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INTRODUCTION

The transport of amino acids across the plasma membranes of
mammalian cells is a process of fundamental physiological
importance and has been the object of extensive study. The
characteristics, kinetics and regulation of various transport

systems have been understood in general terms for many years,

but until recently little was known about the structure and
molecular properties of amino acid transport proteins. The great

advances made in the cloning ofgenes for some of these transport

proteins since 1991 have provided the impetus for the present

review. The review will concentrate on the recent advances made
in this area and also on a major outstanding problem in
mammalian amino acid transport, i.e. the regulation of the major
inducible amino acid transport system, known as System A.
These topics to a large extent reflect the interests of the authors.
Various aspects of amino acid transport are comprehensively
covered in recent reviews [1,2] and in articles in a recently
published book [3].

Initial work on the systematic characterization of amino acid
transport systems was performed on Ehrlich ascites cells by
Christensen and collaborators in the 1950s and 1960s (e.g. [4,5])
and similar investigations were subsequently performed by these
and by other investigators to characterize amino acid transport

in many other cell types, notably erythrocytes, hepatocytes and
fibroblasts. The following general properties were established:
first, amino acid transport systems in general are highly stereo-

specific, transporting L-amino acids much faster than D-amino
acids. Secondly, these transport systems have a rather low
substrate specificity when compared with most enzymes; thus a

number of different amino acids may be transported on one

transport system and in general a number of different transport
systems with overlapping specificities may occur in the same cell
membrane. Thirdly, transport systems can be divided into two

categories, i.e. those that catalyse amino acid uniport and those
that catalyse electrogenic Na+-amino acid symport. In the second
case the electrochemical potential gradient of Na+ drives amino
acid accumulation across the plasma membrane.

Kinetic and specificity studies on amino acid transport systems
have been widely performed on intact cells and on membrane
vesicles. Methods used in these studies have been reviewed
elsewhere, as have the criteria for discriminating between different
transport systems in the same membrane [6-8]. If two amino
acids are transported on a common carrier, and this is the only
major route of transport, then the transport of each amino acid

should be competitively inhibited by the other and the Ki for

inhibition of transport of one amino acid by another should

equal the K, value for the transport of the inhibitory amino acid

[9]. The importance of establishing these criteria has not always
been fully recognized, and in some early reports multiple

transport systems were postulated where it is now apparent that
fewer systems of broader specificity exist.

SPECIFICITY AND DISTRIBUTION OF TRANSPORT SYSTEMS

The major systems responsible for amino acid transport in
mammalian cells, as determined by inhibition and kinetic studies,
are summarized in Table 1. Most cells express the transport

systems known as A, ASC and L. However, different cell types

have different complements ofadditional transport systems which
are required for their specific physiological function.

System A occurs in nearly all cell types. It catalyses the
symport of most small aliphatic amino acids with Na+ ions.
Alanine, serine and glutamine are particularly good substrates.
This system is characterized by the fact that it will also transport

N-methylated amino acids [5], by tolerance of substitution of Li'
for Na+, and by the property of trans-inhibition. Transport
activity is also highly pH-sensitive and decreases markedly with
a decrease in pH. The non-metabolizable alanine analogue (N-
methylamino)-a-isobutyric acid (methyl-AIB) is a substrate for
this system. In many cases, competitive inhibition of uptake of a
substrate by methyl-AIB is used to assess that proportion of
substrate uptake which is mediated by System A. An important
feature of System A is that in many cell types its activity is
increased by a variety of factors, including amino acid starvation,
hormones, growth factors and hyperosmotic stress. Mechanisms
involved in the regulation of this transport system are considered
in more detail later.
The specificity of the Na+-amino acid symport System ASC

overlaps with that of System A. Preferred substrates are alanine,
serine and cysteine, but other aliphatic amino acids are also
transported [10]. This system is relatively pH-insensitive, does
not transport N-methylated substrates, and shows the property
of trans-stimulation. System ASC is not inducible.

System L catalyses Na+-independent transport of branched-
chain and aromatic amino acids; aliphatic amino acids are

relatively poor substrates. This system also catalyses amino acid
antiport and may function physiologically in some circumstances
to catalyse efflux rather than uptake [1]. The fact that branched-
chain and aromatic amino acids are substrates for System L but
are not in general substrates for Systems A and ASC means that

these amino acids are not transported with Na+ in most cell

types. These compounds are relatively poorly metabolized and

there is no metabolic requirement for their accumulation.

Basic and acidic amino acids are transported on systems which
are distinct from those for neutral amino acids. System y+ is a

widely distributed system which catalyses the Na+-independent
transport of basic amino acids. This system is electrogenic and

amino acid accumulation is driven by the cell plasma membrane
potential. The acidic amino acids L-glutamate and L-aspartate

Abbreviations used: methyl-AIB, (N-methylamino)-a-isobutyric acid; EGF, epidermal growth factor; NEM, N-ethylmaleimide; ODC, ornithine
decarboxylase; PDGF, platelet-derived growth factor; CEF, chick-embryo fibroblast; MDCK, Madin-Darby canine kidney; GABA, y-aminobutyric acid;
MuLV, murine leukaemic virus.
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Table 1 Some major amino acid transport systems in mammalian cells

System Specificity Distribution Comments

Na+-dependent transport systems
A Small aliphatic amino acids;

methyl-AIB
ASC Small aliphatic amino acids;

not methyl-AIB
N Glutamine, histidine, asparagine
Gly Glycine, sarcosine
BO Broad specificity; most neutral

amino acids
B Broad specificity; most neutral

amino acids
BO,+ Broad specificity; most neutral acids

and basic amino acids

XAG- Glutamate, aspartate

fi /J-Alanine, taurine

11 Na+-independent systems
L Mainly branched-chain and aromatic

amino acids
y+ Lysine, histidine, arginine
b°,+ Neutral and basic amino acids
xc- Glutamate, cystine

Widespread

Widespread

Liver
Liver, erythrocytes, brain
Renal epithelial cells and brush-border
membranes

Intestinal epithelial cells

Blastocysts, Xenopus oocytes,
tibroblasts

Widespread

Widespread

Widespread

Widespread
As for System BO,+
Hepatocytes, fibroblasts

Inducible by starvation, hormones,
growth factors

Not usually inducible

Variant; System Nm in skeletal muscle
Restricted distribution
Transports branched-chain and
aromatic amino acids, unlike ASC

May be the same as System BO

Restricted distribution; variant of B and BO?

Electrogenic; more than one Na+ per amino
acid; high affinity

Also requires Cl-

Not usually inducible

Electrogenic

Electroneutral

are accumulated in many cells by a high-affinity transport system
termed System XAG-; as the Na:glutamate stoichiometry is
greater than 1: 1, transport is again electrogenic. This system
shows anomalous stereospecificity in that D-aspartate is also a
substrate while D-glutamate is not [11]. A number of other
glutamate transport systems with different kinetic properties and
ion requirements occur in neural tissue [12].
Some additional transport systems are restricted to particular

tissues. Following the observation that alanine and glutamine
were transported on different systems in hepatocytes [13], a Na+-
dependent transport system (System N) for glutamine, histidine
and asparagine was characterized in these cells [14]. So far the
occurrence of this system has not been firmly established in other
cell types, although a system with somewhat similar properties
termed, System Nm, has been characterized in skeletal muscle
[15]. System Gly, a transport system specific for glycine and
sarcosine [16], occurs in some specific cell types, although glycine
may be a substrate also for System A in the same cells. A
transport system for fl-alanine and taurine has also been charac-
terized in some tissues [17]. The physiological significance of the
occurrence of these systems is not yet clear.

Epithelial cells appear to possess a rather different complement
of transport systems. A Na+-dependent transport system of
unusually broad specificity was characterized in rabbit intestinal
[18] and pig jejunal [19] brush-border membrane vesicles. This
system was originally termed System NBB, but has since been
renamed System B in the interests of consistency with other
broad-specificity transporters [20]. This transport system has
been shown to occur in the lower intestine of many species and
in the human colon carcinoma cell line Caco-2. A specific Na+-
dependent system for proline (System IMINO) occurs only in
intestine.

In bovine renal brush-border membranes it was shown by a

number of criteria that alanine, glutamine, leucine and phenyl-
alanine were co-transported with Na+ on a single common

transport system, termed System B° to indicate a transport
system of broad specificity which interacts only with amino acids

having no net charge [21]. System A was absent from bovine
renal brush-border membranes. The existence of this broad-
specificity system can be rationalized physiologically as it allows
the Na+ gradient to drive the reabsorption of branched-chain
and aromatic as well as aliphatic amino acids from the renal
filtrate. Although the proteins corresponding to these transport
systems have not yet been identified, it is probable that Systems
B from intestine and BO from kidney are closely related. The
bovine renal epithelial cell line NBL-1 also expresses a broad-
specificity Na+-dependent transport system with which glut-
amine, alanine, leucine and phenylalanine interact competitively
[22]. Confluent cultures of NBL-l cells do not express System A
under normal conditions. There is some evidence that this may
be the case also in confluent cultures of other renal epithelial cell
lines (e.g. [23]).
A Na+-dependent system of even broader specificity (System

BO,+) has been characterized in mouse blastocysts [24]. This
transports both neutral and basic amino acids, and its expression
is confined to a relatively small number of specific cell types. A
Na+-independent transporter of similar specificity (b°+) also
occurs in some tissues. The occurrence of these two systems in
Xenopus oocytes is a complicating factor in expression cloning of
amino acid transporters. Again System BO,+ may be expected to
be related to the other broad-specificity systems described. The
molecular mechanisms by which these transporters recognize
such a wide range of substrates will be of particular interest, but
their elucidation awaits cloning of the appropriate genes.

SYSTEM A: THE MAJOR REGULATED Na+-DEPENDENT AMINO
ACID TRANSPORT SYSTEM

As described above, the transport activity termed System A
catalyses the Na+-dependent accumulation of the small aliphatic
amino acids which are metabolized most readily by cells as a

source of energy and amino groups. The activity of this transport
system in many different cell types is subject to modification by
a wide range of factors, a number of which are of physiological
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importance. Earlier work on the regulation of System A has been
reviewed (e.g. [25-27]). Many aspects of this regulation, in
particular the molecular mechanism of System A induction, are
still unclear. The next section reviews accepted principles and
recent developments in this area.

Hormonal stimulation of System A: characteristics and
physiological relevance

Short-term regulation

Energetic aspects of Na+-amino acid co-transport have been
reviewed [28]. The stoichiometry of Na+-amino acid symport via
System A has been shown to be 1: 1 in mouse ascites tumour cells
[29], hepatocytes [30] and fibroblasts [31]. The process is thus
electrogenic and is responsive to the membrane potential. A
change in membrane potential could affect either the Km or the
Vmax of the transport process or both, depending on the
assumptions made about the exact molecular mechanism in-
volved [32].
Glucagon [33] and epidermal growth factor (EGF) [34] stimu-

late alanine uptake into hepatocytes over a period of 30 min by
a protein-synthesis-independent mechanism. It was suggested
that this short-term stimulation was due to membrane hyper-
polarization [33]. Effects of cyclic AMP on hepatocytes were
studied in more detail in an investigation where 36C1- distribution
was used to determine the cell membrane potential [35]. Addition
of cyclic AMP caused membrane hyperpolarization, which was
accompanied by stimulation of alanine transport and also by an
increase in Na+,K+-ATPase. The effects of cyclic AMP on
transport could be mimicked by the ionophore nigericin which
catalyses Na+/H+ exchange. From these and other considera-
tions, it was concluded that glucagon and cyclic AMP exert their
effect primarily by stimulation of the Na+/H+-exchange system
in the hepatocyte membrane. This causes an increase in intra-
cellular Na+, consequent stimulation of the electrogenic
Na+,K+-ATPase, membrane hyperpolarization and stimulation
of Na+-alanine symport. Activation of the Na+/H+ exchanger in
hepatocytes by cyclic AMP and by EGF was later demonstrated
directly [36]. It may be speculated that the liver isoform of the
Na+/H+ exchanger contains a protein kinase A phosphorylation
site. Such a site has been demonstrated in the isoform of the
Na+/H+ exchanger (,6NHE) cloned from trout [37], but not so far
in the Na+/H+ exchanger cloned from other sources.
Hormonal regulation of amino acid transport via membrane

hyperpolarization in liver is likely to be of physiological sig-
nificance in the short-term control of gluconeogenesis. Measure-
ment of intracellular and extracellular alanine concentrations
during perifusion of hepatocytes demonstrated that plasma
membrane transport of alanine is a major control step in alanine
metabolism [38]. This conclusion is supported by other work
[39,40].

Long-term regulation

System A is under hormonal and nutritional control in all cell
types so far studied. Many physiological and pathophysiological
situations characterized by an altered hormonal status result in

significant alterations in the Vmax of System A activity, which

probably depends on the synthesis of new transporter molecules.
Insulin is perhaps the only hormone that up-regulates this

transporter in a wide range of isolated cell types. In liver

parenchymal cells the insulin effect is dependent on gene tran-

scription, protein synthesis and glycosylation (see [25-27]). An
interesting feature of insulin action is the evidence that most

physiological situations associated with System A up-regulation
in liver parenchymal cells are characterized either by insulin
deficiency or by resistance to the hormone. Some examples are:

diabetes [41-43] where skeletal muscle also shows increased
System A activity [44], starvation [45-47], pregnancy [48,49], and
post-natal development [50-52]. Insulin also down-regulates the
liver System A activity of streptozotocin-induced diabetic rats,
either when added to cells in culture or after administration in

vivo [41,42]. On the other hand, insulin at high concentrations
increased the activity of liver System A in vivo in experiments
using the euglycaemic hyperinsulinaemic clamp technique [53].
The insulin effect was lower in fasted than in fed rats. The ability
of insulin to induce System A in isolated liver parenchymal cells
was also decreased in other situations, such as ethanol treatment

of cultured hepatocytes [54], incubation of hepatocytes with
amino acids (especially System A substrates) in concentrations
corresponding to those found in the portal vein of rats fed a high-
protein diet [55], in isolated hepatocytes from fetuses, newborn
rats and rats that had undergone partial hepatectomy [51,56,57],
and in cultured hepatocytes from adult and suckling rats fed a

low-protein diet (M. G6mez-Angelats, B. Ruiz-Montasell,
A. Felipe, F. J. Casado and M. Pastor-Anglada, unpublished
work). In all these conditions the responsiveness of System A to

glucagon was also impaired.
Glucagon also up-regulates System A activity in liver paren-

chymal cells when administed either in vitro [33,59] or in vivo

[60-65]. The action of insulin and glucagon on liver System A
activity is an exception to the classical view that these pancreatic
hormones exert opposite effects on liver metabolism. The mech-
anism by which these hormones induce System A activity is still
unclear; however, it appears that in vivo the role of glucagon may
be more relevant.

Catecholamines up-regulate System A activity in liver paren-
chymal cells predominantly through a-receptors [65]. Adrenalin
also induces System A activity in isolated rat hepatocytes from
fetuses and from neonates [51]. The induction results, as in the
adult, in a Vmax effect which is blocked by both actinomycin D
and cycloheximide. Conversely to the adult, the induction in
fetuses and neonates is f-mediated and is not dependent on Ca2".
Thus the sensitivity of System A to hormones seems to depend
on the developmental stage of the animal.
Many other hormones and growth factors affect System A

activity, although these effects may depend on multiple variables.
For instance, glucocorticoids enhance System A activity by
themselves in isolated rat hepatocytes, but not in long-term
cultures, where they show only a synergistic effect with glucagon
(see [27,66]).

These results reflect the complex regulation of System A in

vivo, which depends on the interaction of different hormones and
growth factors which are able to modulate its activity.

System A activity in proliferating normal cells and transformed
cells

System A activity is dependent on cell density and on cell-cycle
progression, and correlates with cellular growth in many cell

types [67-73]. In general System A activity is also increased in

chemically and virally transformed cells [67,71,73-76].
The dependence of System A activity on the cell cycle can be

monitored in vivo when analysing the normal proliferative
response of liver cells after partial hepatectomy. Induction of

System A activity in regenerating rat livers was reported many
years ago [77,78] and later recognized as a permissive step in the

early phases of liver regeneration [79]. Although membrane

hyperpolarization after partial hepatectomy presumably triggers
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a short-term increase of System A activity, a stable induction was
found in plasma membrane vesicles from regenerating rat livers
[80,8 1] and was independent of the Na+-transmembrane gradient
[81]. Interestingly, the recently characterized Na+-dependent
nucleoside transporter(s) of liver parenchymal cells [82] is also
up-regulated in the early phases of liver regeneration [83]. These
increased transport activities contribute to the provision of
amino acids and nucleosides which are essential substrates for
cell growth, and are balanced by a co-ordinate increase in
Na+,K+-ATPase expression [84].

In general, many physiological situations associated with liver
hyperplasia such as pregnancy, lactation and fetal and neonatal
development are associated also with an increase in the activities
of Na+-dependent amino acid transporters, especially System A
[48,50,52,85,86]. These adaptations allow the liver to take up
circulating amino acids much more efficiently [48,87-89].

After partial hepatectomy the up-regulated System A activity
is inhibited by N-ethylmaleimide (NEM) with the same sensitivity
as is the basal activity [81]. However, it has been reported that in
most hepatoma cell lines System A activity is either insensitive or
highly resistant to NEM treatment [90,91]. It is not yet known
whether this is due to the expression of different isoforms having
similar biological activity or to post-translational modification of
the carrier proteins in tumour cells.
An unusual aspect of the role of amino acid transporters in the

proliferative response of mammalian cells is the permissive effect
of certain amino acids on the induction of a key enzyme involved
in cellular growth processes, ornithine decarboxylase (ODC; EC
4.1.1.17). ODC catalyses the rate-limiting step in polyamine
biosynthesis. Increased levels of this enzyme and of polyamines
is a general property of proliferating tissues [92]. The stimulatory
effect of insulin and growth factors such as EGF, nerve growth
factor and platelet-derived growth factor (PDGF) on ODC
activity is dependent on the intracellular levels of permissive
amino acids [93,94]. These amino acids are substrates of Na+-
dependent transporters, especially Systems A and N. A non-
metabolizable analogue, AIB, is also a potent inducing amino
acid [93], suggesting that amino acid metabolism is not a requisite
for ODC induction. The mechanisms for such regulation are not
well understood. Asparagine, the major inducer, stimulates the
synthesis ofODC at a translational step and can also, at least in
part, suppress enzyme degradation [95].
Another regulatory link between ODC activity and amino acid

transporters arises from recent evidence that System A substrates
may induce cell volume swelling [96-99], which may also increase
ODC activity [100]. Polyamines also contribute to the up-
regulation of amino acid transport systems. In rat hepatocytes,
the stimulatory effect of glucagon and cyclic AMP on AIB
uptake is potentiated by spermidine, putrescine (the product of
ODC activity) and cadaverine, by a mechanism which appears to

involve the synthesis and effective insertion into the plasma
membrane of new transporters [101]. In physiological conditions
associated with liver cellular growth, such as regeneration [102]
and pregnancy [103,104], significant induction of ODC activity
occurs concomitantly with up-regulation of System A.

Regulation of System A by changes in osmolarity

System A activity is up-regulated after a hypertonic shock in
chick-embryo fibroblasts (CEFs) [105], rat thymocytes [106],
human fibroblasts [99,107], the renal epithelial cell line NBL-1
[108] and CHO-KI cells (B. Ruiz-Montasell, M. G6mez-
Angelats, F. J. Casado, A. Felipe and J. D. McGivan, un-

published work). When CEFs were grown in a high-NaCl

centration), a selective induction of methyl-AIB-inhibitable
L-proline uptake (System A) occurred, while System ASC and
System L activities remained unaltered [105]. System A induction
was blocked by cycloheximide and actinomycin D. Thus induc-
tion of System A activity after hypertonic shock requires de novo

synthesis ofnew carriers and/or other related regulatory proteins.
Exposure of cells to high Na+ concentrations resulted in a rapid
increase in intracellular Na+ levels and a 500% decrease in
L-leucine incorporation into proteins, suggesting that protein
synthesis was partially impaired [110]. Several considerations
rule out the possibility that these effects of hypertonic medium
are mediated by either an increased inward Na+ electrochemical
gradient or increased intracellular Na+ levels: (a) System A

activity was induced in fibroblasts, thymocytes, NBL-1 and
CHO-KI cells no matter what agent was used to increase
medium osmolarity (KCl, NaCl, sucrose, choline chloride,
N-methylglucamine or mannitol) ([106,108,110]; B. Ruiz-
Montasell, M. Gomez-Angelats, F. J. Casado, A. Felipe and
J. D. McGivan, unpublished work); (b) in rat thymocytes, hyper-
tonic shock induced a slight increase in the intracellular Na+

concentration (from 33 to 37 mM) and a decrease in membrane

potential (from -56 to -50 mV); thus the Na+ electrochemical

gradient was in fact decreased after exposure ofcells to hypertonic
medium [106]; (c) the decreased rates of protein synthesis
observed in hypertonic medium were similar to those in cells

cultured in isotonic medium where NaCl had been replaced by
choline chloride or by other osmolytes [111,112]; (d) up-

regulation of System A in CEFs cultured in isotonic medium

occurred when NaCl was replaced by impermeant disaccharides

such as sucrose, but not by readily permeant monosaccharides

such as glucose [112]. However, both media induced low protein
synthesis rates and low intracellular Na+ concentrations.

The molecular mechanisms involved in SystemA up-regulation
after hypertonic shock have not yet been elucidated. It has been

suggested that cell shrinking is an important factor in triggering
System A induction after exposure of cells to hyperosmotic
medium. Cell shrinking occurred when CEFs were cultured in

isotonic medium supplemented with sucrose, but not with glucose
[112]. NBL-1 cells also shrink rapidly after hypertonic shock

[108]. The time course of the resultant System A induction was

in the range of that described for System A gene derepression
(adaptive control). Induction of System A activity in NBL-1 cells

cultured in 200 mM sucrose occurred only after System A activity
had emerged after previously culturing the cells for 12 h in

amino-acid-free medium; otherwise, no effect induced by hyper-
tonicity was observed [108]. Interestingly, in the alanine-resistant

mutant CHO-Kl alar4, which has an impaired ability to respond
to adaptive control, System A activity was induced by hyper-
tonic medium to values similar to those described in the wild

type, CHO-Kl (B. Ruiz-Montasell, M. G6mez-Angelats, F. J.

Casado, A. Felipe and J. D. McGivan, unpublished work).
This strongly supports the view that these processes occur via

independent mechanisms. Furthermore, while hypertonicity-
induced up-regulation of System A was sensitive to the micro-

tubule-disrupting agent colcemid in starved NBL-l cells,
colcemid did not block the adaptive response [108]. In both

NBL-l and CHO-Kl cells the adaptive up-regulation of System
A by amino acid starvation was blocked by the glycosylation
inhibitor tunicamycin, but the effect of hyperosmotic medium

was not (B. Ruiz-Montasell, M. Gomez-Angelats, F. J. Casado,

A. Felipe and J. D. McGivan, unpublished work). These results

suggest that exposure to hyperosmotic medium may result in the

synthesis of one or more proteins which activate System A

transporters rather than increased synthesis of the System A

medium (200 mM instead of the usual 143 mM Na+ con- transport protein itself.



Mammalian amino acid transport 325

Attempts to identify hyperosmolarity-induced stress proteins,
perhaps related to System A up-regulation, were reported several
years ago [110,111,113]. It was shown that, during the period of
cell recovery after returning the cells to isotonic medium, some
relatively low-molecular-mass proteins of less than 100 kDa were
induced and other large polypeptides of more than 140 kDa were
significantly repressed [113]. None of the induced major bands
corresponded to the recently suggested molecular mass of the
System A protein(s).

There is increasing evidence that some plasma membrane ion
transporters may be structurally and functionally linked to the
cytoskeleton. The Na+,K+-ATPase may form complexes with
ankyrin and fodrin in Madin-Darby canine kidney (MDCK)
cells [114,115]. Ankyrin has also distinct domains that allow for
in vitro-selective and specific binding to Na+,K+-ATPase and the
anion exchanger (Band 3) [116]. In the toad kidney A6 cell line,
treatments leading to different levels of polymerization of the
actin filaments indicated a key role for the actin network in the
epithelial Na+-channel activity [117]. In the human intestinal
epithelial cell line T84, cyclic AMP-elicited Cl- secretion was
dependent on remodelling of F-actin filaments and was blocked
by the stabilization of F-actin after binding to nitro-
benzoxadiazole-phallicidin [118]. Cl- secretion seems to be
mainly mediated by activation of the Na+/K+/2Cl- co-trans-
porter. [119]. Direct evidence for binding of the carrier to
cytoskeleton components is not, as yet, available. Similarly,
specific regions involved in the opening of CIC-2 Cl- channels by
cell volume have been identified in Xenopus oocytes [120], and
PC12 cells express an ion-channel activity the gating of which
depends on the medium osmolarity and on the integrity of the
microfilament, but not the microtubular network [121]. That
there may be a regulatory link between cytoskeletal proteins and
amino acid transporters is an interesting possibility, but no direct
evidence is at present available on this point.
The physiological significance of the adaptation of amino acid

transport to hyperosmotic stress is not altogether clear. A likely
possibility is that amino acids may act as osmolytes, at least in
renal epithelial cells. MDCK cells release a substantial amount of
intracellular amino acids when cultured in hypotonic medium
[122,123], depleting the free amino acid pool from 69 to 25 mM
[124]. However, amino acid efflux seems to be accounted for, at
least partially, by anion channels [125] and involves rapid effects
which do not depend on the synthesis of new carrier proteins.
Similarly, induction of hepatic System N by hypotonicity or cell
swelling triggered by Na+-coupled uptake of amino acids is
cycloheximide-insensitive and does not involve either trans-

stimulation or recruitment of additional carriers [126].
Two possibly analogous examples of induction of Na+-de-

pendent osmolyte transport by hyperosmotic medium have been
reported recently. Betaine and myo-inositol behave as osmolytes
in MDCK cells. As described later, Na+-dependent transporters
for betaine (BGT1) [127,128] and for myo-inositol (pSMIT)
[129,130] have been cloned from this cell line. The levels of
mRNA coding for BGT1 and for pSMIT markedly increase
soon after hypertonic shock. It has been demonstrated recently
by run-on assays that exposure of MDCK cells to hypertonic
medium enhances the transcription rate of the betaine transporter
[131]. These results indicate that anisotonicity is able to regulate
gene expression, as already reported for the transcription of
genes coding for microfilament proteins [132,133].

Models of System A regulation

Several models for the long-term regulation of System A activity

have been proposed during the past decade [60,134,135]. Each
model comes from data on a different cell type, which might
explain some of the discrepancies between them. It may be
assumed that although System A activity is ubiquitous, there
might be isoforms that are differentially regulated and expressed
in different cells.

Kilberg and co-workers [26,60,136] analysed the substrate-
dependent repression of System A activity previously induced by
hormone treatment or by experimental diabetes. Primary cultures
of hepatocytes from rats that had been injected with glucagon
4-6 h before hepatocyte isolation displayed high System A
activities when cultured in an amino-acid-free medium. When
cells were exposed to an amino-acid-supplemented medium, a

decay of stimulated System A activity occurred progressively,
indicating a short half-life for the putative System A protein(s)
(1.5-2.5 h). This effect was mimicked by individual amino acids,
generally System A-preferring substrates [137], and was blocked
by actinomycin and cycloheximide [26,60,136,137]. These results
formed the basis of a model which originally postulated that
amino acids could enhance the transcription of a gene coding for
a protein which inactivated System A activity, that is the so-

called Transport Inactivating Protein, TIP [26,60]. Later evidence
suggested that TIP is a non-glycosylated protein and is coded by
an mRNA lacking a poly(A) tail, consistent with the idea that the
putative TIP is a nuclear regulatory protein, probably a histone
[136,137], acting on the System A gene(s), rather than a direct
inactivator of the transport protein(s). This model indirectly
assumed that changes in free amino acid levels would be detected
by an amino-acid-binding molecule.
The model by Englesberg and co-workers (Figure la)

[134,135,138] is based on extensive work using somatic cell
genetics. Again a regulatory protein (RI) is postulated to control
System A gene expression. CHO-KI cells express the major
transport systems involved in neutral amino acid transport, i.e.
Systems A, ASC and L [139,140]. Adaptive control of System A
in CHO-Kl cells is also inhibited by cycloheximide, actinomycin
D and selected amino acids, although not necessarily System A
substrates [134]. The best evidence in favour of a repressor gene
comes from the study of a single mutant, CHO-KI alar4, which
has basal transport rates through System A similar to those of
the derepressed wild type and has lost the ability to respond
further to amino acid starvation [134]. Assuming that a single
mutational event is responsible for the CHO-KI alar4 phenotype,
and taking account of the evidence that somatic cell hybrids
CHO-Ki x CHO-KI alar4 show the wild-type phenotype, it was
postulated that the mutation involved a regulatory protein
instead of the carrier itself. The work on CHO cells [134,141] and
that on rat hepatocytes [26] showed that those amino acids able
to block the adaptive response are not necessarily System A

substrates; this is consistent with the involvement in the induction
of System A activity of another protein having different amino-
acid-binding specificity. The mechanisms of System A induction
in the two cell types may well be different, i.e. the decay of
induced activity after re-addition of amino acids is dependent on

protein synthesis and gene transcription in rat hepatocytes but
not in CHO cells or in NBL-1 cells.

Induction of System A activity by amino acid starvation and
incubation in hypertonic medium in the NBL-1 cell line was

described in the previous section. These results are consistent
with a further model in which the proteins induced by starvation
and by hypertonic medium are different (Figure lb).
At present, the lack of molecular probes or appropriate System

A antibodies has prevented the assessment of any of these models
and they should be considered as working hypotheses, although
all are supported by some experimental evidence.
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(a) Model for the co-ordinate regulation of System A and a-subunit Na+,K+-ATPase gene expression in CHO-Ki cells. The regulatory gene codes for an inactive repressor (apo-ri) that can be
activated in the presence of amino acids (co-ri). The active form of the regulatory protein is at the same time a repressor of System A gene expression and an inactivator of the System A protein.
ri can block expression of the gene coding for the a-subunit of the Na+,K+-ATPase. See the text for further details. Adapted from [161]. (b) Model for the regulation of System A activity in NBL-
1 cells. Amino acids completely block System A expression either by acting on a putative repressor protein or by enhancing the expression of the repressor itself. In the absence of amino acids
System A is derepressed. An osmotically sensitive gene codes for a putative System A-activating protein. This protein may interact with cytoskeletal elements to exert its function or may itself
be a component of the cytoskeleton. In the presence of amino acids System A is not expressed and the activating protein cannot up-regulate activity. The data on which this model is based are

taken from [108].
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Induction of System A In relation to other Na+-coupled transport
systems

Many examples of simultaneous induction of Na+-dependent
amino acid transporters come from in vivo observations. Feeding
a high-protein diet induced a co-ordinate induction of several
Na+-dependent amino acid transport systems (A, N, Gly, XAG-)
[142]. Pregnant rats also have up-regulated systems A and ASC
in liver [48], while in a model of genetic obesity, the Zucker rat,

Systems A, ASC and N are up-regulated in liver plasma
membrane vesicles [143]. All these models are characterized by
tissue hypertrophia and/or hyperplasia, and there is no direct
evidence for a common pathway mediating the co-ordinate
induction of Na+-dependent transporters. However, alanine-
resistant CHO-KI mutants show pleiotropic phenotypes leading
to an increase in the activities of Systems A, ASC and a so-called
System P [138].

Induction of Na+-coupled concentrative transporters should
be sustained by an increased ability to regenerate the Na+
transmembrane gradient. Indeed, in some cell types the concen-

trative uptake of amino acids is a major determinant of Na+,K+-
ATPase activity [144-148]. Several physiological models show
apparent co-ordinate changes of Na+,K+-ATPase and Na+-
dependent amino acid transport activities. This is the case in
livers from rats fed a high-protein diet [149], livers from rats early
after partial hepatectomy [81,84,150], during post-natal develop-
ment [50], in the obese Zucker rat (B. Ruiz-Montasell, A.
Ferrer-Martinez, A. Felipe, J. Casado and M. Pastor-Anglada,
unpublished work) and during reticulocyte maturation [152].
Co-ordinate changes in these two activities were described many
years ago in studies of cell-cycle progression in Ehrlich ascites
tumour cells [153] and cell differentiation in Friend erythro-
leukaemia cells [154]. CHO cells when cultured for 24 h in a

low-K+ medium also showed a co-ordinate increase of Na+,K+-
ATPase and AIB transport activities [155]. At that time the
possibility that the two transporters were somehow genetically
linked was considered. Prolonged ouabain treatment resulted in
high expression of Na+,K+-ATPase in HeLa cells [156] and in
increased activity in fibroblasts [76,157,158]. In both cases, a

stable increase of System A activity was also observed.
More direct evidence of co-ordinate up-regulation of both

transport activities comes from somatic cell genetics, using CHO-
KI cells and the alanine-resistant mutants described above. A
close relationship between the Vmax of System A and Na+,K+-
ATPase activity was found when a whole set of independent
mutants and revertants was analysed [159]. In particular CHO-
Kl alar4, the CHO mutant unable to respond to adaptive
control, showed a significant increase in Na+,K+-ATPase activity
over the wild type, with an increase in the number of ouabain-

binding sites and also in the amount ofmRNA coding for the a,
subunit [160]. Again, assuming that single mutational events are

responsible for the phenotype of clones selected by alanine

resistance, it was postulated that the two transporters were under

co-ordinate control at the gene level (see Figure la). Further

evidence was provided when analysing the adaptive response

itself [161]. It was shown that the amount of a, message was

increased after amino acid starvation in CHO-KI cells, but the

increase was blocked by single amino acids with a similar

specificity to that described for System A up-regulation after

amino acid deprivation. This interesting finding, along with the

evidence that cell hybrids WT-alar4 showed the wild-type pheno-
type, is consistent with a regulatory gene linking Na+,K+-ATPase
and System A gene expression (Figure I a). Although much of the

molecular biology of the Na+,K+-ATPase has already been

elucidated, the lack of information on the molecular character-

istics of System A and other amino acid transporters has so far
prevented a direct assessment of the hypothesis of co-ordinate
regulation.

IDENTIFICATION AND CHARACTERIZATION OF AMINO ACID
TRANSPORT PROTEINS

Progress in the identification ofmammalian amino acid transport
systems has been considerably slower than that for bacterial
transport systems or for other mammalian transport systems
such as that for glucose. The major reason for this has been the
lack of a suitable specific inhibitor which could be used as high-
affinity labelling reagent in the way that cytochalasin B, for
example, has been used as a label for the erythrocyte glucose
transporter. Analogues of amino acids in general act as weak
competitive inhibitors and are inappropriate for this purpose.
Thiol reagents inhibit Na+-dependent amino acid transport, but
these reagents are unspecific. A further difficulty in approaches
using labelling is the likely low abundance ofamino acid transport
proteins in cell membranes. While direct approaches to identifica-
tion of transport have therefore proved difficult, there has been
a great explosion of information based on the technique of
expression cloning in the past two years. These developments will
be reviewed in the following section.

Approaches involving direct identification of transport proteins

A number of reports describe the solubilization and recon-
stitution of amino acid transport activity into artificial phospho-
lipid membranes. These include reconstitution of amino acid
transport from pig cortex membranes [162], System A [163,164]
and System N [165] from rat liver, and the broad-specificity
system from bovine kidney [166]. In principle, once a reproducible
reconstitution method has been established, the solubilized
membrane proteins can be fractionated and progressively purer
fractions containing transport activity can be isolated. Eventually
this may lead to direct purification of the transport protein.

This approach led to the purification to homogeneity of the
(Nat + Cl-)-dependent y-aminobutyric acid (GABA) transport
protein from rat brain [167]. Peptides derived from this protein
sequence were used to design oligonucleotide probes to screen a

rat brain cDNA library [168]. The amino acid sequence derived
from the cDNA clone encoding the transport protein (GAT-1)
predicted a protein with 12 transmembrane helices. Injection of
mRNA for this protein into Xenopus oocytes induced high-
affinity Na+- and Cl--dependent GABA transport with character-
istics similar to those of GABA transport in brain preparations.
A similar procedure was used to purify a Na+/K+-coupled

glutamate transport protein of glial origin [169]. A rat brain
cDNA expression library was screened with an antibody to this
protein and a full-length clone (GLT-1) was derived [170].
Expression in HeLa cells induced glutamate transport with the

expected properties. The predicted protein contained eight puta-
tive transmembrane helices. A second high-affinity glutamate/
asparate transporter termed GLAST was cloned by screening a

rat brain cDNA library with an oligonucleotide corresponding to

a peptide derived from a purified brain glycoprotein [171].
GLASTmRNA was again confined to brain; the cDNA sequence
predicted a 543-amino-acid protein with multiple transmembrane
helices. Expression of GLAST in oocytes induced a high-affinity
Na+-dependent L-glutamate uptake with a likely stoichiometry of
3 Na+: I glutamate: 1 K+ [172]. In a similar approach, a 100 kDa

protein from pig brain was purified to homogeneity and was

demonstrated by reconstitution to be a (Na++Cl-)-dependent
glycine transporter [173,174].
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Attempts to isolate other transport proteins, particularly those
for neutral amino acids, by this method have been less successful.
Using reconstitution as an assay, a protein fraction with System
A activity was isolated from Ehrlich ascites cells. An antibody to
the major component immunoprecipitated transport activity
from solubilized membranes [175]. No details of the protein with
which this antibody reacts have yet been published. More
recently, a monoclonal antibody was obtained which both
inhibited System N activity in hepatocytes and immuno-
precipitated transport activity from solubilized membranes [176].
Details of the sequence of this putative System N protein are
awaited.
The Na+-dependent broad-specificity transport system (System

B°) from bovine kidney brush-border membranes has been
reconstituted into liposomes [166]. Monoclonal antibodies were
made to the active protein fraction. One antibody immuno-
precipitated reconstitutable transport activity from solubilized
membranes. Further investigation [177] showed that this anti-
body specifically reacted with the brush-border membrane pro-
tein aminopeptidase N, an ectoenzyme with a single trans-
membrane helix. Aminopeptidase N forms extensive arrays in
these membranes [178] which could therefore represent complexes
with effective multiple transmembrane helices, but there is no
evidence that this enzyme can actually act as a transporter.
Removal of aminopeptidase N from the membranes using
limiting concentrations of papain greatly increased the Km values
for Na+-dependent amino acid transport without affecting the
Vmax. Na+-dependent glucose transport was unaffected. There is
a close correspondence between the amino acids which are most
readily hydrolysed from the N-terminal end of peptides by
aminopeptidase N and those amino acids which are most readily
transported. It was suggested [177] that the amino-acid-binding
sites of aminopeptidase N and the transporter may interact in
some way, affecting the kinetics of the overall transport process.

Expression cloning of amino acid transport proteins

In cases where the transport protein cannot be identified directly,
the technique of expression cloning has been employed to isolate
cDNA clones encoding the transporter. The first mammalian
metabolite transporter to be cloned in this way was the intestinal
Na+-dependent glucose transporter in 1987 [179]. A number of
subsequent reports describing expression of various amino acid
transport activities on injection of total tissue mRNA into
oocytes have appeared [180-187], but only in the last two years
has this led to the isolation of clones for putative transport
proteins.
The first mammalian amino acid transport system to be

identified was System y+ (now called cationic amino acid trans-
porter 1 or CAT 1), which was found to be identical with the
mouse ecotropic virus receptor [188,189]. mRNA coding for this
receptor was injected into Xenopus oocytes and uptake of amino
acids was followed using radioactive tracers [188,189] or voltage-
clamping [189]. Oocytes expressing the virus receptor catalysed
the Na+-independent electrogenic uptake of lysine, arginine and
ornithine with Km values similar to those for System y+. Further,
the uptake of basic amino acids was inhibited by homoserine, but
only in the presence of Na+; this is again consistent with the
properties of System y+. The tissue distribution of mRNA was

also consistent with that of System y+ activity. The mouse
ecotropic virus receptor (EcoR) had been cloned previously
[190]. This protein has 12-14 membrane-spanning domains and
some structural similarity to the arginine and histidine permeases

fected fibroblasts by ecotropic murine leukaemia virus (MuLV)
resulted in down-regulation of System y+ activity [191]. It appears
that the transporter provides a binding site for an envelope viral
protein, gp7O, subsequently allowing infection [191,192]. Two
isoforms of the transporter have so far been identified. CAT-1
codes for a high-affinity y+ transport activity and is absent from
liver. CAT-2, when expressed in oocytes, induces a low-affinity
cationic amino acid transport activity. The CAT-2 protein is
present in liver but does not confer susceptibility to amphotropic
MuLV infection, at least in CHO cells [193,194].
At the same time as the GLAST and GLT-1 brain glutamate

transporters were cloned (see above), a high-affinity glutamate/
aspartate transporter (EAAC1) was identified by expression
cloning from rabbit small intestine [195]. mRNA for this trans-
porter was found also in kidney and brain. The kinetics and
specificity of amino acid transport by this protein when expressed
in Xenopus oocytes were similar to those of the transport system
termed XAG- which is widely distributed. The three glutamate
transporters EAAC 1, GLT-1 and GLAST show marked similari-
ties and represent a protein family (see [196,197]).
An extension of this approach in the search for amino acid

transport proteins was to look for proteins related to the
transporters whose identity had already been firmly established
(the glutamate family, the GABA transporter and the Na+-
dependent glucose transporter). After the expression cloning of
a neural (Na++Cl-)-dependent noradrenaline transporter [198]
which was closely related to the GABA transporter, cDNA
clones for neural (Na++Cl-)-dependent transporters for dop-
amine [199-201], 5-hydroxytryptamine [202], proline [203] and
glycine [204-206] were isolated by screening libraries with oligo-
nucleotides derived from the sequence of the GABA and/or the
noradrenaline transporter. A (Na+ + Cl-)-dependent transporter
for betaine was identified in MDCK cells by expression cloning
[128]. Using probes to this sequence, a (Na++Cl-)-dependent
transport system for taurine [207] was cloned in the same cell
line. Another (Na++Cl-)-dependent transporter was similarly
cloned from mouse brain [208]. All the members of this group of
(Nat + Cl-)-dependent neurotransmitter transporters show ex-

tensive sequence similarity to the GABA transporter and form a

superfamily of proteins each with 10-12 putative transmembrane
regions [209,210].
The Na+-dependent neutral amino acid transport proteins

continue to be elusive. By low-stringency screening of a cDNA
library derived from LLC-PKI cells with probes for the Na+-
glucose transporter, Kong et al. [211] obtained a cDNA clone
(SAATl) which, when used to transfect COS cells, induced Na+-
dependent methyl-AIB transport. It was suggested that the
SAAT1 clone may be related to System A. If this is in fact the
case, it would be of great interest and would open the way to a

detailed study of the regulation of this transport system. The
level of expression of this system in COS cells was, however,
relatively low (only 2-fold over the control). Further evidence
relating to the identification of SAAT1 with the System A
transporter will presumably come from expression of the cDNA
in oocytes, using electrophysiological techniques to detect
electrogenic Na+-amino-acid co-transport, as has been done for
the EAAC1 glutamate carrier and for the CAT-1 System y+
transporter. If SAAT1 does in fact encode System A, it should
also be possible to show increased levels of SAAT-1-hybridizing
transcripts on induction of System A activity by amino acid
deprivation in a suitable cell type. Until such reports appear, it
remains unclear whether the SAAT1 clone is truly related to the
inducible System A transport activity.
Two recent publications report cloning and sequencing of

another Na+-dependent neutral amino acid transport system.of Saccharomyces cerevisiae. Chronic infection of EcoR-trans-
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ASCT1 MEKSNETNGYLDSAQAGPAAGPGAPGTAAGRARRCARFLRRQALVLL--TVSGVLAGA
EAAC1 MGKPAPKGCDSKRFLKNNWLLLS-TVVAVVLGI
GLT-1 MASTEGANNMPKQVEVRMHDSHLSSEEPKHRNLGMRMCDKLGKNLLLSLTVFGVILGA
GLAST MTKSNGEEPRMGSRMERFQQGVRKRTLLAKKKVQNITKEDVKSYLFRNAFVLL--TVSAVIVGT

ASCT1 GLGAALR-GLSLSRTQVTYLAFPGEMLLRMLRKIILPLVVCSLVSGAASLDASCLGRLGGIRVA
EAAC1 VIGVLVREYSNLSTLDKFYFAFPGEILKRKLKLVILPLIVSSMITGVAALDSNVSGKIGL-RAV
GLT-1 VCGGLLRLAAPIHPDVVMLIAFPGDILMRMLKKLILPLIISSLITGLSGLDAKASGRLAT-RAM
GLAST ILAFALRPY-KMHYREVKYFSFPGELL RXLQMLVLPLIISSLVTGNAALDSKABGKNGM-RAV

ASCT1 YFGL-TTLSASALAVALAFIIKPGSGAQTLQSSDLGLEDSGPPPVPKETVDSFLDLARNLFPSN
EAAC1 LYYFCTTIIAVILGIVLVVSIKPGVTQKVDEIDRTGSTPEVST------VDAMLIRNMFPEN
GLT-1 VYYMSTTIIAAVLGVILVLAIHPGNPKLKKQLGPGKKNDEVSS------LD"LDLIRNLFPEN
GLAST VYYMTTTIVVIGIIIVIIIHPGKGT-KENYREGKIVQVTA------ADLDLIRNPPN

ASCTI LVVAAFRTYATDYKVV- TQNSSSGNVTHEKIPIGTEI--------------EGMNIL
EAAC1 LVQACFQQYKTTREEV--TASDDTGKNGTEESVTAVMTTAVSENRTKEYRVVGLYS--DGINVL
GLT-1 LVQACFQQIQTVTKKVLVAPPS-EEANTTKAVISLLNETMNEAPEETKIVIKKGLEFKDGMNVL
GLAST LVEACFKQFKTSYEKRSFKVPIQANETLLGAVINNVSEAMETLTRIREEMVPVPGSVN-GVNAL

ASCT1 GLVLFALVLGVALKKLGSEGEDLIRPFNSLNEATMVLVSWIMWYVPVGIMFLVGSKIVEMKDII
EAAC1 GLIVFCLVPGLVIGKKGEKGQILVDFFNALSDATNKIVQIIMCYMPLGILFLIAGKIIEVEDWE
GLT-1 GLIGFFIAFGIAMGKMGEQAKLMVEFFNILNEIVMKLVIMIXWYSPLGIACLICGKIIAIKDLE
GLAST GLVVFSMCFGFVIGNXKEQGQALREFFDSLNEAIXRLVAVIXWYAPLGILFLIAGKILEMEDMG

ASCT1 VLVTSLGKYIFASILGHVIHGGIVLPLIYFVFTRKNPFRJLLGLLAPFATAFATCSSBATLPSM
EAAC1 IF-RKLGLYMVTVLSGLAIHSIVILPLXYFIVVRKNPFRFAMGMTQALLTALMISSSSATLPVT
GLT-1 VVARQLGMYNITVIVGLIIXGGIFLPLIYFVVTRKNPFSFFAGIFQAWITALGTASSAGTLPVT
GLAST VIGGQLAMYTVTVIVGLLIIAVIVLPLLYFLVTRKNPWVFIGGLLQALITALGTSSSSATLPIT

ASCT1 MKCIEZNNGVDKRISRFILPIGATVNMDGAAIFQCVAAVPIAQLNNIELNAGQIFTILVTATAS
EAAC1 FRCAZEKNRVDKRITRFVLPVGATINWDGTALYEAVAAVFIAQLNDMDLSIGQIITISVTATAA
GLT-1 FRCLZDNL-IDKRVTRFVLPVGATINXDGTALYUAVmAIFIAQMNGVILDGGQIVTVBLTATLA
GLAST FKCLBENNGVDKRITRFVLPVGATINXDGTALYIALAAIFIAQVNNFDLNFGQIITISITATAA

ASCT1 BVGAAGVPAGGVLTIAIILEAIGLPTHDLPLILAVDWIVDRTTTVVNVEGDALGAGILHELNQK
EAAC1 SIGAAGVPQAGLVTNVIVLSAVGLPAEDVTLIIAVDWLLDRFRTVVNVLGDAPGTGIVEKLSKK
GLT-1 SIGAASIPSAGLVTMLLILTAVGLPTEDISLLVAVDWLLDRMRTSVNVVGDSIGAGIVYNLSKS
GLAST SIGAAGIPQAGLVTXVIVLTSVGLPTDDITLIIAVDWFLDRLRTTTNVIWDSLGAGIVEELSRN

ASCT1 ATKKGEQELAEVKVEAIPNCKSEEETSPLVTHQNPAGPVASAPELESKESVL 532
EAAC1 ELEQMDVSSEVNIVNPFALESATLDNEDSDTKKSYINGGFAVDKSDTISFTQTSQF 524
GLT-1 BLDTIDSQHRMHEDIEMTKTQSVYDDTKNHRESNSNQCVYAAHNSVVIDECKVTLAANGKSADC
GLAST ELKNRDVEMGNSVIEENEMKKPYQLIAQDNEPEKPVADSETKM 543

GLT-1 SVEEEPWKREK 573

Figure 2 Similarities of amino acid sequences of the glutamate transporters and the Na+-dependent neutral amino acid transporter ASCT1

The deduced amino acid sequences of ASCT1 [213] and the glutamate transporters EAAC1 [195], GLAST [171] and GLT-1 [170] are aligned. Identical amino acids are highlighted. The diagram

is a modification of that in [213], but includes the updated sequence information for GLT-1 given in [196].

Table 2 Some cloned amino acid transporters

Corresponding transport Putative membrane
Clone Tissue distribution system No. of amino acids helices Reference

EcoR receptor Widespread y+ 622 14 192

(CAT family)
EAAC1 Intestine, kidney, brain XAG- 524 10 195

GLAST Brain Glutamate transporter 543 > 6 171
GLT-1 Brain Glutamate transporter 573 8-9 170

GAT-1 Brain GABA transporter 599 12 168
GLYT-1 Brain 'System Gly-like' 633 12 206

TAU Widespread System fi? 655 12 207
TAUT Brain fl-like 590 12 208
SAAT1 Widespread System A? 660 11 as for SGLT1 211

SATT Widespread System ASC? 529 6-10 212
ASCT1 Widespread System ASC? 532 Up to 10 213
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Figure 3 Amino acid transporters

The putative transmembrane orientations of the GABA transporter (GAT-1), the glutamate transporter (EAAC1) and the cationic amino acid transporter (CAT1) are shown as representatives of the

three families of amino acid transporters cloned to date. Potential glycosylation sites on the cytoplasmic-facing side of the proteins are indicated (red). The structures are redrawn from the illustrations
in references [168], [195] and [192] respectively.

Shafqat et al. [212] used PCR to obtain a cDNA probe from
human hippocampus which had distant homology to an
Escherichia coli glutamate/aspartate transporter. This probe was
used to screen a human hippocampal cDNA library, and a full-
length clone (SATT) was obtained which had 400% sequence
similarity with mammalian glutamate transporters. Expression
of this cDNA in HeLa cells induced low levels (70% increase
over the control) of Na+-dependent uptake of amino acids which
were methyl-AIB-insensitive. It was proposed that this clone
might be related to System ASC, but some anomalies were
found. In particular, uptake of cysteine was not induced; this
amino acid is a good substrate for System ASC in many cells.
At the same time, Arriza et al. [213] reported isolation of

another cDNA clone by screening a library with oligonucleotide
probes derived from the sequence of the glutamate transporter
GLAST. When this clone (ASCTI) was expressed in Xenopus
oocytes, electrogenic Na+-dependent uptake of alanine, serine
and cysteine among other amino acids was observed by the
sensitive voltage-clamping technique. It was concluded that clone
ASCT1 probably represented System ASC. The amino acid
sequences encoded by the two clones ASCT1 and SATT are in
fact almost identical (93 % identity). Again the exact biochemical
functions of the proteins encoded by these clones await con-

firmation. The similarities between the primary structures of

ASCT1 and the three glutamate transporters GLAST, GLT-l
and EAAC1 are illustrated in Figure 2 [213].

Table 2 summarizes some details of the amino acid transport
proteins identified so far. The postulated transmembrane orien-
tation of transporters representing the three families of amino
acid transporters firmly identified (EAAC1, GABA and CAT)
are shown in Figure 3.

'Transport-related' proteins

Tate et al. [214] obtained a cDNA clone (NAA, later called
NBAA-Tr) which increased the rate of Na+-independent amino
acid transport when expressed in oocytes. It was suggested that
this clone was related to System L activity. A clone encoding a

protein with an identical amino acid sequence was later isolated
by Wells and Hediger [215]. Expression of this clone (D2) in
oocytes stimulated the Na+-independent uptake of both neutral
and basic amino acids with a specificity similar to that of System
b° +, which is a transporter endogeneously present in oocytes. At
the same time, the isolation of another clone (rBAT) from rabbit
kidney was reported [216]. This had 79% identity with D2 and
also induced System b° + activity in oocytes. The rBAT protein
had similarities to the human surface antigen 4F2. Injection of
the cRNA for 4F2 into oocytes stimulated the endogenous
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System y+ activity [217]. The proteins encoded by the clones D2
and rBAT and the 4F2 protein each have only one trans-
membrane helix and are glycosylated. As all other known
mammalian substrate transporters have multiple transmembrane
helices, it is unlikely that these proteins are themselves trans-
porters. It has been suggested that they may act as components,
e.g. regulatory subunits or activators, of the transport proteins.
Antibodies against the NBAA-Tr protein helped to determine its
ultrastructural localization in rat kidney and intestine [218,219].
Aminopeptidase N, which has been postulated to interact with

System BO in bovine brush-border membranes [177], also has a
single transmembrane region and is glycosylated. It may be
speculated that this enzyme is another in this family of transport-
activator proteins. In addition to proteins which appear to
stimulate transporters, channel-activator proteins have also been
described. The protein IsK acts as an activator ofendogenous K+
and Cl- channels when expressed in oocytes [220].

Subunit composition of amino acid transport systems

Determination of the amino acid sequences of putative transport
proteins from cDNA sequences does not in itself give information
about their subunit composition. Radiation inactivation has
been used to a limited extent to explore the sizes of transporters
in situ. Using rat kidney cortex brush-border membrane vesicles,
Beliveau et al. [221] observed an apparent molecular mass for the
functional Na+-dependent alanine transporter of 274 kDa. The
same value was obtained for leucine transport and presumably
relates to the activity of the broad-specificity transporter System
BO. The uptake of lysine via System y+ was associated with a
species of molecular mass 90 kDa, while that of ,-alanine was
associated with a species of molecular mass 127 kDa. The
ecotropic virus receptor (System y+) has a molecular mass value
of 67 kDa while that of the (Na+ + Cl-)-dependent taurine
transporter derived from the cDNA sequence is 74 kDa. The
protein responsible for System BO activity has not yet been
identified, but putative cDNA clones for Na+-dependent neutral
amino acid transport activity (SATT and ASC 1) predict proteins
with 529 and 532 amino acids respectively. The large discrepancy
between the molecular mass of the predicted subunit and the
apparent value for the functional transporter for Na+-dependent
neutral amino acid transport suggests that the transporter is
composed of multiple subunits or is associated with other
proteins. This may not be the case for System y+, while the ,3-
amino acid transporter may represent an intermediate case. In
Ehrlich ascites cells, the apparent molecular size of the protein
responsible for Na+-dependent AIB transport was 347 kDa,
again suggesting the involvement of multiple subunits or other
proteins [222]. The IMINO transport system of the intestine has
been tentatively identified as a species of subunit 95-110 kDa on
reducing SDS/polyacrylamide gels [223]. Radiation inactivation
studies indicate a functional molecular mass of 382 kDa (see ref.
[20] suggesting the possible occurrence of a tetramer in the intact
membrane). Similar radiation inactivation studies suggest that
the Na+-glucose symporter has a functional size of 290 kDa and
is composed of four subunits [224].

Regulation of tissue mRNA levels for transport proteins

To date, there have been few studies on the regulation of amino
acid transport activity at the transcriptional level. It was recently
reported [225] that the activity of the XAG- transport system in
the renal epithelial cell line NBL-l was increased on amino acid
deprivation in a cycloheximide-sensitive process. Probes derived

from the EAAC1 clone hybridized to a single 3.5 kb transcript in
these cells, but the level of the transcript initially decreased rather
than increased on induction of transport activity. This may
suggest that in this cell line initial induction of glutamate
transport is regulated at the post-transcriptional level. It also
implies that a search for transport systems induced by amino
acid deprivation using subtractive cDNA libraries may not
necessarily be fruitful. In contrast, as mentioned previously,
mRNA levels for the osmotically regulated myo-inositol trans-
porter from MDCK cells [226] are greatly increased on exposure
of cells to hyperosmotic medium, suggesting transcriptional
regulation of transport in this case.

CONCLUDING REMARKS AND FUTURE PROSPECTS

The study of amino acid transport has been given a new impetus
by the recent work on the identification and sequencing of
transport proteins outlined above, and the field is now rapidly
expanding. A number of interesting findings have emerged. One
is the possibility that more than one gene product may correspond
to a single kinetically defined transport system and tissue-specific
isoforms of transport proteins may also occur. Direct evidence
that a cloned cDNA codes for a product that, when expressed
heterologously, is really consistent with physiological activity is
necessary before assigning a clone to a particular kinetically
defined transport activity. Elucidation of the role of identified,
and as yet still unidentified, transport-associated proteins in the
regulation of amino acid transport is also necessary in order to
obtain a complete understanding ofhow these systems operate at
the molecular level.
The availability of molecular probes should now allow the

study of the regulation of transport at the transcriptional and
translational levels, in a parallel way to published studies on the
mammalian glucose transporters. Structural and functional
analysis should help us to understand the molecular basis of the
broad specificity of these amino acid transport systems. An
unexpected aspect of the structural data so far obtained is the
apparent close similarity of the proteins catalysing the Na+-
dependent transport of glucose, nucleosides, inositol and neutral
amino acids (SAAT1). On the other hand, other putative neutral
amino acid transporters (SATT and ASCTI) resemble the
glutamate transporters, which are unrelated to the glucose
transporter. The relatively small molecular differences which
result in these widely divergent substrate specificities will be of
great interest.

Finally, the molecular basis for tissue- and development-
dependent expression of transporters and their regulation will be
of importance in the elucidation of the probable role of amino
acid transport systems in many pathophysiological conditions,
such as diabetes, neoplasia and amino aciduria. Particular
attention will be paid to the molecular events involved in the
regulation of the inducible transport System A outlined in this
review.
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