J. Membrane Biol. 172, 181-192 (1999) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 1999

Topical Review

New Glycoprotein-Associated Amino Acid Transporters

F. Verrey', D.L. Jack?, I.T. Paulser?, M.H. Saier, Jr.? R. Pfeiffer®
Ynstitute of Physiology, University of Zich, Winterthurerstrasse 190, CH-8057ri¢h, Switzerland
2Department of Biology, University of California at San Diego, La Jolla, CA 92093-0116, USA

Received: 20 July 1999/Revised: 7 September 1999

Abstract. The L-type amino acid transporter LAT1 has nematode members, the family of glycoprotein-assc
recently been identified as being a disulfide-linked “light ciated amino acid transporters (gpaAT family).

chain” of the ubiquitously expressed glycoprotein 4F2hc/

CD98. Several LAT1-related transporters have beerkey words: Cystinuria — Lysinuric protein intolerance
identified, which share the same putative 12-transmem-— Proximal kidney tubule — Membrane carrier — Per.
brane segment topology and also associate with thenease

single transmembrane domain 4F2hc protein. They dis-

play differing amino acid substrate specificities, trans-

port kinetics and localizations such as, for instance,The LAT Cluster of the APC Family

y*LAT1 which is localized at the basolateral membrane ) . . ) )

of transporting epithelia, and the defect of which caused he amino acid/polyamine/choline (APC) superfamily o
lysinuric protein intolerance. The®BAT transporter ~transporters is one of the largest families of transporte
which associates with the 4F2hc-related rBAT protein toknown in nature with approximately 300 sequence
form the luminal high-affinity diamino acid transporter members currently in the protein databases. Only tf
defective in cystinuria, belongs to the same family of ATP-binding cassette (ABC) and major facilitator (MFS)
glycoprotein-associated amino acid transporters (gpaATspuperfamilies have significantly more members ident
These glycoprotein-associated transporters function aded [38] (http://www-biology.ucsd.edlipaulsen/
amino acid exchangers. They extend the specificityiransport/). The APC superfamily includes members th;
range of vectorial amino acid transport when located infunction as solute:cation symporters (importers) and sc
the same membrane as carriers that unidirectionallyite:solute antiporters (exchangers) [25, 28]. These h
transport one of the exchanged substrates. gpaATs b&0logous integral membrane transport proteins appear
long to a phylogenetic cluster within the amino acid/ €xhibit uniform topology, generally with twelve trans-
polyamine/choline (APC) superfamily of transporters. Meémbranex-helical spanners (TMDs) in a single poly-
This cluster, which we designate the LAT family (named Peptide which varies in size from about 400 amino aci
after its first vertebrate member), includes some mem/!esidues to about 800 residues [12, 22-24, 55]. Some
bers from nematodes, yeast and bacteria. The latter ¢he larger APC family members of animals have bee
these proteins presumably lack association with a secongown to serve as viral receptors [47].

subunit. In this review, we focus on the animal members ~ The substrate specificities of some APC superfamil

of the LAT cluster that form, together with some of the transporters have been carefully studied revealing th
while some have exceptionally broad specificity fol

amino acids, others are restricted to just one or a fe
amino acids [4, 25, 28, 51]. The APC superfamily is
represented in each of the major phylogenetic kingdon
I (plants, animals, yeast, bacteria and archaea) (http
Correspondence tcF. Verrey www-biology.ucsd.edu/msaier/transport/). A recen
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Fig. 1. Phylogenetic tree of the proteins of the LAT family. The protein abbreviations are provided in Table 1 and the species are indicated
prefix (italic). The branch lengths are a measure of the sequence divergence of the proteins and are approximately proportional to phyl
distance. The tree displayed was prepared from a complete multiple sequence alignment of the proteins of the LAT cluster using the progra
(Feng & Doolittle, 1996). The accuracy of this tree was evaluated by bootstrap analysis and confirmed by the preparation of similar trees u
programs ClustalX (Higgins et al., 1996) and Phylip (Felsenstein, 1989).

study has led to the suggestion that this superfamily iSTransmembrane Amino Acid Transport
related to other currently recognized families of aminoRequirements in Animal Cells
acid transporters, but this has yet to be rigorously estab-
lished [67]. Phylogenetic characterization of the super-Transport of amino acids across cellular membranes
family has revealed that it can be divided into ten distinctadapted to the needs of each specific cell as well as
families or phylogenetic clusters [D.L. Jack, I.T. Paulsenlocal and systemic requirements. For instance, unidire
and M.H. Saierpunpublished datga tional active transport of amino acids occurs across (r
One of these clusters within the APC superfamily, absorptive epithelia such as the small intestine and tl
which we designate the LAT family, consists primarily kidney proximal tubule, and across cell layers separatir
of amino acid exchangers from animals, which transporbody compartments such as the vascular endothelit
neutral, cationic or anionic amino acids (Fig. 1, Table 1).and the choroid plexus epithelium of the blood brail
All characterized vertebrate members of the LAT clusterbarrier. Such vectorial transcellular transport require a
show identity levels higher than 40% with each other andtive amino acid uptake on one side of the polarized cel
have been shown to require association with an auxilianand an extrusion mechanism on the contralateral sic
type Il transmembrane glycoprotein of the 4F2hc family Another situation in which a cell requires specific aminc
for functional surface expression [2, 16, 31, 37, 40-42acid transport is during growth and proliferation whelr
45, 51, 53, 57-59, 64]. This fact forms the basis foramino acids are taken up as building blocks for the syt
calling them the glycoprotein-associated amino acidthesis of proteins or as energy sources. Specific tasks
transporters (gpaATs). The names used for the newlgpecialized cells, such as reuptake of amino acid neur
cloned members of this family were generally based ortransmitters, nitric oxide synthesis, nitrogen metabolisi
the nomenclature proposed by Christensen et al., [10dnd glutathione synthesis, also require the presence
and dependent on functional expression experiments thapecific active amino acid transporters. To fulfill these
permitted association of observed transport function withnumerous tasks, various dissimilar amino acid transpo
established systems. ers are required. Functional studies using membrai
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vesicles, cells, tissues, organs etc., have allowed th8PRM1 was also shown to functionally associate wit
characterization of a large number of transport system&uman 4F2hc, demonstrating a high level of conserv:
[9, 14, 54]. In the last decade, the availability of mo- tion for this interaction [31]. Another gpaAT °BAT,
lecular biological methods has permitted the identifica-has been shown to associate with the 4F2hc-related p
tion of a growing number of amino acid transporters attein rBAT which is expressed at the luminal side o
the mRNA level [36]. The functions of the encoded epithelial cells in both the small intestine and the proxi
transporters could often be tested outside their complexrnal kidney tubule [39] (Table 1).

natural context by expression in heterologous systems

such asKenopusocytes. Of the 20 currently recognized

families of amino acid transporters, only four families Associated Glycoprotein “Heavy Chains”

have had members identified in mammals (APC, AAAP,

NSS and DAACS families; Table. 2). Two of the ten The associated “heavy chain” glycoproteins were reco
families or clusters within the APC superfamily are rep- nized before the discovery of their so called *“light
resented in mammals: the LAT family (2.3.8.) and thechains” which are in fact the catalytic subunits of thes
cationic amino acid transporter (CAT) family (2.3.3). heterodimeric or heterooligomeric amino acid transpor
Members of the CAT family have a COOH-terminal ex- ers. The human surface glycoproté4F2hc and its mu-
tension approximately 100 amino acids in length whichrine homologue CD98 had indeed been detected in t!
includes two additional putative-helical transmem- early eighties in activated lymphocytes [20] and subst
brane segments lacking in the LAT family transportersquently shown to be expressed widely [37], with an ex
(TMpred server, ISREC). The remainder of the CAT clusively basolateral localization in intestine and kidne
family proteins share approximately 25% sequence idenepithelia [45] [B. Sordatpersonal communicatign It
tity with the vertebrate LAT family members (gpaATs). was known that they associate covalently with so-calle
The first CAT transporter was originally identified be- light chains that are not glycosylated and migrate o
cause of its function as a retrovirus receptor. It was subSDS-PAGE as proteins a0 kDa [20, 21]. However,
sequently shown to be a'jtype importer of cationic serious attempts to obtain sequence information of the
amino acidsi(-arginine,L-lysine) [29, 62]. The readeris light chains following biochemical purification had
referred to other reviews for descriptions of excitatoryfailed [C. Bron,personal communicatign

and inhibitory neurotransmitter amino acid transporter ~ The notion that 4F2/CD98 could be involved in
families (DAACS, NSS) [26, 34, 36, 52] as well as the amino acid transport was inferred by conducting amin

amino acid/auxin transporter family (AAAP) [67]. acid transporter expression cloning experiments with tt

Xenopusoocyte expression system. The 4F2hc-relate
Glycoprotein-Associated Amino Acid Transporters surface glycoprotein rBAT was cloned because it i
of the LAT Family duced a high level of b*type amino acid transport ac-

tivity (Na*-independent uptake of dibasic and neutrz
These permeases are approximately 500 amino acidsmino acidssee below[2, 57, 64]. Thus, by analogy,
in length with 12 putative transmembrane domainsthe possibility that amino acid transport is induced b
(TMpred sever, ISREC)seemodel in Fig. 2). Expres- 4F2hc was tested, and a weaker but clear induction
sion of amino acid transport by these gpaATs has beeg*L-type transport (N&independent uptake of cationic
shown to require heterodimerization with a type Il gly- amino acids and Na dependent uptake of large neutral
coprotein géee beloy Using the first identified mem- amino acidssee below and/or L-type transport (Na
bers of the family XLAT1 and SPRM1), Pfeiffer et al., independent uptake of large neutral amino acéé be-
demonstrated that the cysteine residue forming the disullow) was described [1, 5, 65]. However, rBAT and
fide bond with the glycoprotein is located in the loop 4F2hc are type Il membrane glycoproteins related to gl
between putative TMD3 and TMD4 [41]. This places cosidases and do not resemble transport proteins. B
the NH,- and COOH-termini on the cytoplasmic side of have been shown to covalently associate with ligt
the membrane as expected from the transmembranehains [21, 63]. Thus, it was hypothesized that they al
probability plots. Intracellular localization of the not themselves transporters but rather “activate” endo
COOH-terminus and an even number of TMDs is furtherenous systems of the oocytes which could be light chail
supported by the fact that a fusion protein joining the[35].

COOH-terminus of B*AT to the intracellular NH- The rBAT protein (685 amino acid residues) con
terminus of the type Il glycoprotein rBAT is functional tains approximately 150 residues more than 4F2hc (5:
[39] (see below amino acid residues), and these two proteins are abc

Five vertebrate gpaATs, LAT1, LAT2, "y AT1, 28% identical. The gaps are distributed over the enti
y*LAT2 and xCT, have been shown to associate with thdength of the alignment suggesting that they share a co
same glycoprotein 4F2hc/CD98 [27, 31, 40, 42, 51, 53mon structure with an intracellular NHerminus and an
59]. Interestingly, the plathyhelminth transporter extracellular glycosidase-like domain [64]. The specifi
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Table 1. Continued

Ref #

Gl Acc #
(Acc #)

Organism AA

Cotransported

Efflux
ion

Localization Influx

Associated

Name/functional description
protein

Acronym

(original
name)

Amino Acid Transporters

1709181 [25]

574

S. cerevisiae

nd

(no C¥)

Yeast high affinity methionine

MUP1

permease
Yeast low affinity methionine

[25] (Yhds6)

546 731613

S. cerevisiae

nd

(M)

(no C%)

MUP3

permease

1 Abbreviations:C* stands for the -cysteine residue situated in the second putative extracellular loop which is involved in intermolecular disulfide bond formation of gpaAfigleTeétesi amino acid

code is used; C-C stands focystine; H is the protonated and®Hhe zwitterionic form of-histidine. AA = amino acid, AAT

acid, bl = basolateral, n/a= not available, nd= not determined.

diamino

amino acid transporter, nAA: neutral-, CAA= cationic-, diAA

2The amino acids are indicated in an order corresponding approximately to that of their apparent affinity, where known. Amino acids in bradkelsvinajgzarent affinity.

3[R. Pfeiffer and F. Verreyunpublished resulis
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role of the extracellular glycosidase-like moiety remain
elusive, and no catalytic activity has yet been attribute
to it. An alternative topological model has been pro
posed for rBAT but has not been confirmed [32]. Botl
rBAT and 4F2hc are glycoproteins and thus migrate o
SDS-PAGE with apparent molecular weights higher tha
expected from their primary sequences. This contras
with the light chains which have calculated molecula
weights similar to 4F2hc, but migrate much faster ol
SDS-PAGE due to their hydrophobic nature and the lac
of glycosylation (apparent MWHKO kD vs. [BO kD for
the fully glycosylated 4F2hc). Both heavy chains hav
an extracellular cysteine residue near the transmembre
domain. In the case of 4F2hc, it was shown that this |
the residue which makes the intermolecular link with thi
light chain [16, 41].

4F2hc is known to reach the plasma membrane |
the absence of light chain as has been shown in L-ce
and Xenopusoocytes [31, 58]. Using the SPRM1 light
chain, Mastroberardino et al., demonstrated in oocytt
that this light chain, in contrast to 4F2hc, remained in
tracellular when expressed alone: only when cc
expressed with 4F2hc did it reach the plasma membra
[31]. Since co-expressed SPRM1 devoid of the cysteir
residue forming the intermolecular link was also ex
pressed at the surface [41], cell surface expression w
independent of disulfide bond formation.

The heterodimeric structure and the requirement ¢
4F2hc for surface expression are reminiscent of the sit
ation for the Na,K-ATPase. This ion-exchange pump i
composed of a catalytic multitransmembrane subunit (
subunit) and a type Il glycoprotei3{subunit). The
B-subunit is required for stabilization, functional matu-
ration and trafficking of thex-subunit from the endo-
plasmic reticulum to the plasma membrane [19]. We hy
pothesize that the 4F2hc type Il glycoprotein serves
similar function. It is not yet clear whether rBAT plays
the same role. One important difference in terms of ce
surface expression between 4F2hc and rBAT is their di
ferential localization at the basolateral and apical men
brane of amino acid transporting epithelia, respective
[18, 45] [B. Sordat,personal communicatignlt is an
open question as to whether the heavy chain has an i
pact on the amino acid transport specificity and/or kine
ics of the heterooligomer transporters or whether it onl
fulfills a “chaperone” function.

The L-type Transporters (LAT)

The transport of large neutral amino acids, in particule
those with branched and aromatic side chains, has be
attributed to system L [9]. Even before the various L
type transporters were cloned, it was apparent that “sy
tem L” was not a single transporter. For example, de
pending on the tissue tested, differences in substre
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COOH

COOH

4F2hc rBAT

Fig. 2. Schematic representation of the heterodimers formed by the heavy chains 4F2hc and rBAT with their respective light chains. The
evident transmembrane domain of the heavy chains is labeled hc and the 12 putative transmembrane domains of the permease light c
numbered 1-12. The dotted line between the COOH-terminu§ @b and the NH-terminus of rBAT represents the linker sequence introduce
to form a functional fusion protein. The localization of the conserved Cys residues forming the intermolecular disulfide bond (Cs-sC) a
potential N-gylcosylation sites (forks) are indicated.

specificity and transport kinetics had been noted [9, 56substrate amino acids. However, in the presence of
and references in 53]. vectorial uptake mechanism functioning in parallel, suc
Two members of the gpaAT family that associatean exchanger would function secondarily as an activ
with 4F2hc have been identified as L-type transporterasmporter for amino acids not transported otherwise. Fc
[27, 31, 42, 49, 53] dee Table 1). Interestingly, they instance, the driving force could be supplied by a se
have a complementary tissue distribution, one (LAT1)ondary active N&neutral amino acid co-transporter im-
being expressed quite widely, in particular in testis,porting amino acids which could then be used by LAT:
ovary, placenta and tumor cells, and the other (LAT2)as substrates for exchange against other extracellu
being expressed at the basolateral membrane of tranamino acids. Such Nadependent transporters are fol
porting epithelia [27, 33, 49, 66]. instance system ASC, for which ASCT1 and ASCT:
Xenopusand human LAT1 (ASUR4 and E16) as cDNAs have been cloned (DAACS familgeeTable 2)
well as Schistosoma mansol8PRM1 were first pre- and system A, the molecular nature of which is not ye
sumed to be amino acid transporters based on the simknown [9]. It will be of considerable interest to study the
larity of their sequences with yeast and prokaryoticsubstrate-specificity overlap and thus the probable coo
amino acid transporters. However, they alone did notration of these transporters with LAT1 for amino acic
induce amino acid transport activity when expressed iruptake.
Xenopusoocytes. The possibility that they were light LAT2 was identified in EST sequence databases b
chains of 4F2hc was therefore tested and this led to theicause of its similarity to LAT1 [42, 49, 53]. Interest-
identification as such by co-immunoprecipitation andingly, it was shown to be expressed only in tissues col
functional analysis [31]. Rat LAT1 was independently taining amino acid transporting cell layers, especially i
identified by expression cloning iKenopusoocytes us- the small intestine and kidney where it colocalizes witl
ing a complementation strategy [27]. Subsequently, thelF2hc at the basolateral membrane of epithelial cel
identification of orthologues by different approaches, in-[49]. Thus, LAT2 is expected to play a role in transep
cluding purification followed by microsequencing or an- ithelial amino acid transport, in particular in the basolat
tibody production, was reported [30, 33, 44, 61]. eral extrusion step. Sequence comparisons show tha
LAT1 appears to function as an obligatory ex- has a higher degree of identity with LAT1 (52%) thar
changer of amino acids since efflux ofleucine from  with the other members of the gpaAT family (see als:
oocytes expressing LAT1 and 4F2hc strictly depends oriree in Fig. 1), and when expresseddanopusoocytes,
the presence of an extracellular substrate amino acid shows a pattern of amino acid uptake which resembls
[31]. Thus, if the exchange stoichiometry proves to bethat of LAT1 and thus justifying the name LAT2.
1:1, the function of the broad specificity LAT1 ex- Indeed, it mediates the uptake of large neutral amir
changer could be viewed as equilibration of the variousacids, prefers -leucine toL-alanine, and transports the
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apical J basolateral

A """"" . — naa LAT2 ' naa Fig. 3. Model for the transcellular transport of
iPeP; ‘ —>—> s RN -~ cationic and neutral amino acids. On the apical
i —~\ ’ side of the cell, vectorial influx of neutral amino
H f 4F2hc acids (naa) is mediated by #-B/pe N&/amino
2Cys acid co-transporter which is not yet molecularly
BAT * Nat defined [36, 54]I.quaII peptides entering the cell
r : via the peptide/H cotransporter [17], after their
\ cystine \O/ hydrolysis, contribute to the intracellular amino

h T ~.  acid pool. Dibasic amino acids enter the cell via

" aat ™ |bOtTAT aat ytLATY { aat 1} the P*AT complex. Mutations in either of the
cystine > S M “ subunits (B*AT or rBAT) of this transporter
S T ——_——r T 4F2hc lead to cystinuria [7, 13]. For the basolateral

amino acid extrusion step, we postulate the

presence of an exporter. A broad specificity
/ range that includes cationic amino acids is
provided by at least two amino acid exchangers
cystinuria \ of the gpaAT family which are associated with
lysinuric protein 4F2hc. Mutations in JLAT1 lead to the severe
intolerance recessive genetic disease lysinuric protein
intolerance [3, 60].

typical substrate of L-type transporters 2-(—)-endoamino-The y*L-type Transporters (y*LAT)
bicycloheptane-2-carboxylic acid (BCH). However,

there are some significant differences in the relative af-Another subgroup of 4F2hc-associated amino acid trar
finities for different substrates, for instance a higher af-porters is defined by both a higher pairwise degree
finity for L-phenylalanine. It also imports-alanine at identity than with the other gpaAT family membeseé
physiological concentrations. The question of whethettree, Fig. 1) and by commony-type amino acid trans-
LAT2 mediates an obligatory amino acid exchange, orport properties. IL-type transport of amino acids was
whether it might also function in unidirectional facili- first described by Dees et al., [15] in human erythro-
tated diffusion, is not resolved. Rossier et al., and Pinedaytes as a broad scope exchange system which, in 1
et al., described a highly trans-stimulated effluxief  absence of N3 mediates the exchange of cationic aming
phenylanine and-isoleucine, respectively [42, 49] and acids and, in the presence of aediates the exchange
L-leucine did not appear to be transported efficiently out-of intracellular cationic amino acids for extracellular
ward [C. Meier and F. Verreyynpublished resulis In neutral amino acids.

contrast, Segawa et al., described an efflux-¢éucine y*LAT1 was identified on the basis of its identity
via LAT2 that could occur by facilitated diffusion with- with LAT1 [40, 59] and was shown like LAT2, to be
out exchange [53]. If LAT2 turns out to function under highly expressed in small intestine and proximal kidne
physiological conditions as an exchanger, this wouldtubules. Its basolateral localization has not been fo
mean that, analogous to the situation for amino acid immally demonstrated with antibodies but is clear (G
port by LAT1, net basolateral export of zwitterionic (and Rossier et al.unpublished datg also because of its as-
cationic) amino acids from epithelial cells would require, sociation with the basolaterally restricted 4F2hc and tr
in addition to LAT2 (and YLAT1, see beloy a unidi-  pathophysiological findings observed in patients il
rectional amino acid exporter with overlapping specific- which this transporter is mutated [46]. Functional ex
ity. A model for transepithelial transport of neutral and periments performed with oocytes coexpressifighT1
cationic amino acids is shown in Fig. 3. and 4F2hc have shown that these two chains form
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disulfide-linked heterodimer and that this transporter im-endogenous protein, forming@ 30 kD disulfide-linked
ports neutral amino acids plus Neith a higher affinity  heterooligomer. Using this system (exogenous rBAT
than cationic amino acids.-leucine was not exported at endogeous b'AT), several studies have demonstrate
all, and cationic amino acid export was dependent on théhe complex nature of the amino acid exchange mediat
presence of an external substrate amino acid (e.gy this transporter [6, 8, 11]. The electrogenic uptake
L-leucine plus N&) [40]. Thus, the localization and trans- cationic amino acids in exchange with neutral amin
port pattern observed for'yAT1 rendered it a highly acids is stimulated by the membrane potential and tt
probable candidate for the autosomal recessive diseasgptake ofL-cystine is favored by the high concentratior
lysinuric protein intolerance. Linkage analysis and thegradient maintained by the intracellular reductionLef
finding of mutations within the corresponding gene cystine toL-cysteine.
(SLC7ATJ confirmed that YLAT1 was the defective We have identified a new gpaAT family member
transporter in lysinuric protein intolerance [3, 60]. (b°*AT) in mouse and human EST databases which
The second member of this subgroup, humanhighly expressed in small intestine and proximal kidne
y*LAT2, was originally cloned in the context of a ge- tubule and specifically associates with rBAT (not 4F2hc
nome sequencing project (product KfAA0245gene). when expressed iXenopusoocytes. Immunofluores-
It is 72% identical with YLAT1 [40] and is not highly = cence experiments showed that it is expressed in t
expressed in tissues with transporting epithelia [B. Spinapical brush border membrane of the mouse proxim
dler and F. Verreyunpublished results The amino acid  kidney tubule and thus, that it is coexpressed with rBA’
specificity profile of its uptake activity, expressed in in segment 3 where high affinity-cystine and cationic
Xenopusoocytes, is similar to that of LAT1 [R. amino acid transport is thought to take place [39]. I
Pfeiffer et al.,unpublished resulis constrast to rBAT, it shows a high level of expressiol
also in the brush border membrane of more proxims
segments. Thus, the function ot tAT in these S1 and
The Cystine-Glutamate Exchanger xCT S2 segments remains to be investigated.
We have established that both subunits are requir
The Transport Systerr; consists of an obligatory ex- for the expression of high affinity-cystine transport by
change (molar ratio 1:1) of extracellularcystine in its  coexpression experiments in epithelial cell lines. To cir
anionic form for intracellular L-glutamate and is ex- cumvent the problem of the presence of an endogeno
pressed in some cultured mammalian cells as well ag®*AT transporter inXenopusoocytes, we have con-
activated macrophages. Sato et al., succeeded in idenstructed a fusion protein in which a linker sequence |
fying both subunits of this transporter by expresssioninserted between the COOH-terminus mb®*AT and
cloning in Xenopusoocytes [51]. One subunit proved to the NH,-terminus ofirBAT. The function of this fusion
be 4F2hc and the other a new member of the gpaATprotein was shown to be independent of the endogenc
family which they named xCT. This highly inducible oocyte §"*AT chain, and thus, kinetic properties of this
transporter may play a role in the regulation of the im-defined heterooligomer could be measured. As e
mune response by controlling extracellulacystinel-  pected, the apparent affinities farcystine andt-
cysteine and intracellular glutathione levels [50]. arginine were high (app. K< 100 uMm) whereas that for
L-leucine was lower (app. KO1 mm). The function of
the rBAT-P*AT transporter in the context of an epithe-
The rBAT-Associated Transporter b”*AT lial cell is indicated in the model shown in Fig. 3.
The cystinuria consortium has analyzed the gene e
The apical influx of.-cystine and cationic amino acids in coding §"*AT (SLC7A9 of many nontype | cystinuria
epithelial cells of the kidney proximal tubule and the patients and found mutations, thereby genetically cor
small intestine has been known for several years to béirming the role of §"*AT for apical cystine and cationic
mediated by a transporter which includes the 4F2hcamino acid transport [13]. Interestingly, in contrast tc
related glycoprotein rBAT [2, 57, 64]. This high affin- type | cystinuria, nontype | cystinuria is not fully reces-
ity, Na'-independent transport {-type) was known to  sive since heterozygotes demonstrate slight amino ac!
be defective in patients with the genetic disease cystinuria [43, 48]. It will be interesting to investigate why
uria, a disease in which cystine and other dibasic aminenutations in B*AT have a more profound functional
acids fail to be reabsorbed from the tubular fluid (OMIM impact on kidney tubular dibasic amino acid reabsory
#220100) [48]. Type | cystinuria, the form of cystinuria tion than mutations of its rBAT glycoprotein subunit.
which is fully recessive, was often shown to be mediated
by mutations in the gene encoding rBAT [7]. As men- conclusions and Perspectives
tioned above, rBAT was originally cloned because it en-
hanced B*-type transport when expressed alone inThe identification and characterization of several glycc
Xenopusocytes where it was shown to associate with anprotein-associated amino acid transporters of the LA
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family has shed light on the nature of these proteins, the3.
functions of which are often to increase the range of
amino acids transported across membranes. Besides an
overall conserved structure and the need for association
with a glycoprotein for functional expression, they share 4,
an exchanger mode of transport. This point has not been
demonstrated formally for all gpaATs, and a stoichiom-
etry of 1:1 has been clearly determined only in the case
of xCT. The question of the stoichiometry is important °-
since net overall amino acid import or export is not pos-
sible if this value is 1:1. In such a case, net transport of ¢
one amino acid is always compensated by the net oppo-
site transport of another amino acid. We favor the hy-
pothesis, that in most cases, there are parallel functioning
unidirectional transporters which may sometimes func-
tion in a secondary active mode, for instance ag-Na ’-
cotransporters (i.e., system A and ASC). These unidi-
rectional transporters, which control net vectorial trans-
membrane transport of amino acids thus need to be more
tightly regulated than tightly coupled exchangers which s.
function in equilibration and extend the range of amino
acids transported. Exchangers, such as the gpaATs of
the LAT family, could only control net amino acid flux
across a membrane, if their exchange stoichiometries
were different from 1:1 and/or could be modulated. Itis 4
interesting to note that different members of this ex-

changer family are able to accomodate all types of aminao.

acids including zwitterionic amino acids cotransported
with Na*, zwitterionic amino acids transported without a

requirement for N§ cationic and neutral diamino acids, 11-

and anionic dicarboxylic amino acids. Most of these

transporters accommodate a broad range of amino acids,
The future discovery of more members of the gpaAT

family and of the other missing amino acid transporters

will allow us to address the question of their cooperation13.

in the control of the different amino acid fluxes which
take place locally, between different organs and body
compartments, for instance across the blood brain bart
rier, and across epithelial barriers which face the lumen
of the intestine and the kidney tubule.

The authors thank Christian Gasser for the artwork and Christian Bauch

for reading the manuscript. The laboratory of F.V. is supported by16.

Swiss National Science Foundation grant 31-49727.96.

References

1. Bertran, J., Magagnin, S., Werner, A., Markovich, D., Biber, J.,
Testar, X., Zorzano, A., Kuhn, L.C., Palacin, M., Murer, H. 1992.

Stimulation of system ¥like amino acid transport by the heavy 18.

chain of human 4F2 surface antigen Xenopus laevi®ocytes.
Proc. Natl. Acad. Sci. US89:5606-5610

2. Bertran, J., Werner, A., Moore, M.L., Stange, G., Markovich, D.,
Biber, J., Testar, X., Zorzano, A., Palacin, M., Murer, H. 1992.

Expression cloning of a cDNA from rabbit kidney cortex that 19.

induces a single transport system for cystine and dibasic and neu-
tral amino acidsProc. Natl. Acad. Sci. US89:5601-5605

15.

17.

F. Verrey et al.: Amino Acid Transporters

Borsani, G., Bassi, M.T., Sperandeo, M.P., De Grandi, A., Buonir
conti, A., Riboni, M., Manzoni, M., Incerti, B., Pepe, A., Andria,
G., Ballabio, A., Sebastio, G. 1998LC7A7encoding a putative
permease-related protein, is mutated in patients with lysinuric pre
tein intoleranceNat. Genet21:297-301

Brechtel, C.E., Hu, L., King, S.C. 1996. Substrate specificity of th
Escherichia coli4-aminobutyrate carrier encoded by gabP. Uptak
and counterflow of structurally diverse moleculdsBiol. Chem.
271:783-788

Broer, A., Hamprecht, B., Broer, S. 1998. Discrimination of two
amino acid transport activities in 4F2 heavy chain-expressin
Xenopus laevisocytes.Biochem. J333:549-554

. Busch, A.E., Herzer, T., Waldegger, S., Schmidt, F., Palacin, M

Biber, J., Markovich, D., Murer, H., Lang, F. 1994. Opposite di-
rected currents induced by the transport of dibasic and neutr
amino acids inXenopusoocytes expressing the protein rBAT.
Biol. Chem.269:25581-25586

Calonge, M.J., Gasparini, P., Chillaron, J., Chillon, M., Gallucci
M., Rousaud, F., Zelante, L., Testar, X., Dallapiccola, B., Di Sil-
verio, F., Barcelo, P., Estivill, X., Zorzano, A., Nunes, V., Palacin
M. 1994. Cystinuria caused by mutations in rBAT, a gene involve
in the transport of cystinéNat. Genet6:420-425

Chillaron, J., Estevez, R., Mora, C., Wagner, C.A., Suessbrich, I
Lang, F., Gelpi, J.L., Testar, X., Busch, A.E., Zorzano, A., Palacin
M. 1996. Obligatory amino acid exchange via systerf&-like
and y'L-like—A tertiary active transport mechanism for renal re-
absorption of cystine and dibasic amino acids.Biol. Chem.
271:17761-17770

. Christensen, H.N. 1990. Role of amino acid transport and cou

tertransport in nutrition and metabolisihysiol. Rev70:43-77
Christensen, H.N., Albritton, L.M., Kakuda, D.K., MacLeod, C.L.
1994. Gene-product designations for amino acid transporders.
Exp. Biol. 196:51-57

Coady, M.J., Jalal, F., Chen, X., Lemay, G., Berteloot, A.
Lapointe, J.Y. 1994. Electrogenic amino acid exchange via th
rBAT transporter FEBS Let.356:174-178

. Cosgriff, A.J., Pittard, A.J. 1997. A topological model for the

general aromatic amino acid permease, AroFEstherichia coli.
J. Bacteriol.179:3317-3323

Cystinuria consortium: Feliubadalo., Font, M., Purroy, J., et al.
1999. Non-type | cystinuria caused by mutation$SInC7A9 cod-

ing of a subunit (B*AT) of rBAT. Nat. Genet23:52-57

. Deves, R., Boyd, C.A.R. 1998. Transporters for cationic amin

acids in animal cells—discovery, structure, and functi®hysiol.
Rev78:487-545

Deve, R., Chavez, P., Boyd, C.A.R. 1992. Identification of a new
transport system () in human erythrocytes that recognizes ly-
sine and leucine with high affinityl. Physiol. Lond454:491-501
Estevez, R., Camps, M., Rojas, A., Testar, X., Deves, R., Hedige
M., Zorzano, A., Palacin, M. 1998. The amino acid transport sys
tem y'L/4F2hc is a heteromultimeric complexASEB J12:1319-
1329

Fei, Y.J., Kanai, Y., Nussberger, S., Ganapathy, V., Leibach, F.F
Romero, M.F., Singh, S.K., Boron, W.F., Hediger, M.A. 1994.
Expression cloning of a mammalian proton-coupled oligopeptid
transporterNature 368:563-566

Furriols, M., Chillaron, J., Mora, C., Castello, A., Bertran, J.,
Camps, M., Testar, X., Vilaro, S., Zorzano, A., Palacin, M. 1993
rBat, related ta-cysteine transport, is localized to the microvilli of
proximal straight tubules, and its expression is regulated in kidne
by development]J. Biol. Chem268:227060-27068

Geering, K. 1991. The functional role of the beta-subunit in th
maturation and intracellular transport of Na,K-ATPaSEBS Lett.
285:189-193



F. Verrey et al.: Amino Acid Transporters

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

Haynes, B.F., Hemler, M.E., Mann, D.L., Eisenbarth, G.S., 37
Shelhamer, J., Mostowski, H.S., Thomas, C.A., Strominger, J.L.,
Fauci, A.S. 1981. Characterization of a monoclonal antibody (4F2)

that binds to human monocytes and to a subset of activated lym38.

phocytesJ. Immunol.126:1409-1414

Hemler, M.E., Strominger, J.L. 1982. Characterization of antigen
recognized by the monoclonal antibody (4F2): different molecular
forms on human T and B lymphoblastoid cell linds.Immunol.
129:623-628

Hu, L.A., King, S.C. 1998. Functional sensitivity of polar surfaces
on transmembrane helix 8 and cytoplasmic loop 8-9 offikeh-

erichia coli GABA (4-aminobutyrate) transporter encoded by 40.

gabP: mutagenic analysis of a consensus amphipathic region found
in transporters from bacteria to mammaBochem. J.330:771—
776

Hu, L.A., King, S.C. 1998. Functional significance of the “signa- 41.

ture cysteine” in helix 8 of thé&scherichia coli4-aminobutyrate
transporter from the amine-polyamine-choline superfamily. Resto-
ration of Cys-300 to the Cys-less GaldpBiol. Chem273:20162—
20167

Hu, L.A., King, S.C. 1998. Membrane topology of taecherichia

coli gamma-aminobutyrate transporter: implications on the topog-
raphy and mechanism of prokaryotic and eukaryotic transporters
from the APC superfamilyBiochem. J336:69-76

Isnard, A.D., Thomas, D., Surdin-Kerjan, Y. 1996. The study of
methionine uptake irSaccharomyces cerevisiaeveals a new
family of amino acid permease3. Mol. Biol. 262:473-484

Kanai, Y. 1997. Family of neutral and acidic amino acid transport-

ers—molecular biology, physiology and medical implications. 44.

Curr. Opinion Cell Biol9:565-572
Kanai, Y., Segawa, H., Miyamoto, K., Uchino, H., Takeda, E.,
Endou, H. 1998. Expression cloning and characterization of a

transporter for large neutral amino acids activated by the heavy45s.

chain of 4F2 antigen (CD98). Biol. Chem273:23629-23632
Kashiwagi, K., Shibuya, S., Tomitori, H., Kuraishi, A., Igarashi, K.
1997. Excretion and uptake of putrescine by the PotE protein in
Escherichia coli. J. Biol. Chen272:6318-6323

Kim, J.W., Closs, E.I., Albritton, L.M., Cunningham, J.M. 1991.
Transport of cationic amino acids by the mouse ecotropic retrovi-
rus receptorNature 352:725-728

Mannion, B.A., Kolesnikova, T.V., Lin, S.H., Wang, S., Thomp-
son, N.L., Hemler, M.E. 1998. The light chain of CD98 is identi-
fied as E16/TAL proteinJ. Biol. Chem273:33127-33129

Mastroberardino, L., Spindler, B., Pfeiffer, R., Skelly, P.J., Loff- 48.

ing, J., Shoemaker, C.B., Verrey, F. 1998. Amino acid transport by
heterodimers of 4F2hc/CD98 and members of a permease family.
Nature 395:288-291

Mosckovitz, R., Udenfriend, S., Felix, A., Heimer, E., Tate, S.S.
1994. Membrane topology of the rat kidney neutral and basic
amino acid transporteFASEB J.8:1069-1074

Nakamura, E., Sato, M., Yang, H., Miyagawa, F., Harasaki, M., 50.

Tomita, K., Matsuoka, S., Noma, A., Iwai, K., Minato, N. 1999.
4F2 (CD98) heavy chain is associated covalently with an amino
acid transporter and controls intracellular trafficking and mem-
brane topology of 4F2 heterodimdr.Biol. Chem274:3009-3016
Nelson, N. 1998. The family of NECI~ neurotransmitter trans-
porters.J. Neurochem71:1785-1803

Palacin, M. 1994. A new family of proteins (rBAT and 4F2hc)

involved in cationic and zwitterionic amino acid transport: a tale of 52.

two proteins in search of a transport functioh. Exp. Biol.
196:123-137

Palacin, M., Estevez, R., Bertran, J., Zorzano, A. 1998. Molecular
biology of mammalian plasma membrane amino acid transporters.
Physiol. Rev78:969-1054

39.

42.

43.

46.

47.

49.

51.

53.

191

. Parmacek, M.S., Karpinski, B.A., Gottesdiener, K.M., Thompsor
C.B., Leiden, J.M. 1989. Structure, expression and regulation
the murine 4F2 heavy chaiilucleic Acids Resl7:1915-1931
Paulsen, I.T., Sliwinski, M.K., Saier, M.H., Jr. 1998. Microbial
genome analyses: global comparisons of transport capabiliti
based on phylogenies, bioenergetics and substrate specifidities
Mol. Biol. 277:573-592

Pfeiffer, R., Loffing, J., Rossier, G., Bauch, C., Meier, C., Egger
mann, T., Loffing-Cueni, D., Kan, L., Verrey, F. 1999. Luminal
heterodimeric amino acid transporter defective in cystinifial.
Biol. Cell. (in presg

Pfeiffer, R., Rossier, G., Spindler, B., Meier, C: ;i L.C., Ver-
rey, F. 1999. Amino acid transport ofly-type by heterodimers of
4F2hc/CD98 and members of the glycoprotein-associated amit
acid transporter familyEMBO J.18:49-57

Pfeiffer, R., Spindler, B., Loffing, J., Skelly, P., CB, S., Verrey, F.
1998. Functional heterodimeric amino acid transporters lackin
cysteine residues involved in disulfide bofEBS Lett439:157—
162

Pineda, M., Ferfmalez, E., Torrents, D., Estez, R., C, L.p.,
Camps, M., Lloberas, J., Zorzano, A., Paldvl. 1999. Identifi-
cation of a membrane protein, LAT-2, That co-expresses with 4F
heavy chain, an-type amino acid transport activity with broad
specificity for small and large zwitterionic amino acidk. Biol.
Chem.274:19738-19744

Pras, E., Kochba, I., Lubetzky, A., Pras, M., Sidi, Y., Kastner, D
1998. Biochemical and clinical studies in Libyan Jewish cystinuric
patients and their relativegm. J. Med. GeneB80:173-176
Prasad, P.D., Wang, H., Huang, W., Kekuda, R., Rajan, D.F
Leibach, F.H., Ganapathy, V. 1999. Human LAT1, a subunit o
system L amino acid transporter: molecular cloning and transpo
function. Biochem. Biophys. Res. Comm255:283—-288
Quackenbush, E.J., Gougos, A., Baumal, R., Letarte, M. 198
Differential localization within human kidney of five membrane
proteins expressed on acute lymphoblastic leukemia ckllsn-
munol.136:118-124

Rajantie, J., Simell, O., Perheentupa, J. 1981. Lysinuric prote
intolerance. Basolateral transport defect in renal tuhlliClin.
Invest.67:1078-82

Reizer, J., Finley, K., Kakuda, D., MacLeod, C.L., Reizer, A.
Saier, M.H., Jr. 1993. Mammalian integral membrane receptors a
homologous to facilitators and antiporters of yeast, fungi, and et
bacteria.Protein Sci.2:20-30

Rosenberg, L.E., Downing, S., Durant, J.L., Segal, S. 1966. Cy
tinuria: biochemical evidence for three genetically distinct dis:
easesJ. Clin. Invest45:365-371

Rossier, G., Meier, C., Bauch, B., Summa, V., Sordat, B., Verre!
F., Kuhn, L. 1999. LAT2: A new basolateral 4F2hc/CD98-
associated amino acid transporter of kidney and intesfinBiol.
Chem.(in presg

Sato, H., Kuriyama-Matsumura, K., Siow, R., Ishii, T., Bannai, S.
Mann, G. 1998. Induction of cystine transport via system x(c)(—
and maintenance of intracellular glutathione levels in pancreat
acinar and islet cell linedBiochim. Biophys. Actd1:85-94

Sato, H., Tamba, M., Ishii, T., Bannai, S. 1999. Cloning and ex
pression of a plasma membrane cystine/glutamate exchange tra
porter composed of two distinct proteind. Biol. Chem.274:
11455—11458

Seal, R.P., Amara, S.G. 1999. Excitatory amino acid transportel
a family in flux. Annu. Rev. Pharmacol. Toxicd@9:431-456
Segawa, H., Fukasawa, Y., Miyamoto, K., Takeda, E., Endou, I
Kanai, Y. 1999. Identification and functional characterization of &
Na*-independent neutral amino acid transporter with broad sut
strate selectivityJ. Biol. Chem274:19745-19751



192

54.

55.

56.

57.

58.

590.

60.

61.

Silbernagl, S. 1988. The renal handling of amino acids and oligo-
peptides Physiol. Rev68:911-1007

Sophianopoulou, V., Diallinas, G. 1995. Amino acid transporters
of lower eukaryotes: regulation, structure and topogenE&dS
Microbiol. Rev.16:53-75

Stevens, B.R., Kaunitz, J.D., Wright, E.M. 1984. Intestinal trans-g2.
port of amino acids and sugars: advances using membrane vesicles.

Annu. Rev. Physio#6:417-33

Tate, S.S., Yan, N., Udenfriend, S. 1992. Expression cloning of g53

Na*-independent neutral amino acid transporter from rat kidney.
Proc Natl. Acad. Sci. USR9:1-5

Teixeira, S., Di Grandi, S., Kuhn, L.C. 1987. Primary structure of 64.
the human 4F2 antigen heavy chain predicts a transmembrane

protein with a cytoplasmic NH terminus.J. Biol. Chem.
262:9574-9580

Torrents, D., Estevez, R., Pineda, M., Fernandez, E., Lloberas, J§,5'

Shi, Y., Zorzano, A., Palacin, M. 1998. Identification and charac-
terization of a membrane protein*y amino acid transporter-1)
that associates with 4F2hc to encode the amino acid transport
activity y'L—A candidate gene for lysinuric protein intolerande.
Biol. Chem.273:32437-32445

Torrents, D., Mykkanen, J., Pineda, M., Feliubadalo, L., Estevez,
R., de Cid, R., Sanjurjo, P., Zorzano, A., Nunes, V., Huoponen, K.,
Reinikainen, A., Simell, O., Savontaus, M.L., Aula, P., Palacin, M.
1999. Identification of SLC7A7, encodinglyAT-1, as the lysin-
uric protein intolerance genélat. Genet21:293-296

Tsurudome, M., Ito, M., Takebayashi, S., Okumura, K., Nishio,

66.

67.

F. Verrey et al.: Amino Acid Transporters

M., Kawano, M., Kusagawa, S., Komada, H., Ito, Y. 1999. Primary
structure of the light chain of fusion regulatory protein-1/CD98;
4F2 predicts a protein with multiple transmembrane domains th:
is almost identical to the amino acid transporter ELEmmunol.
162:2462—-2466

Wang, H., Kavanaugh, M.P., North, R.A., Kabat, D. 1991. Cell
surface receptor for ecotropic murine retroviruses is a basic amin
acid transporteriNature 352:729-731

. Wang, Y., Tate, S.S. 1995. Oligomeric structure of a renal cystir

transporter: implications in cystinuri&kEBS Lett.368:389-392
Wells, R.G., Hediger, M.A. 1992. Cloning of a rat kidney cDNA
that stimulates dibasic and neutral amino acid transport and h
sequence similarity to glucosidaséxoc. Natl. Acad. Sci. USA
89:5596-5600

Wells, R.G., Lee, W.S., Kanai, Y., Leiden, J.M., Hediger, M.A.
1992. The 4F2 antigen heavy chain induces uptake of neutral a
dibasic amino acids inXenopusoocytes.J. Biol. Chem.
267:15285-8

Wolf, D.A., Wang, S., Panzica, M.A., Bassily, N.H., Thompson
N.L. 1996. Expression of a highly conserved oncofetal gene, TA]
E16, in human colon carcinoma and other primary cancers: ht
mology to Schistosoma mansoamino acid permease arChe-
norhabditis elegangene productsCancer Researcb6:5012—-22
Young, G.B., Jack, D.L., Smith, D.W., Saier, M.H., Jr. 1999. The
amino acid/auxin:proton symport permease fanijochim. Bio-
phys. Actal415306—322



