithelia as well as in tissues with high metabolic rates,
few of these proteins have been considered for
interactions with drugs or in general with xenobiotics
(Table 1). In addition, Package Inserts (PIs) of recently
approved molecules consider organic cation or anion
transporters but not amino acid ones (Agarwal et al.,
2013). Therefore, the interaction of amino acid
transporters with drugs is a relatively recent field of
investigation that, in our opinion, will grow in the next
years. An up to date of the most important achievements
in the relationships of amino acid transporters with drug
discovery and interaction will be provided. Among the
findings summarized in references reported in Table 1, a
focus will be given, together with the essential
information, on those transporters for which interactions
with drugs has been deeply analyzed by performing
small or large scale screening of pharmacological
compounds exploiting also the molecular mechanisms.
The other amino acid transporters for which the
information is still preliminary remain only listed in
Table 1 to furnish a complete overview of status artis.

3. INTERACTIONOF AMINO ACID
TRANSPORTERS WITH DRUGS
3.1. SLC1A3: EAAT1
EAAT1, also known as GLAST1belongs to SLC1
family. EAAT1 (SLC1A3) gene has been identified
together with SLC1A1 (EAAT3) and SLC1A2
(EAAT2). Later, the other subtypes EAAT4 and EAAT5
were identified. These transporters are responsible of
glutamate and aspartate uptake in neurons. In particular,
EAAT1 besides astrocytes is mainly expressed in heart,
skeletal muscle and placenta (Grewer et al., 2014).

2. AMINO ACID TRANSPORTERS
Several SLC families, grouped on the basis of
sequence similarity, include amino acid transporters
among their members. This classification had as a
consequence the presence, in the same SLC family, of
Science Publications
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Table 1. The basic characteristics of the amino acid transporters. The SLC classifications is reported; the major substrates of transporters are indicated; known interaction
with drugs are reported with relative references (in italics those references dealt within the manuscript)
Family Amino acid Transporter
SLC1 A1
A2
A3
A4
A5
A6
A7
SLC6 A5
A7
A9
A14
A15
A17
A18
A19
A20
SLC7 A1
A2
A3
A5
A6
A7
A8
A9
A10
A11
A13
SLC16 A10
SLC36 A1
A2
A4
SLC38 A1
A2
A3
A4
A5
A7
SLC43 A1
A2

Aliases
EAAT3
EAAT2
EAAT1
ASCT1
ASCT2
EAAT4
EAAT5
GlyT2
PROT
GlyT1
ATB0,+
B0AT2
XT1
B0AT3
B0AT1
XT3
CAT-1
CAT-2
CAT-3
LAT1
y+LAT2
y+LAT1
LAT2
b0,+AT
Asc-1
xCT
AGT-1
MCT10
PAT1
PAT2
PAT4
SNAT1
SNAT2
SNAT3
SNAT4
SNAT5
SNAT7
LAT3
LAT4

Main substrate
Glu/Asp
Glu/Asp
Glu/Asp
Ala/Ser/Cys/Thr
Ala/Ser/Gln/Thr/Asn
Glu/Asp
Glu/Asp
Gly
Pro
Gly
neutral and cationic amino acids
large neutral amino acids
neutral amino acids
neutral amino acids
neutral amino acids
Pro
cationic amino acids
cationic amino acids
cationic amino acids
large neutral amino acids
cationic and neutral amino acids
cationic and neutral amino acids
neutral amino acids
cationic and neutral amino acids
small neutral amino acids
CySS/Glu
Asp/Glu
Aromatic amino acids
Ala
Pro/Glu/Ala
Trp
Gln/Ala/Asn/CysHis/Ser
Ala/Asn/Cys/Gln Glu/his/Met/Pro Ser
Gln/His/Ala/Asn
Ala/Asn/Cys/Glu Ser/Thr
Gln/Asn/His/Ser
Gln/His/Ser/AlaAsn
Branched chain amino acids
Branched chain amino acids

and Na+ binding sites have been derived. Under a
physiological point of view, EAAT1 together with the
other glutamate transporters contribute to the
regulation of synaptic neurotransmission, to the
GABA supply into
neurons and
to the
glutamine/glutamate cycle (Grewer et al., 2014).
Given these functions, it is not surprising that
alterations of glutamate transporters can be
responsible of a wide range of diseases, such as
alcohol dependence, Alzheimer disease, autism,
depression, ALS, Huntington disease (Grewer et al.,
2014) (and refs herein). In the case of EAAT1, a
single point mutation (P290R) appears to be the genetic
basis of a form of ataxia, hemiplegia and seizure,
referred to as Episodic Ataxia 6 (EA6) (Jen et al.,
2005). The involvement of
EAATs in several

A complex electrogenic mechanism in which a
glutamate anion is co-transported with three Na+ ions
and exchanged for one K+ was described by
electrophysiological measurements. This system
allows glutamate uptake against its concentration
gradient. Associated to Na+ current, an anion
permeability has also been shown even though its
physiological role is still unclear (Wadiche et al.,
1995). Further insights in the EAAT translocation
pathway have been obtained upon homology model
built on the crystallized orthologous glutamate
transporter from P.horikoshii (Yernool et al., 2004).
These transporters show a Gltph fold which is also
shared by the ASCT transporters (Fig. 1). Even
though this transporter does not couple K+ counter
transport to glutamate uptake, the location of substrate
Science Publications

Known drug interactions
(Jensen and Brauner-Osborne, 2004);
(Jensen and Brauner-Osborne, 2004)
(Jensen and Brauner-Osborne, 2004)
none
(Albers et al., 2012; Oppedisano et al., 2012);
(Zheng et al., 2010)
none
(Vandenberg et al., 2014)
none
(Parrott et al., 2013) (Sugane et al., 2013)
(Muller et al., 2014) (Karunakaran et al., 2011)
(Januchowski et al., 2014)
none
none
(Pochini et al., 2014)
none
(Grupper et al., 2013) (Speranza et al., 2011)
none
(Januchowski et al., 2014)
(del Amo et al., 2008)
none
none
(del Amo et al., 2008)
(Kadam et al., 2013)
(Brown et al., 2014) (Helboe et al., 2003)
(Dixon et al., 2014) (Albrecht et al., 2010)
none
(Gao et al., 2013)
(Schioth et al., 2013); (Edwards et al., 2011) (Thwaites and Anderson, 2011)
(Schioth et al., 2013); (Edwards et al., 2011) (Thwaites and Anderson, 2011)
(Schioth et al., 2013); (Thwaites and Anderson, 2011)
(Schioth et al., 2013); (Kwak et al., 2012)
(Schioth et al., 2013); (Kwak et al., 2012)
(Rahamimoff et al., 2013)
(Schioth et al., 2013); (Januchowski et al., 2014)
(Misiewicz et al., 2013)
none
(Wang et al., 2013)
(Xie et al., 2013)
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pathologies made these proteins interesting targets for
pharmacology and drug design. In particular,
searching for substrate binding requirement allowed to
find efficient inhibitors of transport. Inhibitors are
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 interaction. A
large scale screening of more than 3000 drugs has
been performed leading to design of coumarin
analogues responsible of non- competitive inhibition.
This result was particularly relevant because allowed,
for the first time,the identification of a binding pocket
specific for EAAT1 that did not overlap with EAAT2
and EAAT3 (Erichsen et 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 toxin has
been associated to increase of glutamate transporter
function (Fontana et al., 2007). In 2004 the first
attempt of high throughput screening for EAATs has
been reported. A fluorescent based assay has been
developed using HEK293 cells stably transfected with
EAAT1, 2 or 3 in which the transporter activity has
been measured in presence of different effectors. The
assay was based on measuring the charge movement
associated to glutamate or aspartate translocation. The
suitability of this tool has been validated by
performing, in parallel, canonical experiments. Then,
in the same cells the uptake of radiolabelled substrates
in presence of the same inhibitors has been followed.
This report was the first attempt of validating an High
Throughput Screening for testing a huge number of
pharmacological compounds. Interestingly, another
member of SLC1 family, named SLC1A6 (EAAT4),
has been considered for a drug screening (Zheng et al.,
2010). This study, however, was designed to test
twenty-one FDA approved drugs on three membrane
transporters with different specificities in order to
distinguish true inhibitory effects from false positive
ascribed to cytotoxicity. In the mentioned work, four
different drugs were found to inhibit EAAT4 stably
over-expressed in HEK293; however, only one drug,
i.e., fluvastatin targeted EAAT4 without exerting
cytotoxic effect. This finding suggested a molecular
scaffold suitable for designing good EAAT4 inhibitors.
Science Publications

Fig. 1. Homology structural model of human ASCT2 with
typical Gltph fold. The homology structural model of
human ASCT2 was obtained by the Modeller 9.13
software (Sali and Blundell, 1993) using as template the
structure of the glutamate transporter (Gltph) from P.
horikoshii (PDB 1XFH). To run the software, sequences
were aligned by ClustalX2 software with. pir output
format. The homology model has been represented
using the molecular program VMD 1.9.1. Ribbon
diagram viewing from lateral side

3.2. SLC1A5: ASCT2
ASCT2 belongs to the SLC1 family. ASCT2
(SLC1A5) gene encodes a peptide of 541 amino acids
(Kekuda et al., 1996). The expression profile of this
protein is quite broad: kidney, intestine, brain, lung,
skeletal muscle, placenta and pancreas (Broer and
Brookes, 2001; Deitmer et al., 2003; Gliddon et al.,
2009; Kekuda et al., 1996; Utsunomiya-Tate et al.,
1996). ASCT2 function has been extensively studied
using different experimental approaches: cell systems
(Torres-Zamorano et al., 1998) as well as
proteoliposome reconstituted with the rat transporter
extracted from kidney brush borders (Oppedisano et al.,
2004; 2007) and, more recently, with the human isoform
over-expressed in P.pastoris (Pingitore et al., 2013).
ASCT2 is an amino acid transporter whose acronym
stands for AlaSerCysTransporter 2, even though, it is
now well recognized that it has a primary role as
glutamine transporter. All the experimental data coming
4
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from different models described similar basic properties:
ASCT2 is an obligatory antiporter of neutral amino acids
strictly Na+-dependent, since it does not tolerate
substitution with Li+. The preferred substrates, besides
glutamine, are: alanine, threonine, serine, leucine,
valine, asparagine, methionine, isoleucine, tryptophan,
histidine and phenylalanine, while glutamate, lysine,
arginine, MeAIB and BCH are not substrate neither
inhibitors. A functional and kinetic asymmetry has been
reported: glutamine, serine, asparagine and threonine
are bi-directionally transported while alanine, valine
and methionine can be only inwardly transported
(Pingitore et al., 2013). The overall transport reaction of
hASCT2 follows a random simultaneous mechanism as
recently reported in proteoliposomes (Scalise et al., 2014).
A functional aspect still underneath is the electrical nature
of the transport reaction; after several contradictory
reports (Utsunomiya-Tate et al., 1996; Zander et al.,
2013), this issue has been recently dealt with the purified
hASCT2, demonstrating a positive regulation by imposed
membrane potential due to an electrogenic component in
the substrates translocation (Scalise et al., 2014). Under a
physiological point of view, hASCT2 is involved in amino
acid absorption in epithelia and other tissues contributing
to the glutamine-glutamate cycle in brain and placenta.
The regulation of transport activity is poorly
characterized; it has been recently reported a positive
regulation by intracellular Na+. Interestingly, a physical
interaction with the scaffold protein PDZK1 has been
described both in vitro and in vivo opening new
perspectives of investigation. The regulation of ASCT2
expression is also underneath; it is linked to mTOR
signaling (Nicklin et al., 2009). The interest for ASCT2 in
human health arose some years ago, when a link of this
transporter with cancer was discovered. Cancer cells have
a special need for glutamineand hence, over-express
ASCT2 and LAT1 transporters (Fuchs and Bode, 2005).
Glutamine taken up with higher efficiency enters a
truncated form of TCA for producing metabolic energy.
This derangement occurs in cancer cells together with the
well known switch towards anaerobic glucidic
metabolism, known as Warburg effect (Ganapathy et al.,
2009). Very recently and in line with the role of ASCT2
in cancers, it has been shown that the constitutive pRb
degradation of cancer cells leads to enhanced expression
of ASCT2 (Reynolds et al., 2014). The over-expression
of ASCT2 is a hallmark of several cancers (Indiveri et al.,
2014), starting investigation on inhibitors targeting
specifically this protein. This kind of studies relies on the
availability of three dimensional structures or homology
models of the protein. As above mentioned, SLC1 family
Science Publications

members share the Gltph fold (Yernool et al., 2004). The
glutamate transporter from P.horikoshii has a trimeric
quaternary structure; each protomer represents an
independent transport unit, formed by eight
transmembrane domains and two hairpin loops (HP1 and
HP2) which are thought to be involved in substrate
translocation (Boudker et al., 2007; Reyes et al., 2009).
This may be valid also for ASCT2, whose rat an human
(Fig. 1) homology models have been constructed using the
Gltph as template (Albers et al., 2012; Oppedisano et al.,
2010; Pingitore et al., 2013; Zander et al., 2013).
Significant differences between the rat and
humanisoforms, in a region predicted in the vicinity of the
substrate binding site were found (Oppedisano et al.,
2010). In addition, in the two proteins the total number of
Cys residues is very different, being doubled in rat
isoform. This represents an important issue since studies
in proteoliposomes revealed that Cys residues are involved
in substrate translocation. In one of the first study
conducted on rat ASCT2 glutamine derivatives were
designed as inhibitors which, however, showed very low
affinity (IC50 in the range of 500 µM for the transporter
(Esslinger et al., 2005). Then, a combined approach of
docking and experimental validation has been used to
improve this outcome; moreover, criteria for designing
interactorsof this protein have been drown (Albers et al.,
2012). The model predicts that small side-chain amino
acids with low hydrophobicity (and their derivatives)
interact with a transport competent form of the transporters
behaving as substrates. While molecules with aromatic side
chains interact with high affinity with the transporter
behaving as inhibitor. Using the predictions, a potent
inhibitor serine biphenyl-4-carboxylate was designed
exhibiting an apparent Ki of 30 µM. Validation of the
results were performed by measuring the anion conductance
of rat ASCT2. This electrophysiological measurement
however, is not the most appropriate activity assay for
ASCT2, since gives indirect measurement of specific
transport. According to the finding that rat ASCT2 is
strongly inhibited by SH reagents (Oppedisano et al., 2010;
Pingitore et al., 2013), a screening of molecules which
react with SH functional groups was performed testing
many chemical compounds chosen among known or
newly synthesized molecules (Oppedisano et al., 2012).
By using this approach, irreversible inhibitors, with the
scaffold of dithiazoles, were identified with higher
affinity, i.e., IC50 of 6 µM (Oppedisano et al., 2012),
respect to the substrate analogues (Albers et al., 2012).
Irreversible inhibitors will have the advantage of stably
inactivate the transporter with respect to competitive
inhibitors, which are displaceable by the substrate. This
5

CRDD

Mariafrancesca Scalise et al. / Current Research in Drug Discovery 1 (1): 1-16, 2014

symptoms which overlap some human hereditary disease:
Glycine encephalopathy and hyperkplexia, characterized
by hypoglycinergic transmission. More interesting, for the
wider range of applicability, is the link with
schizophrenia: Inhibition of GlyT1 exerts positive effect
on schizophrenic patients (Sur and Kinney, 2004).
GlyT1 and GlyT2 proteins share 50% amino acid
sequence identity with C and N termini intracellularly
located (Eulenburg et al., 2005) and references herein).
Three-dimensional structures of these transporters is not
available, even though homology models have been
recently built on the basis of dopamine transporter from
Drosophila melanogaster revealing a LeuT fold like
B0AT1 which belongs to the same SLC family (Fig. 2).
The transporters are formed by 12 transmembranes helices
with ion and substrate binding sites at the bottom of a
cavity. The availability of the model allowed the
investigation of a novel aspect in pharmacological
research, i.e., treatment of chronic pain. This is, in fact, an
important issue, since the current analgesic do not work
properly in mitigating pain symptoms (Vandenberg et al.,
2014). Interestingly, drugs able to inhibit GlyTs can
reverse the nociceptive signals. In this respect, two
inhibitors specific for GlyT2 revealed to be more effective
than those designed for GlyT1. These studies have been
conducted on animal models showing the potential
application of these inhibitors in the treatment of pain. The
molecules have been docked in the tridimensional
structural model of GlyTs (Vandenberg et al., 2014).
However, there are still concerns with the use of such
drugs for the possible side effects; they need to be
optimized in order to reduce GlyT2 activity without
compromising the filling of synaptic vescicles with
glycine. In the same work, the potential role of an
endogenous analgesic has been evaluated. The fatty acid
N-Arachidonic Glycine (NAGly) which has a structure
related to the endocannabinoid anandamine, seems to
alleviate pain in animal models trough interaction with
GlyT2; this began the investigation on lipid inhibitors
such as Oleoyl-carnitine. This area represents an open
research field in drug design, even though the use of
lipid-like structure may have the problem of forming
micelles. This would make difficult the measurement of
true drug concentration as well as the prediction of “offsite” targets (Vandenberg et al., 2014).

property makes such molecules, potentially relevant in
specifically inhibiting ASCT2 activity in cancer cells.
Given the pivotal role played in cancer
development/progression, the most striking interest
about this transporter is towards the human protein.
Notwithstanding rat transporters are considered suitable
models of their human orthologs, in the case of ASCT2
this criterion is not completely fulfilled for the reasons
already discussed. Therefore, the possibility of working
with the recombinant human transporter is an important
achievement in the research field of drug-transporter
interactions (Pingitore et al., 2013). Taking into
account that the proteoliposome model gives the
possibility to study the specific properties of a
transporter, in the absence of any interferences, large
screening of drugs will be performed on hASCT2
(Scalise et al., 2013) with the aim to identify potent
inhibitors potentially applicable to human therapy.

3.4. SLC6A5 and SLC6A9: GLYT2 and GLYT1
GlyT2 (SLC6A5) and GlyT1 (SLC6A5) belong to
SLC6 family. The two genes encode transport proteins
localized mainly in CNS. GlyT1 is mainly expressed in
astrocytes at both pre and post synaptic terminals, but is also
found in liver and pancreas (Eulenburg et al., 2005). GlyT2
has, on the contrary, exclusively a neuronal expression
restricted to presynaptic terminals (Eulenburg et al., 2005).
These transporters are responsible of regulating glycine
concentrations in inhibitory neurons as well as in
glutamatergic synapses. The reaction is energetically
coupled to sodium gradient across membranes even
though with two different stoichiometries: 3Na+/Cl-/ Gly
and 2Na+/Cl-/ Gly for GlyT2 and GlyT1, respectively.
This dependence on Na+ gradient is responsible of the
different ability of the two transporters to accumulate
glycine in cells. Regulation of these transporters is tight
and still under investigation: Arachidonic acid, deriving
from phospholipase A2 inhibits GlyT1, pH modulates
GlyT1 activity trough interaction with an His residue.
Furthermore, Zn2+ that is co-released with glutamate
inhibits specifically GlyT1 without interfering with
GlyT2 activity. GlyT2 expression levels are positively
modulated by membrane depolarization, Ca2+- mediated.
Some interactors of GlyTs have been described such as
the PDZ protein syntenin-1 (Eulenburg et al., 2005). The
interest in studying these transporters relies on their
involvement in neurological diseases characterized by
glycinergic neurotransmission alterations. These
phenomena have been firstly described in knock-out
mice for GlyTs. The animals show lethal phenotypes
early after birth, with a wide range of neurological
Science Publications

3.5. SLC6A19: B0AT1
B0AT1 belongs to the SLC6 family. B0AT1
(SLC6A19) gene encodes a transport protein localized
mainly in kidney and intestine (Broer, 2006; Pramod et al.,
2013; Verrey et al., 2005). B0AT1 recognizes glutamine,
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leucine, cysteine, valine, isoleucine, methionine,
phenylalanine, alanine, serine and asparagine as main
substrates with half saturation constants in µM range.
Arginine, lysine, aspartate, glutamate and MeAIB are not
substrate. Transporter function and regulation have been
studied both in cell systems and in proteoliposomes. By
mean of this tool the overall transport mechanism of the
rat protein has been revealed as random simultaneous. In
addition a kinetic asymmetry for glutamine has been
reported. As expected for a transporter belonging to the
Na+-dependent neurotransmitter family, the transport
mechanism is strictly Na+-dependent and does not tolerate
substitution with Li+. Moreover, B0AT1 mediated
transport is electrogenic, not influenced by Cl- and exhibits
a stoichiometry of 1aa:1 Na+ (Oppedisano et al., 2011).
Electrophysiology documented a channel-like activity,
associated to substrate translocation, (Camargo et al.,
2005). Under a physiological point of view, B0AT1 can
be considered the main transporter involved in glutamine
absorption and re-absorption in intestine and kidney,
respectively (Bohmer et al., 2005; Broer et al., 2011;
Camargo et al., 2005). B0AT1 expression is positively
regulated by the Janus Kinase 2 and collectrin that
increase protein abundance in the cell membrane
(Bhavsar et al., 2011) and negatively regulated by leptin.

Moreover, the function of B0AT1 is up-regulated by
PKB/Akt also in tumor cells (Bogatikov et al., 2012). A
specific allosteric regulation by K+ has been described:
K+ indeed, shows a biphasic modulation at the
intracellular site with stimulation up to 50 mM internal
(intracellular) K+ and inhibition at higher K+
concentrations (Oppedisano and Indiveri, 2008).
The importance of B0AT1 is demonstrated by the
occurrence of a mendelian disease referred to as Hartnup
disease (OMIM 234500) caused by mutations of human
gene encoding for this transporter.
As for the other mammalian amino acid transporters
dealt within this review, three-dimensional structure of
this protein is not available; however, B0AT1 displays a
LeuT fold (Fig. 2). This architecture influences the
substrate choice: Transported amino acid have Lconfiguration, net neutral charge and hydrophobic side
chains which interact with hydrophobic pocket. Moving
from the models, structure/function relationships studies
have been conducted on the rat B0AT1. This protein
harbors two metal binding motifs: The CXXC (containing
C200/C203) and the CXXXC motifs (containing
C45/C49). These are responsible of strong inhibition by
heavy metals which are harmful environmental pollutants.

Fig. 2. Homology structural model of human B0AT1 with typical LeuT fold.The homology structural model of human
B0AT1 was obtained by the Modeller 9.13 software (Sali and Blundell, 1993) using as template the structure of
the Dopamine transporter from D. melanogaster (PDB 4M48). To run the software, sequences were aligned by
ClustalX2 software with.pir output format. The homology model has been represented using the molecular
program VMD 1.9.1. Ribbon diagram viewing from lateral side
Science Publications
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Regarding B0AT1 role in pharmacokinetics very
little is known. Interestingly, several drugs interact with
sodium-coupled transporters, with the same fold as
B0AT1, such as the GABA transporter and SERT
(Agarwal et al., 2013; Penmatsa et al., 2013). Taken
together these observations suggested to perform a
screening of different pharmaceutical compounds,
commonly used in human therapy, using the B0AT1
protein from rat kidney in proteoliposomes. Among the
tested compounds the anti inflammatory nimesulide is a
potent inhibitor and thus, a combined proteoliposomebioinformatics experimental strategy has been adopted
to reveal the molecular mechanism of inhibition
(Pochini et al., 2014). The mentioned study highlighted
that nimesulide exerts an inhibitory effect on glutamine
uptake in a non competitive fashion since binds to an
external dedicated binding site causing steric hindrance and
thus, abolishing substrate translocation. Very interestingly,
when the same study is conducted with respect to the other
substrate of B0AT1, i.e., Na+, the inhibition followed a
competitive mode.The relevance of such study is based on
the high degree of identity between the rat and human
isoform (more than 87% identity).

small neutral amino acids with millimolar Km values. In
cell systems, transport mediated by LAT1 and LAT2 is
specifically inhibited by the non-metabolizable analogue
BCH. Under a physiological point of view, LAT1 and
LAT2 are involved in equilibrating the pools of neutral
amino acids, whose net uptake derive from other
transporters (del Amo et al., 2008).
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 (Hayashi et al., 2012), a
known transcription factor that controls genes involved
in cell cycle and metabolism. The knock out of c-myc
triggers down-regulation of LAT1 expression in prostate
cancer cells with subsequent decrease of proliferation
(Hayashi et al., 2012). Given those information, it is not
surprising that LAT1 and LAT2 are important target in
pharmacology and pharmacokinetics (del Amo et al.,
2008). However, the bottleneck of these studies is
represented by the overlapping functions of LATs
transporters and of other amino acid transporters, which
hamper the measurements of affinity constants as well as
the single contribution of each amino acid transporter in
pharmacokinetics. Very interestingly, LAT1/CD98 and
LAT2/CD98 heterodimers have been heterologously
over-expressed in E.coli and P.pastoris, respectively
shedding light on important functional and structural
aspects (Costa et al., 2013; Galluccio et al., 2013). In
particular, the availability of studying such proteins
isolated from the cellular context, represents an essential
condition for drug interaction analysis. Up to now the
main studies conducted with LAT1 and LAT2 in cell
systems have been focused on BBB, since these
transporters are highly expressed in that membrane. LDOPA, used by Parkinsonian patients is transported by
LAT1 and LAT2 across the BBB (Km ranging from 30
to 100 µM in rodents) and its absorption is decreased by
high protein diet, because amino acids compete for LDOPA. Notwithstanding, there is not a definitive proof
of LAT1 and LAT2 contribution in L-DOPA
pharmacokinetics. The same results can be summarized
for the anticancer drug mephalan and the structural
analogs of GABA, gabapentin and baclofen used in
epilepsy. The BBB in vitro models show transport of
these drugs by LAT1 and LAT2 even though no
mechanistic experiments definitively prove the role of
the transporters in drug disposition and clearance.
Alignment between hLAT1 and hLAT2 shows 50%
identity; 12 TMDs are predicted for the two proteins

3.6. SLC7A5 and SLC7A8: LAT1 and LAT2
L-type Amino acid Transporters 1 (LAT1) and 2
(LAT2) belong to the large SLC7 family which includes
two transporter subgroups: The Cationic Amino acid
Transporters, CATs and the light subunits of
Heterodimeric Amino acid Transporters, HATs. LAT1
and LAT2 are classified in this second subgroup. Their
cDNAs have been isolated and identified in 1998 and in
1999 (Kanai et al., 1998; Pineda et al., 1999; Prasad et al.,
1999; Segawa et al., 1999).
LAT1 and LAT2 are widely expressed (brain, ovary,
testis, placenta, spleen, colon, blood-brain barrier, fetal
liver, activated lymphocytes, skeletal muscle, heart, lung,
thymus and kidney (Kanai et al., 1998; Yoon et al.,
2005). In polarized epithelia cells, they are mainly
localized at the basolateral membranes. LAT1 and LAT2
activity has been studied in cell systems. They work as
heterodimers with the glycoprotein 4F2hc (CD98)
encoded by SLC3A2 gene. The interaction occurs by
formation of a disulfide bridge involving conserved Cys
residues and it seems that the main role of 4F2hc is to
route transporters to plasma membrane (Palacin and
Kanai, 2004). The transport mode of LAT1 and LAT2 is
quite similar, being Na+-independent antiport of amino
acids, while the substrate preference is different: LAT1
mediates transport of large neutral amino acids with Km
in micromolar range, while LAT2 mediates transport of
Science Publications
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with intracellular N- and C-terminals. LAT1 and LAT2
show similarity with the arginine/agmantineantiporte
rAdiC, the broad-specificity amino acid transporter
ApcT and the glutamate/GABA antiporter from E. coli
whose structure have been solved by X-ray
crystallography (Ma et al., 2012; Shaffer et al., 2009).
Therefore homology models have been constructed
which highlight the AdiC fold for LAT transporters as
shown in Fig. 3 (Geier et al., 2013). Recently, based on
homology model of LAT1, some compounds have been
specifically designed and tested as inhibitor of LAT1
activity in cell systems (Geier et al., 2013). This result
was achieved by comparative modeling, virtual
screening and experimental validation. The virtual
screening has been realized using libraries of more than
12’000 compounds. The top scoring molecules have
been then tested on HEK293 cells over-expressing the
transporter as inhibitor of leucine uptake. Twelve hits
have been characterized for their ability to cross BBB 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 identification
of molecules with cytotoxic properties such as 3-iodo-Ltyrosine and acivicin opened new perspectives in drug
design to specifically target cancer cells. Noteworthy, a

recent study revealed some structural features that can
discriminate LAT1 and LAT2 activities, since this is an
important issue to solve in the drug design process; it has
been demonstrated that contrary to LAT1, LAT2 does
not accept alkyl moieties on the putative transported
molecules (Khunweeraphong et al., 2012).

4. AMINO ACID PRODRUG APPROACH
Prodrug approach aims to increase efficacy of drugs
by improving their physicochemical, biopharmaceutical
or pharmacokinetic properties. Up to now 20% of all
small molecule can be classified as prodrugs (Vig et al.,
2013). This technique consists in facilitating drug
entering into cells by means of specific transporters
widely expressed in the target tissue; the targeting moiety
would act as a cargo by interacting with transporter and
mediating the uptake ofthe conjugated therapeutic agent
across the cell membrane (Piermatti et al., 2008). This
approach can be used on the one hand to enhance drug
availability by increasing for example intestinal absorption
(Gaucher et al., 2004; Rouquayrol et al., 2002) on the other
to reduce drug affinity towards efflux transporters and thus
to circumvent the phenomenon known as multi-drug
resistance (Patel et al., 2013). Indeed, systemic
administration of high doses of inhibitors required to inhibit
P-gp and/or MRP2 may result in relevant toxicity.

Fig. 3. Homology structural model of human LAT2 with typical AdiC fold. The homology structural model of human LAT2 was
obtained by the Modeller 9.13 software (Sali and Blundell, 1993) using as template the structure of the
arginine/agmantineantiporter (AdiC) from E. coli (PDB 3OB6). To run the software, sequences were aligned by ClustalX2
software with.pir output format. The homology model has been represented using the molecular program VMD 1.9.1.
Ribbon diagram viewing from lateral side
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compounds which cross much easier the intestinal barrier
(Thwaites and Anderson, 2011). An interesting
application of amino acid prodrug strategy concerns
cancer therapy and, in general, the pathological
conditions in which a specific tissue over-express an
amino acid transporter. Tumors, in fact, are known to
need large amount of amino acids for growth and
proliferation; this need is sustained by increasing
expression of plasma membrane transporters as above
reported (Ganapathy et al., 2009). This feature can be
exploited to increase the delivery of a specific drug in the
target of interest without affecting normal tissue. In
breast cancer the non-nucleoside anti-cancer drug SN-38,
valine-derivative, enters cells trough the transporters
ATB0,+, ATA1, ATA2 and ASCT2 (Maeng et al., 2014).
In prostate cancer, quinidine derivatives linked to valine
and isoleucine cross cell membranes via LAT1
transporter (Patel et al., 2014). Another example is
represented by increased delivery of the anti neoplastic
drug floxuridine via PepT1 (Maeng et al., 2014). Even
though this strategy is still at the beginning, it represents
an important open field in treatment of human cancers.

Moreover, this approach allows the enhancement of drug
absorption in those districts where the drug delivery is
impeded such as CNS, where the BBB prevents the
entry of drugs. Among the molecules used as moiety,
amino acids have been considered, for a number of
reasons. First, the use of amino acids usually increases
the water solubility of the conjugated drug through the
presence of ionized carboxylate anion or ammonium
cation (Vig et al., 2013). Furthermore, the use of amino
acids is suitable because several membrane transporters,
which play the physiological role of amino acids
absorption, are expressed in intestinal epithelium. Amino
acid prodrugs, thus, mimic structural features of the
natural substrates. Among the amino acid transporters,
intestinal mucosa expresses high levels of the protoncoupled peptide transporter 1 (PepT1, SLC15A1), of the
Na+-dependent neutral amino acid transporter (ATB0,+,
SLC6A14) and of LAT1 (Table 1). These transporters
are characterized by high capacity, allowing rapid uptake
of substrates. One of the first example of drug carried by
amino acid is represented by valacyclovir and
valganciclovir esterified with valine. Later on,
lisdexamfetamine dimesylate has been produced as
lysine amide derivative (Vig et al., 2013) and refs
herein). In BBB the presence of amino acid
transporters, like LAT1, could be exploited to allow the
accumulation of a specific drug in this inaccessible
district (Peura et al., 2011). Several reports have dealt
with the use of natural amino acids as pro-moiety of LDOPA, 7-chlorokynurenic acid and ketoprofen via
LAT1. The uptake was inhibited by 2-aminobicyclo (2,
2, 1) heptane-2-carboxylic acid (BCH) confirming the
involvement of LAT1 ((Peura et al., 2011) and refs
herein). The protease inhibitors saquinavir, indinavir and
nelfinavir, largely used to treat HIV infections, have
been conjugated to phenilalanine and leucine; this
strategy allowed increased absorption in the intestine
via LAT1 (Patel et al., 2014). Interestingly, also
prodrugs with chemical structures different from amino
acids have been designed to be transported by LAT1 in
BBB (Peura et al., 2011). Another plasma membrane
transporter used in the prodrug approach is PAT1, which
belongs to SLC36 family (Table 1). This H+-coupled,
pH-dependent, low-affinity transporter is involved in
alanine and small zwitterionic amino acids uptake. The
relatively broad substrate specificity of PAT1 made this
transporter an interesting target of administered
prodrugs, like several GABA and proline related
Science Publications

5. CONCLUSION
As stated in the introduction, the International
Transporter
Consortium
and
FDA
gave
recommendations and guidelines for studying
interactions of transporters with drugs (Giacomini et al.,
2010). In particular, the pioneer research area of drug
discovery and design is represented by identification
of new targets of side effects. FDA highlighted the
pivotal role played by membrane transporters in drug
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 were
still at the beginning. Very recent studies, described in
the present review shed new light on the important
contribution
given
by
these
proteins
to
pharmacokinetics. Notwithstanding the delay in this
research field, the involvement of amino acid
transporters in common and diffuse diseases, such as
cancer and diabetes, makes these proteins hot spot
targets for drug discovery. In this scenario, the
availability of the over-expressed purified human
proteins will give important efforts in discriminating
specific inhibitors and/or substrates of the
transporters, with important fall out in human health.
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