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We report here on the cloning and functional char-
cterization of human LAT1, a subunit of the amino
cid transport system L. The hLAT1 cDNA, obtained
rom a human placental cDNA library, codes for a
rotein of 507 amino acids. When functionally ex-
ressed in mammalian cells together with the heavy
hain of the rat 4F2 antigen (r4F2hc), hLAT1 induces
he transport of neutral amino acids. When expressed
ndependently, neither hLAT1 nor r4F2hc was capable
f amino acid transport to any significant extent.
hus, the hLAT1–r4F2hc heterodimeric complex is re-
ponsible for the observed amino acid transport. The
ransport process induced by the heterodimer is Na1

ndependent and is not influenced by pH. It recognizes
xclusively neutral amino acids with high affinity.
AT1-specific mRNA is expressed in most human tis-
ues with the notable exception of the intestine. © 1999

cademic Press

Amino acids constitute an important group of nutri-
nts essential for the growth and development of the
etus and these nutrients are transported from the
other to the fetus across the placenta. Several trans-

ort systems are expressed in the syncytiotrophoblast
f the human placenta which mediate the placental
ransfer of amino acids (1, 2). Among these transport
ystems, system L is unique due to its Na1-
ndependence and specificity towards most of the nu-
ritionally essential neutral amino acids. We have
haracterized this transport system at the functional
evel using human placental brush border membrane
esicles (3) and human choriocarcinoma cells (4, 5).
he molecular nature of this transport system however

1 The GenBank accession number for the hLAT1 cDNA sequence is
F104032.

2 To whom correspondence should be addressed. Fax: (706) 721-
608.
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loned a protein from rat C6 glioma cells which medi-
tes the Na1-independent transport of neutral amino
cids when coexpressed in Xenopus laevis oocytes with
he heavy chain of the 4F2 antigen (CD98). This pro-
ein, designated rLAT1, is not capable of amino acid
ransport on its own. But as a heterodimer with the
eavy chain of 4F2 antigen (4F2hc), rLAT1 is capable
f amino acid transport activity characteristic of sys-
em L. 4F2hc is also known to be associated with sys-
em y1L amino acid transport activity (7) and a protein
as recently been cloned which mediates y1L transport
unction when coexpressed with 4F2hc (8). Thus,
F2hc is a common subunit which exhibits either sys-
em L or system y1L activity depending on the second
ubunit which heterodimerizes with 4F2hc. rLAT1 ex-
ibits significant amino acid sequence homology with a
uman protein called E16 with no known function (9).
equence comparison however reveals that E16 is a
runcated protein. Here we report on the molecular
loning and transport function of the human full-
ength E16 (called here as hLAT1) which, when coex-
ressed in mammalian cells with rat 4F2hc, mediates
a1-independent, high-affinity transport of neutral
mino acids. The hLAT1 cDNA was isolated from a
uman placental cDNA library. The amino acid trans-
ort process mediated by hLAT1/r4F2hc heterodimer
xhibits characteristics similar to system L described
n human placental brush border membrane vesicles.

ATERIALS AND METHODS

Materials. L-[5-3H]Tryptophan (32.0 Ci/mmol), L-[2,5-3H]histidine
57.0 Ci/mmol), L-[2,3,4,5-3H]arginine (53.0 Ci/mmol), [a-32P]dCTP
3000 Ci/mmol) and the ready-to-go oligolabeling kit were purchased
rom Amersham Pharmacia Biotech. L-[ring-2,6-3H(N)]Phenylalanine
60.0 Ci/mmol), L-[4,5-3H(N)]leucine (60.0 Ci/mmol) and L-[2,3-3H]-
lutamate (17.8 Ci/mmol) were obtained from NEN Life Science
roducts. Unlabeled amino acids were from Sigma. Nitropure nitro-
ellulose transfer membranes used in the library screening were
urchased from Micron Separations, Inc. (Westboro, MA). Lipofectin
sed in transfecting cDNAs into human retinal pigment epithelial
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



(HRPE) cells was procured from Life Technologies. The rat 4F2hc
c
M
o
D
o

u
(
p
(
T
p
(
t
s
i
c
c
s

w
c
3
G
C
u

v
c
4
s
i
c
c
c
a
c
i
r
v
o
s
m
u
N
t
m
t
w
v
s
t
m

(
t
v
h
s
n
[
k
u

RESULTS AND DISCUSSION

l
c
c
u
t
r
b
b
(
p
a
T
a
p
h
l
T
s
d
i
i
o
c
o
c
i
n
p
E
E
p
i
l
h
i
q
p
c
f
f

(
r
c
b
T
s
a
l
i
b
d
s
T

Vol. 255, No. 2, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
DNA was kindly provided by Matthias A. Hediger (Department of
edicine, Harvard University, Boston, MA). The HRPE cell line,

riginally provided by M. A. Del Monte (W. K. Kellogg Eye Center,
epartment of Ophthalmology, Ann Arbor, MI) has been in use in
ur laboratory for several years (10).

Screening of the human placental cDNA library. The cDNA probe
sed for the screening was a 567-bp fragment of human E16 cDNA
9) obtained by RT-PCR using mRNA isolated from human term
lacenta. The primers used were 59-TCGGGAAGGGTGATGTGT-39
upstream) and 59-CGCAGAGCCAGTTGAAGA-39 (downstream).
hese primers amplified a region corresponding to the nucleotide
osition 168–734 in the published sequence of the human E16 cDNA
9). The PCR product was cloned into pGEM-T vector and sequenced
o confirm its identity before using it as a probe in cDNA library
creening. The probe was labeled with [a-32P]CTP by random prim-
ng using the ready-to-go oligolabeling beads. A human placental
DNA library was screened as described earlier (11, 12). Positive
lones were identified and the colonies purified by secondary
creening.

DNA sequencing. Both sense and antisense strands of the cDNA
ere sequenced by primer walking using Taq DyeDeoxy terminator

ycle sequencing in an automated Perkin–Elmer Applied Biosystems
77 Prism DNA sequencer. The sequence was analyzed using the
CG sequence analysis software package GCG version 7.B (Genetics
omputer Group, Inc., Madison, WI). Database searches were done
sing the GenBank Program Blast (13).

Functional expression of the cDNA in HRPE cells. The vaccinia
irus expression system was used to functionally characterize the
loned cDNA as described previously (14, 15). Both hLAT1 and
F2hc were cloned into plasmid vectors such that the sense tran-
cription is under the control of T7 promoter. The hLAT1 was cloned
n pSPORT and the r4F2hc was cloned in pBluescript SK II. The
DNAs were transfected into HRPE cells grown in 24-well tissue
ulture plates using lipofectin and the functional expression of the
DNA was determined 12 h later by measuring radiolabeled amino
cid uptake. One microgram of the plasmid carrying the specified
DNA (4F2hc or hLAT1) was used per well. Sister wells transfected
dentically with empty vector served as control. The DNA:lipofectin
atio was kept constant at 1:2.5 in all cases by substituting the empty
ector DNA wherever necessary. The transport buffer was composed
f either 25 mM Hepes/Tris (pH 7.5) or 25 mM Mes/Tris (pH 6.0)
upplemented with 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8
M MgSO4, and 5 mM glucose. When the effect of Na1 on amino acid
ptake was measured, the NaCl in the buffer was replaced with
-methyl-D-glucamine (NMDG) chloride. The incubation time for

he transport measurements was 5 min, following which the uptake
edium containing the radioactive substrate was aspirated off and

he cells washed with 2 3 2 ml of ice-cold transport buffer. The cells
ere then solubilized in 0.5% SDS in 0.2 N NaOH, transferred to
ials and radioactivity associated with the cells quantitated by liquid
cintillation spectrometry. The experiments were repeated 2–4
imes, each done in duplicate or triplicate. Data are presented as
eans 6 SEM of these replicate measurements.

Northern blot analysis. A commercially available Northern blot
Clontech) containing 2 mg of mRNA isolated from different human
issues was used to determine the expression of hLAT1 transcripts in
arious tissues. The filter was sequentially probed, first with the
LAT1 cDNA probe used in library screening and later following
tripping, with the human glyceraldehyde 3-phosphate dehydroge-
ase (GAPDH) cDNA probe. Both the probes were labeled with

a-32P]dCTP by random priming using the ready-to-go oligo labeling
it. The hybridization and posthybridization washings were done
nder high stringency conditions.
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Isolation of hLAT1 cDNA from a human placental
ibrary. Recently, Kanai et al. (6) reported on the
loning of a cDNA which, when coexpressed with 4F2hc
DNA in X. laevis oocytes, induced Na1-independent
ptake of neutral amino acids. This cDNA was referred
o as rat LAT1. Amino acid sequence comparison of the
at LAT1 cDNA with sequences in the SwissProt data-
ase showed 100% identity with the rat integral mem-
rane protein E16 (TA1 protein) (16) and 90% identity
92% similarity) with the human integral membrane
rotein E16 (9). Both the rat and human E16s however
re shorter at the N-terminal end by 266 amino acids.
he Met-1 (the first amino acid residue) of E16 protein
ligns, and is in-frame with Met-272 of the rat LAT1
rotein. The rat E16 (TA1) has been described as a
ighly conserved oncofetal protein associated with

iver development, carcinogenesis and cell activation.
he human homolog has been shown to be a tran-
iently expressed membrane protein with the rapid
egradation signal AUUUA, and is said to be involved
n cell activation in all myeloid and lymphoid cells and
n primary lymphocytes as well. The sequence homol-
gy among rLAT1, rE16 (TA1) and hE16 clearly indi-
ates that the rat and human E16 are truncated forms
f LAT1 albeit the reason for the presence of the trun-
ated form of LAT1 both in the rat as well as in humans
s not known. The function of these truncated E16s has
ot been investigated. Therefore, we screened a human
lacental cDNA library using a fragment of the human
16 cDNA as a probe to isolate the full-length human
16 cDNA and subsequently test its amino acid trans-
ort function. The cDNA probe was obtained by design-
ng primers using the published sequence of hE16 fol-
owed by RT-PCR of poly(A)1 RNA isolated from
uman term placenta. Several positive clones were

dentified in the screening of the library. Initial se-
uencing of the 59-end of these clones indicated the
resence of three full-length clones and one clone trun-
ated at the 59-end with respect to LAT1. One of the
ull-length hLAT1 clones was arbitrarily chosen for
urther characterization.

Structure of hLAT1. The cDNA is 4670 bp long
GenBank Accession No. AF104032) with a single open
eading frame of 1524 bp, including the termination
odon. The 59-untranslated region is much smaller (66
p) compared to the 39-untranslated region (3081 bp).
he translation start site is preceded by a Kozak con-
ensus sequence of CAGAGC (17). The cDNA codes for
highly hydrophobic protein with a predicted molecu-

ar mass of 55 kDa and pI of 7.9. The 507 amino acids
n the hLAT1 protein forms 12 putative transmem-
rane domains as determined by Kyte-Doolittle hy-
ropathy analysis (18). The comparison of amino acid
equences of hLAT1 and rLAT1 is presented in Fig. 1.
he two proteins are highly conserved with an amino
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cid sequence identity of 91% and similarity of 94%.
omparison of the amino acid sequence of hLAT1 with

hat of hE16 (9) confirms that the latter is a truncated
roduct of hLAT1. When modeled similar to other
nown membrane proteins with both the N-terminus
nd C-terminus towards the cytoplasm, the amino acid
equence exhibits one conserved motif for N-linked
lycosylation (Asn-230). Interestingly, this Asn residue
s not conserved in rLAT1, which has been convincingly
hown not to be glycosylated by in vitro translation
tudies using EndoH and pancreatic microsomes (6). It
eems likely that hLAT1 is a glycosylated protein in
ontrast to rLAT1. Similar differences in glycosylation
f a highly conserved protein across the species is not
ncommon and has been reported with respect to the
urine and human homologs of the reduced folate

ransporter (19). The amino acid sequence of hLAT1
as one site with a conserved motif for casein kinase
I-dependent phosphorylation (Ser-113), two sites with
rotein kinase C-dependent phosphorylation motifs
Ser-189 and Ser-346) and one site for tyrosine kinase-
ependent phosphorylation (Tyr-119). All these phos-
horylation sites are also present in rLAT1.

Functional expression of hLAT1. To analyze the
mino acid transport function of hLAT1, we used the
accinia virus expression system. We expressed func-

FIG. 1. Comparison of amino acid
285
ionally the hLAT1 cDNA and the rat 4F2hc cDNA
ither individually or together and measured the up-
ake of tryptophan at pH 6.0 in the absence of Na1 (Fig.
A). There was no significant stimulation of radiola-
eled tryptophan uptake in comparison to empty-
ector transfected cells when 4F2hc was expressed
lone (10.0 6 0.3 pmol/106 cells/5 min vs 10.6 6 0.2
mol/106 cells/5 min). Under similar conditions, ex-
ression of hLAT1 alone resulted in ;45% increase in
he uptake of tryptophan (14.5 6 0.2 pmol/106 cells/5
in). However, when the two proteins were coex-

ressed, tryptophan uptake increased 2.5-fold com-
ared to control values (27.2 6 0.1 pmol/106 cells/5
in). This increase was much greater than the in-

rease expected from a simple additive effect arising
rom the independent operation of hLAT1 and r4F2hc.
hese results not only confirm that hLAT1 and r4F2hc

nteract with each other to form the functional trans-
orter but also show that the two interacting proteins,
hough from two different species, can still form a
unctional heterodimer. The 4F2hc protein is also
ighly conserved across the species with 65% identity
nd 72% similarity between the human and the rat
roteins. The significant increase in tryptophan uptake
bserved in cells transfected with hLAT1 alone is pos-
ibly due to the interaction between the heterologously

uence between rLAT1 and hLAT1.
seq
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286
F2hc in HRPE cells. There is evidence for ubiquitous
xpression of 4F2hc (20).
The effect of Na1 and pH on the transport activity
ediated by the hLAT1-r4F2hc heterodimer was in-

estigated by measuring the uptake of tryptophan in
RPE cells coexpressing these two proteins at two
ifferent pH, 7.5 and 6.0, in the presence and absence
a1 (Fig. 2B). We found no significant differences in

he uptake when measured under these different ex-
erimental conditions. Thus the transport function of
he hLAT1-r4F2hc heterodimer is not dependent on
a1 and H1.
We then investigated the substrate specificity of the

ransport process mediated by the hLAT1-r4F2hc het-
rodimer by measuring the uptake of various radiola-
eled amino acids (Table 1) and also by assessing the
bility of various unlabeled amino acids to compete
ith radiolabeled tryptophan uptake (Table 2) in
RPE cells coexpressing these two proteins. These
easurements were made with a 5 min incubation at

H 7.5 and in the presence of Na1. As seen in Table 1,
arge neutral amino acids such as tryptophan, phenyl-
lanine, leucine and histidine were transported by
LAT1 when coexpressed with 4F2hc. Neither r4F2hc
or hLAT1 was individually able to mediate the uptake
f these amino acids. Uptake of charged amino acids
uch as glutamate and arginine were not stimulated in
ells coexpressing hLAT1 and r4F2hc. Competition
tudies using unlabeled amino acids showed that the
ptake of labeled tryptophan mediated by the hLAT1-
4F2hc heterodimer was inhibitable by several unla-
eled neutral amino acids (tryptophan, phenylalanine,
eucine, isoleucine, and histidine) and BCH, a proto-
ypical substrate of amino acid transporter system L.
lutamine and threonine are poor substrates of the

ransport process, evidenced from their ability to in-
ibit tryptophan uptake by only ;30%. Short neutral
mino acids such as alanine, proline, and methyl-
minoisobutyric acid (MeAIB) failed to inhibit the tryp-

1

ansport of Amino Acids

sport (pmol/106 cells/5 min)

r4F2hc hLAT1/r4F2hc

145) 1.06 6 0.2 (106) 27.2 6 0.1 (272)
109) 9.8 6 0.2 (87) 22.8 6 0.3 (202)
112) 6.8 6 0.1 (104) 13.5 6 0.3 (208)
121) 7.3 6 0.4 (104) 17.8 6 0.4 (254)
97) 1.03 6 0.08 (105) 1.03 6 0.03 (105)
114) 10.3 6 0.2 (93) 11.8 6 0.4 (107)

hc cDNA, or hLAT1 cDNA plus r4F2hc cDNA and the vaccinia virus
nally. Transport of amino acids (50 nM) was measured with a 5-min
rol transport in pSPORT-transfected cells.
FIG. 2. Transport function of hLAT1. (A) hLAT1 cDNA and r4F2hc
DNA were transfected either individually or together into HRPE cells.
he cDNAs were functionally expressed by vaccinia virus expression
ystem. Uptake of 50 nM [3H]tryptophan was measured with a 5 min
ncubation at 22°C in a Na1-free buffer, pH 6.0. (B) Effect of Na1 and pH
n hLAT1-r4F2hc-mediated tryptophan uptake. HRPE cells were co-
ransfected with hLAT1 cDNA and r4F2hc cDNA. Uptake of [3H]tryp-
ophan (50 nM) was measured at 22°C in the presence or absence of Na1

t pH 7.5 or 6.0. The incubation time for the assay was 5 min. Uptake
easured in empty-vector-transfected cells served as control and was

ubtracted from cDNA-transfected cells to calculate the cDNA-specific
ptake. Values are means 6 SEM of three measurements.
hLAT1/r4F2hc-Mediated Tr

Amino acid

Tran

pSPORT hLAT1

ryptophan 10.0 6 0.3 (100) 14.5 6 0.2 (
henylalanine 11.3 6 0.5 (100) 12.3 6 0.3 (
eucine 6.5 6 0.2 (100) 7.3 6 0.3 (
istidine 7.0 6 0.2 (100) 8.5 6 0.2 (
lutamate 0.98 6 0.08 (100) 0.95 6 0.13 (
rginine 11.0 6 0.3 (100) 12.5 6 0.5 (

Note. HRPE cells were transfected with pSPORT, hLAT1 cDNA, r4F2
xpression technique was used to express the transfected cDNAs functio
ncubation. Results are expressed as percentages of corresponding cont
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ophan uptake, suggesting that these amino acids are
ot recognized by the hLAT1-r4F2hc transporter com-
lex. These functional characteristics are similar to
hose obtained with system L-mediated tryptophan up-
ake in human placental brush border membrane ves-
cles (3) and also with the transport process mediated
y the cloned rLAT1 (6).
The kinetics of tryptophan uptake mediated by the

LAT1-r4F2hc heterodimeric complex was analyzed by
easuring tryptophan uptake in HRPE cells cotrans-

ected with hLAT1 cDNA and r4F2hc cDNA. Uptake
easurements were made at pH 7.5 and in the pres-

nce of Na1. Initial uptake rates were obtained over
he concentration range of 5–250 mM tryptophan with
5-min incubation. Cells transfected with vector alone

erved as the control for endogenous tryptophan up-
ake activity. The kinetic constants were initially cal-
ulated from the data by non-linear regression (Fig.
A) and confirmed by linear regression (Fig. 3B). The
ransport process was saturable in control cells as well
s in cells coexpressing hLAT1 and 4F2hc. In both
nstances, the Michaelis–Menten constant (Kt) for the
ransport process was comparable (16.6 6 1.6 mM in
ells expressing the two proteins and 14.4 6 1.4 mM in
ontrol cells). However, the maximal velocity (Vmax)
ncreased 3.5-fold (4.9 6 0.2 vs 1.3 6 0.1 nmol/106

ells/5 min) as the result of coexpression of hLAT1 and
4F2hc. These data suggest that HRPE cells express an
mino acid transport system which is kinetically sim-

Substrate Specificity of hLAT1/r4F2hc-Mediated
Amino Acid Transport

Unlabeled
amino acid

[3H]Tryptophan transport
(pmol/106 cells/5 min)

pSPORT hLAT1/r4F2hc

ontrol 5.35 6 0.32 (100) 12.92 6 0.15 (100)
ryptophan 0.12 6 0.01 (2) 0.34 6 0.03 (3)
henylalanine 0.21 6 0.02 (4) 0.35 6 0.03 (3)
eucine 0.34 6 0.04 (6) 0.61 6 0.05 (5)
soleucine 0.53 6 0.05 (10) 0.87 6 0.08 (7)
istidine 0.41 6 0.02 (8) 0.75 6 0.04 (6)
lutamine 3.31 6 0.17 (62) 8.61 6 0.73 (67)
hreonine 3.34 6 0.19 (62) 8.82 6 0.40 (68)
lanine 4.08 6 0.11 (76) 12.89 6 0.55 (100)
roline 5.48 6 0.45 (102) 16.49 6 1.09 (128)
eAIB 5.51 6 0.17 (103) 15.25 6 0.31 (118)
CH 0.55 6 0.07 (10) 1.00 6 0.11 (8)

Note. HRPE cells were transfected with either pSPORT or hLAT1
DNA plus r4F2hc cDNA and the vaccinia virus expression tech-
ique was used to express the transfected DNAs functionally. Trans-
ort of [3H]tryptophan (50 nM) was measured with a 5-min incuba-
ion in the absence or presence of 1 mM unlabeled amino acids.
alues in parentheses are percentages of corresponding control

ransport measured in the absence of unlabeled amino acids. MeAIB,
ethylamino isobutyric acid; BCH, 2-aminobicyclo-[2,2,1]heptane-2-

arboxylic acid.
287
4F2hc complex. Thus the Kt for tryptophan for the
ransport process mediated by hLAT1-r4F2hc het-
odimer is ;15 mM. This value is similar to the value
btained for tryptophan transport in human placental
rush border membrane vesicles (3).

Expression of LAT1 in various tissues of human ori-
in. This was investigated by Northern blot analysis
sing a commercially available multiple tissue blot
Fig. 4). Most of the tissues were positive for LAT1
ranscript which showed a single hybridization signal
f 5.0 kb in size. The hybridization signal was very
ntense in lanes containing poly(A)1 RNA from pla-
enta, brain, and skeletal muscle, indicating that these
issues have very high levels of the LAT1 transcript.
he signals were comparatively weak but easily detect-

FIG. 3. Kinetics of tryptophan uptake mediated by hLAT1-
4F2hc. HRPE cells were transfected with either vector alone (E) or
otransfected with hLAT1 cDNA and 4F2hc cDNA (F). Uptake of
ryptophan was measured with a 5 min incubation at room temper-
ture in NaCl containing buffer, pH 7.5. Concentration of tryptophan
as varied from 5 mM to 250 mM. The data (mean 6 SEM, n 5 3)
ere analyzed by both nonlinear regression (A) and by linear regres-

ion (B). V, tryptophan transport in pmol/106 cells/5 min; S, trypto-
han concentration in mM.
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ble in other tissues (heart, colon, thymus, spleen,
idney, liver, lung and leukocytes). The size of the
AT1-specific transcript in the liver is about 1 kb
horter than that seen in rest of the tissues. The tran-
cript was not detectable in the intestine. Thus LAT1
ranscripts are detected in humans in all the tissues
ested except intestine. In contrast, LAT1-specific tran-
cripts have been reported to be present in the rat only
n brain, spleen, colon, testis and placenta (6). Of the
issues tested in the rat, heart, liver, skeletal muscle,
idney, jejunum, and ileum were negative for the LAT1
ranscript.

To summarize, we have reported here on the cloning
f the human LAT1, a subunit of system L amino acid
ransporter. When coexpressed with the 4F2 heavy
hain, it induces the transport of large neutral amino
cids in a Na1- and H1-independent manner. Neither
AT1 nor 4F2hc by themselves is capable of this in-
uction to any significant extent. LAT1-specific tran-
cripts are detectable in humans in several tissues,
ith the notable exception of the intestine.

FIG. 4. Northern blot analysis of the hLAT1-specific transcript
n human tissues. The upper panel is the hybridization signal ob-
ained with the hLAT1 probe. The lower panel is the hybridization
ignal obtained with the GAPDH probe.
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