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INTRODUCTION
A. Importance of Amino Acids as Cellular Nutrients
Amino acids, which are the building blocks of cellular proteins, are very important
nutrients in living organisms. Amino acids are absorbed by the intestine by specialized
transport systems from digests of dietary proteins. However the amino acid composition
of dietary proteins does not exactly match the amino acid needs in humans for the
synthesis ofvarious cellular proteins and diverse essential metabolites derived from amino
acids. Therefore, metabolic pathways exist not only to synthesize certain amino acids from
other dietary constituents such as cai:bohydrates and fat, but also to oxidize excess amino
acids for generation of energy. Nearly all excess amino acids are degraded to products that
are either oxidized for energy or stored as fat and glycogen. In the metabolism of amino
acids, the amino nitrogen is released as ammonia. Some ammonia is reused in the synthesis
of amino ·acids, some is used in other biosynthetic pathways, some is excreted in the urine,
but the largest part is transformed into urea, which is excreted by the kidneys. Amino acids
also participate in energy producing metabolic pathways such as the Krebs cycle. In
addition, amino acids are important neurotransmitters/neuromodulators in the central
nervous system (e.g. glutamate, glycine, and proline) (1-3). They are also precursors for
coenzymes, phospholipids, neurotransmitters, porphyrins, purines, pyrimidines and other
nitrogenous compounds. Amino acids are divided into two.groups, according to the ability

.

of the organism to synthesize them Nonessential amino acids
. are those which can be
synthesized in the body and hence need not be supplied in the diet and they are: alanine,

1

2

aspartate, cysteine, glutamate, glycine, proline, serine, tyrosine, glutamine and asparagine.
Essential amino acids are those which cannot be synthesized in the body due to lack of
biosynthetic pathways or which can be synthesized to some extent but the quantity is far
below what is required for appropriate nutrition. They are arginine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine.
Amino acids constitute an important group of essential nutrients necessary for the
growth and development of the fetus. The developing fetus is supplied with these nutrients
by the mother and the process involves functional participation of the placenta. Placenta is
the only link between the mother and the fetus and thus plays an obligatory role as a
transport organ in supplying the nutrients from the mother to the fetus. The amino acids
that the developing fetus may obtain from the mother comprises all the essential amino
acids plus those amino .acids that the fetus is not able to synthesize in adequate amounts.
Cysteine, a nonessential amino acid in adult humans, cannot be synthesized by the fetal
·liver because its low cystathionase activity, an enzyme responsible for the transulfuration
pathway in the conversion of methionine to cysteine (4, 5). A similar case has been
observed for tyrosine (6): Fetal tissues may be able to synthesize some amino acids but

this does not rule out the transfer of these amino acids from mother to fetus, because the
amount of these amino acids generated endogenously by the fetus may not be adequate to
satisfY the requirements of fetal growth and development. The total amount of nitrogen in
each individual is regulated to stay relatively constant except during growth. Because the
fetus is an actively growing organism, an adequate supply of amino acids is necessary for
maintenance of optimal growth and development. Placental transfer of amino acids from
mother to fetus plays a vital role in meeting the amino acid requirements of the developing

3

fetus (7). Therefore, it is .important to investigate the physiology of fetal uptake and
requirements for each ·amino acid and to underStand the transfer mechanisms involved iii
the transport of nutrients from mother to fetus across the placenta.

B. Amino Acid Transport Systems in Animal Cells

In marmna)jan cells, several different amino acid transport mechanisms have been
identified (8). The approach that has been used for this classification is based on general
properties such as ion dependence, kinetics, substrate specificity, and regulation of activity
of the transport systems (9, 10). These systems can be divided into Na+·dependent and
Na+ -independent systems. Na+·dependent transporters are designated

with upper case

letters while Na+~independent transporters are designated by lower case letters. System
y"'L is the only one that belongs to both groups because of its ability to transport neutral
amino acids in a Na+·.dependent manner and cationic amino acids in a Na+·independent
manner.
1. Na+·independent amino aeid transport systems
a. System y+. This is a cationic amino acid transport system with low affinity and high
capacity (11). The occurrence of this transport system is widespread The transport of
lysine is inhibited by some neutral amino acids but only at relatively very high
concentrations. This system is sensitive to inhibition by N-ethylmaleimide (NEM) (12).
b. System y+ L . It was originally described in erythrocytes (13). It has higher affinity for
lysine and neutral amino acids than system y. System y"'L is insensitive to NEM (12).

e. System as e. It has substrate specificity like the ASC system (14).
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d. System bo,+_ It is a high affinity, low capacity transport system for neutral and cationic
amino acids. The substrate specificity of system bo,+ overlaps with those of system I andy+_
In addition, it recognizes the disulfide amino acid cystine as a substrate. It prefers amino

acids with bulky side chains, but does not recognize the amino acids which have branching
at the a or 13 carbon atom (IS, 16).

e. System L It is most reactive with large branched-chain and aromatic amino acids, such
as leucine, isoleucine, tyrosine, tryptophan, valine, phenylalanine, methionine, glutamine
and the nonmetabolizable analog 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH)
(17, 18). System I is stimulated by lower extracellular pH, is insensitive to NEM and has
high affinity for its substrates (!<;.in micromolar range).
f. System t. It is found in erythrocytes and hepatocytes, and filvors benzenoid amino acids

as substrates (19).
g. System x·c . This system is selective for cysteine. It can also accept glutamate (20).
2. Na+·dependent amino acid transport systems
a. System X AG • Its occurrence is ubiquitous. It is prese:D.t in neuronal and non-neuronal
cells. It is similarly reactive with aspartate and glutamate and has no selectivity for the
stereoisomers of aspartate (21).
b. System X A. It is selective for -aspartate (22).
c. System N. It was first descn"bed in liver for the transport of glutamine, asparagine, and
histidine (23). It can t.olerate Lr in the place ofNa+.
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d. System Gly. It is a Na+,cr-dependent system specific for glycine and its N-methylated
derivative sarcosine. It has been found in rat hepatocytes and in the human
choriocarcinoma cell line JAR (24-26).
e. System f3.

It is also a Na+, Cr-dependent system with high aflioity for f3-alanine,

taurine and hypotaurine. It has been found in the small intestine, placenta, liver, kidney and
brain (27-29).

f. System 1!\flNO. This system is also ~a+-cr-dependent. It accepts the imino acids
proline and hydroxyproline as substrates. Its presence has been demonstrated in the small
intestine and the kidney (30).
g. System Bo,+. It mediates the uptake of both cationic and neutral amino acids. It was
_:

'

.

first described in mouse blastocytes and also in Xenopus laevis oocytes (31) and several
other cell types. Its expression seems to be tissue-and cell-specific. The substrate
specificity of system Bo,+ is somewhat broader than bo,+ because of its tolerance for
branching in the a and f3 carbon position.
h. System ASC. It is more specific for the neutral amino acids alanine, serine, cysteine,
and threonine (32-34). At acidic pH however, this system interacts with acidic amino acids
(35). It does not recognize N-methylated amino acids.

i. System A. It is most reactive towards amino acids having short, polar or linear sidechains, such as alanine, glycine, a-aminoisobutyric acid (AlB) and N-methylated
derivatives such as methylalanine (MeAla) and methylaminoisobutyric acid (MeAIB) (36).

It is subject to endocrine regulation and adaptation to cellular starvation of amino acid
substrates (37).
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j. System B • It has a wide spectrum substrate specificity. It prefers neutral amino acids
and its functional activity has been descn"bed in brush border membranes of intestine and

kidney and in the intestinal cell line Caco-2 (38-41).

C. Placenta and Nutrient Transport
Both in vitro and in vivo approaches have been used to study the movement of
substances through the placenta. In the in vitro approach, several procedures have been
used: perfusion of the isolated placental cotyledon (42 ,43), the incubation of tissue
fragments (44-48), plasma membrane vesicles (49-54), and more recently choriocarcinoma
cell lines (55-57). In the isolated perfused placenta or cotyledon, directionality of the
transport can be determined by infusion of compounds directly into either the maternal or
fetal circulation. Tissue fragments have been used to' study the movement of nutrients and
xenobiotic agents by the placenta at different stages of gestation, however the
directionality of the transport cannot be determined in this experimental approach. Brushborder and basal membrane vesicles have the advantage in that membrane-associated
transporters can be studied without the confounding variables, such as intracellular
metabolism. Moreover, these membrane vesicles can be used to specifically describe the
transport function of a particular membrane domain of the syncytiotrophoblast. More
recently, choriocarcinoma cell lines have been used to study different transport systems.
·'

These cell lines .are useful model systems to study the regulation of transporters by
different hormones and pharmacolqgical agents.
On the other hand,
in vivo measurements
.
.
.

-

of amino acid concentrations in maternal and fetal circulations under various experimental
conditions or duriog infusion of radioactive amino acid substrates have been carried out
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(58). These in vivo studies, in addition to being invasive, do not allow conclusions .
regarding the differential contribution of the brush border versus the basal side of the
placenta to the overall transfer process.
Normal fetal growth and development depend on the continuous supply of
nutrients from the mother to the fetus.

Organic nutrients which

enter the

syncytiotrophoblast from the maternal circulation include: monosaccharides, amino acids,
mono- and dicarboxylates, lipids, steroid hormones and their precursors, lipid-and watersoluble vitamins, and nucleosides. Some inorganic nutrients include ~. Ca2+., Mg2+., Na\
K\ Fe2+.,

cr,

Cu2+. and SO:z:-"" Fetal waste materials that are transferred across the
'

syncytiotrophoblast to the maternal circulation are C~, urea, bilirubin, and creatine (59).
The transport of all of these substances occurs mostly by the combination of three
mechanisms located in the bmsh border and basal membranes of the syncytiotrophoblast.
These are diffusion, endocytosis, and active transport.
Diffusion is the movement of a substance down- its electrochemical gradient in
which the levels of these compounds inside the cell is determined by equilibration with the
external medium There iS no requirement for energy. Two processes can be distinguished
under this category. (a) Simple diffusion, where the movement of the substance is
determined by its solubility in the plasma membrane and its size. Steroid hormones flill into

this category. (b) In facilitative diffusion, the transport is mediated by a plasma membrane
protein. This is the case for glucose at the bmsh border and basal membranes of the
syncytiotrophoblast.
Endocytosis is a process in which the substance to be transported binds to its
receptor, and both as a complex are internalized. The molecule is dissociated from the
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receptor within an intracellular vesicular compartment and the receptor is either recycled
back to the plasma membrane or is degraded intracellularly. Both large and small
molecules are transferred by endocytosis (IgG, Fe2+, vitamin B 12 and cholesterol) ( 60)
across the brush border membrane.
Active transport is the transfer of a substance across the plasma membrane against
its electrical and/or chemical gradient. In this case, a plasma membrane protein is involved
and an energy supply is required. Depending on the energy source, active transporters are
divided into primary and secondary active transporters. Primary active transporters are
those that obtain their energy from the hydrolysis of ATP directly. This is the case for the
Na+,K+-ATPase, located ubiquitously in the plasma membrane of most cells. It is present
exclusively in the basal membrane of placental syncytiotrophoblast (61). Another example

is the V-type H'"-pump in the placenta which is located in the brush border membrane of
the syncytiotrophoblast (62). Secondary active transport couples an ionic gradient,
generated by primary active transport, to the transport of a substrate against its electrical
and/or chemical gradient. There are numerous secondary active transport systems in the
human placenta. For example, the transport of neutral amino acids across the human
placental brush border membrane is coupled to the inwardly directed Na+ gradient, via a
number of distinct secondary active ammo acid transport systems (63, 64).

D. Structure of Human Placenta
After fertilization occurs, the fertilized zygote undergoes numerous mitotic
divisions forming blastomeres and then a morula. The morula becomes a blastocyst which
has a fluid-filled cavity. The blastocyst is formed by an outer layer of trophoblast cells and
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an inner group of cells adhered to the trophoblast called the inner cell mass. The embryo

will develop from the ectoderm ofthe inner cell mass. Formation of the placenta originates
as soon as the blastocyst has become attached to the maternal endometrium, by days 6 to
8 post-conception. Following implantation, endodermal cells originating from the inner
cell mass migrate along the inner trophoblast wall The central cavity is the primary yolk
sac. Another layer, the mesoderm, migrates between the trophoblast and endodermal
layers. Three germ layers can now be recognized: ectodenn, mesodenn, and endoderm.
The mesoderm splits forming a cavity known as the exocoelom. The vascularized
mesoderm adheres to the endoderm, and the avascular mesoderm to the trophoblast. This
latter combination is called somatopleura. The somatopleura remains avascular for part of
the gestation period and may function as a chorionic placenta, allowing the tran smis<don of
uterine-derived nutrients to the exocoelom. The chorionic placenta is then replaced by the
chorioallantoic placenta. The chorioallantoic placenta is better known as ''the placenta",
the main organ of feto-matemal exchange.

In humans, the fetal trophoblast invades and replaces uterine epithelium resulting in
few tissue layers between maternal and fetal blood circulations. However, both
circulations are never directly connected because they are separated by the placental
barrier. Part of the endometrium is shed with the placenta and the attached maternal tissue

is called decidua basalis. The human placenta is of the hemochorial type in which the
maternal blood directly bathes the outermost trophoblast layer or syncytiotrophoblast. The
placental barrier in the hemochorial type is formed by six structures; syncytiotrophoblast,
cytotrophoblast, basal lamina of the cytotrophoblast, mesenchymal stroma, basal lamina of
the fetal vasculature, and endothelium of fetal blood vessels (Fig.l ). The human placenta
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has a villous configuration in which the fetal tissues form a three-dimensional tree-like
structure, repeatedly branching into more thinner units. The intervillous space is between
the villi The human placenta is of discoid type in which the chorionic villi are arranged on
a circular plate. Uterine arteries open out into the intervillous space bathing it with the
maternal blood. Uterine veins, which also open out into the intervillous space, take the
blood back into the maternal circulation (65). The functional unit of the placenta is the
syncytiotrophoblast, which forms the outer cover of the villous tree.

The

syncytiotrophoblast is a continuous multinucleated cell layer with a high concentration of
organelles .and it is £:ormed from the differentiation of the underlying cytotrophoblast. The
syncytiotrophoblast is a t~ differentiated and polarized epithelium with a apical
membrane facing the maternal blood and a .basal membrane facing the fetal circulation.
These two membranes are key elements in the transport of nutrients from mother to fetus
..

-

-

.

'

and waste product~ from fetuS to motli.er.

E. Amino Acid Transport Systems in Human Placenta

Analysis of the amino acid transport process across the placenta is complex and
incomplete because of the large number of amino acids, the overlapping specificity of
amino acid transport mechanisms, and the utilization of amino acids for nutrition of the
trophoblast itself The placenta transfers from the maternal blood into the fetal circulation
amino acids which are necessary for fetal growth and metabolism. Most of these amino
acids are concentrated by the placenta and then transferred into the fetus with the
exception of the anionic amino acids. The higher levels of amino acids in fetal plasma
compared with those in the mother was the first indication that amino acids are
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transported actively by the placenta ( 66-6_8). Further evidence is the fact that uterine
venous blood has a lower concentration of amino acids than the uterine artery, indicating
that maternal blood loses amino acids as it goes through the uterus (69-71 ). On the other
hand, umbilical venous blood has a higher concentration of amino acids than the umbilical
artery. In other words, fetal blood receives amino acids during its course through the
placenta.
Neutral amino acids seem to be transported by several systems in the human
placenta, both by Na+·dependent and Na+·independent systems (Table I). Early studies in
fragments of villous tissue showed evidence for the presence of systems A, I and ASC
( 67,68). However, villous fragments have some limitations because of the presence of
various cell types and subcellular membranes. This was resolved by the use of isolated
placental membrane preparations. Ruzycki et al. (49); using microvillous membrane
preparations from human placenta, found that AlB was transported actively into the
vesicular space. Some of the characteristics of the AlB uptake were temperaturedependence, saturability, Na+·dependence, and specificity for amino acids knoWn. to be
substrates of system A previously descn'bed in whole villous tissue. Only one Na+.
independent neutral amino acid transporter has been described in the brush border
membrane of the syncytiotrophoblast, which interacts strongly with leucine, tryptophan,
tyrosine, and phenylalanine and resembles System I (54, 72, 74). Finally, in this membrane
domain a taurine transport system has been descn'bed (System

13) (56). Similar to what

happened with the brush border membrane, the development of a technique to isolate
syncytiotrophoblast basal membrane~ vesicles (61) has helped to characterize the amino
acid transport systems in this domain of the syncytiotrophoblast. The transport of neutral
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amino acids at the basal membrane seems to be accomplished by System ASC, System 1
and System A (75). It has been suggested that System ASC activity decreases with
syncytial formation and is consistent with the absence of it from the brush border
membrane.
Cationic amino acids at the brush border membrane are transported by systems
y"L, andy+ (76). The expression of system y"L has been shown by Northern blot analysis
in the choriocarcinoma JAR cells and in normal placenta (55}. At the basal membrane,
these amino acids seem to be transported by system y+ (77). Acidic amino acids are not
transferred across the placenta but there is net uptake of these amino acids by both
membranes of the syncytiotrophoblast into the cytoplasm of this cell Functional studies
have identified this transport system as XAG (78).

TABLE 1": Amino acid transport systems found in placenta

Brush border membrane

Basal membrane ·

System A

SystemASC

Systemj3

System A

System I

System I

Systemy+L

Systemy+.

SystemXAG

SystemXAG
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F. Molecular Biology of Amino Acid Transport Systems

Analysis of the amino acid sequence ofvarious amino acid transporters that have
been cloned has allowed to classii)r them into at least 4 distinct :fimillies based 'on the
amino acid sequence homology. These :fimillies are the CAT transporter family, the
glutamate transporter family, the neurotransmitter transporter flnnily, and the rBAT/4F2hc
transporter flnnily.

1. The CAT family
Three members of this flnnily have been cloned, CAT!, CAT2 and CAT2a and
they function as transporters of cationic amino acids such as arginine, lysine and ornithine.
CAT1 was cloned for the first time from mouse during the search for the host cell protein
responsible for infection by the IDilrine ecotropic leukemia virus (MuLV) (79). Then,
based on the sequence homology of this murine eDNA with the arginine and histidine
permease of Saccharomyces cerevisiae, the function.for.the CATI was deduced (80, 81).
The human homolog was then cloned and its gene mapped to chromosome 13q12-q13
(82,

~3).

The human protein consists of 629 amino acids with a molecular mass of 68 kDa,

and with 12-14 putative transmembrane domains and it shares 88% identity with the
mouse sequence. Though the expression of CAT1 seems to be ubiquitous, neither the

..
CATI mRNA nor the protein is found in liver (84). Northern blot analysis has shown
expression of CAT! in rat placenta (85). The second member of the fiunily was also
cloned from mouse during the search for the genes involved in T-een function associated
with tumor formation (86). The murine CAT2 possesses 12 putative transmembrane
domains and has 61% amino acid identity with CATI. .Both CATI and CAT2 when
expressed in oocytes mediate the transport of cationic amino acids in a Na+-independent
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fashion. These systems are electrogenic with a K.. for arginine of about 150-250

J.1M. The

expression of CAT2 is more limited than CAT1 and the CAT2 mRNA has been found in
concanavalin A-activated spleen cells, thymic epithelial cells, liver cells, skeletal muscle,
·skin, hmg, brain, uterus, and stomach (87, 88). The third member of this family, CAT2a,
was cloned using as a probe the CAT2 eDNA (89). The CAT2 and CAT2a cDNAs
originate from the same gene on mouse chromosome 8 and they are products of
alternative splicing of this gene. CAT2a is a low affinity transporter with a K.. for arginine
in the millimolar range. The expression of CAT2a is confined to liver and skeletal muscle.
2. The Glutamate Transporter Family
Five glutamate transporters and two neutral amino acid transporters belong to this

family and all are Na+·dependent systems. Different approaches have been used to clone
the glutamate transporters. The first glutamate transporter, GLAST, was cloned from a rat
brain eDNA h"brary using as a probe an oligonucleotide derived from the partial amino
acid sequence of a protein isolated from rat brain (90). GLAST exln"bited substantial
sequence similarity to the previously cloned glutamate and monocarboxylate transporters
of bacteria (91). When expressed in oocytes, GLAST was able to transport L-glutamate
L-aspartate and D-aspartate in a Na+·dependent manner, and the transport activity was
inln"bited by DL-threo-3-hydroxyaspartate. Later, the human homologue of GLAST was
cloned from a human brain eDNA h"brary by two independent groups and was named GluT
and EAATl (92, 93). The human clone shares 97% amino acid sequence identity with the
rat transporter. The K.. for glutamate has been reported to be about 11

J.1M.

The cloning

of the second glutamate transporter (GLT) was accomplished by immnnoscreening an
expression h"brary using a polyclonal antt"body raised against the purified transport protein
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(94). Similar to GlAST, GLT has 6-8 putative transmembrane domains. GlAST and
GLT have 44% amino acid identity and 68% homology. The human homolog was cloned
by two independent groups, and was named EAAT2 and GLTR (93, 95). The K,. for
glutamate of 2 J,LM has been estimated for this transporter. EAAT2 mRNA was
predominantly found in brain and placenta (93). The third member EAAC (human
EAAT3), was cloned from rabbit intestine using the oocyte expression cloning technique
(96). EAAC shares 66% amino acid sequence similarity with GlAST and 61% with GLT.
EAAC is the most widely distributed member of the glutamate transporter family. The
expression of EAAC has been detected in small intestine, kidney, brain, liver, and heart
(93, 96-98). A fourth glutamate transporter (EAAT4) has been cloned from human
cerebellum (99), which shares 65%, 41% and 48% amino acid sequence identity with the
human glutamate transporters EAAT1, EAAT2 and EAAT3, respectively. Northern blot
analysis showed expression of EAAT4 in cerebellum and placenta. Recently, another
human glutamate transporter, EAAT5, has been cloned from retina (100). It is expressed
primarily in retina and has 46%, 43%, 37%, and 37% amino acid identity to EAATl,
EAAT2, EAAT3, and EAAT4 respectively. The predicted human EAAT5 gene product is
560 amino acid residues in length and has a theoretical molecular mass of 61 kDa. The
hydropathy profile of glutamate transport proteins predicts 6-10 putative membrane
spanning regions at the N-terminus with a large hydrophobic stretch at the C-terminus.
Another member of this family is the neutral amino acid transporter ASCT1 cloned from
human brain (101, 102). The human gene for ASCTl has been localized to chromosome
2pl3-p15 (103). Some characteristics ofthis transport protein are: it has 532 amino acids,
has a molecular weight of 56 kDa, and has 6 well-defiited tranSmembrane sequences near
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the N-terminal end of the protein and up to 6 extra hydrophobic stretches near the Cterminal end. ASCTI shares 50-60% similarity to GlAST, GLT, and EAAC. ASCTI
mRNA has been found in brain, skeletal muscle, pancreas, heart, placenta, lung, liver and
kidney. The last member of this family is System ASCT2, a Na+·dependent neutral amino
acid transporter recently cloned from mouse testis and adipose tissue (104, 105). The
amino acid identity with the glutamate transporters is 40-44% and 57% with ASCTI. The
substrate specificity of ASCT2 is like ASCTI, btit in addition ASCT2 transports
glutamine. Northem blot analysis showed expression of ASCT2 mRNA in kidney, large
intestine, lung, skeletal muscle, testis, and adipose tissue.
3. Neurotransmitter Transporter Family
The neurotransmitter transporter fumi1y is a large fumi1y of Na+-cr-dependent
transporters that includes the transporters for proline, glycine, GABA, betaine, taurine,
creatine, norepinephrine, dopamine, and serotonin. Aproline transporter (PROT) eDNA
has been isolated from both rat and human brain eDNA h"braries (2, "106). This is a 637
amino acid protein with a molecular mass !)f71 kDa and with 12 transmembrane·domains.
The amino acid sequence of the human protein is_ 98% identical to the rat sequence, and is
specifically expressed in brain based on Northem analysis for mRNA and on
immunoblotting (2). PROT-is a high affinity. transporter with a~ for proline oflO

J.LM

Some other posSI"ble substrates for PROT are sarcosine, phenylalanine, histidine, and
cysteine. Proline is considered a neurotransmitter in the brain but the exact role that it
plays in neurotransmission is unlmown. However, it may play a role in glutamatergic
neurotransmission because in situ hybridization in rat brain shows PROT- specific signals
in glutamatergic neurons (106).
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Glycine has two roles as a neurotransmitter/neuromodulator in the central nervous
system First, it is an inhibitory neurotransmitter in the spinal cord, brain stem, and retina,
by its action on the glycine receptor (3). Second, glycine is a modulator of glutamatemediated excitatory neurotransmission (1 07). Two cDNAs that induce transport of glycine
have been cloned from rat brain (108, 109). These two genes are named GLYT1 and
GLYT2. In the human the GLYT1 gene has been mapped to chromosome 1p3.1-3.3
(106). Alternative splicing ofGLYT1 gene results in three isoforms: GLYT1a, GLYT1b,
and GLYT1c, and they code for proteins of633, 638, and 692 amino acids, respectively.
All three of these proteins exln"bit 35-45% ·identity and 50-60% similarity to the other
transporters in the Na+-cr-dependent neurotransmitter transporter fiunily. Functional
expression studies have shown that the

K.. for glycine for these three isofoims is in the

micromollar range. In addition to the expression in the brain, GLYT1a mRNA is found in
rat liver, and GLYT1b
mRNA
in kidney,.
spleen
and aorta of rats. However, tissue
,
.
.
'
expression of these isoforms in human and mouse differ from that in rat. GLYT2 was
cloned from a mouse cDNAneonatalh"brazy (110). GLYT2 has 48% identity at the amino
acid sequence level with GLYT1, and shows high affinity for glycine (K..= 17 JIM).
GLYT1 and GLYT2 can be functionally differentiated based on their interaction with
sarcosine (N-methylglycine). Sarcosine is a substrate for GLYTl. In contrast, this glycine
derivative is not recognized by GLYT2. The rat GLYT2 eDNA codes for a protein of799
amino acids and the protein core has a molecular mass of 88 kDa. Northern analysis,
immunohistochemistry, and in situ hybridization reveal expression of the GLYT2 in mouse
cerebellum, spinal cord, and brain stem ( 110, 111).
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4.The rBAT/4F2hc Family

This family has two members, rBAT and 4F2hc. rBAT was cloned from rat kidney
by the expression of size fractionated mRNA in Xenopus oocytes (112, 113). It has also
been cloned from rabbit (114) and human (115, 116). rBAT is a Na+-independent cationic
and neutral amino acid transporter. Studies of functional expression of rBAT eDNA have
suggested that it represents the amino acids transport System b•,+. However, some
controversy exists as to whether or not rBAT per se is the transporter because rBAT
eDNA codes for a protein with a single putative transmembrane domain while most
transporter proteins descn'bed so far have 6-12 transmembrane domains. Consequently, it
has been suggested that rBAT is a regulator of a transporter complex. rBAT eDNA codes
for a protein of 683 amino acids with a molecular mass of about 78 kDa. Northern blot·
analysis

indicates

that

rBAT

is

expressed
~at

Immnn ohistochemistry studies have shown

kidney and

in

small intestine.

the protein is restricted to the apical

sifu hybridization indicates high expression of

membrane of these tissues. In kidney, in

'

' (117). The second member of this family,
rBAT in the S3 portion of the proximal tu~We
4F2hc protein, has significant sequence siipi1arity to the rBAT protein. The 4F2hc protein
r

was first identified in a human T-een line as a heterodimer composed of a 85 kDa
I

.

glycosylated heavy chain, which spans the w,embrane one time, in disu1fide linkage with a

.

45 kDa nonglycosylated lig4t chain (118).

,;

\

T,b.e eDNA for 4F2hc was subsequently cloned
.

\

from human and mouse (119-121). Expressio~ of 4F2hc in oocytes increases the uptake of
cationic amino acids in a Na+-independent manner and neutral amino acids in a Na+.

'

dependent manner. An essential difference between rBAT and 4F2hc is that the latter does
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not increase cystine transport. The activity induced by 4F2hc relates more to that of
system y+L, originally described in human erythrocytes (14).

G. Inherited Diseases of Amino Acid Transport
Several genetic diseases of plasma membrane amino acid transport have been
descn"bed. Included in this category are Hartnup disorder, cystinuria, lysinuric protein
intolerance, and iminoglycinuria (122).
1. Hartnup Disorder
Hartnup disorder is

an

autosomal, recessive impairment of neutral amino acid

transport across the bmsh border membrane· of renal and intestiruil. epithelia. The disorder
is characterized by increased amount of the affected amino acids in urine and .feces. In
addition, in these patients the rise of plasma concentrations of several of the involved
amino acids following an oral load is abnormally low or delayed. Some clinical
.

.

abnormalities are found, but not frequently because they are IIlllllifested only when
nutrition is poor. A pellagra-like phenotype and cerebellar ataxia can be observed. Pellagra
is a disease produced by a deficiency of nicotinic acid. Tryptophan which is one of the
amino acids affected in Hartnup disorder, is converted in the body into nicotinic acid
which is necessary for the synthesis of NAD+ and NADP'". Therefore, Hartnup patients
with malnutrition develop a condition similar to pellagra due to decreased cellular levels of
tryptophan and hence decreased endogenous synthesis of nicotinic acid.
The lack of malnutrition in most Hartnup' s patients is explained by the fact that
neutral amino acids can be transported across the intestinal bmsh border m~rane in the
form of dipeptides. Once inside the cytosol, dipeptides are hydrolyzed by dipeptidases

21

releasing free amino acids which are transported into the bloodstream by basolateral
transporters, which are normal in Hartnup patients.
The candidate gene for Hartnup disorder is System B0 , a broad spectrum neutral
amino acid transport system which was first descn'bed in rabbit intestine (38).
2. Cystinuria
It is an autosomal recessive disease of amino acid transport affeCting the epithelial

cells of renal tubules and gastrointestinal
tract. There is a defective transport of.cystine,
.
arginine, ornithine, and lysine, which are found abnormally in the urine. In some patients
other amino acids are higher than normal in urine, such as glycine, methionine, cystathione
and homocystine disulfide.
As in Hartnup disorder, there is little amino acid malabsorption because amino
acids in cystinuria are provided by oligopeptide transport in the intestine, which is normal
The major clinical finding is formation of calculi in the urinary tract due to the low
solubility of cystine in urine. This can lead to obstruction, infection, hypertension, and
finally to renal insufficiency. The disease is treated by· drugs that increase the urine pH in
order to increase the solubility of cystine.
The transport system affected in cystinuria is located at the brush border
membrane. There is evidence that the system responsible is b0 '+, which is a high affinity
transport system for lysine, ornithine, cystine, and arginine (123-125). Linkage analysis of
the human gene coding for this protein has indicated that mutations in this gene are
responsible for a particular subtype of cystinuria.
3. Lysinuric Protein Intolerance (LPI)

This disease results from a failure to transport d!.'basic amino acids by the intestinal
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cell and renal tubular epithelium. Plasma concentrations of lysine, arginine, and ornithine
are decreased. Urinary excretion and clearance for all cationic amino acids, especially
lysine, are increased. In some patients moderate mental retardation is observed. Pregnancy
is risky and profound anemia can develop. Pulmonary complications can lead to death. In
contrast to what is observed in Hartnup disorder and cystinuria, severe malnutrition can be
observed in LPL The latter is explained by the fact that in LPI the transport system
affected is localized at the basolateral membrane of the epithelial cells and mediates the
efilux of amino acids that get into the intestinal cells across the brush border membrane in
the form of free amino acids or peptides. Sign of malnutrition are thin hair, muscle
wasting, and osteoporosis.
The transport system candidate for this defect is system y+, a Na+·-independent
transporter for cationic amino acids. The mouse and human clones ofy+ have been isolated

(80-83). However, no positive linkage analysis for the gene has been done with LPI.

4. lminoglycinuria
It is a benign inborn error that involves a brush border membrane transporter in the
renal tubule: This transport system has preference for proline, hydroxyproline, and glycine.
Even though the transport of the imino acids and glycine is impaired in this disease, an
appreciable tubular reabsorption of these amino acids is observed in homozygotes. The
latter may be explained by the exiStence ofmultiple transport systems that participate in
the reabsorption of imino acids and glycine. Therefore, the loss of ~ carrier shared by the
imino . acids and· glycme, is compensated by other transport systems with overlapping
.

substrate specificity.

.

.
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H. Specific Aims of the Current Project
1. Specific Aim 1: To Investigate the Regulatory Aspects of System B• in JAR
Choriocarcinoma Cells
The regulation of amino acid transport by the placenta has not been studied
extensively. In choriocarcinoma cells, system 1 was found to be stimulated by phorbol
esters and calmodulin antagonists (126). Leucine uptake in JAR cells is competitively
inhibited by 3,5,3'-triiodothyronine (127). The taurine transport system is regulated by
PKC (56) and is inhibited by calcium (128). Hormonal regulation studies of placental
amino acid transport have shown that AlB uptake is stimulated by insulin, insulin-like
growth factor I (IGF-1), and epidermal growth factor (EGF) (129,130).
EGF is a 53 amino acid peptide derived by the processing of a large prepro-EGF
peptide of 1168 amino acids. The effects ofEGF in a target cell is mediated by binding of
EGF to the plasma membrane EGF receptor (EGFR). EGFR belongs to the tyrosine
kinase receptor family. Binding of EGF to its receptor triggers the phosphorylation of
specific tyrosine residues in the cytoplasmic region of the EGFR. These phosphotyrosine
residues are essential for interaction of the EGFR with its substrates and consequently the
detenhination of the signaling pathway that is affected. EGF plays a major role in cell
morphology and proliferation in numerous cells.
During pregnancy it is known that EGF has mitogenic and metabolic effects on
embryonic and fetal tissues. However, it also has a direct role in placental implantation,
growth, and differentiation. EGF acts on its placental target cells, the trophoblast, via the
EGFR located in the brush border membrane. EGFR expression is modulated by
trophoblast differentiation and after trophoblast treatment with the growth factors such as
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P1H (131). EGF plays an important role in trophoblast differentiation into
syncytiotrophoblast (132), and in production of the peptide'hormones, human chorionic
gonadotropin (hCG) and human placental lactogen (hPL) by syncytiotrophoblast (133). In
addition to the regulation of fetal growth by a direct action on fetal tissues, EGF may also
regulate fetal growth by modulating nutrient supply into the fetus from the maternal blood
across the placenta. Masuyama et al (134) have shown that fetuses born to dams that were
injected with EGF during pregnancy were larger than control fetuses, while fetuses born to
mothers administered with EGF antl"body were smaller than control Other observations in
this particular study were: feto-maternal amino acid concentration ratio was higher in
EGF-treated group than in the control group, and was lower in the EGF ann"body-treated
group. In addition, EGF treatment stimulated
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C-aminoisobutyric acid, isoleucine, and

alanine uptake by placental explants. Other studies have shown that deficiency of EGF
during pregnancy correlates with intrauterine growth retardation in mice. It has been
suggested that these effects are due to utero-placental malfunction (135).
From the above descn"bed studies it is clear that EGF plays a major role in fetal
amino acid supply, by modulating the transfer of these nutrients across the placenta.
However, the amino acid transport systems that are affected by EGF in the human
placenta have neither been identified nor characterized.
In the first part of specific aim 1, we will study the role of tyrosine phosphorylation

in System Bo gene expression. In order to accomplish this, we will investigate the effect of
aurin tricarboxylic acid (ATA) a neuroprotective agent which, similar to EGF and NGF,
induces tyrosine phosphorylation of mitogen-activated protein kinases (136). We will also
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study directly the effect ofEGF on System B0 expression and activity. Theses studies will
be done in JAR human placental choriocarcinoma cells.

In the second part-of specific aim 1, we will study the effect ofGMl ganglioside
on amino acid uptake in JAR choriocarcinoma cells. Gangliosides are sialic acidcontaining glycosphingolipids which are normal components of plasma membranes. The
highest concentrations of gangliosides are found in the plasma membrane of neurons. The
physiological role of gangliosides is not very well understood, however, GM1 ganglioside
has been implicated in the regulation of cell growth, differentiation, and neuronal
development and it is known to be the receptor for the B subunit of cholera toxin (137).
GM1 has been shown to rescue and repair dopaminergic neurons by enhancing dopamine
synthesis in these neurons (138, 139). The neurotrophic properties of GM1 may be
explained by the observation that this ganglioside potentiates the NGF-mediated activation
of tyrosine phosphorylation in the glioma cell line C6trk+ (140). These observations and
others have directed the use of GMl in clinical trials of degenerative diseases such as
Parkinsons, and Alzheimers (141, 142). We will study the effect ofGM1 on the uptake of
several nutrients in the JAR choriocarcinoma cells by using concentrations of GM1 which
are similar to those used in clinical trials. We will-also characterize tlie ~ffeci of GM1 on
•

0

System~

activity in the JAR cells.

2. Specific Aim 2: To Investigate the Expression of System B0 in the Human
Placenta
During the ~;haracterization of the transporter cloned from JAR cells we found that

this transporter had all the characteristics of the System B 0 (143), first identified in the
rabbit intestine (38). Northern blot analysis using the B0 eDNA as a probe showed a
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strong signal in human placenta. This finding was very swprising to us because nobody
has identified the activity of the System

a•

in the human placenta. Therefore, in this

specific aim we will focus on the issue of whether or not System a• is expressed in the
syncytiotrophoblast. These experiments will be done by studying amino acid uptake in
purified brush border and/or basal membrane vesicles from human term placenta. In
addition, by RT-PCR and sequencing of the PCR product, we will determine whether or
not the transporter in normal placenta has the same molecular structure as the clone from
JAR cells. Also, we will characterize System a• from rabbit and human intestine by RTPCR, tissues in which System a• was originally identified by functional studies (38).
3. Specific Aim 3: To Stndy the Transport Characteristics of System u• in

Xenopus laevis oocytes
In this aim we will study the ionic dependence, kinetic parameters and other
functional aspects of System a•. This will be done by expressing System a• in X laevis
oocytes

by

cRNA

microinjection

and

studyiog

the

transport

function

by

electrophysiological and tracer uptake approaches.
4. Specific Aim 4: To Elucidate the Structural and Functional Features of the

•

eDNA of the ASCfl System from JAR Cells
The ASCTI system has been cloned from human brain (101, 102) and seems to be
expressed in a wide variety of tissues, including the human placenta. However its
molecular structure in the human placenta has not been confirmed. We will clone and
characterize ASCTI from JAR cells and in addition establish its presence in normal
plac~ta.

MATERIAlS AND METHODS

1. Culture of the JAR Choriocarcinoma Cells
The human placental choriocarcinoma cell line JAR was cultured in RP:MI 1640
medium supplemented with 10% fetal bovine serum, peoicillin (100 units/ml), and
streptomycin (100 J.l.g/ml). Confluent cells were released by washing the cell monolayer once
with phosphate buffered saline (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HP04, 1.8 mM
KH~04,

pH 7.5) and then treating with 0.1% trypsin/0.25 mM EDTA for about 1 min.

Action of trypsin was stopped by adding complete medium..
2. Treatment of JAR Cells
Trypsin-released cells were seeded in 35 mm petri dishes at a density of 1.5 x 106
cellsldish and allowed to grow for 24 h in RP:MI 1640 medium containing 10% fetal bovine
serum. For EGF treatments, following the 24 h subculture, the medium was replaced with a
hormonally defined medium that did not contain fetal bovine serum. The defined medium
consisted of RP:MI 1640, supplemented with insulin (5 J.l,g/ml), apotransferrin (5 J.l,g/ml),
prostaglandin E 1 (2.5 x 10"5 mg/ml), and thyroxine (5 x 10"12 M). Treatment with different
agents including EGF was carried out for indicated time periods in the defined medium prior
to uptake measurements. For GM1 treatments, after 40 h of seeding, the cells were treated

with GM1 for the indicated time periods.
3. Uptake Measurements in JAR Cells
The culture medium from the dishes was removed by aspiration and the cells were
washed once with the uptake buffer (25 mM Hepes/Tris pH 7.5, 140 mM NaCl, 5.4 mM
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KCl, 1.8 mM CaCh, 0.8 mM MgS04, and 5 mM glucose). One m1 of uptake buffer
containing radiolabeled alanine was added to the cells and incubated for 2 min. Uptake was
terminated by aspirating the uptake buffer from the dish and subsequently washing the cells
three times with ice-cold buffer. The cells were lysed with l m1 of 1% SDS-0.2 N NaOH
and the lysate was transferred to counting vials for measurement of radioactivity. In some
experiments, the composition of the uptake buffer was modified by replacing 25 mM
Hepes!Tris (pH 7.5) with 25 mM Mes/Tris (pH 5.5). Alanine uptake that occurred in the
absence ofNa+. was subtracted from total uptake to calculate Na+- dependent uptake. The
Na+·.free uptake buffer was prepared by replacing ~aCl with choline chloride. In some
experiments, a

cr- free uptake buffer was used and its composition was 25 mM Hepes/Tris

(pH 7.5), 140 mM sodium gluconate, 5.4 mM potassium gluconate, 1.8 mM calcinm
gluconate, 0.8 mM MgS04, and 5 mM glucose.

4. Preparation of JAR Cell Plasma Membrane Vesicles and Treatments
These membranes were prepared by a M!f+·-aggregation method as previously
descnoed in our laboratory ( 144). This method is based on the precipitation of cellular
membranes except brush border membranes using a low concentration ofMgCh (12 mM).
Final suspension of the plasma membrane vesicles was done in 75 mM potassium gluconate,
150 mM mannitol, and 20 mM Hepes/Tris pH 7.5. To study the effect ofGM1, membrane
vesicles were pretreated with 50

JlM of the ganglioside for 2 hours in the preloading buffer.

Following this incubation, alanine uptake was determined.
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5. Preparation of Human Placental Brush-Border Membrane Vesicles
Brush border membranes were prepared from placentas obtained within 1 hour
after delivery. The decidual layer was removed with scissors and discarded. Then the
exposed villous tissue was removed with scissors and teased out in :fine pieces from the fetal
blood vessels and connective tissue. The tissue pieces were washed with wash buffer (10
mM Hepes!Tris, 300 mM

mannito~

pH 7.5) and filtered through a single layer of nylon

membrane (30-1 00 J.lill pore size, Nitex) discarding the flowthrough. The tissue pieces were
washed two more times in the same way. This washing step removes most of the blood from
the tissue. The tissue pieces were placed in a beaker containing 300 m1 of wash buffer and
stirred on a magnetic stirrer at maximum speed for 30 min. Following the 30 inin stirring,
the slurry was sieved through two layers of cheese cloth and the flowthrough was collected.
The flowthrough was centrifuged at 7,500 x g for 15 min. The pellet was discarded and the
supernatant was saved. The supernatant was centrifuged at 70,000 x g for 30 min. The pellet
was resuspended in a total volume of 50 m1 with the aid of a blunt glass rod and transferred
into a glass/glass Dounce homogenizer and homogenized with 10 strokes. To the
homogenate, 0.6 m1 of 1M MgCh was added (final concentration 12 mM), and then stirred
for 1 min and incubated for 15 min at 4°C. In this step, non-brush border membranes are
aggregated by the divalent

Mi+.

Following the 15 min incubation, the suspension was

centrifuged at 2,000 x g for 15 min. The Mi...aggregated non-brush border membranes are
sedimented in this step. The pellet was discarded and the supernatant was centrifuged at
70,000 x g for 30 min. Brush border membranes were sedimented in this step. The pellet
was resuspended in 0.8 m1 of the preloading buffer (75 mM potassium gluconate, 150 mM
mannito~

10 mM Hepes/Tris pH 7.5) with the aid of a blunt glass rod and the suspension
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was passed through a 25 gauge needle several times to make the suspension homogenous.
Then the suspension was diluted up to 25 ml with preloading buffer and centrifuged at
70,000 x g for 30 min. The final pellet was resuspended in a small volume of the preloading
buffer and made an homogeneous suspension using a 25 gauge needle . as descn'bed
previously. The protein content was detennined by Lowry method (I45) and the
concentration was adjusted to give the desired protein concentration. Finally, the membrane
suspension was frozen in small aliquots in liquid nitrogen.
6. Preparation of Human Placental Basal Membrane Vesicles
Preparation of the placental basal membrane was done as descn'bed previously
(I46). Term placentas were obtained as indicated above. All procedures were done at 4°C.
After removal of the cord, amniochorion, chorionic plate and the decidual layer (0.25 em
thick), the tissue was cut into I x 1 em pieces and washed with 0.9% NaCl to remove blood.
The tissue was homogenized in a Waring blender for 2 min in 250 mM sucrose, IO mM
Tris-Hepes (pH 7.0) containing 5 mM EGTA, 5 mM EDTA and I mM PMSF, added to
inln'bit proteinase action. The homogenate was centrifuged at IO,OOO x g for 15 min and the
supernatant was saved. The pellet was resuspended in 25% w/v sucrose buffer and rehomogenized for 2 min. The second homogenate was centrifuged at 10,000 x g for I5 min
and the supernatants from both centrifugations were combined and filtered through gauze.
·.The combined supernatant was centrifuged at 47,500 x g for 60 min and the resulting pellet
was resuspended in one volume of 25% sucrose buffer (approx. 15 mg membrane
protein/ml). Solid MgCh was added to the pellet to a final concentration of 12 mM and
stirred on ice for 20 min. The mixture was then centrifuged at 2,500 x g for I5 min to
sediment the Mi+·aggregated fraction. This pellet. was resuspended in 250 mM sucrose, 10
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mM Tris-Hepes (pH 7.0) and homogenized in a Dounce homogenizer and layered on to a
sucrose step gradient. The step gradient was, constructed in a 40 ml Beckman SW 28
centrifuge tube using a bottom fraction with density 1.190 g/cm3 (6 ml) and a middle
fraction with density 1.165 g/cm3 (17 ml) on to which was layered 15 ml of the resuspended
Mg2 +. aggregated fraction. The gradient was centrifuged for 60 min at 141,000 x g using a
Beckman SW 28 swing-out rotor with slow acceleration and deceleration through 140 rpm.
After the centrifugation the interface was carefully removed and diluted with 10 volumes of
the same resuspension buffer and then homogenized in a Dounce homogenizer and
centrifuged at 47,500 x g for 30 min. The basal membrane pellet was resuspended in
resuspension buffer and stored in liquid nitrogen
J

7. Uptake Measurements in Membrane Vesicles
This was performed by a rapid filtration method routinely employed in our laboratory

to measure transport activity in purified membrane vesicles. Briefly, 40
were mixed with 160

Ill of membrane vesicles

Ill uptake buffer containing radiolabeled alanine and incubated at room

temperature under constant shaking for 30 seconds. Following the incubation, uptake was
terminated by the addition of ice-cold uptake buffer without the radiolabeled amino acid.
Membrane vesicles were filtered through a Millipore filter (DAWP, 0.65!fm pore size) which
was washed thrice with ice-cold buffer. Radioactivity associated with the filter was determined
by liquid scintillation. The composition of the uptake buffer was 150 mM

NaC~

and 20 mM

Hepes!Tris pH 7.5.
8. Poly(At RNA Preparation
Poly(At RNA was isolated from JAR cells using FastTrack mRNA isolation Kit
(Invitrogen, San Diego, CA). JAR cells grown in 150 crrl flasks were washed twice with
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ice-cold phosphate buffered saline prepared in DEPC-treated water. All the following steps
were done at room temperature. Lysis was done by shaking the cells in stock buffer (0.2 M
NaCI, 0.2 M Tris, pH 7.5, 1.5 mM MgCh, 2% SDS, and protein/ RNase degrader). The cell
lysate was passed 4 times through a 18 gauge needle and 4 times through a 21 gauge needle,
and then incubated at 45°C for 60 min. Following this incubation the NaCl concentration
was adjusted to 0.5 M. Any remaining DNA was sheared by passing the lysate 4 times
through a sterile plastic syringe fitted with an 21 gauge needle. After addition of 7 5 J..Lg of
oligo ( dT) cellulose, the lysate was incubated for 60 minutes under constant rocking. The
oligo ( dT) cellulose was pelleted at 3,000 x g for 5 min. After removing the supernatant, the
oligo (dT) was resuspended in 20 mi of binding buffer (0.5 M NaCI, 10 mM Tris, pH 7.5)
and centrifuged at 3,000 x g for 10 min. This step was repeated one more time. The oligo
(dT) was resuspended in 10 mi oflow salt wash buffer (0.25 M NaCI, 10 mM Tris-Cl pH
7.5) and centrifuged at 3,000 x g for 10 minutes. This step was repeated 4 times. After the
last wash, the oligo (dT) was resuspended in 800 J..Ll oflow salt wash buffer and transferred
into a spin-column to perform the last washing step. The resin was washed 3 times with 500
J..L1

low salt wash buffer. Finally the poly (AY RNA was eluted with two washes of 200 J..Ll

elution buffer (10 mM Tris-Cl, pH 7.5).
9. Preparation of Total RNA from Tissues
Total RNA was prepared using the Trizol Reagent (Life Technologies) as
indicated by the supplier. Tissue samples were homogenized in Trizol Reagent (1 mi I 50 100 mg tissue) using a Polytron homogenizer. The homogenate was stored for 5 minutes at
room temperature. Next, the homogenate was mixed with 0.2 mi chloroform per 1 mi of
Trizol Reagent, and shaken vigorously for 15 seconds. The mixture was stored at room
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temperature for 15 minutes and centrifuged at 12,000 x g for 15 minutes at 4°C. The upper
aqueous phase was transferred to a fresh tube and the RNA was precipitated with
isopropanol The sample was stored at room temperature for 10 minutes and centrifuged at
12,000 x g for 8 minutes at 4°C. The RNA pellet was washed once with 75% ethanol by
vortexing and centrifuged at 7,500 x g for 5 minutes at 4°C. Finally, the RNA pellet was airdried and resuspended in 10 mM Tris-Cl, pH 7.5.
10. Northern Blot Analysis
Poly (At RNA samples were isolated from rabbit intestine, rabbit kidney, human
placenta, human intestinal cell line ( Caco-2), hlllilan proximal tubular cell line (HKPT) and
the choriocarcinoma cell line (JAR). Total RNA was isolated from the rabbit tissues and
placenta using Trizol reagent (Life Technologies, Inc) and poly (Af" RNA was prepared as
indicated before. Five mg of poly (At RNA was size fractionated in a 1% formaldehydeagarose gel and subsequently transferred onto a nylon membrane (Hybond, Amersham) for
24 h. After the RNA was crosslinked to the nylon membrane, prehybridization was done for
at least 6 h at 42°C and hybridization for at least 16 h at 42° C. Hybridization solution
composition was 50% formamide, 5 x Denhart's solution, 2% SDS, 5 x SSPE (1 x SSPE=
0.15 M NaC~ 10 mM NaHP04, 1 mM EDTA) and 100 J.tg/ml of salmon sperm DNA The
membrane was probed with

eP]-labeled Bo eDNA and human glyceraldehyde-3-phosphate
2

dehydrogenase (GAPDH) eDNA by sequential hybridization. The probes were labeled with

[a-32P)dCTP using the Ready-to-go oligolabeling kit from Pharmacia. Washing was done
twice in 3 x SSPE I 0.5% SDS at room temperature for 15 min and twice in 0.5 x SSPE
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/0.5% SDS at 65° C for 30 min. For the GAPDH probe, the last washing was in 0.1 x SSPE

I 0.1% SDS at 65°.
11. Immunoblot Analysis of Phosphotyrosine-Containing Proteins
JAR cells were cultured for 24 h in the presence of fetal bovine serum and for
another 24 h.in the hormonally defined medium. Cells were then treated with either ATA
(150 !JM) for different time periods (0-6 h) or EGF (100 ng/ml) for 5 min. Control cells
were treated in a similar way in the absence of these reagents .. Following the treatment, the
medium was removed and the cells were lysed with 400 J.11 of SDS-PAGE sample buffer
(62.5 mM Tris!HCI, pH 6.8, 50 mM dithiothreitol, 2.5% SDS, 10% glycerol) containing 1

mM orthovanadate. The samples were boiled for 5 min at 100°C and centrifuged. The
supernatant was used for SDS-PAGE. The size fractionated proteins were transferred onto a
nitrocellulose membrane. The blots were blocked with 3% fetal bovine serum, 1% nonfat
dry milk, and 0.5% Tween-20. The blots were probed with anti-phosphotyrosine antibody
(lJ.l.g/ml) ) Transduction Laboratories, Lexington, KY) and the immunoreactive proteins
were detected using the Enhanced ChemiLuminescence western blotting detection kit from
Amersham (Arlington Heights, IL).
12. DNA Sequencing
Sequencing of the sense and antisense strands of the cDNAs was done by the
dideoxy chain termination method, using the Sequenase 2.0 kit (U.S. Biochemical Corp.).
13. Functional Expression of the cDNAs in HeLa Cells
The cDNAs of the B 0 and ASCTl Systems were functionally expressed in HeLa
cells by the vaccinia virus expression system. In each case, the eDNA was cloned into
pSPORT in such orientation that the eDNA was under the control of T7 promoter in the
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plasmid. Subconfluent HeLa cells in 24-well culture plates were first infected with a
recombinant vaccinia virus (VTF7.3) encoding T7 RNA polymerase and then transfected

with the pSPORT-cDNA construct in the presence ofLipofectin (Life Technologies, Inc.).
After 12 h post-transfection, transport measurements were made at room temperature with
radiolabeled amino acids. The transport buffer in most cases was 25 mM Hepes/Tris (pH
7.5), containing 140 mM NaCI, 5.4 mM KCI, 1.8 mM CaCh, 0.8 mM MgS04, and 5 mM
glucose. The incubation time for transport measurements was 1 min. HeLa cells transfected
with empty vector under similar conditions served as control Na+·-dependence of the
transport process was investigated using a transport buffer in which NaCl was isoosmotically substituted with choline chloride. Transport was terminated by aspiration of the
medium followed by washing two times with 1 m1 of ice-cold transport buffer. After this
step, the cells were solubilized with 0.5 m1 of 1% SDS, and radioactivity associated with the
cells was determined.
14. cRNA Synthesis
The pSPORT-hATB 0 , -riATB 0 and -hASCT-1 eDNA constructs were linearized
with Xba I and the eDNA inserts were transcnoed in vitro using T7 RNA polymerase in the
presence of RNase inhtoitor and RNA cap analog. The Ambion :MEGAscript kit was
employed for this purpose. The resultant cRNA was phenol-chloroform extracted and
ethanol-precipitated. Concentration of RNA was determined by UV spectrophotometry and
integrity of RNA was verified by 1% denaturing formaldehyde-agarose gel electrophoresis
and visualized using ethidium bromide fluorescence.
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15. Removal of Ovary Tissue fromXenopus laevis and Oocyte Defolliculation
A large Xenopus /aevis female was anesthetized by immersion for 30 minutes in a
0.1% solution of ethyl m-aminobenzoate in water. When the frog was anesthetized, a small
incision ( 1 em) was made through the loose skin and body wall in the posterior ventral side.
Several ovarian lobes were removed by teasing them out with forceps and cutting them with
scissors. These were transferred to modified Barth's saline (88 mM NaC~ 1 mM

KC~

mMNaHC~,

0.41 mM

20 mMHepes-TrispH 7.5, 0.82 mMMgS04, 0.33 mM

Ca(N~)2,

2.4

CaCh, sterilized by filtration through a 0.45 1.1 filter unit) and washed thoroughly 4 times
with a :final wash with OR2 solution (82.5 mM

NaC~

2 mM

K,C~

1 mM MgCl2, 5 mM

Hepes adjusted at pH 7.5 with NaOH). Oocyte clumps were transferred into a 20-ml bottle
and enzymatic stripping was done in 1.6 mglml collagenase, prepared in OR2 solution, for
30 minutes. After this time, oocyte clumps were washed thoroughly with modified Barth's
saline, and :finally stored in modified Barth's saline containing 50 1.1g/ml of gentamicin at
18°C. Oocyte defolliculation was done manually under a stereomicroscope using
watchmaker's forceps. Defolliculated oocytes were stored overnight in modified Barth's
saline/ gentamicin at 18°C for one day before injection
16. Preparation of Needles for Oocyte Microinjection
Injection needles were made by pulling a 10-1.11 Drummond microdispenser. The
needles were then broken off at a tip diameter of about 10 !liD under a dissecting
microscope. Needles were coated internally with Sigmacote and then sterilized by baking
overnight. Needles were stored upright.
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17. cRNA Microinjection in Oocytes
Needles were filled with mineral oil through the large opening. Before injection,
cRNA was heated at 65°C for 2 minutes, and then cooled down for 2 minutes on ice. The
needle was loaded by sucking up the cRNA Oocytes in groups of 10-20 were transferred
into a dish with modified Barth's saline. Fifty n1 of cRNA (50 ng) were injected into the
vegetal pole (yellow pole).
18. Electrophysiological Studies in Oocytes
The oocytes were used for electrophysiological studies 5 days after cRNA
injection. A two microelectrode voltage-clamp system (147) was used to measure steadystate amino acid (alanine or threonine)-evoked currents. Oocytes were superfused with a
NaCl-containing buffer (pH 7.5) (96 mM NaCl, 2 mM KCI, 1.8 mM CaCh, I mM MgCh, 5
mM Hepes/Tris), followed by a 1 mM amino acid solution made in the same buffer and then
by a Na+-free buffer (pH 7.5) (NaCl was replaced with N-methyl-D-glucamine chloride).
Membrane potential was held at -50 mV. For studies involving current-membrane potential
(1-V) relationship, step changes in membrane potential was applied, each for a duration of
100 ms in 20 mV increments.
19. Uptake Measurements in Oocytes
Uptake ofradiolabeled amino acids into oocytes was measured in a 24-well microtiter
plate. Five to ten oocytes were incubated at room temperature for 60 min in the uptake
buffer, the composition of which was 100 mM NaCl, 2 mM KCl, I mM MgCh, and I mM
CaCh, buffered with 3 mM Hepes/3 mM Mes/Tris, pH 5.5 or 7.5. The buffer was adjusted
to a desired pH by varying the concentration of Tris. Uptake was terminated by washing the
oocyte with ice-cold uptake buffer four times. Each oocyte was then dissolved in 0.2 rn1 of
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I 0% SDS, and radioactivity associated with the oocyte was determined by liquid
scintillation spectrometry.
20. Effiux Measurement in Oocytes
Oocytes injected with B 0 cRNA or water (control) were incubated for I hour at
room temperature in the same buffer used for uptake measurements containing 400 nM of
[~threonine. Following this incubation, individual oocytes were washed rapidly in plain

uptake buffer and rapidly transferred into I ml standard buffer containing unlabeled amino
acids or the buffer without amino acid. After the indicated time, the· I ml of buffer was
transferred into a scintillation vial for subsequent counting. The radioactivity associated with
this buffer was considered the effiux. Total uptake of [3H]threonine was determined by
adding the counts in the I ml buffer plus the counts left in the oocyte.
21. RT-PCR and Restriction Analysis
To detect the presence of ATB 0 and ASCTI transcripts, RT-PCR was done with
poly (At RNA isolated from JAR cells, Caco-2 cells, HKPT cells, and human intestine. Poly

(At RNA from human choriocarcinoma cell line JAR was used as the control, because
ATB0 was originally cloned from a JAR cell eDNA h'brary (140). The expected size of the
RT-PCR product was 507 bp in the case ofB•. This sequence in ATB• eDNA possesses two
restriction sites for Sal I and two sites for Rsa I

System B" PCR primers:
Upstream primer: 5'-CCG-CTG-ATG-ATG-AAG-TGC-3'
Position: I69I-I708
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Downstream primer: 5' -CCC-CCG-ATA-GTG-TTT-GAG-3'
Position: 2180-2197
Lengb.t of the PCRproduct: 507 bp

System ASCTl primers:
Upstream primer: GCC-TGG-GGA-AAT-ACA-TCT-3'
Position: 1061-1078
Downstream primer: 5' -GCT-CGC-CTT-TCT-TTG-TTG-3'
Position: 1625-1642.
Lengb.t of the PCRproduct: 582 bp

Poly (At" RNA was denatured at 70°C for 10 min in the presence of random
hexamers (2.5

~.

and then immediately put on ice for 10 min. The reverse transcription

reaction was carried out at 42°C for 60 min in the presence of 50 mM KCI, 10 mM Tris-HCl
(pH 8.3), 5 mM MgCh, 1 mM of each d.NTP, 1 U/(.11 RNAse inlu"bitor, and 50 units of
MuLV reverse transcriptase. The reaction was termina~ed by heating at 99"C for 5 min.
For the PCR reaction the concentration of MgCh was 2 mM and that of the
dNTPs was 200

!JM.

Concentrations of PCR primers were 0.15

!JM.

The complete

transcription reaction (20 (.11) was used for a final PCR reaction volume of 100 (.11. A "hot
start" PCR was done by adding AmpliTaq DNA polymerase after all the other components
of the reaction reached a temperature of 94°C. The PCR reaction was as follow: 94°C, 3
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min; 57°C, 1 min (annealing), 72°C, 1 min (elongation), 94°C, 1 min (denaturation), 35
cycles; and a final elongation at 7Z'C, 10 min.
Subsequently, both PCR products were analyzed by restriction analysis with two
different enzymes and compared with the restriction pattern of the JAR cell PCR products
which served as the control.
The PCR reaction was run in a 1% agarose gel and the PCR bands of interest were
excised from the gel and purified by using the gel extraction kit Qiaex II from Qiagen.
Placental RT-PCR product for systems B 0 was cloned in the pGEM-T vector from
Promega. Ligation reaction was done at l6°C for 3 h in ligation buffer (30 mM Tris-HC~
pH7.5, 10 mMMgCh, 10 mMDTT, 1 mMATP), 50 ngpGEM-Tvector, 25 nginsert, and
I Weiss unit/!11 of T4 DNA ligase. Final volume of the reaction was 10 J,ll. JMI09 high
efficiency competent cells (50 !11) were transformed with 2 ml ofligation reaction mixture by
preincubation of cells and DNA on ice for 20 min, followed by heat shock at 42°C for 45
seconds, and then returning the tubes to ice for 2 min. Transformed competent cells were
recovered by S.O.C. for I hour at 37°C in a shaking incubator and then spread on LB plates
with carbenicillin (50 J.lg/ml), X-gal (0.01 %) and lPTG (0.5 mM). The plates were incubated
overnight at 37°C. White colonies were identified and chosen for isolation of plasmid DNA
For system B0 , three colonies were identified and plasmid DNA isolated.
Identification of the correct size insert was done by double digestion with Sac II and Pst I
and subsequent electrophoresis on a I% agarose gel in IX TAE buffer (40 mM Tris-acetate,
I mM EDTA, pH 8.5). The 0.5 kb double stranded DNA insert was detected in two of the
three white colonies.
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The expected size of the A'IB 0 RT-PCR product was 507 bp. This sequence in
0

hA'IB has two sites for Sal I and two for Rsa I. Restriction analysis of the RT-PCR
product was done with these two enzymes. The expected fragments were 277, 191 and 39
bp in the case of Sal I digestion, and 330, 114, and 62 bp in the case of Rsa I digestion. For
ASCTI, the expected size RT-PCR product is 582 bp. This sequence in ASCTI eDNA
possesses one restriction site for Dde I and one for Sac II. Restriction analysis of the RTPCR product was done with these two enzymes. The expected fragments were 425 bp and
157 bp in the case of Dde I digestion, and two fragments of 291 bp in the case of Sac II
digestion. Subsequently, the Bo PCR product was sequenced for confirmation of its identity.
22. Intracellular Calcium Measurements
2

Measurement of ·intracelluiar calcium ([Ca ji) in JAR cells was done in cell
suspension. Confluent JAR cells were trypsin-released as indicated previously and
resuspended in RPMI 1640 containing 10% fetal bovine serum. Cells were pelleted by
centrifugation and resuspended in Krebs buffer (130 mM NaCl, 10 mM Na:zHPO"' 4.2 mM
KCI, 1.2 mM MgS04, 0.75 mM CaCh adjusted to pH 7.4 with phosphoric acid) containing
0.1% BSA This was repeated two additional times. The final pellet from two 75-cm2 flasks
was resuspended in 10 ml of Krebs buffer I 0.1% BSA To one ml of cells (3 x 106 cells)
was added 5 J.t1 of 1 mM Fura-2 AM (final concentration of 5 !lM) and incubated for 30 min
at room temperature with gentle agitation. After the loading period, cells were washed three
times with Krebs buffer I 0.1% BSA Finally, cells were resuspended in two ml Krebs buffer/
0.1% BSA and let stand for 15 min at room temperature before any measurement was done.
Cells were transferred into a polymethacrylate cuvet containing a stirrer bar, and the cuvet
was placed in the cell holder of the fluorescence spectrophotometer. Jntracelluiar calcium
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was measured by dual-wavelength recording with Fura-2. The emission wavelength was 500
nm and excitation wavelengths were 340 and 380 nm. The fluorescence ratio of 340/380
was used as a proportional representation of [Ca2+·]i.
Calibration of [Ca2+.]i determined from the 340/380 nm ratio using the equation of
Grynkiewicz et al. (148):
[Ca2+"li = K x [ (R-R.u.) I (R....-R)]

K=~xFo)/F,

K.! =the Fura-2 dissociation constant
Fo the 3 80 nm fluorescence in the absence of calcinm
F, the 380 nm fluorescence at saturating calcinm
R.nax the 340 /380 nm fluorescence ratio at saturating calcium
R.nin the 340 /380 nm fluorescence ratio in the absence of calcium

The calculation ofR.nax and R.u. was done at the end of the experiment. To get R.nax
cells were permeabilized with Triton X-1 00 and R.nin was determined chelating all calcinm

with 40 mM EGTA
23. Protein Estimation
Protein concentration was determined by the Lowry method (145). Reaction buffer
was prepared by mixing 1 vol of 1% CuS04 , 1 vol of2% Na-K-tartrate and 100 vol of2%
Na2C03 in 0.1 NNaOH. To 1 mlprotein solution, 5 ml ofreaction buffer was added and
incubated for 10 min at room temperature. Then 0.5 ml of IN Folin phenol reagent was
added and incubation was continued for 30 minutes. Standard curve for varying protein
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concentration was constructed by using bovine serum albumin. Colorimetric readings were
made at 660 nm.
24. Statistics
Each experimental point was determined in duplicate or triplicate and each
experiment was repeated two to three times. The results are expressed as means

± SE

from these replicate . determinations. Statistical significance was determined by the
Student's t test and Analysis of Variance. A p value < 0.05 was considered significant.

RESULTS

A. Evidence for Expression of Amino Acid Transport System B" in JAR Cells
I. Influence ofNa+on Alanine Uptake
Alanine has been shown to be an excellent substrate for the amino acid transport
system B" that is expressed in the human colon carcinoma cell line Caco-2 (41 ), the bovine
renal epithelial cell line NBL-1 (149), and the rabbit intestine (150). Therefore, we used
this amino acid as a test substrate to detennine whether the B • system is expressed in the
human placental choriocarcinoma cell line JAR Figure 2 shows the uptake of alanine in
JAR cells in the presence and in the absence ofNa•. Uptake of alanine was rapid from a
NaCl-containing uptake medium. In contrast, the uptake was reduced markedly when
NaCl in the uptake medium was replaced by choline chloride. When the concentration of
alanine was 2.5 nM, uptake in the presence ofNa+ was at least 10-fold greater than in the
absence ofNa+ at all time periods. Similar results were obtained when the concentration of
alanine was 50 J.LM instead of 2.5 nM. Thus, the uptake of alanine in JAR cells occurs
pre~ominantly via a Na+-dependent amino acid transport system.

2. Substrate Specificity ofAlanine Transport Process
Alanine is a potential substrate for at least three Na+-dependent amino acid
transport systems known to be

expres~ed

in epithelial cells. These three systems are A,

ASC, and B". These systems can however be differentiated from their substrate specificity.
We characterized the substrate specificity of the transport system responsible for alanine
uptake in JAR cells by studying the ability of various amino acids to inln"bit the uptake of
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Figure. 2. Time course of alanine uptake in the presence and absence of Na+. Uptake
of alanine at 2.5 nM or at 50 JlM (inset) in confluent cultures of JAR cells was measured
from uptake medium containing NaCl ( •) or choline chloride ( o ). Composition of the
uptake medium was (in mM) 25 Hepes/Tris (pH 7.5), 5.4 KCI, 1.8 CaCh, 0.8 MgS04, 5
glucose and 140 NaCl or choline chloride.
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[

3

H]alanine. Figure 3 descn"bes the dose-response relationship for the inht"bition of
'

[~alanine uptake by selected amino acids and Table 2 gives the ICso values (the

concentration of the amino acid which causes 50% inht"bition of FHJalanine uptake) for
those amino acids which showed marked inht"bition within the concentration range studied
(1 fLM-10 mM). Even at a concentration as high as 10 mM, the System A-specific
substrate MeAIB caused only about 10% inht"bition of alanine uptake. The bicyclic amino
acid BCH was similarly less effective, causing approximately 25% inht"bition at 10 mM.
The cationic amino acids arginine and lysine which are substrates for the Na+·dependent
system Bo,+ known to be expressed in certain cell types (151) were also found to be not
effective as inhibitors of alanine uptake in JAR cells. In contrast, the short-chain neutral
amino acids alanine, serine, cysteine, and threonine as well as the amidated amino acids
glutamine and asparagine were highly potent in interacting with the alanine-transporting
system in JAR cells. The ICso values for these amino acids for the. inhibition of [~alanine
uptake ranged between 144 fLM (for glutamine) and 295 fLM (for asparagine). Other
neutral amino acids such as glycine, leucine (a branched-chain amino acid), and
phenylalanine (an aromatic amino acid) also inht"bited [3H]alanine uptake, though with
much lesser potency than seen in the cases of short-chain and amidated amino acids. These
substrate specificity studies effectively rule out participation of System A and System Bo,+

in the observed uptake of alanine in JAR cells.
3. Analysis of the Type of Inhibition of the Alanine Uptake by Glycine and
Leucine
The inhibition of alanine uptake by glycine and by leucine was competitive (Fig.
4A). In this experiment, alanine uptake was measured over a concentration range of 25-

.. '

Figure 3. Substrate specificity of alanine transport process. Uptake of [~alanine (2.5

nM) in confluent cultures ofJAR cells was measured with a 2-min incubation from uptake
medium (pH 7.5) containing NaCl in the presence or absence of indicated unlabeled amino
acids. Concentration range for unlabeled amino acids were 1 ~tM- 10 mM. Results are
given as percent of control uptake (0.20 ± 0.02 pmollmg of protein/2 min) measured in
the absence of unlabeled amino acids. Key: (A) Alanine ( o ), serine ( • ), cysteine (D),
threonine (•), BCH (0), and MeAIB (.&.);(B) Glutamine (o), asparagine (•), lysine (D),
arginine (•), glycine(.&.), leucine (A), and phenylalanine (O).The data represent means±
SE(n=3).
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Table 2. Relative potencies of various amino acids for the inhibition of (3H]alanine
uptake in JAR cells. The ICso values were calculated from the data given in Fig. 3.

Table 2
Relative Potencies ofVarious Amino Acids for the
Jnln"bition of [~Alanine Uptake in JAR cells

Amino acid

ICso Value (!JM)

Glutamine

144±1

Threonine

158±4

Cysteine

192±2

Alanine

238±2

Serine

246±6

Asparagine

295±9

Arginine

>10,000

Lysine

>10,000

MeAIB

>10,000

BCH

>10,000
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750 J.LM and when present, the concentrations of glycine and leucine were 5 mM each. In
the absence of glycine and leucine, the values forK. and Vmax for alanine uptake were 174

± 6 J.LM and 11.2 ± 0.2 nmollmg ofprotein/2 min. The corresponding values were 461 ±
20 J.LM and 10.3 ± 0.3 nmollmg ofprotein/2 min in the presence of glycine and 330 ± 10
J.LM and 9.6 ± 0.2 nmollmg of protein/2 min in the presence of leucine. There are
conflicting data in the literature with regard to the kinetic nature of glycine-induced
inlnoition of alanine uptake via System B•. In bovine renal epithelial cell line NBL-1, the
inlnoition is noncompetitive (149) whereas in human intestinal cell line Caco-2, the
inlnoition is competitive (41 ). Therefore, we verified the kinetic nature of glycine-induced
inlnoition of alanine uptake in JAR cells by Dixon plot (Fig. 4B). Again, the inlnoition was
competitive. The K; value for glycine calculated from this experiment (3.5 mM) closely
resembled the K; value calculated from the ICso data (2.8 ± 0.2 mM).

4. Influence ofAcidic Amino Acids on Alanine Uptake
System ASC and System B• exluoit significant overlap in substrate specificity.
System B• that is expressed in Caco-2 cells shows high affinity towards short-chain neutral
amino acids and amidated amino acids (41 ). The substrate specificity of the alanine
0

transporting system in JAR cells is markedly similar to that described for System B in
Caco-2 cells. However, System ASC can also transport the amidated amino acids
glutamine and asparagine, in addition to the short-chain neutral amino acids alanine,
serine, cysteine, and threonine (152). Even though the ASC system cloned from human
brain (designated as ASCTn has been shown not to interact with glutamine and
asparagine (101, 102), a more recently cloned ASC system from mouse testes (designated
as ASCT2) has been shown to transport glutamine and asparagine (105). Therefore,

Figure 4. Kinetics of inhibition of alanine uptake by leucine (A) and by glycine (A
and B). (A) Uptake of alanine was measured in confluent cultures of JAR cells over a
alanine concentration range of 25-750 JlM and with a 2-min incubation from uptake
medium containing NaCl

Uptake of alanine measured in the absence of Na+ was

subtracted from total uptake to calculate Na+·dependent uptake which was used in data
analysis. Alanine uptake was measured in the absence ( •) or presence of 5mM glycine

(D) or 5 mM leucine (...).. Results are given as Eadie-Hofstee plots. Key: V, alanine
uptake rate in nmollmg of protein/2 min; alanine concentration is given in mM.

(B)

Uptake of alanine was measured with a 2-min incubation at three concentrations: 25 JlM
(•), 75 JlM (•), and 150 JlM (...). Concentration of glycine was varied between 1 and 10
mM. Only Na+-dependent alanine uptake was used in data analysis. Results are given as
Dixon plots. Key: V, alanine uptake rate in nmollmg ofprotein/2 min. The data represent
means± SE (n=4).
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additional studies were needed to determine whether the uptake of alanine in JAR cells is
mediated by System B• or by System ASC. A unique characteristic of the ASC system is
that even though it does not exhibit measurable affinity for the acidic amino acids
aspartate, glutamate, and cysteate !It pH 7.5, its affinity for these amino acids increases
markedly at acidic pH (35). This characteristic has ·recently been demonstrated
uneqUivocally for the ASC systems cloned from human brain (ASCTl) (153) and from
mouse testes (ASCT2) (105). Therefore, we investigated the interaction of acidic amino
acids with alanine-transporting system in JAR cells at two different pH, 7.5 and 5.5 (Fig.
6). At both pH, the acidic amino acids cysteate, aspartate, and glutamate flliled to cause
appreciable inlu."bition of alanine uptake in JAR cells. The maximal inlu."bition observed at
pH 5.5 with these amino acids at a concentration of 5 mM was 25-30%. In contrast, the
uptake of alanine mediated by the cloned human ASC system was completely inhibited by
these amino acids under comparable experimental conditions (153). These data
demonstrate convincingly that alanine uptake in JAR cells in mediated predominantly by
System B•. It is not clear whether the small inhibition caused by acidic amino acids at pH
5.5 is due to participation of system ASC to a small extent in alanine uptake in JAR cells
because system B• may itself have the ability to interact with acidic amino acids at pH 5.5
to some extent, though not as prominently as System ASC. However, the possible
contribution of System ASC to alanine uptake in JAR cells cannot be entirely ruled out at
this time. But, if this system exists in JAR cells, its contn"bution to alanine uptake is not
expected to be greater than 25-30% at the maximum.
Since alanine uptake in JAR cells occurs primarily via System B•, we were able to
study the dependence of System B• activity on Na+. Alanine uptake in these cells was

Figure. 5. Influence of acidic amino acids on [3H)alanine uptake at pH 7.5 and 5.5.
Uptake of [3H]alanine (2.5 nM) in confluent cultures of JAR cells was measured with a 2-

min incubation from uptake medium (pH 7.5 or pH 5.5) containing NaCl in the presence
or absence of 5 mM acidic amino acids. Restilts are given as percent of control uptake
measured at respective pH values in the absence of acidic acids (0.20 ± 0.01 pmollmg of
protein/2 min at pH 7.5 and 0.12 ± 0.01 pmollmg ofprotein/2 min at pH 5.5). The data
represent means± SE (n=3). The alanine uptake at pH 5.5 was significantly different from
alanine uptake at pH 7.5 (Student's t-test; p<0.0005).
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found to be stimulated by increasing concentrations ofNa+ in a hyperbolic manner (Fig.
6A), indicating a Na+/alanine coupling ratio of 1. The Ko.s for Na+, ie., the concentration
of Na+ necessary to stimulate alanine uptake to half-maximal level calculated from the
Eadie-Hofstee plot (Fig. 6B), was 10.2 ± 0.3 mM.

B. Role of Tyrosine Phosphorylation in the Regulation of System B" Activity in JAR
Cells

I. Effect ofATA on Alanine Uptake
The successful isolation of the System B" eDNA clone from a eDNA h"brary
derived from JAR cell mRNA (143) indicates that this system is expressed in these cells.
But, there has been no previous report descn"bing the existence of System B" in these cells
by functional studies. The present study represents the first evidence for functional
expression of this amino acid transport system in JAR cells. Very little is known at present
on the regulatory aspects of System B". Since the uptake of alanine in JAR cells is
mediated primarily by this system, this cell line provides an excellent experimental model
to investigate the regulation of System B".
ATA (Fig. 7) has been shown to be a very useful agent to study the role of
multiple signaling pathways involving tyrosine phosphorylation in cell function (136).
ATA is a neuroprotective agent which can prevent cell death induced by deprivation of
serum and NGF in PC12 cells (154), and also protect hippocampal neurons from NMDAand ischemia- induced death (155). This compound induces tyrosine phosphorylation of
several proteins which lie in prominent signaling pathways (136). Therefore, we chose this
compound in our initial studies to determine whether tyrosine phosphorylation plays any
role in the regulation of System B" in JAR cells.

Figure7. Structure of ATA and genistein
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When confluent cultures of JAR cells were treated without or with ATA (150 j.LM)
at 37°C for various time periods (1-16 h) and then the cells were used for measurement of
alanine uptake, it was fouud that ATA caused a significant stimulation of alanine uptake
(Fig. 8A). The stimulation was not significant when the treatment time was 1 h, but the
stimulation became highly significant when the treatment time was 2 h or greater. The
increase in alanine uptake was about 30% when the treatment time was 16 h. Figure 8B
describes the influence of ATA treatment on the kinetic parameters of alanine uptake.
Uptake was measured with a 2-min incubation in control cells and in cells treated with
ATA (150 11M, 16 h treatment). The range of alanine concentration used in this
experiment was 25-750 j.LM The Eadie-Hofstee plot (Fig. 8B) of the uptake data in
control cells gave a straight line (r=0.99), indicating that there was only a single transport
system kinetically discernible which was responsible for alanine uptake in JAR cells. The
Michaelis-Menten constant,

Vmax, was 16.1

K., for the system was 239 ± 5 11M and the maximal velocity,

± 0.2 nmollmg ofprotein/2 min. Kinetic analysis of alanine uptake inATA-

treated cells revealed that the

K. value remained almost the same (271

± 2 j.LM) as

in

control cells but the Vmax increased significantly (22.0 ± 0.1 nmollmg ofprotein/2 min).

2. Effect of Genistein on ATA-Induced Stimulation ofAlanine Uptake
To determine whether the ATA-induced stimulation of alanine uptake was due to
ATA-induced tyrosine phosphorylation of specific cellular proteins, we studied the
influence of genistein (Fig. 7), an inlnllitor of several classes of tyrosine kinases, on the
ATA effect on alanine uptake (Fig. 9). Genistein was fouud to block completely the
stimulatory effect ofATA

Figure 8. Stimulation of alanine uptake by ATA. (A) Confluent cultures of JAR cells
were treated with or without ATA (150 fJM) for indicated time periods at 37•c, following
which uptake of [~alanine (2.5 nM) was measured with a 2-min incubation from uptake
medium containing NaCl

Results are given as percent stimulation compared to

corresponding control uptake measured in cells treated siinilarly in the absence of ATA
Control uptake did not vary significantly among cultures treated in the absence of ATA for
indicated time periods (0.18 ± O.Dl pmol/mg ofprotein/2 min). (B) Confluent cultures of
JAR cells were treated with (•) or without ( o) ATA (150 j.LM) for 16 h at 37"C. Uptake
of alanine was measured in these cells over a alanine concentration range of 25-7 50 j.LM
and with a 2-min incubation from uptake medium containing NaCl Uptake of alanine
measured in the absence of Na+ was subtracted from total uptake to calculate Na+dependent uptake which was used in data analysis. Results are given as Eadie-Hofstee
plots. Key: v, alanine uptake rate in nmol/mg of protein/2 min; s, alanine concentration in

mM. The data represent means ± SE (n=5). The alanine uptake in the ATA-treated cells
was significantly different relative to the control cells after 2 h treatment (Student's t-test;
p<O.OOl).
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Figure 9. Influence of genistein on ATA-induced stimulation of [3H]alanine uptake.
Confluent cultures of JAR cells were treated with or without (control) ATA (150 J:.LM),
genistein (60 J:.LM) or ATA (150 J:.LM) plus genistein (60 J:.LM) for 16 hat 37•c. Uptake of
[

3

H]alanine (2.5 nM) was measured at pH 7.5 with a 2-min incubation from uptake

medium containing NaCL Results are given as percent of uptake measured in control cells
(0.21 ± 0.01 pmollmg of protein/2 min). The data represent means ± SE (n=4). The
alanine uptake in the control cells was significantly different relative to the other groups,
relative to the
and the alanine uptak~'
. . . .in the ATA-tr~ated cells was significantly different
.
other groups (AnalySis ofvariance; p<0.05).
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3. Effect .ofATA on Steady State Levels ofATB" mRNA and GAPDH mRNA
The increase in the V mox of the transport system and the requirement of long
periods of treatment for maximal effect suggested that the ATA-induced stimulation of
alanine uptake might involve increased synthesis of the transport protein in response to
ATA treatment. Since alanine uptake in these cells occurs primarily via the amino acid
transport system B 0 , we determined the steady state levels ofBo mRNA in control and in
ATA-treated cells (Fig. 10, upper panel; lanes I and 3 respectively). The GAPDH mRNA
levels were used as internal control to normalize for RNA loading and transfer efficiency
during Northern blot hybridization. In control cells as well as in ATA-treated cells, the
ATB 0 cDNAidentified a 2.9 kb mRNA transcript and the GAPDH cDNAidentified a 1.4
kb mRNA transcript. The arbitrary Bo mRNA/GAPDH mRNA ratio for control cells was
0.47 and this value increased to 0. 76 for ATA-treated cells. This represents a 60%
increase in the steady state levels ofB0 mRNA as a result of ATA treatment. This increase
was reproducible in a second experiment in which ~-actin mRNA levels were used as
internal control (Fig. 10, lower panel). The increase in this experiment was 57%. Since
cotreatment of the cells with ATA and genistein was found to abolish the stimulatory
effect of ATA on alanine uptake, we also investigated whether genistein could block the
ATA-induced increase in B 0 mRNA levels. The steady state levels of B 0 mRNA and
GAPDH mRNA were quantified in cells treated either with genistein alone or with
genistein plus ATA (Fig. I 0. upper panel; lanes 2 and 4 respectively). The arbitrary B0
mRNA/GAPDH mRNA ratio for genistein-treated cells was 0.38. The corresponding
value for cells treated with ATA plus genistein was 0.37. These data show that genistein
was able to block the stimulatory effect of ATA on B 0 mRNA levels. Genistein treatment

Figure 10. Influence of ATA and geniStein on steady state levels of ATB" mRNA and

GAPDH mRNA. (A) Confluent cu1tures were treated without (lane 1) or with genistein
(60 11M) (lane 2), ATA (150 11M) (lane 3) or genistein (60 11M) plus ATA (150 11M) (lane
4). Poly(At RNA was prepared from the cells, size-fractionated, and probed with ATB"
eDNA or GAPDH eDNA by sequential hybridization. (B Poly(At RNA was prepared
from the cells, size-fractionated, and probed with ATB" eDNA or 13-actin eDNA by
sequential hybridization, control (lane 1), ATA (lane 2).
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itself was found to decrease the s• mRNA/GAPDH mRNA ratio by about 20% compared
to control cells. This agreed well with a small decrease observed in alanine uptake in
genistein-treated cells compared to control cells (Fig. 10).

4. Effect of ATA on Tyrosine Phosphorylation of Cellular Proteins in JAR
Cells
The biological actions of ATA are cell type-specific. ATA protects PC12 cells
from cell death, but it does not prevent NIH3T3 cells from similar cell death (136).
Interestingly, ATA is able to induce tyrosine phosphorylation of several proteins in cell
signaling pathways in PC12 cells, but it has no effect on tyrosine phosphorylation in
NIH3T3 cells (136). It appears that the ability of ATA to induce tyrosine phosphorylation
is closely linked to its biological effects and that ATA is not able to influence tyrosine
phosphorylation in all cell types. These observations suggest that ATA may initiate its
effects by interacting with a specific cellular protein which might be expressed in a cell
type-specific manner.
Since ATA induces alanine uptake activity and increases steady state levels of s•
mRNA in JAR cells, we investigated the influence of ATA on t}l!:osine phosphorylation in
these cells. JAR cellS

~ere

treated with ATA for different time periods (0-6 h) and

phosphot}'rosine-containing proteins in celllysates were detected by immunoblotting using
a monocliinal antibody specific for phosphotyro_sine residues. As shown in· Fig. 11, left
panel, treatment of the cells with ATA -increased tyrosine phosphorylation of specific
\

proteins in a treatment time-dependent nuinrier. At least- "tw~ ·proteins were clearly
identified. A protein of 180 kDa exhibited markedly increased phosphotyrosine content as
a result of ATA treatment. This increase was noticeable at 1 h of treatment, reached the

Figure 11. Influence of ATA and EGF on tyrosine phosphorylation of ceRular
proteins in JAR cells. Confluent cultures of JAR cells were treated without or with ATA
(150 !lM) for indicated time periods (left panel) or with EGF (50 nglml) for 5 min (right
panel). Proteins in cell lysates were separated by SDS-PAGE and then imrnnnoblotted
using anti-phosphotyrosine antl.oody (PY 20). Tmrmmoreactive proteins were detected by
using commercially available Enhanced Chemiluminescence Western blotting detection kit.
Proteins in the cell lysate ofA431 cells stimulated with 100 nglmlEGF for 5 min were run
in parallel (lane 1 in the left panel). Lane 2 in the left panel contains molecular weight
marker proteins. Exposure time for left panel was much longer than for right panel.
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maximum at 2 h, but declined at longer periods of incubation. The second protein had a
molecular mass of 140 kDa and its phosphotyrosine content was found to increase starting
at 1 h of treatment with ATA However, unlike in the case of the 180 kDa protein, the
increase in the phosphotyrosine content of the 140 kDa protein persisted even after 2 h of
treatment with ATA

In PC12 cells, ATA could stimulate most of major signal transduction pathways
which are influenced by the growth factors NGF and EGF (136). This suggested that the
180 kDa protein whose phosphotyrosine content was increased following ATA treatment
in JAR cells may be the EGF receptor. The lysate of A431 cells (a human epidermoid
carcinoma cell line) which had been exposed to EGF was run in parallel with the JAR cell
lysates to compare the mobility of the EGF receptor of the A431 cells with that of the 180
kDa protein in JAR cells (Fig. 11, left panel). A431 cells express abundant EGF receptor
and tyrosine phosphorylation of the receptor increases dramatically when the cells are
stimulated with EGF. As ·shown in Fig. 11, the EGF-stimulated A431 cell lysate contained
a 180 kDa phosphotyrosine-containing protein. These data suggested that ATA possi'bly
leads to activation of the JAR cell EGF receptor by increasing tyrosine phosphorylation of
the receptor. The identity of the 140 kDa protein however remains unknown.

5. Effect of EGF on Tyrosine Phosphorylation of Cellular Proteins in JAR
Cells
If the 180 kDa protein whose phosphotyrosine content was increased following

ATA treatment is indeed the EGF receptor, we thought that treatment of the JAR cells
with EGF could reproduce the effects of ATA on the alanine uptake and on the steady
state levels ofB 0 mRNA To probe this possibility, we first investigated the effect ofEGF
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on tyrosine phosphorylation in JAR cells for comparison with the ATA effect (Fig. 11,
right panel). Treatment of the cells with EGF (100 ng/ml) for 5 min resulted in a robust
increase in the phosphotyrosine content of a 180 kDa protein which is most likely the EGF
receptor. These data provide evidence for the presence ofEGF receptor in JAR cells and
suggest that the effects of ATA on System B0 mRNA and activity in these cells may
indeed be mediated by the activation of the EGF receptor.

6. Effect ofEGF on Alanine Uptake in JAR Cells
These results led us to investigate the influence of EGF on System B0 activity in
JAR cells. Fig. 12A descn'bes the effect of treatment time with EGF on alanine uptake.
Treatment of the cells with EGF (50 ng/ml) increased the uptake of alanine gradually as
the duration of treatment increased over a period of 1-24 h. The maximal increase
observed was 20-25%. Kinetic analyses of alanine uptake, performed over the alanine
concentration range of25-750 J.LM, in control and in EGF-treated (EGF concentration, 50
ng/ml; treatment time, 24 h) cells are descn'bed as Eadie-Hofstee plots in Fig. 12B. For
control cells, K. for the uptake process was 216 ± 6 J.LM and V= was 14.7 ± 0.2
nmol/mg ofprotein/2 min. The corresponding values for EGF-treated cells were 241 ± 7

J.LM and 18.7

±

0.4 nmol/mg of protein/2 min. Thus, the EGF-induced stimulation of

alanine uptake was primarily due to an increase in V=. The affinity of the uptake process
for alanine was not significantly altered. These results are similar to those obtained with
ATA.

7. Effect of EGF on Alanine Uptake at pH 7.5 and 5.5
To demonstrate unequivocally that the EGF-induced increase in alanine uptake
occurred via System B0 rather than via system ASC, we studied alanine uptake in control

Figure 12. Stimulation of alanine uptake by EGF. (A) Confluent cultures of JAR cells
were treated with or without EGF (50 ng/ml) for indicated time periods at 37•c, following
which uptake of FHJalanine (2.5 nM) was measured with a 2-min incubation from uptake

medium containing NaCl Results are given as percent stimulation compared to
corresponding control uptake

mea~ed

in cells treated similarly in the absence of EGF.

Control uptake did not vary significantly among cultures treated in the absence ofEGF for
indicated time periods (0.18 ± 0.01 pmollmg ofprotein/2 min). (B) Confluent cultures of
JAR cells were treated with (•) or without (o) EGF (50 ng/ml) for 24 hat 37"C. Uptake
of alanine was measured in these cells over a alanine concentration range of 25-750 JlM
and with a 2-min incubation from uptake medium containing NaCl Uptake of alanine
.

+

+

measured in the absence of Na was subtracted from total uptake to calculate Na dependent uptake which was used in data analysis. Results are given as Eadie-Hofstee
plots. Key: v, alanine uptake rate in nmol/mg of protein/2 min; alanine concentration is
given in mM. The data represent means ± SE (n=3). The alanine uptake in the EGFtreated cells was significantly different relative to the control group after 4 h treatment
with EGF (Student's t-test; p<O.OOl).
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and EGF-treated cells at pH 7.5 and 5.5 in the presence and in the absence of5 mM acidic
amino acids (glutamate, aspartate, and cysteate). Alanine uptake occurring via System
ASC should be completely inln"bitable at pH 5.5 by the acidic amino acids. The results are
given in Table 3. EGF was found to stimulate alanine uptake by about 20-25% at pH 7.5
in the absence as well as in the presence of the acidic amino acids. The EGF-induced

stimulation remained the same even when the uptake was measured at pH 5.5 in the
presence or in the absence of the acidic amino acids. These data clearly show that the
stimulation of System B• activity was respons1"ble for the observed EGF-induced increase
in alanine uptake in JAR cells.
8. Effect ofEGF on Steady State Levels ofATB" mRNA and GAPDH mRNA

We then determined the influence ofEGF on steady state levels ofB• mRNA in
these cells. Northern blot hybridization with the Am• eDNA as the probe detected a
single 2.9 kb mRNA species in control cells and in EGF-treated cells (Fig. 13A). After
nonnalizing the data for variations in RNA loading and transfer efficiency based upon the
GAPDH mRNA signals used as an internal control, EGF treatment was found to increase
the B• mRNA levels by 75% and 58% in two separate experiments. The experiment was
repeated for the third time, using p-actin mRNA levels instead of GAPDH mRNA levels
as the internal controL The increase in the steady state levels ofB" mRNA in response to
EGF treatment was again reproducible (Fig. 13B). The increase in the third experiment
was 59%.

Table 3. eHJAianine uptake in control and EGF-treated cells in the presence and
absence of acidic amino acids. The JAR cells were treated with or without EGF (50
ng/ml) for 24 h at 37•c. Following the treatment, uptake of [3H]alanine (5 nM) was
measured with a 2-min incubation either at pH 7.5 or at pH 5.5 in the presence and in the
absence of5 mM acidic amino acids. Values are mean± SE (n=3). The alanine uptake in
EGF-treated cells was significantly different relative to the control (Student's t-test;
p<0.05).

Table 3
Effect ofEGF on Alanine Uptake at pH 7.5 and 5.5

Acidic
Amino Acid

Alanine Uptake
(pmollmg/2min)
Control

EGF

% stimulation

pH7.5
None

0.392 ± 0.007

0.487 ± 0.002

24

Glutamate

0.348 ± 0.001

0.423 ± 0.007

22

Aspartate

0.360 ± 0.005

0.431 ± 0.006

20

Cysteate

0.366 ± 0.004

0.435 ± 0.016

19

None

0.198 ± 0.002

0.241 ±0.002

22

Glutamate

0.141±0.004

0.171 ± 0.002

21

Aspartate

0.174±0.003

0.218 ± 0.001

25

Cysteate

0.128±0.001

0.162±0.001

27

pH5.5

Figure 13. Influence of EGF on steady state levels of ATB" mRNA and GAPDH
mRNA.. (A) Confluent cultures of JAR cells were treated without (lane 1) or with (lane
2) EGF (50 nglml) for 24 hat 37"C. Poly(At RNA was prepared from the cells, sizefractionated, and probed

with ATB 0 eDNA or GAPDH eDNA by sequential

hybridization. (B) Poly(At RNA was prepared from the cells, size-fractionated, and
probed with ATB• eDNA or 13-actin eDNA by sequential hybridization.
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C. Influence on Transport Function in Choriocarcinoma Cells by GMl Ganglioside

I. Effectof.GMI on the UptakeofSeveralAminoAcids
GMI is a normal plasma membrane constituent. Even though the physiological
role of GMI has not been clearly elucidated,· it may regulate certain plasma membrane
components by interacting with them directly or indirectly affecting in this way their
function. There are no reports in the literature about the effect of GMI on plasma
membrane transport systems. Therefore, in order to see whether or not GMI affects
transport function in JAR cells, we studied the effect of this ganglioside on the uptake of
several substrates. JAR cells were preincubated for I h with 30

J.iM GMI before the

uptake of several amino acids was studied. As shown in Table 4, the uptakes of alanine,
threonine, glutamine, glutamate and MeAIB were significantly inhibited by GMI with
inhl'bitions varying from 47% for glutamate uptake to 81% for MeAIB uptake. However,
no significant inhl'bition in the uptake ofleucine, arginine, and lysine was observed.

2. Effect of GMI on the Uptake ofSeveral Other Nutrients
To extend further these studies, we determine the effect of I hour pretreatment
with 30

J.iM GMI on the uptake of several non-amino acid but essential nutrients in JAR

cells (Table 5). The uptakes of carnitine, pantothenate, ascorbate, dehydroascorbate, and
myoinositol were inhl'bited significantly by GMI.

3. Effect of GMI and Other Related Compounds on Alanine Uptake
As is indicated previously, alanine uptake in JAR cells occurs predominantly

through Sytem B", and therefore we decided to characterize the effect of GMl on this
system. First we studied the specificity of GMl on the inhl.'bition of alanine uptake by

studJi:ng the effect ofvarious structurally related compounds on ~e uptake. As shown

Table 4. Influence of GMl on the uptake of several amino acids in JAR cells. JAR
cells were preincubated at room temperature for 1 h with 30

!J.M GM1 in RPMI medium.

Then after removing the GMl and washing twice with uptake buffer, amino acid uptakes
as alanine uptake(Materials and Methods). Uptake was carried out at room temperature,
for 2 min.

The concentrations of the different amino acids utilized were 2.5 nM for

alanine, 8.2 nM for threonine, 2.1 nM for glutamine and leucine, 2.2 nM for arginine, 2.3
nM MeAIB, 4.2 for taurine and 7 nM for glutamate. The data represent means

± SE

(n=3-4). The alanine, threonine, glutamine, glutamate and MeAIB uptake in the GM1treated cells was significantly different relative to the control group (Student's t-test;
p<0.01).

Table4
Effect of GM1 on Amino Acid Uptake in JAR Cells
Amino acid

Amino Acid Uptake
(pmol/2 min I mg protein)
Control

GM1

% inln"bition

Alanine

0.173±0.013

0.062 ± 0.003

64.2

Threonine

0.610 ± 0.043

0.265 ± 0.009

56.6

Glutamine

0.124± 0.009

0.057 ± 0.001

54.0

Glutamate

0.598 ± 0.050

0.315 ± 0.003

47.3

MeAIB

27.50 ± 1.72

5.26 ± 0.95

80.9

Leucine

0.124 ± 0.009

0.121 ±0.007

2.4

Arginine

0.031 ±0.001

0.029 ± 0.002

6.5

Lysine

17.26 ±0.96

14.74±0.06

14.6

Table 5. Influence of GMl on the uptake of different nutrients. JAR cells were
preincubated at room temperature for I h with 30

!JM GMI in RPMI medium. Then after

removing the GMI and washing twice with uptake buffer, the uptake of the different
nutrients was measured at room temperature for I5 min. Concentrations used were 6 nM
for camitine, IO nM for pantothenic acid, 5 nM for ascorbate and dehydroascorbic acid,
and 25 nM for myoinositol Ascorbate uptake was measured in the presence of I mM
dithiothreitol (DTT) and the uptake of dehydroascorbic acid was measured in the presence
of I mM DTNB. Results are given as means± SE (n=3). Uptake of the different nutrients

in GMI-treated cells was significantly different relative to the control cells (Student's ttest; p<O.OOI).

Table 5
Effect of GMl on the Uptake of Various Essential Nutrients in JAR Cells
Nutrient

Uptake
( pmol I 15 min I mg protein)
Control

GM1

%Control

Carnitine

0.036 ± 0.002

0.014 ± 0.001

61.1

Pantothenic Acid

283.7±3.6

101.5 ± 17.2

64.0

12.8±0.2

4.6±0.5

64.0

48.3 ± 1.3

22.1 ± 0.3

54.3

0.058 ± 0.005

0.030 ± 0.002

47.4

Ascorbate

Dehydroascorbic
Acid

Myoinositol

72

in Table 6, no effect on alanine uptake was observed with GM2 and GM3. The same was
the case with the structural components of GM1, namely sphingosine, ceramide and sialic
acid. The effect of GM1 was thus specific because none of the other compounds used
produced the inhibitory effect of GM1 on alanine uptake.

4. Effect of Increasing Concentrations of GMl on Alanine and Leucine Uptake
We studied the dose-dependent effect of.GM1 on the uptake of alanine and leucine
in JAR cells. Concentrations ofGMI used ranged from 0 to 100 f,lM. As shown in Fig. 14,
no effect was observed on leucine uptake. Alanine uptake, however, was stimulated at low
concentrations of GM1, but was inln"bited at high concentrations. Maximum inln"bition
occurred at concentrations higher than 50

J.1M.

5. Effect of Pretreatment with 50 pM GMl on the Uptake of Glutamine in JAR
Cell Plasma Membrane Vesicles

In order to see whether or not an intact cell is a prerequisite for the inln"bitory
effect of GM1, we studied the effect of GM1 on glutamine uptake in plasma membrane
vesicles isolated from JAR cells by preincubating these membrane vesicles with GMl
before uptake measurements. As indicated in Table 7, there was no difference between the
control and the GM1-treated vesicles. Therefore, the GM1-induced inln"bition of System
0

B requires an intact cell.

6. Effect of GMl on the mnetic Parameters ofAlanine Uptake

In order to see how GM1 affects the V= and K. for the alanine uptake process in
JAR cells, we studied the uptake of alanine at increasing concentrations of alanine in cells
preincubated in the absence or in the presence of 30 f,lM GM1 for 2 h. From the uptake
data, we calculated in controls cells a K. value of 112 ± 8

J.!M and a V"""' 14.9 ± 0.6 nmo1/

Table 6. Influence of gangliosides and other structurally related compounds on
alanine uptake. JAR cells were preincubated at room temperature for 2 h with the
different substances. Concentrations used were 30

JIM for GMI,

neurominic acid (NANA) and asialoganglioside, and 2

JIM

GM2, GM3, N-acetylfor ceramide and D-

sphingosine in RPM! medium. After this preincubation _and ren:loval of the compounds by
-

'

washing with RPM! medium, uptake of alanine was studied as indicated in Material and
Methods. Results are given as means± SE (n=3). The alanine uptake in GMI-treated cells
was significantly different relative to the control cells (Analysis ofvariance; p<O.OOOI).

Table 6
Effect of Gangliosides and Other Structurally Related Compounds
on Alanine Uptake in JAR Cells
Compound

Alanine Uptake
(pmol /2min /mg protein)

%

Control

0.151 ±0.001

100

GM1

0.085 ± 0.001

56

GM2

0.149±0.001

99

GM3

0.151 ±0.002

100

Ceramide

0.154 ± 0.003

102

Asialoganglioside

0.156 ± 0.002

103

D-sphingosine

0.152±0.001

101

NANA

0.153 ± 0.001

101

Gangliosides

0.154 ± 0.003

102

GM1

Gal-GalNAc-Gal-Glc-Cer

I

NANA
GM2

GalNAc-Gal-Glc-Cer

I

NANA

GM3

Gal-Glc-Cer

.I

NANA

Figure 14. Dose effect of GMl on alanine and leucine uptake. JAR cells were
·,
'

.

preincubated for .2 h at room temperature with various concentrations of GMl in RPMI
1640 mediu:in. Following this preincubation, ce1ls were washed twice with RPMI 1640 and

..
alanine (2.5 nM) and leucine (5 nM) uptakes were determined as indicated for alanine
uptake in Materials 'and Methods. Key: alaniiie (e); leucine (6). Results are given as
means± SE (n=3)
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Table 7. Influence of GMI on glutamine uptake in JAR cen plasma membrane
vesicles. Plasma membrane vesicles were incubated for 2 h at room temperature with 75

Jl.M GMl under constant shaking. After this preincubation, glutamine uptake was initiated
by mixing 40 ,.U of the plasma membrane vesicles (240 J.lg) with 160 ml uptake buffer (150
mM

NaC~

10 mM Hepes/Tris pH 7.5) containing radiolabeled glutamine. Uptake was

measured for 30 seconds (Materials and Methods). Results are given as means
(n=3). There is not statistical difference between control and
(Student's t-test).

GM1·tr~ated

± SE

membranes

Table 7
Effect of GMl on Glutamine Uptake in JAR Cell Plasma Membrane Vesicles
Glutamine Uptake
(pmol I 30 sec I mg protein)
GMl
Control

24.2±2.7

28.4 ±2.8

%Control

117

76

mg protein /2 min (Fig. 15). In GM1-treated cells, the K. value was 207 ± 13

!JM and the

Vmax of 3.6 ± 0.1 nmol/ mg protein I 2 min. Therefore, GM1 influences both the K. and
Vm"' of the alanine uptake. The effect on Vmax was however higher than the effect on K..
7. Reversibility of the GMI-lnduced Inhibition ofAlanine Uptake
In order to see whether or not the inln"bitory effect of GM1 on alanine uptake is

reverSl"ble, we incubated the cells in RPl.\11 1640 for different times after the GM1
treatment and then the alanine uptake was determined. As shown in Fig. 16, the inln"bition
of alanine uptake by GM1 was found to be partially reverSl"ble. Recovery of the activity
was about 70%.

8. Role ofNa+ in the GMI-Induced-lnhibition ofAlanine Uptake
As is shown in Table 4 the only amino acids for what their transport was not
affected by GM1 were those that are known to be transported predominantly by Na+
independent processes in JAR cells. This suggested to us that the inln"bitory effect ofGMI
on Na+-dependent processes may be due to the dissipation of the Na+ gradient. Therefore,
we decided to study the role ofNa+ by two different approaches. In the first approach,
cells were preincubated with GM1 in N-methyglucamine chloride buffer (NMG-Cl) or in
NaCl buffer. Following this treatment, alanine uptake was measured in NaCl buffer. The
presence ofNa+ during GM1 treatment was not found to be necessary for the inln"bitory
effect (Table 8).
In the second approach, we wanted to see whether or not GM1 is producing its

inln"bitory effect on alanine uptake by activating a Na+-channel and thus dissipating the
tranSlUembrane Na+ gradient, For this purpose, treatment of cells with GM1 was done in
the absence and in the presence of different Na+-channel blockers (Table 9). These Na+-
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CONTROL
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3

GMl

•
20

40

V/[Ala]

60

80

Figure 16. Reversibility of the GMt-induced inhibition of alanine uptake in JAR
cells. JAR cells were treated for 1 h with (o) and without (•) 50

J.LM GM1 at room

temperature. After this incubation time, cells were washed three times with RPM! 1640
medium. Cells were then incubated for 0, 1, 2, 3, 4, and 5 h in RPM! 1640 at 37°C. Then
alanine uptake was studied as indicated in Materials and Methods. Results are given as
means± SE (n=3)
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Table 8. Na+-dependence of the GMl-induced inhibition of alanine uptake. JAR cells
were preincubated for 1 h with or without 30

!JM GMl in the presence ofNa+ or in the

absence ofNa+ (NMG-Cl). After this incubation, alanine uptake was measured in regular
uptake buffer (ie., in the presence ofNaCl) as indicated in Materials and Methods. Results
are given as means± SE (n=3). Tlie alanine uptake in GMl-treated cells was significantly
different relative to control cells both in a NaCl and NMG Cl buffer (Student's t-test;
p<O.OOl).

Table 8
Role ofNa+ in the GM1-Jnduced Jnluoition of Alanine Uptake in JAR Cells

Conditions for
GM1 treatment

Alanine Uptake
(pmol/2minl mg protein)
Control

GM1

% inluoition

NaCl

0.150 ± 0.003

0.064 ± 0.006

57

NMG-Cl

0.168 ± 0.003

0.045 ±0.001

73

Table 9. Effect of Na+-channel blockers on the GMt-induced inhibition of alanine
uptake. JAR cells were preincubated for 1 h with 30

!JM GM1 at room temperature in the

presence or absence of Na+-channel blockers in RPMl 1640 medium. When the Na+
channel blockers were present, these were added 1 min before the addition of GMl.
Following this incubation, cells were washed twice with RPMl 1640 medium and alanine
uptake was studied as indicated in Materials and Methods. Results are given as means ±
SE (n=3). The alanine uptake in GM1-treated cells was significantly different relative to
control cells (Student's t-test; p<0.0001).

Table 9
Effect ofNa+ Channel Blockers (10 J.LM) on the GM1-Induced Inln"bition
of Alanine Uptake in JAR Cells

Alanine Uptake
(pmol/2min I mg protein)
Control

GM1

% inln"bition

None

0.170±0.001

0.035 ± 0.004

79

a.-Cobrotoxin

0.169 ± 0.002

0.039 ± 0.004

77

Mecamylamine

0.168 ± 0.003

0.030 ± 0.004

82

Methyllycaconitine

0.168 ± 0.003

0.038 ± 0.003

77

81

channel blockers were found to have no effect on the GMt-induced inhibition of alanine
uptake. Therefore, the GMt-induced inln'bition of alanine uptake is not mediated by the
stimulation of a Na+·channeL

9. Effed of GM1 on the Intracellular C? Concentration in JAR Cells
A proposed mechanism of the GMt action in other cells is by altering the
intracellular concentrations of Cal+ ([Ca~;) either by increasing (t56) or decreasing (t57)
[Ca2J;. As is shown in Fig. t7A, GMt induced a rapid increase in [Cal]~ from about 60

nM to about 3t0 nM. This increase in [Ca2 j; was blocked when the cells were
preincubated with EGTA before the addition of GMt (Fig. t7B). These data indicate that
GMt-induced increase in [Ca~; is due to stimulation of the influx of extracellular calchun.

10. Effed ofC? Channel Blockers on the GM1 Induced-Inhibition ofAlanine
Uptake
In order to see whether or not the GMt-induced inln'bition of alanine uptake was

due to activation of calcium channels, cells were treated with GMt in the absence and the
presence of six different Ca2+-channet blockers. It was observed that these Ca2+ channel
blockers had no effect on the GMt-induced inhibition of alanine uptake (Table tO).

D. Evidence for the. Presence of System B" in Human Placenta, Kidney and Intestine

1. RT-PCR Analysis of the Expression of System B • mRNA in Human
Placenta
We have previously reported on the cloning of the hlllilan B • eDNA from a
placental choriocarcinoma cell line (JAR) ( t43). Using human B • eDNA-specific primers,
we analyzed the expression ofB• mRNA in the human placenta by RT-PCR. JAR cells

Figure 17. Influence of GMl on intracellular Ca1+ concentrations. (A) JAR cells were
treated with 50

!-1M

GMl and [Ca2j; was determined as indicated in Materials and

Methods. (B) Prior to the addition of GMl, extracellular Ca2+ was chelated with
ofEGTA
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Table 10. Influence of Ca2+ channel blockers on the GMt-induced inhibition of
alanine uptake. JAR cells were preincubated for 1 h with 30 ).1M GM1 in the absence or
presence of Ca2+ channel blockers. When the Ca2+ channel blockers were present, these
were added 1 min before the addition of GMl. Following this incubation, alanine uptake
was studied as indicated in Materials and Methods. Results are given as means ± SE
(n=3). The alanine uptake in GMl-treated cells was Significantly different relative to
control.cells (Student's t-test; p<O.Ol).

Table 10
Effect of Ca 2+ Channel Blockers on the GM1-Jnduced Inln'bition of Alanine
Uptake in JAR Cells
Alanine Uptake
( pmol I 2min I mg protein)
Control

GM1

% inlu'bition

None

0.157± 0.002

0.059 ± 0.009

62

ro-Conotoxin GVIA

0.160 ± 0.002

0.044 ± 0.012

72

ro-Conotoxin MVITa

0.159 ± 0.001

0.043 ± 0.012

. 73

Verapamil

0.158±0.001

0.040 ± 0.011

75

Diltiazem

0.157 ± 0.002

0.039 ± 0.007

75

Nifedipine

0.159 ± 0.002

0.051 ± 0.016

68

N"1llledipine

0.161 ± 0.004

0.040 ± 0.009

76

84

served as the control An RT-PCRproduct of the expected size (507 bp) for the primer
pair was detected with mRNA isolated from the human placenta (Fig. 18). The RT-PCR
product was further studied by restriction fragment analysis. The region of the human B o
eDNA defined by the PCR primer pair possesses two restriction sites for each of the
enzymes Sal I and Rsa I. This results in the generation of three specific restriction
fragments by digestion of the RT-PCR product by Sal I or Rsa I. The expected sizes of
the fragments were 277 bp, 191 bp, and 39 bp for Sal I and 330 bp, 114 bp, and 63 bp for

Rsa I. As seen in Fig. 18, the restriction fragment patterns of the RT-PCR products from
the human· placenta were exactly the same as that of the control RT-PCR product from
JAR cells. This provides evidence for the expression ofBo mRNA in the human placenta.
0

In order to provide unequivocal evidence of the presence of the System B mRNA
in the human placenta, we cloned the RT-PCR product obtained from this tissue and
sequenced it. Fig. 19 shows the alignment of the sequence of the RT-PCR product with
the corresponding human Bo eDNA sequence. There were only two nucleotide differences.
The first corresponds to nucleotide 2074 in the ATB 0 sequence and represents a change
from T in JAR ATB 0 to C in the placental RT-PCR product. This is a change in the third
base of a codon that results in no change in amino acid. However, at position 2153 of
ATB0 , there is a change from G to C in the RT-PCR product. This change occurs at the
first position of the codon GTC to give CTC. This results in an amino acid substitution
Qeucine for valine). This is a conserved substitution because both leucine and valine are
hydrophobic, zwitterionic amino acids.

Figure 18. RT-PCR and restriction analysis . Poly (At RNA samples from

human

placenta and from the human cell line JAR were used for RT-PCR with a primer pair
specific for hA~o eDNA The 507 bp RT-PCR product from the mRNA samples is
indicated (first two lines). The products were genecleaned, digested with San or Rsal ,and
the restriction fragments were size-fractionated. The bands were detected with ethidium
bromide.

Expression of 8° system in JAR cells and human placenta
Sail

PCR

Rsai

.......-\

507-

zn191-

-330'

-114
-63
JAR Plac. JAR Plac. JAR Plac.

Figure 19. Alignment of human placental RT-PCR product sequence with human
ATB" eDNA sequence.
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2. fHJAlanine Uptake in Brush Border Membrane Vesicles of Human
Placenta.
Placental brush border membranes were preloaded with 75 mM K gluconate, 150

mM mannitol, 10 mM hepes/ Tris pH7.5. Uptake of2.5 nM fHJalanine was studied in a
NaCl or K gluconate buffers in a time dependent fashion. Figure 20A shows that uptake of
[~alanine was greatly stimulated by the presence ofNaCl with a characteristic overshoot

of active transport, whereas the uptake was very slow in the presence of K gluconate.
The highest difference between both [~alanine uptake in NaCl buffer and K gluconate
buffer was observed after 1 min incubation. Then we studied the uptake of [3H]alanine in a
NaCl buffer or K gluconate in the absence or presence ofMeAIB. Figure 20B shows that
MeAIB inhibited by 67% of the uptake in the presence ofNaCL The value obtained in
NaCl buffer containing MeAIB is similar to the value of alanine uptake observed in K
gluconate buffer or K gluconate plus MeAlB buffer. This indicates alanine uptake in the
human placental brush border membrane occurs most probably by System A Therefore,
no System Bo activity is detected in this membrane vesicles.

: 3. RT-PCR Analysis of the Expression of System B • mRNA in Human
Intestine and in Caco-2 and HKPT Cells
A number of genetic diseases associated With defects in ainino acid transport
systems·~
'

the intestine and the kidney are known. Among them is the Hartnup disease,

.

which is an autosomal recessive disord~r, accompanied by defective absorption '·or neutral
amino acids in the intestine as well as in the kidney (122). It has been suggested that the
amino acid transporter B • is the most likely candidate .for the defect characterized by
Hartnup disease. We have recently cloned a human amino acid transporter, the functional

Figure 20. [3H)Alanine uptake in human placental brush border membrane vesicles.
(A) Time course of the eH]Alanine uptake in NaCl (•)or K Glue (o) buffers. (B)
[

3

H]Alanine uptake in the presence ofNaCl or K Glue buffers in the absence or presence

of 5 mM MeAIB. Uptake was measured after a 1 min incubation. Fmal concentration of

[~Alanine was 100 ftM. Results ar~ given as means± SE (n:=3). The alanine uptake in
the presence of NaCl only was significantly different relative to the other three groups.

(Analysis of variance; p<0.05). No significant difference was found among NaCl +
MeAIB, K Glue, and K Glue+ MeAIB.
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characteristics of which are similar to those descn"bed for the amino acid transporter B o
(143). Interestingly, we have cloned the transporter not from the small intestine nor from
the kidney but from a placental choriocarcinoma cell eDNA h"bracy. The gene for the
cloned amino acid transporter Bo maps to human chromosome 19ql3.3. Since the
chromosomal location of the Hartnup disease gene is not known and also since there is no
report in the literature providing functional evidence for the presence of the amino acid
transporter B o in the human placenta, it is difficult to predict whether the cloned
transporter is the likely candidate for the defect associated with Hartnup disease.
Therefore, the present study was undertaken to characterize the molecular nature of the
amino acid transporter B o expressed in the intestine and the kidney and assess its
relationship to the cloned placental amino acid transporter B o. The results of the studies
establish that the human intestine and kidney express the amino acid transport System B o
that is identical at the structural level to the system characterized in JAR cells and human
placenta. This suggest that this transporter is the most likely candidate for the Hartnup
disease.
As we did in the case ofhuman placenta, we analyzed the expression ofB o mRNA
in the human intestine and in the human intestinal and kidney cell lines Caco-2 and HKPT
by RT-PCR JAR cells served as the control An RT-PCR product of the expected size
(507 bp) for the primer pair was detected with mRNA isolated from the human intestine
and from the cell lines Caco-2 and HKPT. (Fig. 21, upper panel). The RT-PCR product
was further studied by restriction fragment analysis. The region of the human B o eDNA
defined.by the PCR primer pair possesses two restriction sites for each of the enzy:ines Sal
I and Rsa I. This results in the generation of three specific restriction fragments by

Figure 21. RT-PCR and restriction analysis. Poly (At RNA samples from human
intestine (HI) and from the human cell lines JAR, Caco-2, and HKPT were used for RTPCR with a primer pair specific for hATB o eDNA The 507 bp RT-PCR product from

all four mRNA samples is indicated (top panel).

The products were genecleaned,

digested with Sal I (middle panel) or Rsa I (bottom panel), and the restriction fragments
were size-fractionated. The bands were detected with ethidinm bromide.

-507 bp

/ 277 bp
-... 191 bp

-

39 bp

Sail
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/114 bp
'
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digestion of the RT-PCR product by Sal I or Rsa 1 The expected sizes of the fragments
were 277 bp, 191 bp, and 39 bp for Sail and 330 bp, 114 bp, and 63 bp for Rsa 1 As seen
in Fig. 21, middle panel and lower panel, the restriction fragment patterns of the RT-PCR
products from the human intestine and from Caco-2 and HKPT cells using Sal I and Rsa I
weie exactly the same as that of the control RT-PCR product from JAR cells. This
provides evidence for the expression of B o mRNA in the human intestine and in the
human intestinal and kidney cell lines Caco-2 and HKPT.

E. Properties of the Ooned System Bo
E.l. Functional Characterization Bo System
)

I. Activity ofSystem B• in Two Different Expression Systems
Two different expression systems are widely used to establish the functional
characteristics of cloned transporters. One is the transient expression of the transporter in
HeLa cells by vaccinia virus expression system and the other is the expression of the
transporter in Xenopus laevis oocytes. HeLa cells possess an endogenous amino acid
transport activity identified as System B o (143). On the other hand X laevis oocytes lack
endogenous activity of System B o (31). We have tested these two expression systems in
order to determine which was better suitable for the functional characterization of System
B •. Transfection ofHeLa cells with pSPORT-~DNA increased giut3mine uptake by 57%
and alanine uptake by 116% over the uptake measured in control cells transfected with the
empty pSPORT vector (Fig. 22). For X laevis oocyte expression, System B• cRNA was
synthesized from the cloned eDNA and inject_ed into the oocytes and amino acid transport
activity was studied on 4-5th day post-injection. Oocytes injected with water seiVed as

Figure 22. Functional expression of hATB" in BeLa cells and in X laevis oocytes.
Expression in HeLa cells was done using the vaccioia virus expression technique. Uptake
of glutamine (20 nM) and alanioe (20 nM) was measured in B" cDNA-transfected cells
(control). In X laevis oocytes expression, oocytes were injected with water or with B"
cRNA On day 4-5 post-injection, uptake of glutamine (1 00 nM) and threonine (400 nM)
was measured in the oocytes. Results are given as means± SE (n=3-14). The glutamine
and alanine uptake in control HeLa cells was sigoificantly different relative to eDNA
transfected cells (Student's t-test; p<O.Ol). The glutamine and threonine uptake in waterinjected oocytes was sigoificanlty different relative to cRNA-injected oocytes (Student's ttest; p<O.OOOl).
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controls. Glutamine uptake increased by 9-fold over the water injected control (Fig. 22).
When threonine uptake was tested in X laevis oocytes, the uptake of this amino acid
increased 55-fold in those oocytes expressing System

n•

in comparison with water

injected oocytes. Taken together, it is clear that the oocyte expression system is more
suitable than the HeLa cell expression system to perform detailed studies on the functional
characterization of the cloned human n•.

2. Amino Acid Specificity ofSystem B"
We determined the amino acid specificity of ATB 0 by studying the uptake of
threonine in the presence of different amino acids in oocytes expressing this transporter.
Fig. 23 shows that the most potent inhibitors of threonine uptake were threonine, alanine,
glutamine, methionine and valine with 94-100% inln"bition. Less potent, but still significant
inln"bitors were isoleucine, tryptophan and histidine with 60-86% inln"bition. No significant
effect was observed with glutamic acid, lysine and MeAIB. This represents a characteristic
pattern of amino acid interaction of System B" in the intestine and kidney.

3. Influence oJNa+ and cr on System B" Activity
The dependence of System

n•

on

cr has

not been reported. Therefore, we

investigated the influence of cr on threonine uptake in system

n•-expressing

oocytes.

Uptake of threonine was studied in the presence or in the absence of cr. Chloride salts
were replaced isosmotically with gluconate salts in these studies. The data given in Fig. 24
reveal that the uptake of threonine is not affected by the absence of cr. This demonstrates
that System n• is not dependent on extracellular cr.
System

n•

is known to be a Na+-dependent amino acid transporter system

Therefore the dependence of the uptake of threonine on the extracellular concentration of

Figure 23. Inhibition of [~threoniD.e uptake by various amino acids in hATB•
cRNA-injected oocytes. Uptake of [ '1I]threonine (0.4 IJ.M} in oocytes was measured in .
the absence or presence ofvarious unlabeled amino acids (5 mM) in the presence ofN!J,Cl
at pH 7.5. Results (means ±. S.E.,) are given as percent of control uptake (100%

= 1. 77 ±

0.12 pmolloocyte/h). C, control uptake in the absence of inhibitory amino acids. *The
threonine uptake was significantly different relative to the control (Analysis of variance;
p<0.05).
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Figure 24. Chloride dependence of [3H)threonine uptake in hATB" i:RNA injected
oocytes. Uptake of eHJthreonine (0.4 JlM) in oocytes was measured in the absence or
presence of cr. In the Cl" free buffer, Cl" salts were replaced with gluconate salts. Results
are means± S.E. (n=6)
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Na+ was investigated by varying the extracellular Na+ concentration between 2.5 and 100

mM. As shown in Fig. 25A, threonine uptake increased with increasing concentrations of
Na+ in an hyperbolic fashion. The data were used to construct an Eadie-Hofstee plot

01

versus VI[Naj) (Fig. 25B), and the plot was found to be linear (r=0.801). The apparent

K,zN;> was 3.15 ±mM.
4. Influence of Acidic Amino Acids on the Threonine Uptake Mediated by
System B" at Different pHs
When we characterized the interaction of acidic amino acids with alanine uptake in
the JAR cells, we found that these amino acids showed only a small effect on alanine
uptake both at pH 7.5 and pH 5.5. In order to investigate whether this is the case for the
cloned System B" when expressed in the X /aevis oocytes, we studied the uptake of
threonine in ATB" cRNA injected oocytes in the absence or presence of 5 mM unlabeled
acidic amino acids at pH 5.5 and 7.5. Figure 23 shows that glutamic acid does not affect in
any significant way the uptake of threonine at pH 7.5. However, glutamic, aspartic and
cysteic acids inhibit the threonine uptake at pH 5.5 by 68, 66, and 88% respectively (Fig.
26). Therefore, like Systems ASCTI and ASCT2, System B" is also able to interact with
acidic amino acids at acidic pH These results are qualitatively though not quantitatively,
similar to the data obtained in JAR cells.

5. Kinetics of the System B"-Mediated Glutamine Uptake
Glutamine is one of the neutral amino acids that interacts strongly with System B".
The dependence of the initial up~e rate of glutamine on the extracellular concentration
of glutamine was investigated varying the extracellular glutamine concentration between
25 and 500

f.!M.

The values obtained from water injected oocytes were subtracted from

Figure 25. Dependence of threonine uptake on Na+ concen~ation in hATB• cRNA
injected oocytes. Uptake of[~threonine (0.4 !JM) in oocytes was measured over aNa+
concentration range of 0-100 mM. (A) Saturation kinetics. (B) Eadie-Hofstee plot. V
threonine uptake rate in pmol/h/oocyte; Na+ concentration is given in mM.The data
represent means± S.E.· (n =5-10 ).
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Figure 26. Inhibition of ["H)threonine uptake by acidic amino acids at pH 5.5 in
hATB 0 cRNA-injected oocytes. Uptake of [~threonine (0.4 JlM} in oocytes was
measured in the absence or presence of unlabeled acidic amino acids (5 mM) in the
presence ofNaCl at pH 5.5.The data represent means± S.E. (n =6-8). C. control uptake
in the absence of inhibitory amino acids. The threonine uptake in the presence of acidic
amino acids was significantly different relative to the control group (Analysis of variance;
p<0.05).
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total values obtained in cRNA injected oocytes to calculate System B"-specific uptake.
The difference between these two groups was plotted. Fig. 27A shows an increase in
uptake rate with increasing concentrations of glutamine, and the rate was a hyperbolic
function of the extracellular concentration of glutamine. The data were used to construct
an Eadie-Hofstee plot (V versus VI[Gln]) (Fig. 27B)., and the plot was found to be linear
(r=0.92). The apparent ~GinJ was 23.3 ± 3.4 !JM.and V-. was 131.08 ± 5.7
pmol/h/oocyte.

6. Electrophysiological Studies ofATJf' Expressed in Oocytes
The transport of amino acids by system B" is believed to be an electrogenic process
because neutral amino acids are transported coupled to the ion Na+. Thus a positive
charge is likely·to be transported inside the cell In order to investigate this aspect, we
wanted to known whether or not threonine evokes currents in ATB" cRNA injected
oocytes. Fig. 28 shows that alanine evokes an inward current (-120 nA at 2 mM) in the
.presence ofNa+ in cRNA-injected oocytes when the membrane potential was clamped at 50 mV. Threonine-evoked currents in water-injected oocytes were negligible (<5 nA)(data
not shown). The current induced by threonine in cRNA-injected oocytes was potentialsensitive (Fig. 29). Hyperpolarization increased the inward current markedly. Interestingly,
there was a reversal of the current when the testing membrane potential was depolarized
beyond -20 mV. Under these conditions, threonine evoked outward currents in cRNAinjected oocytes.

Figure 27. Glutamine uptake kinetics of hATB• cRNA injected oocytes. Uptake of
glutamine was studied in the concentration range of 0-500 (.1M. (A) Saturation kinetics.
(B) Eadie-Hofstee plot. V glutamine uptake rate in pmol/h/oocyte; glutamine
concentration in (.1M. The data represent means± S.E. from n=4-7.
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Figure 28. Threonine-evoked inward currents inXenopus laevis oocytes expressing

hATB 0 • hATB o cRNA was injected into oocytes.and electrophysiological measurements
were made on 5th day postinjeetion. Current tracings were recorded under the conditions .
indicated, with the membrane potential kept constant at -SOmV.

Results from a

representative oocyte are given. Similar results have been obtained in three different
oocytes. NMDGCl, N-methyl D-glucamine chloride.
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Figure 29. Current-membrane potential (1-V) relationship for threonine-evoked
currents in oocytes injected with hATB• cRNA Oocytes were superfused at pH 7.5
with lmM threonine in the presence ofNaCL Currents were measured at different holding
potentials, each applied for a duration of 100 ms. Similar results have been obtained in two
additional oocytes.
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E.2 Homo-and Heteroexchange Properties of System ATB"
Recently, there has been some evidence that some amino.acid transporters behave
as exchangers or tertiary amino acid transporters: Exchange is the transport of a substance
in the inward direction for exchange with a substance in the outward direction, There are
three amino acid transport systems that fiill in this category and they are System bo,+,
System y"'L and System ASCTI. For &ystem bo,+ an electrogenic exchange meClhanism for
dibasic and neutral amino acids has been descn"bed for the cloned transporters from rabbit
(158,159) and rat (160) and for the constitutively expressed transporter in the renal
proximal tubular cell line OK. The mechanism proposed for System b"·+ in the brush
border membrane of the renal tubule is the active reabsorption of cystine and dl"basic
amino acids by obligatory exchange with intracellular neutral amino acids. This mechanism
coupled with the obligatory exchange characteristic ofy"'L (161) in the basal membrane of
the .renal tubular cell will explain the observation made in cystinuric patients in which a
defective b o,+ results in hyperexcretion of dl"basic amino acids and cystine, but not of
neutral amino acids.

In the case of System ASCTl, the transporter mediates the homo- and
heteroexchange of amino acids (162). It has been suggested that it may function to
equih"brate different pools of neutral amino acids and provide a mechanism to link amino
acid concentration gradients. Because the System Bo belongs to a family of transporters
which includes System ASCTl based on the protein sequence, we have used the X laevis
oocyte expression system to detennine whether or not the System B 0 behaves as an
exchanger.
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I. Effect of Unlabeled Amino Acids on Threonine Efflux in hATifl cRNA
Injected Oocytes
First we studied the effects of substrates and non-substrates on the efflux of
threonine. Oocytes expressing System B0 were preloaded for one hour with 0.4 J.1M
[

3

H]Threonine and then the efflux of threonine was studied for 1 min in the absence or

presence of different amino acids. Fig. 30A shows the totai uptake of threonine in the
different groups of oocytes during the 1 h preincubation. Threonine accumulation during
the preloading procedure was comparable among different groups of oocytes. Threonine,
methionine, leucine, ·glutamine and ·alanine, all substrates of System B0 induced to a
significant extent the efflux. of threonine when compared
with the control group where no
"
amino acid was present in the extracellular milieu (Fig. 30B). Interestingly, no significant
effect was seen with glutamate, lysine and MeAlB which are not recognized by system B~
as substrates at pH 7.5. Although no significant differences were observed in threonine
uptake between the different groups (Fig. 30A), in order to demonstrate that the
difference in efflux was not due to difference in total uptake of threonine during the 1 h
preloading, the data from Figs. 30A and 30B are expressed in Fig. 31. as percent of
threonine efflux relative to the total uptake for each group. As shown in Fig. 31 significant
extent of threonine efflux was observed relative to the control group for the amino acids

threonine, alanine, glutamine, methionine and leucine. Again, glutamate, lysine and
MeAIB did not stimulate threonine efflux to any significant extent relative to the control
group.

Figure 30. Effiux of threonine induced by various amino acids in hATB• cRNA
injected oocytes. Oocytes were incubated for 1 h with 0.4

!-1M

[~threonine. Then

effiux of threonine was studied in the ·absence (control) or presence of different unlabeled
.

.

amino acids (300 !-1M) during I min (A). Total uptake of [3H]threonine in 9 different
group of oocytes. (B) Efilux of threonine The data represent means± S.E.. from n =5-28.

* The threonine efilux was significantly different relative to the control group (Analysis
ofvariance; p<0.05).
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Figure 31. Effiux of threonine relative to total uptake induced by different· amino
acids in hATB 0 cRNA injected oocytes. Representation of the data of Fig. 29 as
percentage ofthreonine effiux relative to total uptake. *Threonine effiux was significantly
different relative to the control group (Analysis ofvariance; p<O.OS).
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2. Sodium Dependence of the Theonine-Induced Efflux of fH]Threonine in
hATB" cRNA Injected Oocytes
As we know that System B" is a Na+-dependent mechanism we expect that for
exchange of amino acids to be mediated by System B" the process has to be a Na+dependent mechanism Figure 32 descn"bes an experiment in which threonine-induced
e.fflux of[3H[threonine was studied in the absence and in the presence ofNa+. The uptake
of eHJthreonine in the different groups of oocytes during preincubation was not
significantly different (Fig. 32A). It was evident that threonine in the extracellular medium
induced the e.fflux of FHJthreonine only ifNa+ was present in the medium (Fig. 32B).

3. Time Course of Threonine Efflux
The time dependence of threonine e.fflux was studied under different conditions. In
water injected oocytes, the e.fflux of threonine was studie"d in the :absence and in the
.

.

'

presence of threonine. For cRNAinjected oocytes, e.fflux was studied in the absence and
in the presence of threonine or MeAIB. Fig. 33B shows that there was a rapid and
significant increase in [~threonine e.fflux with time only in the presence of threonine in
the extracellular medium in the cRNA injected oocytes. MeAIB failed to produce
significant increase in threonine e.fflux with time when compared with the control (absence
of amino acids). In water-injected oocytes, the accumulation of [~threonine during
preloading was low and there was no induction of [~threonine e.fflux by threonine in the
extracellular medium There was no difference in uptake of [~threonine in the three
groups of cRNA-injected oocytes (Fig. 33A).

Figure 32. Influence of Na+ on the threonine induced eHJthreonine emux in hATB"
cRNA injected oocytes. Occytes were incubated for 1 h with 0.4 J,I.M [~threonine. Then
efilux of threonine was studied for 1 min in the absence (control) or presence of 300 J,LM
unlabeled threonine in a NaCl buffer or in a NMG-Cl buffer. (A). Total [3H]threonine
uptake in different group of oocytes. (B) Efilux of threonine. The data represent means±
SE (n=6).
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Figure 33. Time course of the threonine efflux in hATB" cRNA and water injected

oocytes. (A) [3H]threonine uptake in water and cRNA injected oocytes. (B) Threonine
efflux in water and cRNA injected oocytes in the absence or presence of 300 J,J.M
unlabeled threonine or MeAIB. Water injected; control
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4. /(jnetics of Glutamine Induced Threonine Efflux
Ifthe efll.ux of threonine is mediated by System B 0 , the K. value for the uptake of a
substrate amino acid should be similar to the K. value of that amino acid inducing
threonine efilux. Therefore, we investigated the kinetics of glutamine-induced efll.ux of
threonine. In order to accomplish this, we preincubated the Bo expressing oocytes with
eHJthreonine for 1 h and then studied the threonine effiux for 5 min at different
concentrations of unlabeled glutamine in the extracellular medium. The concentrations of
glutamine used were in the range of 25-250

J.!M.

Figure 34A indicates a hyperbolic

relationship for threonine efll.ux versus increasing concentrations of glutamine. The
transformation of the data to an Eadie Hofstee plot is represented in Fig. 34B. There was
a linear relationship (r=0.86) what indicates the presence of a single interaction Site for
glutamine just like what was observed for the uptake of glutamine by System B
for glutamine-induced threonine efll.ux was 71.3

0
•

The K.

± 20.1 J.!M. This value is close to the K.

value for glutamine uptake in oocytes expressing System B' ( 23 J.!M).
0

Taken together, these data demonstrate that System B behaves as a homo- and
heteroexchanger of neutral amino acids.

E.3. Functional Expression ofriATB 0 in Xenopus laevis Ocicytes.

1. Stimulation of the Transport of Amino Acids by riATB" cRNA in Xlaevis
ooc:ytes.
In our laboratory we have isolated a clone from a eDNA library of rabbit intestine
(163). Functional characterization of this clone in HeLa cells indicates that it represents
the System Bo first descn"bed in rabbit intestine (38). Because one of the problems ofHeLa

Figure 34. Kinetics of glutamine-induced threonine effiux in hATB0 cRNA injected
oocytes. Threonine efil:ux was studied in the presence of increasing concentration of
unlabeled glutamine (0-250 !lM). (A) Saturation kinetics ·and (B) Eadie-Hofstee
representation of glutamine induced threonine efil:ux. V threonine efil:ux rate in CPM/5
min/oocyte , glutamine concentration in J.1M. The data represent means± S.E. (n =3-5).
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cell expression system is that these cells constitutively express a System B" like activity
(143), we have extended the characterization of the rabbit clone by using X laevis
oocytes. System B" cRNA was synthesized from the cloned eDNA and injected into the
oocytes and amino acid transport activity was studied on 4-5th day post-injection. Oocytes
injected with water served as controls. First, we studied the transport of threonine and
glutamine because these two amino acids are known to be excellent substrates for System
B •. The transport of threonine (0.4 IJ.M) in water-injected oocytes was 0.11 ± 0.03
pmol/oocyte/h and this value increased about 20-fold to 2.30 ± 0.22 pmol/oocyte/h in
cRNA-injected oocytes (Fig. 35). Similarly, the transport of glutamine (0.1 IJ.M) increased
about 10-fold in cRNA-injected oocytes compared to water-injected oocytes (waterinjected, 0.09 ± 0.02 pmol/oocytelh; cRNA-injected, 0.84 ± 0.05 pmol/oocytelh). As a
control, we also studied the transport of MeAIB, an amino acid which is a specific
substrate for system A but is completely excluded by System B ~. The transport ofMeAIB
(36 IJ.M) was not significantly different between water-injected and cRNA-injected
oocytes (1.57 ± 0.39 versus 1.82 ± 0.11 pmol/oocyte/h).

· 2. Substrate Specificity of riATB"
Since the injection ofriATB" cRNA increased the transport of threonine markedly
in X laevis oocytes, we studied the substrate specificity of the cRNA-induced transport
system in a greater detail than studied in HeLa cells (163). This was done by assessing the
ability of a number of amino acids (5 mM) to inln"bit the uptake of [3H]threonine (0.41J.M)
in cRNA-injected oocytes. The transport of threonine in water-injected oocytes was less
than 5% of the transport in cRNA-injected oocytes and therefore parallel inln"bition studies
were not performed in water-injected oocytes. Figure 36 descn"bes the inhibition pattem

Figure 35. Functional expression ofriATB" in XJaevis ocytes.Uptake of threonine (0.4

!J.M), glutamine (0.1 !J.M), and N- methylaminoisobutyric acid (36 !J.M) in water~injected
(open bars) and riATB• cRNA-injected (shaded bars) oocytes. Values are means± S.E
(n= 5-8). The threonine and glutamine uptake in water-injected oocytes was significantly
different relative to the cRNA-injected oocytes (Student's t-test; p<O.OOI).
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Figure 36. Inhibition of eH]threonine uptake by various amino acids in riATB"
cRNA-inj ected oocytes. Uptake of [~threonine (0.4 l-IM) in oocytes was measured in
the absence (control) or presence ofvarious unlabeled amino acids (5 mM) in the presence
ofNaCl at pH 7.5. Results (means ± S.E., n = 6) are given as percent of control uptake
(100% = 4.36 ± 0.19 pmol/oocyte/h). *The threonine uptake was significantly different
relative to the control (Analysis ofvariance; p<0.05).
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for thirteen amino acids. Based on the inhibitory potency, these amino acids could be
grouped into three categories. Alanine, threonine, glutamine, methionine, and leucine were
the most potent ( :<: 95% inln"bition), followed by proline, isoleucine, tryptophan, and
phenylalanine which exhibited moderate inln"bitoiy potency (40-70% inhibition). Very little
inln"bition (< 20%) was obsexved with aspartate, glutamate, lysine, and MeAIB.
Even though the amino acid transport system B o functionally identified in rabbit
jejunal brush border membrane vesicles does not interact with anionic amino acids at
neutral pH (38), the

syst~m

does recognize these amino acids at acidic pH (164). In the

present study, threonine transport mediated by riATB o in oocytes was not inln"bitable by
the anionic amino acids glutamate and aspartate at pH 7.5. Prompted by the data from
rabbit jejunal brush border membrane vesicles (164), we studied the ability of anionic
amino acids to inln"bit riATB o -mediated threonine transport in X laevis oocytes at pH 5.5
(Fig. 37). It was found that the transport of threonine (0.4 11M) in oocytes expressing
riATB o was almost completely inln"bited by glutamic, aspartic, and cysteic acids at a
concentration of 5 mM. Thus, the cloned riATB o behaves similar to System B o in rabbit
jejunal brush border membrane vesicles with respect to
.

.

anionic amino acids. These results are also

.

pH-d~endent

interaction with

similar to those obtained with ATB'.

3. Electrophysiogical Studies with riATB".
We also found that the cRNA-induced transport system in X laevis oocytes was
rheogenic. Threonine evoked inward currents (-20 nA at 1 mM Thr) in the presence of
Na+ in cRNA-injected oocytes when the membrane potential was clamped at -50 mV
(Fig. 38). Threonine-evoked currents in water-injected oocytes were

neglig~."ble

(-2 nA)

(data not shown), corroborating earlier data by Mackenzie et al (165). The current

Figure 37. Inhibition of threonine uptake by anionic amino acids at acidic pH in
riATB 0 cRNA-injected oocytes. Uptake of [~threonine (0.4 ILM) in oocytes was
measured in the absence (control, C) or presence of glutamate, aspartate, or cysteate ( 5

mM).
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Figure 38. Threonine-evoked inward currents in Xenopus laevis oocytes expressing
riATB o.
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measurements were made on 5th day post-injection.
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under the conditions indicated, with the membrane potential kept
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at -SOmV.

Results from a representative oocyte are given. Similar results have been obtained in
three different oocytes.
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induced by threonine in cRNA-injected oocytes was potential-sensitive (Fig. 39).
Hyperpolarization increased the inward current markedly. Interestingly, there was a
reversal of the current when the testing membrane potential was depolarized beyond -40
mV. Under these conditions, threonine evoked outward currents in cRNA-injected
oocytes.

F. Evidence for Expression of System ASCfl in Human Placenta and JAR Cells.

1. RT-PCR Analysis of the Expression of System ASCTI mRNA in Human
Placenta
Using human brain ASCTl eDNA-specific primers, we analyzed the expression of
ASCTl mRN~ in the human placenta by RT-PCR JAR cells served as the control An
RT-PCR product of the expected size (582 bp) for the primer pair was detected with
mRNA isolated from the hlunan pla'centa (Fig. 40). The RT-PCR product was further
studied by restriction fragment analySis. The region of the human ASCTl eDNA defined
.

.

by the PCR primer pair possesses one restriction site for each of the enzymes 'Sac II and

Dde I. ThiS results in the generation of tWo specific restriction fragments by digestion of

.

the RT-PCR product by Sac II or Dde I. The expected sizes were two fragments of 291

.

bp for Sac II and 425 bp and 1S7

bP

for Dde I. As seen in Fig. 40 , the restriction

fragment pattern of the RT-PCR products from the human placenta was exactly the same
as that of the control RT-PCR product from JAR cells. This provides evidence for the
expression of ASCTl mRNA in the human placenta.

Figure 39. Current-membrane potential (1-V) relationship for threonine-evoked
currents in oocytes injected with riATB 0 cRNA Oocytes·were superfused at pH 7.5
with lmM threonine in the presence ofNaCL Currents were measured at different holdiog

potentials, each applied for a duration of 100 ms. Results from a representative oocyte are
given. Similar reSults have been obtained in two additional oocytes.
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Figure 40. RT-PCR and restriction analysis. Poly (At RNA samples from human
placenta and from the human cell line JAR were used for RT-PCR with a primer pair
specific for ASCTI eDNA The 582 bp RT-PCR product from the mRNA samples is
indicated (first two lines). The products were genecleaned, digested with Sac ll or Dde I,
and the restriction fragments were size-fractionated and detected. The bands were
detected with ethidium bromide.
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2. Molecular Structure ofSystem ASCTI Isolated from JAR Cells.
We have isolated a clone of about 3.6 kb from a JAR eDNA h'brary that when
partially sequenced showed sequence similarity to System ASCTl :first cloned from human
brain (101, 102). This clone is much longer than the brain clone (2.1 kb). We have
sequenced the entire clone. The JAR ASCTl eDNA is 3562 bp with an open reading
frame from nucleotide 242 to nucleotide 1840 that corresponds to a protein of 532 amino
acids (Fig. 41 ). Only two amino acids were different between the brain clone and the JAR
clone. In the brain clone, amino acid 14 is alanine and in the JAR clone the corresponding
amino acid is threonine. The second difference is observed in amino acid 37 which in the
case of the brain clone is arginine and in the JAR clone is' glycine. The 5'UTR of JAR
ASCTl is of244 bp in contrast to the 182 bp long 5'UTR of the brain clone. The 3'UTR
ofbrain ASCTl and JARASCTl clones are 320 and 1721 bp respectively.

3. Functional Expression of the JARASCTI in Xenopus laevis Oocytes.

In order to see whether or not the JAR ASCTl clone is functional, we expressed
this clone in X /aevis oocytes. cRNA was prepared from the JAR eDNA and injected into
oocytes. After 4 days post-injection, the uptake of threonine was determined in the cRNA
injected oocytes versus the water injected oocytes. As shown in Fig. 42 the cRNA induced
a significant increase in the threonine uptake (about 4.4-fold). These data show that the
ASCTl clone isolated from the JAR cells is functional.

Figure 41. Nucleotide sequence of JAR ASCfl eDNA.

1 CTCCAGCCGG CGGCTGCTCC AGGGAGGCTG GGCGCGATCC TCTCCGCCCG
51 CGGCTCCAAC CCGCACTCTG CGCCTCTCCT CGCCTTTCTC GCACCTGCTC
101 CTGCACCAGG CCCGGAGACC CCCGGGGCGG CTTCCCAGAA CCTGCGGACG
151 ACAACTGGCC GACCGACCCA TTCATTGGGAACCCCGTCTTTTGCCAGAGC
201 CCACGTCCCT GCCACCTCTA GCTCGGAGCG GCCGTGTAGC GCATGGAGAA
251 GAGCAACGAG ACCAACGGCT ACCTTGACAG CACTCAGGCG GGGCCTGCGG
301 CCGGGCCCGG AGCTCCGGGG ACCGCGGCGG GACGCGCACG GCGTTGCGCG
351 GGTTCCTGCG GCGCCAAGCG CTGGTGCTGC TCACCGTGTC CGGGGTGCTG
401 GCGGGCGCGG GCCTGGGCGC GGCGTTGCGC GGGCTCAGCC TGAGCCGCAC
451 GCAGGTCACCTACCTGGCCTTCCCCGGCGAGATGCTGCTCCGCATGCTGC
50! GCATGATCAT CCTGCCGCTG GTGGTCTGCA GCCTGGTGTC GGGCGCCGCC
55! TCGCTCGATGCCAGCCTGCCTCGGGCGTCTGGGCGGCATCCGTGTCGCCT
60! ACTTTGGCCT CACCACACTG AGTGCCTCGG CGCTCGCCGT GGCCTTGGCG
65! TTCATCATCAAGCCAGGATC CGGTGCGCAG ACCCTTCAGT CCAGCGACCT
701 GGGGCTGGAG GACTCGGGGC CTCCTCCTGT CCCCAAAGAG ACGGTGGACT
751 CTTTCCTCGA CCTGGCCAGA AACCTGTTTC CCTCCAATCT TGTGGTTGCA
801 GCTTTCCGTA CGTATGCAAC CGATTATAAA GTCGTGACCC AGAACAGCAG
851 CTCTGGAAAT GTAACCCATG AAAAGATCCC CATAGGCACT GAGATAGAAG
901 GGATGAACATTTTAGGATTG GTCCTGTTTG CTCTGGTGTT AGGAGTGGCC
951 TTAAAGAAAC TAGGCTCCGAAGGAGAAGAC CTCATCCGTTTCTTCAATTC
1001 CCTCAACGAG GCGACGATGGTGCTGGTGTC CTGGATTATG TGGTACGTAC
1051 CTGTGGGCAT CATGTTCCTT TTTGGAAGCA AGATCGTGGA AATGAAAGAC
1101 ATCATCGTGC TGGTGACCAG CCTGGGGAAA TACATCTTCG CATCTATATT
1151 GGGCCATGTT ATTCATGGAG GAATTGTTCT GCCACTTATT TATTTTGTTT
1201 TCACACGAAA AAACCCATTC AGATTCCTCC TGGGCCTCCT CGCCCCATTT
1251 GCGACAGCAT TTGCTACCTG CTCCAGCTCA GCGACCCTTC CCTCTATGAT
1301 GAAGTGCATT GAAGAGAACA ATGGTGTGGA CAAGAGGATC AGCAGGTTTA

1351 TICTCCCCAT CGGGGCCACC GTGAACATGG ACGGAGCAGC CATCTICCAG
1401 TGTGTGGCCG CGGTGTTCATTGCGCAACTC AACAACATAG AGCTCAACGC
1451 AGGACAGATITICACCATIC TAGTGACTGC CACAGCGTCC AGTGTTGGAG
1501 CAGCAGGCGT GCCAGCTGGA GGGGTCCTCA CCATIGCCATTATCCTGGAG
1551 GCCATIGGGC TGCCTACTCA TGACCTGCCT CTGATCCTGG CTGTGGACTG
1601 GATIGTGGAC CGGACACACCA CGGTGGTGAA TGTGGAAGGG GATGCCCTGG
1651 GTGCAGGCATTCTCCACCAC CTGAATCAGAAGGCAACAAA GAAAGGCGAG
1701 CAGGAACTIG CTGAGGTGAAAGTGGAAGCC ATCCCCAACT GCAAGTCTGA
1751 GGAGGAGACA TCGCCCCTGG TGACACACCA GAACCCCGCT GGCCCCGTGG
1801 CCAGTGCCCC AGAACTGGAA TCCAAGGAGT CAGTTCTGTG ATGGGGCTGG
1851 GCTTIGGGCT TGCCTGCCAG CAGTGATGTC CCACCCTGTT CACCCAGCCG
1901 CCAGTCATGG ACACAGGGCA CTGCCCTIGC CAACTTITAC CCTCCCAAGC
1951 AATGCTTIGG CCCAGTCGCT GGCCTGAGGC TIACCTCTCG GCACTGGCAT
2001 TGGGCTCCCC AGCCGGAACT GGTTACCAAG GACAAGGACA CTCTGACATI
2051 CGGCTIGATC CATGTCCAGGTGCAACTGTG TGTACACAGG GATCTGTITG
2101 GAAACAACCC CTIGAGCTGC CAGGCTCAAG AAATCATGGA CTCACAGGGT
2151 CCTGTGTGGT TACATCTIGG AAAAAATGCA GATGTATTIC ACTCTCCCCG
2201 GTCAGCTCTG CATCAGGTGT TTICTGAGCAAACCAAGGGG GTITATAGTC
2251 ATCTGTCGCA TTGCCTCGAGTIGCAGTAATTGAAAAAATG CTCAAATICT
2301 TAGCCATGGC TGGCCTTIGC TGAGCTGGGA CTCAGGTGTTTAAAGAGTIT
2351 GTGCTATAGC TAGGTGTGGA TAGCTICTGA TCCCTGGGTI CTGGGAGACT
2401 GCAGGTGCCG CACATIGTCAAGTTAGAAAT ACTCCAGGTG GGTGTTAGCA
2451 CTGTGGTGGT CTCTGGTCCA CAGCCTIAGG TAAACAACTT AGATICTGAG
2501 GTCAAAGAAAAAAGGAGAGG GAATGCAGCC TIGTGGGGGA GAAGCGGGGC
2551 AGAGGGTTCT CTAATCTAAT CAGGACAGGA CAGGTITCAC ATACAATIGT
2601 CCCAGTTCGC ATCCCAGCCC TGGGGCACTI TICTGCTICC TICCAGAGGC
2651 CTGGGCCTCT GATAACACTI TGGCIIIII C TCCATICACG CTGATITGGC

2701 AAAAGGCCAG AGATGGGCcr CcrTCCcrGG GGAGGTGTGA TGTAGTTATC
2751 ACA'ITCAGGA CCcrTGTTGA TTTATCATcr ATTATTTGAA TTCAAcrGGA
2801 CATcrGTAAAATGcrGCAcr GCAGCAAAAA CAAAACCACC ACCACCCCAG
2851 AGAAAACCAT GTAcrAATTG GAGTGGGGTA CCCCCA'ITCA CAGGT;I'CCCA
2901 TGGTCCCcrG GCT'ITGGcrG ATTTCAAAAT ATAGAGCCcr TTcrTGCCAG
2951 TACATCCAAG T'ITAAAATTA TCAGCGAAAT GGTCCATGTT T'ITCCAATTA
3001 ccrGcrGACA CGGTTcrAAG crAAGTGAAG GGGAAGATcr GAGAGCGTGC
3051 TGTTTGTGGC TGTTGATGCA TA'ITCGTGAT GTAACAGGTC crGGGGCcrC
3101 ACT'ITACCCC ATTTGTAAAA TGGGGATAAT GTCACcrGCC TcrTACcrAC
3151 crCAGAGGGA TTTGGTGAAG CAAAcrGTTA ATcrTCGAAA ACGACCAT'IT
3201 CAcrTcrTGG ATATCAAGTG crAACCCAGT ATGTTcrTcrTTTTTATGTA
3251 AGGGACAGcrTTcrCCACAG AGTCcrTTCT GcrGGTGAGG ACAGCATTTC
3301 TGAGCAGGGC TTTGTTcrcr ATGTGCATTA GGACTTTTAT CATGCCcrTG
3351 TTcrGTGTGT AGTTAcrTGA CAGCATCAAA TGCCGCcrcrTCcrAATGTC
3401 crTCAAGTTT TCATGAAcrA GCAACCCCAC crTCCACCAT GGTTcrGGGC
3451 GCcrGATTTT GcrGTGAcrC CCAGACCCAG CAAcrGTTTC TGCCACCCTG
3501 TAACAGGCCA TTAAAGcrCC CCAGTGTTCA GCcrCcrTCAAAAAAAAAAA
3551 AAAAAAAAAAAA

Figure 42. Functional expression of JAR ASCTl in Xlaevis oocytes. eHJthreonine
.

uptake was studie\1 in JAR ASCII eRNA injected oocytes and water injected oocytes.

eH]Threonine Uptake
(pmol/h/oocyte)

DISCUSSION
The cloning of System B• from the human placenta choriocarcinoma cell line, JAR
(143) has prompted us to functionally characterize this transport system in .this cell line.
There is no report to date in the literature of a Na+-dependent neutral amino acid transport
system in JAR cells. However, the presence of System A in the bmsh border membrane
(52) and System ASC in the basal membrane of the human placenta has been descn"bed
(75). In the present work, we have characterized in detail the uptake of alanine in JAR
cells. In addition to System B•, there are several amino acids transport systems that can
interact with alanine. These are Systems A, ASC, B•·+, y"L, 1 and b•,+. Systems 1 and bo,+
are excluded as participants in alanine uptake because these are Na+-independent systems
(8) and alanine uptake in JAR cells is predomiriantly Na+-dependent (95%). To examine
the posst"ble participation of the other transport systems in the alanine uptake, we studied
the effects of several different amino acids on the [3H]alanine uptake in JAR cells. It was
found that glutamine, threonine, cysteine, alanine, serine, asparagine were strong
inln"bitors. Phenylalanine, glycine and leucine inhibited the alanine uptake but they were
less potent than the above mentioned amino acids. However, no significant inln"bition was
observed with MeAIB, BCH, arginine and lysine. The lack of interaction with arginine and
lysine rules out the participation of Systems y"L, bo,+ and B•,+. On the other hand, because
no effect was observed with MeAIB, it is unlikely that System A participates in the uptake
of alanine in JAR cells. We were left with two transport systems, B• and ASC as the likely
•

0

candidates for mediating alanine uptake in JAR cells. We can eliminate System ASCTl as
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a likely candidate because this system does not interact with glutamine and asparagine.
Glutamine and asparagine are excellent substrates for System B 0 • Moreover, there is
evidence that System Bo can interact with anionic amino acids at acidic pH. The alanine
transport system in JAR cells strongly interacts with glutamine and asparagine and
furthermore can recognize anionic amino acids as substrates at acidic pH to a significant
extent. These characteristics namely Na+-dependence, recognition of all neutral amino
acids as substrates, exclusion of cationic amino acids and N-methylated amino acids, and
interaction with anionic amino acids at acidic pH, strongly suggest that this transport
system is more likely System B0 • However, it has to be mentioned here that a recently
cloned amino acid transport system ASCT2 exhibits characteristics very similar to those of
System Bo (105). But, ASCT2 does not display electrogenic properties whereas System Bo
does. Except for this single difference, System B 0 and System ASCT2 have almost
identical functional characteristics. We conclude that the uptake of alanine in JAR cells
occurs predominantly via System B'.
Growth factors are key elements during embryo implantation and later in fetal
growth and development. The latter may occur by interaction of growth factors with their
receptors located in the placenta. Gfowth factors regulate placental functions and
participate in the development and maintenance of the placenta (166). Most of the growth
factors include in their signalling pathway tyrosine phosphorylation of cellular proteins.
Therefore, tyrosine phosphorylation of intracellular proteins seems to be an important
element in the control of the normal function of placenta. In this work we have studied the
role of tyrosine phosphorylation in the regulation ·l?f System Bo activity in JAR cells. In
order to do this, we have used the pharmacological agent AT.A, which is known to
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enhance tyrosine phosphorylation of specific proteins in a cell-type specific manner.
Interestingly, the ATA target proteins lie in the signalling pathways induced by a variety of
irowth factors. In JAR cells, ATA increased the alanine uptake after long time incubation
of the cells with this agent. This effect was accompanied by an increase in the B• mRNA
levels and in an increase in tyrosine phosphorylation of specific cellular proteins. The
effect of ATA was related to an increase in tyrosine phosphorylation because genistein, a
tyrosine phosphorylation inlu"bitor, blocked the effect of ATA on System B 0 activity and
mRNA ~evels. We found that ATA increased the phosphotyrosine content of a protein
with a molecular mass .of 180 kDa. Because the molecular mass of the EGF receptor is
about 180 kDa, we decided to study the effect of EGF on System B 0 • EGF, like ATA,
0

increased the activity of System B and also the System B• mRNA levels. Therefore, ATA
may exert its effect by activation of the EGFR. Additional experiments are however
needed to demonstrate unequivocally that this protein is indeed the EGFR. The evidence
thus far obtained from our studies is only circumstantial at the best. One posSI"ble means of
addressing this issue may be to imlD!moprecipitate the EGFR with a specific antibody after
the ATA treatment and look for an increase in its phosphotyrosine content. We could not
demonstrate whether the increase in B0 mRNA steady state levels produced by ATA and
EGF was due to an increase in the transcription of the B • gene or due to stabilization of
the B• mRNA A way to demonstrate this is by using an inlu"bitor of transcription during
the ATA treatment such as actinomycin D. However, we could not perform these
experiments successfully because cells when incubated with actinomycin D for long
periods became rounded and were easily detached. Future studies will have to employ
alternative approaches such as nuclear run-off assays to investigate this problem.
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The present findings that genistein is involved in the regulation of the expression of
the amino acid transport System B• are interesting because this isoflavanoid compound has
been shown to be present in high concentrations in plant foods, especially soybeans. Since
the transport system mediates the transport of several essential and non-essential amino
acids, genistein may be expected to affect the supply of these important nutrients to
metabolically active cells. There is evidence that soybean products considerably decrease
the risk of cancer and the· potent inlnoition of tyrosine kinases by genistein has been
observed as one of the posSiole mechanism of this anticancer effects of soybean. Our data
that genistein regulates the expression of an amino acid transport system may be
potentially relevant to these observations.
It has been shown that EGFR expression and protein content increase with
trophoblast differentiation into syncytiotrophoblast (167). The

E~

protein has been

located predominantly at the brush border membrane of the syncytiotrophoblast (168,
169). Thei~for~, EGF action on the syncytiotrophoblast wjli be mediated from the
.
.
.

.

maternal side of the placenta. -Early in pregnancy, a role in placental development and
differentiation has been suggested for EGF. Later in pregnancy, the role ofEGF is focused
on the regulation of placental functions such as the production of hormones, hormone
secretion and nutrient transport. It has been "shown, for example, that EGF stimulates the
secretion ofhuman chorionic gonadotrophin (hCG) and human placental lactogen (hPL)
(133). EGF also seems to stimulate estrogen production in the human placenta by
increasing the 17P·hydroxysteroid dehydrogenase, a steroidogenic enzyme that catalyzes
the interconversion of estrone and estradiol (170). In addition, a role of EGF in amino
acid transport by the human placenta has been suggested previously (129, 134). In these
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studies, EGF has been shown to increase the uptake of the amino acid analogue AIB by
early aud late gestation placental trophoblast cells in culture. The importance ofEGF aud
its receptor has been further emphasized in intrauterine growth retardation where
alterations ofhumau placental EGFRhave been observed (135). In these cases, a decrease
in number of EGFR in half of the patients has been observed. Another study has shown
that rat fetuses bom to mother who were injected with EGF autl."body during pregnancy
were smaller thau the control fetuses (134). This study also showed the importance of
EGF in amino acid transport across the placenta, because the feto-maternal amino acid
concentration ratio wa:s higher in the EGF-treated group thau in the control group, aud
was lower in the EGF antibody-treated group. In the present study, we have identified au
amino acid transport system in JAR cells that is activated by EGF. We found that EGF
increases the activity of System B0 by increasing the mRNA levels of System B 0 • Due to
the location of the EGFR in the placenta (brush border membrane), we postulate that EGF
may enhance the transfer of neutral amino acids by the syncytiotrophoblast from the
maternal side by increasing the content of System B• in this tissue. Therefore, EGF may
regulate the transfer of amino acids from the maternal side into the fetal side, thus
contn"buting to fetal nutrition. In addition, EGF may also enhance the availability of amino
acids for syncytiotrophoblast nutrition aud hormone production.

In this work, we have also studied the effect of GMl on the System B• activity.
We found that GMl inln"bited System B• activity after a short time incubation of JAR cells
with the ganglioside. The effect of GMl was specific because structurally related
compounds were unable to reproduce the effect of GMl on System B•. When the effect of
GMI on intracellular calcium concentration was studied, we found that [Ca2j; increased

129

'

immediately after the addition of GMl to JAR cells. This increase in intracellular calcium
was due to stimulation of calcium influx from extracellular medium by GMl. Therefore, in
order to see whether this increase in intracellular calcium is responsible of the System B"
inln'bition, we used several calcium channel blockers, including L-, N- and P-type calcium
channel blockers. Our results have shown that these calcium channels were not involved in
the inhibition of System B" activity. However, we cannot rule out the participation of
other pharmacologically different calcium channels that are not inln'bited by the agents
used by us. Other regulators of intracellular calcium concentration are the plasma
membrane calcium pump and the Ca2+/Na+ exchanger, both ofwhich extrude calcium out
of the cell. However, an effect of GMl on these plasma membrane proteins is unlikely
because addition ofEGTA to .JAR cells prior to the addition of GMl prevents the increase
in intracellular calcium, suggesting that the extracellular calcium is the source for the
GMl-induced increase in intracellular Ca2+_. Interestingly, GMl was also seen to inln'bit the
uptake of-other amino acids and other essentiill nutrients. However, the uptake ofleucine
and arginine was not inln'bited by this ganglioside. Leucine is predominantly transported in
the JAR cells by System I and arginine" by y:'L jJi a Na+-independent fashion (76, 77). This
observation prompted us to look for a role ofNa+ in the GMl-induced inln'bition of the
Na+-dependent transport systems. We initially thought that the mechanism by which GMl
produces its effect is by dissipating th:e Na+ gradient. However, our studies subsequently
showed that treatment of the cells with GMl in a Na+-free medium or treatment of the
cells with GMl in a Na+-containing medium but in presence ofN11+-channel blockers could
not eliminate the inln'bitory effect ofGMl on Na+-dependent alanine uptake. This excludes
the GMl-mediated dissipation of the transmembrane Na+ gradient as a likely mechanism of
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the observed inhibition. We cannot however rule out the possibility that GMl might
dissipate the Na+ gradient by activating a hitherto unrecognized Na+ channel not blocked
by the agents employed in our study. Cytotocixity by GMl can be ruled out, because
System Bo activity recovered by about 70% when GMl (50 !lM) was removed. The
recovery was complete when a lower concentration of GMl was used (30!JM). In
addition, if GMl were cytotoxic, leucine and arginine uptake should also have been
inhibited just as the uptake of other nutrients. Ganglioside GMl has been shown to
promote neuronal survival, and probably other differentiative and neuroprotective actions
which are dependent on activation of neurotrophic factor receptor tyrosine kinases (171).
Exogenously supplied GMl mimics or potentiates many activities of neurotrophic factors,
including maintenance of survival, stimulation of neurite outgrowth, and protection from
excitotoxic and neurotoxic insults. The mechanisms of such actions are unknown. Ferrari
and Greene (171) have shown that GMl will rescue cultured sympathetic neurons and
PC12 (pheochromocytoma) cells from apoptotic death induced by withdrawal of nerve
growth factor (NGF) or serum They also have found indication that part of the survivalpromoting activity of GMl is dependent on the presence, dimerization, and activation of
the Trk NGF receptor tyrosine kinase and that GMl causes a detectable increase in Trk
receptor autophosphorylation. They theorized that exogenously supplied GMl causes
increased ligand-independent dimerization of Trk molecules within membranes, thereby
leading to its activation. However, we do not know at this time as to the exact mechanism
by which GMl elicits its effect on nutrient uptake in JAR. One possibility is that GMl
affects the ,transport of some nutrients by interactiog with their plasma membrane
transport proteins or by altering the fluidity of the plasma membrane.
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As mentioned before, neither System B• activity nor its mRNA has been descn'bed

in the human placenta. However, after the cloning of System B• from the JAR cells, we
have searched for its presence in the human placenta. Using RT-PCR analysis, we found
the presence of System B• mRNA in the human placenta. Sequencing of this RT-PCR
product indicated that it has the same molecular structure as the System B• eDNA isolated
from JAR cells (143). However, when we looked for its functional expression in the
human placenta by studying the alanine uptake in the brush border membrane vesicles
obtained from the syncytiotrophoblast, no evidence of System B 0 activity was found. The
absence of its activity in the brush border membrane confirms previous studies by other
authors (52). We have also looked for its functional expression in the basal membrane,
however no alanine uptake was detected in these membrane vesicles. Subsequent studies
showed that the basal membrane vesicles prepared by us were transport-incompetent. It is
important to mention that the preparation of syncytiotrophoblast basal membrane is more
difficult than the preparation ofbrush border membrane (61, 146). Therefore, we cannot
rule out the presence of System B• in the basal membrane at this time. Standardization of
the technique for preparation of transport competent basal membrane vesicles is necessary
to answer this question. On the other hand, because the mRNA used in the RT-PCR
0

studies represents the whole placenta, we cannot rule out the possibility that System B is
expressed in a placental cell type other than the syncytiotrophoblast, but it however
appears very uolikely since syncytiotrophoblast is the predominant functionally active cell
type in the term placenta. Future studies using B•-specific antibodies may be needed to
localize the System B0 protein in the human placenta.
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Hartnup disease is characterized by a defect in the uptake and reabsoiption of
neutral amino acids from the intestine and kidney respectively. Because the candidate gene
for this disease is the System B• (172), we have looked for the expression of this
transporter in human intestine and kidney by RT-PCR. Our results clearly showed the
presence of System B• in human intestine, the intestinal Caco-2 cells and in the human
kidney HKPT cells. We have subsequently cloned System B• from rabbit jejunum and
from Caco-2 cells (161). The functional expression of System B• in Caco-2 cells has been
shown previously (41 ). The cloning of System B• from the rabbit intestine is of vital
importance because this is the first tissue in which the functional expression of System B•
was descn"bed (38). In addition, a significant contn"bution of the present work is the
demonstration of the expression of System B• in the human intestine and kidney, because
these two organs are the major sites of manifestations ofHartnup disease (172).
In the present work we have also done an extensive functional characterization of

the hATB•. We have used the oocyte expression system because, as mentioned in the
results, this system has several advantages over HeLa cells. The human System B•
expressed in oocytes was Na+·dependent and Cl"-independent. The K. for Na+ was 3.15

mM. This value is lower than the value obtained in JAR cells where the K. for Na+was
10.2 mM. A similar value forK. for Na+ was in undifferentiated Caco-2 cells for System
B• (10.5 mM) (41). In the same work, a K. for Na+ of 28 mM was reported for
differentiated Caco-2 cells. We can speculate that System B• protein expressed in oocytes
differs from the one expressed in JAR and Caco-2 cells with respect to extent· of
glycosylation what might result in a different affinity for Na+. Affinity of hATB 0 for
glutamine was 23.3 J.J,M.
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In addition to ATB", two other neutral amino acid transport systems have been
cloned and characterized in mammaUan tissues. These are amino acid transport systems
ASCTl (101, 102) and ASCT2 (104, 105). ASCTl was cloned from human brain and has
been functionally expressed in HeLa cells (102) as well as in X laevis oocytes (101). It
transports short chain neutral amino acids such as alanine, serine and cysteine in a Na+_
dependent manner. The amidated neutral amino acids glutamine and asparagine are not
substrates for ASCTl (101, 102). Anionic amino acids such as glutamic, aspartic, and
cysteic acids however serve as substrates for ASCT1 at acidic pH (151). When expressed
in X laevis oocytes, ASCTl induces substrate-evoked inward currents (102). However, a
more recent study has indicated that th~ substrate-evoked inward curre!J.t observed in
oocytes expressing ASCTl may.not be directly related to ASCTl-mediated transport of
the amino acid substrate (162). This study has demonstrated that ASCTl actually
catalyzes an electroneutral exchange of neutral ainino acids in a Na+-dependent manner. In
addition the substrate-evoked current has' been shown to be due to the transmembrane
movement of

cr catalyzed by a chloride channel-like activity associated with ASCTl.

hATB" and riATB• show - 75% similarity in amino acid sequence with ASCTl. ATB"
interacts with glutamine and asparagine with high affinity. Furthermore, several large
neutral amino acids such as leucine, phenylalanine, and methionine also interact with ATB•
with appreciable affinity. The electrophysiology of ATB" has not been characterized in
detail. The current-membrane potential (I-V) relationship for hATB" and riATB0 observed
in the current study does however bear a striking resemblance to that of ASCTl (162). A
notable feature in these cases is the reversal of the substrate-evoked current at a
membrane potential of- 10-40 mV. Whether or not ATB" is actually associated with a
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chloride channel-like activity is currently under investigation. In spite of these similarities,
there is no ambiguity that ASCTl and ATB• are distinct proteins arising from different
genes. We have shown recently that the ATB 0 gene maps to human chromosome 19q13.3
(143). In contrast, the ASCTl gene has been mapped to human chromosome 2p13-pl5

(101).
ASCT2 also exlnlJits marked similarity in amino acid sequence to ATB• as well as
to ASCTl (105). ASCT2 appears to be identical to a previously cloned insulin-sensitive
amino acid transporter called AAAT (104). ASCT2 (105) and AAAT (104) have both
been cloned from mouse tissues. The substrate specificity of ASCT2 has been investigated
in detail in X laevis oocytes (105). ASCT2 interacts with several neutral amino acids
including glutamine and asparagine. In this respect, ASCT2 is highly similar to ATB•.
Another functional characteristic coinmon to ASCT2 and ATB• is the interaction with
acidic amino acids at acidic pH. One notable difference between the two transporters
systems is however noticeable in the electrophysiological studies. In contrast to ATB 0
which induces substrate-evoked inward currents at -50mV or at hyperpolarizing
membrane potential, no such currents were detectable in oocytes expressing ASCT2.
There is some evidence that ASCT2 mediates the influx ofNa+ and neutral amino acid
substrates in a 1:1 stoichiometry coupled to the efflux of one

K'" (105).

Such a transport

mechanism would render the process electroneutral, explaining the absence of substrateevoked current. These observations strongly indicate that ATB 0 and ASCT2 are distinct
proteins, most likely coded by separate genes. Further work is however needed to clearly
show whether or not ASCT2 and ATB0 are the same or different proteins.
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There are three groups of active plasma membrane transporters namely primary,
secondary and tertiary transport systems. Primary active transporters are those in which
the transport of a substrate is coupled directly to the hydrolysis of A1P, examples of
which are the Na+,

K'" A1Pase and the calcium pump.

Secondary active transporters are

those in which the transport of the substrate is coupled to an ionic gradient such as Na+
gradient. Examples of the latter are the Na+-dependent amino acid transporters. Tertiary
active transporters are those in which the transport of the substrate is coupled to the
transport of a second substrate in the opposite direction and the transmembrane gradient
of the second substrate is generated and maintained by another transport system Recently
the bo,+ (158-161) and y"'L (161) transport systems have been classified in the latter group.
In those studies the exchange of amino acids via systems bo,+ and y"'L was asymmetric,

favoring the uptake and release of dibasic amino acids, respectively. It was proposed that
system bo,+ participates in the active renal reabsortion of cystine and dibasic amino acids by
obligatory exchange witli intracellular neutral amino acids. This agrees with the fact that
hyperexcretion of neutral amino acids does not occur in cystinuria, a disease associated
with defective System bo,+. They conclude that System bo,+ is a tightly coupled amino acid
exchanger with 1:1 stoichiometry. In the case of y"'L, it mediates the efilux oflysine in
exchange for Na+-dependent influx of leucine across the basolateral membrane. System
y"'L, found at the basolateral membrane of intestine and kidney, could be responsible for
the aC?tive release of dJ.llasic amino acids through the basolateral.membrane of epithelial
cells. ASCTl has also been shown to be an exchanger with chloride channel activity (162).
It is postulated that ASCTl mediates homo- and heteroexchange of amino acids in order
to eqnihllrate different pools of neutral amino acids and provide a mechanism to link
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amino acid concentration gradients. In the case ofhATB•, when eiqJressed in oocytes it
behaves as a homo- and heteroexchanger ofamino acids. This exchange is seen only with
the neutral amino acids substrates of System B• and is aNa+-dependent process. A neutral
amino acid will be transported inward with one molecule of Na+ for exchange in the
outward direction for other neutral amino acid accompanied for one molecule of Na+.
Such an exchang\l· mechanisin would render the transport function of B• electroneutral.
Therefore, the currents observed in association with B• transport activity is most likely
due to the chloride channel-like activity. However, it appears that System B0 may also
mediate to some extent a net transport of amino acids in a Na+-dependent manner in the
absence of detectable amino acids and Na+ on the trans-side because B• system has been
functionally demonstrated in isolated intestinal brush border membrane vesicles.
The role of System B0 in the human placenta is not clear at present. However, we
can speculate about its function considering its more likely location at the basal membrane
of the syncytiotrophoblast. An amino acid that is gaining increasing attention in recent
years is glutamine, which is considered a non-essential amino acid. Numerous studies have
shown that endogenous glutamine storage and synthesizing capability may not be
sufficient to meet the needs of the individual during critical illness ( 173 ). Glutamine
participates in a number of metabolic processes. Glutamine deamination via glutaminase
produces glutamate, a precursor ofy-aminobutyric acid (GABA), or glutamate can enter
the citric acid cycle. Glutamate derived from glutamine is a component of glutathione,
which protects against free radical damage. Proline, an important amino acid component
of collagen and connective tissue, can be produced by the cyclization of glutamate. The
transamination of glutamine is involved in ammonia transfer between various tissues.
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Glutamine is also a precursor of purine and pyrimidines, the building blocks of DNA and
RNA and can be also a precursor of hexoamines, important components of
mucopolysaccharides. In the placenta, a glutamine-glutamate cycle has been shown to
exist. In this cycle, glutamine crosses the placenta and enters the fetal liver. In the fetal
liver, most of this glutamine is deaminated to form glutamate. The amide nitrogen of
glutamine is rapidly used in the formation of mononucleotides. Ninety percent of this
glutamate is taken up by the placenta and used in the metabolism Given the potential
harmful effects of glutamate to the fetus, trophoblast glutamate oxidation may be a
significant benefit to

normal fetal development.

Glutamate

oxidation in the

syncytiotrophoblast leads to NADPH production, an important cofactor in lipogenesis,
nucleotide production and steroid hormone production. The latter is of great importance
because the pentose phosphate pathway, a producer ofNADPH in most tissues, is almost
totally absent in the placenta (174). We postulate that System B• is likely to be located at
the basal membrane of the syncytiotrophoblast to mediate effiux of glutamine from the cell
into fetal circulation coupled to the exchange of other neutral amino acids (Fig. 43). Thus,
System B 0 may play a pivotal role in the glutamine-glutamate cycle between the placenta
and fetal liver. The uptake of glutamine at the brush border membrane of the
syncytiotrophoblast will be mediated by System A (Fig. 43).
The location of System ASC has been reported to be at the basal membrane of the
syncytiotrophoblast and seems to disappear from the brush border membrane with
syncytiotrophoblast differentiation (175). We have found that the molecular structure of
the System ASCTl from JAR cells is almost identical to the ASCT1 clone isolated from
human brain. When expressed in oocytes, the JAR ASCT1 clone was functionally active.
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However, System ASC activity is responsible for alanine uptake in JAR cells only to a

small extent; a majority of uptake is mediated by System B'.
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Figure 43. Glutamine-glutamate cycle in the human placenta.

SUMMARY
We characterized alanine uptake in the JAR choriocarcinoma cell line. About 95%
of alanine uptake in these cells was Na""-dependent. The Na+-dependent ['1I]alatrln.e uptake
was strongly inhibited by alanine, glutamine, threonine, cysteine, serine and asparagine
However, no significant inhibition was observed in the presence of arginine, lysine,
MeAIB and BCH The acidic amino acids glutamic, aspartic and cysteic acids were only
effective in inlnlliting the alanine uptake at pH 5. 5. Analysis of the inhibition kinetics by
leucine and glycine on alanine uptake indicated that these amino acids were competitive
inlnllitors. The K; value for glycine was 3.5 mM. All these characteristics represent those
, of the amino acid transport System B 0 previously descnlled in several other cell types. It is
concluded that alanine uptake in JAR cells occurs predominantly by System B•. These
cells represent a very good model system to study the regulatory aspects of System B'.
The role played by tyrosine phosphorylation on the System B• activity and
expression was studied in JAR cells. The activity of System B0 was increased by ATA
The K,. for alanine uptake was not affected by ATA treatment, however the Vmax was
significantly increased.

The

underlying mechanism seems to

involve

tyrosine

phosphorylation because the stimulatory effect of ATA on System B 0 activity was blocked
by the tyrosine phosphorylation inlnllitor genistein. In addition, stimulation of System B•
by ATA was associated with an increase in the steady state mRNA levels of System B•.
ATA produced an increase in the phosphotyrosine content of two proteins, one of them
had a molecular mass similar to that of the EGF receptor. EGF also stimulated the alanine
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uptake similar to ATA EGF increased the V= of System B" alanine uptake without
affecting the K,.. There was an increase in System B" activity accompanied with an
increase in the mRNA levels of System B'.
The effect of ganglioside GMl on the uptake of alanine and other nutrients was
studied in JAR cells. GMl :inln'bited the SyStem B" activity (alanine uptake) when it was
used at concentrations higher than 10

J.I.M. The :inln'bitory effect of GMl on System B"

activity occurred with a decrease both in V= and in K. for the alanine uptake. In addition,
GMl :inln'bited the. uptake of other amino acid~ such as tlireoni1le, glutamine, glutamate,
glutamine and MeAIB, but without affecting the uptake of leucine, arginine and lysine.
GMl also :inln'bited the uptake of caniitine, myoinositol, pantothenic aicd and
dehydroascorbic acid. However, the effect of GMl on alanine uptake was not
reproducible by other stru~ally. related compounds such as GM2, GM3, ceramide,
asialoganglioside, D-sphingosine; NANA G.rV,Il increaed intracellular Ca:z+ by stimulating
the Ca:z+ influx from the extracellular medium. However, the :inln'bitory effect of GMl on
alanine uptake was not prevented by blockers of Ca2+ channels (type N, P, and Q). The
effect of GMl on alanine uptake was not :inln'bited by Na+ channel blockers either. Na+
was not necessary for the effect of GMl on alanine uptake in JAR cells. The inhibitory
effect of GMI on alanine uptake was found to be reverst'ble to a significant .extent. The
:inln'bitory effect of GMI on alanine uptake was not observed in JAR plasma membrane
vesicles. This indicates that an intact cell system is needed for GMl to elicit its inhibitory
effect.
The presence of System B 0 in hlllllllli placenta was demonstrated by RT-PCR
analysis and by subsequent sequencing and restriction site analysis of the RT-PCR
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product. However, no activity of System B• was found in human placental brush border
membrane vesicles. The expression of System B 0 in human kidney and intestine was also
demonstrable by RT-PCR and further structural analysis of the RT-PCR product. The
presence of System B• in these tissues makes this transporter a good candidate for
Hartnup disease, a genetic disorder associated with defective absorption of neutral amino
acids in the intestine and the kidney.
The cloned System B• from JAR cells was characterized in the Xenopus oocyte
expression system [3H]Threonine uptake in hATB• cRNA-injected oocytes was strongly
inln"bited by unlabeled threonine, glutamine, alanine, methionine, valine, leucine and
isoleucine. Less potent but still effective inln"bitors were tryptophan and histidine. No
significant inln"bition was observed with glutamic acid, lysine and MeAIB. The
eH]threonine uptake was Na+-dependent but chloride-independent. [~Threonine uptake
was stimulated by increasing concentrations ofNa+ in a hyperbolic manner. [~Threonine
uptake was inln"bited by glutamate, aspartate and cysteate at pH 5.5 eventhough these
amino acids failed to inln"bit the uptake at pH 7.5. The rate of uptake of glutamine was
hyperbolic function of the extracellular concentration of glutamine with a K. for glutamine
of23.3

± 3.4 j.!M. Threonine evoked inward currents in ATB• cRNA-injected oocytes and

this current was potential-sensitive.
System B• expressed in oocytes behaved as an homo- and hetero-exchanger of
neutral amino acids. In ATB• cRNA-injected oocytes that were preloaded with
[

3

H]threonine, the efflux of [3H]threonine was stimulated by unlabeled leucine, threonine,

methionine, alanine and glutamine. However, no effect on [3H]threonine efflux was
observed by glutamic acid, lysine and MeAIB. The efflux of [3H]threonine induced by
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unlabeled threonine required the presence of extracellular Na+. The kinetics of glutamineinduced threonine efflux revealed that the efflux rate was an hyperbolic function of the
extracellular concentration of glutamine with a K. of 71.3

± 20.1 !.1M. This value is close

to the K. value for glutamine uptake for ATB 0 cRNA-injected oocytes (23.3

± 3.4 !IM).

All these characteristics indicate that System B• behaves as aNa+-dependent neutral amino
acid exchanger.
We have also studied the functional characteristics of System B• cloned from the
rabbit intestine. [3H]Threonine uptake in riATB 0 cRNA-injected oocytes was iDiu."bited by
alanine, threonine, glutamine, methionine and leucine with great potency. Less effective
but still significant iDiu."bitors of the eHJthreonine uptake were proline, isoleucine,
tryptophan and phenylalanine. No significant iDiu."bition was observed with aspartate,
glutamate, lysine and MeAIB. Similar to what was observed with hATB•, riATB• also
interacts with acidic amino acids at pH 5.5. Threonine evoked currents in riATB• cRNAinjected oocytes and this current was potential-sensitive.
We have also cloned the Na+-dependent amino acid transporter ASCTI from JAR
cells. The JAR clone was longer than the previously isolated brain clone. The JAR ASCTI
eDNA is 3562 bp long with an open reading frame from nucleotide 242 to nucleotide
1840 that corresponds to a putative protein of 532 amino acids. Only two differences in
amino acids were found between the JAR clone and the brain clone. Amino acid 14 in the
brain clone is alanine but it is threonine in the JAR clone. Amino acid 37 in the brain clone
is arginine while it is glycine in the JAR clone. The ASCTl 5'UTR is 244 bp and the
3'UTR 320 bp. The JAR ASCTI cRNA was able to induce the uptake of threonine in
oocytes. This means that the JAR ASCT1 clone is functional active.
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By RT-PCR analysis and restriction site .analysis of the RT-PCR product, we have
demonstrated the expression of ASCTl in human placenta.
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