
ABBREVIATIONS: GABA, -y-aminobutyric acid; NMDA, N-methyl-D-aspartate; GlyT-1 and -2, glycine transporter types 1 and 2; RACE, rapid
amplification of cDNA ends; PCR, polymerase chain reaction; RFLV, restriction fragment length variations; kb, kilobase(s); bp, base pair(s); HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; ASC, alanine, serine, cysteine.

608

0026-895X/94/040608-1O$03.0O/O

cop�ight C by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.
MOLECULAR PHARMACOLOGY, 45:608-617

Cloning of the Human Glycine Transporter Type 1 : Molecular
and Pharmacological Characterization of Novel Isoform Variants
and Chromosomal Localization of the Gene in the Human and
Mouse Genomes

KYEONG-MAN KIM, STEPHEN F. KINGSMORE, HONG HAN, TERESA L. YANG-FENG, NATHALIE GODINOT, MICHAEL F.
SELDIN, MARC G. CARON, and BRUNO GIROS

Howard Hughes Medicallnstitute Research Laboratories, Department of Cell Biology and Medicine, Duke University Medical Center, Durham, North
Carolina 27710 (K.-M.K., N.G., M.G.C., B.G.), Department of Genetics, Yale University School of Medicine, New Haven, Connecticut 06510 (H.H.,
T.L.Y.-F.), and Departments of Medicine (S.F.K., M.F.S.) and Microbiology (M.F.S.), Duke University Medical Center, Durham, North Carolina 27710

Received September 24, 1 993; Accepted January 13, 1994

SUMMARY

We report the molecular cloning of a cDNA encoding a high
affinity human glycine transporter. An open reading frame of
1 91 4 nucleotides encodes a 638-amino acid protein that trans-
ports glycine in a Na�/Cr-dependent manner. In common with
other Na�/CI-dependent transporters, it possesses 1 2 putative
transmembrane domains, according to its hydropathicity profile.
This protein is the human homologue of a glycine transporter
previously isolated from rat [glycine transporter type 1 b (GIyT-
ib)]. In addition to the human GIyT-1 b, we also characterized a
novel functional isoform produced by alternative splicing. This
isoform, GlyT-1 c, which is distinct from GIyT-2 recently charac-
tenzed in rat, contains an additional exon encoding 54 amino
acids in the amino-terminal part of GlyT-1 b and is mainly ex-
pressed in brain. These two isoforms are products of the same
gene and are localized on human chromosome 1 p31 .3, as well

as on mouse chromosome 4, close to the locus for the sponta-
neous mouse neuromuscular mutation clasper. When expressed
in COS-7 cells, both the human GlyT-1 b and GIyT-1 c display a
time- and dose-dependent uptake of glycine, which is abolished
when either Na� or Cl is substituted with other ions. For both
GIyT-1 b and GIyT-1 c the affinities for glycine are similar, with Km

values of 70-90 �tM, and this uptake is inhibited by sarcosine
with similar potencies. In addition to the three transporter iso-
forms present in the human genome, i.e., GIyT-1 a, GIyT-1 b, and
GlyT-ic, point-mutated variants, which appear to be totally de-
void of glycine uptake activity when expressed in COS-7 cells,
were obtained by polymerase chain reaction amplification of
mRNA from human substantia nigra. These variants point to
regions of the glycine transporter that might be important in the
processing or transport function of this protein.

The only amino acid without an asymmetric center, glycine,
has been found to have many important functions in the central

nervous system since it was first proposed as a neurotransmitter
in 1965 (for review, see Ref. 1). Together with GABA, it is a

major postsynaptic inhibitory neurotransmitter, and it acts by
increasing the chloride channel conductance of target neurons

(2, 3). In addition, it is an essential modulator of glutamate/

NMDA receptor-gated channels (4, 5).
The reuptake of neurotransmitter substances from the syn-

aptic cleft into presynaptic nerve endings or glial cells is a
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major pathway for terminating the actions of neurotransmitters

(6, 7). This reuptake is performed by neurotransmitter-specific

transporters. Molecular biology has now revealed that most of
these transporters belong to a gene superfamily. These trans-

porters are proteins of roughly 600 amino acids in length that

possess 12 putative transmembrane domains. The overall se-

quence homology among the various members of this superfam-

ily is very high, and several stretches of sequence in various

regions of these proteins are even more highly conserved. Thus,

low stringency hybridization using cDNA probes or PCR am-
plification has led to the isolation of several related members

of the family. Expression of their cDNAs in cells establishes

sodium- and chloride-dependent uptake of various substrates.

In addition to transporters for classical neurotransmitters, i.e.,

dopamine, norepinephrine, serotonin, and GABA, transporters
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for proline, betaine, and taurine have also been cloned and

characterized (for review, see Refs. 8-10).
Two different glycine transporters belonging to this family,

GlyT-la and G1yT-ib, have been cloned from rat and mouse
(11-14). The two proteins GlyT-la and G1yT-ib are essentially

identical, except in their amino-terminal sequences, with the
first 10 amino acids of GlyT-la differing from the first 15

amino acids of GlyT-ib. These two isoforms show no difference
in their uptake properties but display distinct patterns of

expression in the central nervous system and peripheral tissues

(14).

In the work reported here, screening of a cDNA library from

human substantia nigra with a probe derived from the rat

dopamine transporter (15) yielded a partial cDNA clone encod-
ing a putative member of this Na7Cl-dependent transporter
family. Using PCR techniques, a full length clone was isolated

and transfected into COS-7 cells, revealing high affinity glycine

transporter activity. This glycine transporter clone is highly
homologous (95%) to the rat and mouse transporters and
represents the human homologue of GlyT-1, according to the
classification of Borowsky et al. (14). In addition, we report the

characterization of a novel isoform of the glycine transporter,
G1yT-ic, which arises by alternative splicing of a 54-amino acid

exon in the amino-terminal tail of human GlyT-ib. Northern
blot analysis revealed that expression of this isoform is mainly

restricted to brain. We determined that the gene encoding

G1yT-1 subtypes (official designation, Glyti ) is localized on
human chromosome 1p31.3 and mouse chromosome 4. Inter-
estingly, Glyti maps to the same region of mouse chromosome

4 as the locus for the neurological mutant clasper (16). The

ckzsper phenotype is similar to that of the spastic mouse mu-

tation, which is associated with a decrease in the number of

glycine receptors (17).
Very recently a novel glycine transporter was identified by

cDNA cloning and referred to as GlyT-2 (18). GlyT-2 is the
product of a gene distinct from that coding for any of the

previously characterized glycine transporter isoforms and,

therefore, represents a distinct glycine transporter subtype. In
light of these results, the novel human isoform reported here is

referred to as GlyT-ic, whereas the rat isoforms formerly called

GlyT-1 and G1yT-2 (14) are referred to as GlyT-ib and GlyT-

la, respectively, according to the order of exon usage in the

gene (18).

Materials and Methods

Library screening. A human substantia nigra cDNA library (Clon-
tech) was screened at low stringency using a cDNA probe obtained
from the amino terminus to the third transmembrane domain of the

rat dopamine transporter (as described in Ref. 19). Phages were trans-

ferred to nitrocellulose filters (BAS 85; Schleicher & Schuell). Filters

were prehybridized at 42” for 2 hr in 30% formamide, 4X saline sodium

citrate (0.6 M NaC1, 60 M sodium citrate, pH 7.0), 0.01% sodium dodecyl
sulfate, 20 mM Tris.HC1, pH 7.4, lx Denhardt’s solution, 20 �tg/ml

salmon sperm DNA, 20 �tg/ml yeast tRNA. Hybridization was per-
formed overnight at 42’ in the same solution containing 10% dextran

sulfate and the nick-translated probe (5 x iO� cpm/ml). Subsequent

washes were performed as described previously (20). One of several
positive clones, SNH7, was plaque purified and sequenced after sub-

cloning into pBluescript SK� (Stratagene). SNH7 displayed a strong
homology with other members of the Na�/Cr-dependent transporter

family, but its sequence comprised only the first to the seventh trans-

membrane domains. Eight additional clones were then isolated by

rescreening the same library at higher stringency (40% formamide for

prehybridization and hybridization), using SNH7 as a probe. Overlap-

ping clones comprising sequences from the putative start codon to the

1 lth putative transmembrane domain were obtained. A full length

clone was obtained as described below.

RACE-PCR and full length cDNA cloning. To obtain the 3’

part ofthe coding sequence, we used the 3’-RACE-PCR technique (21).

Total RNA was prepared from human substantia nigra, and single-

stranded cDNA was synthesized using avian myeloblastosis virus re-

verse transcriptase (Boehringer Mannheim). Oligonucleotide primers

A (locatedjust after the ninth putative transmembrane domain) and B

were used for the first round of PCR (see Table 1). For the second and

third rounds of RACE-PCR, two additional oligonucleotide primers

(primers C and D) closer to the 3’ end of the clone were sequentially

used, together with primer E, an oligonucleotide directed against the

polylinker and connected to an oligo(dT) primer (these sequences are

not shown in Fig. 1 because these primers are located on incompletely

processed intronic sequences). After the third round of RACE-PCR, a

1.6-kb cDNA was amplified, and this sequence possesses an in-frame

stop codon.

The full length cDNA used for expression in eukaryotic cells was

amplified by reverse transcription-PCR from RNA of human substan-

tia nigra. This amplification was done in two fragments by creating an

artificial XhoI site at position 1026 without modification of the amino

acid sequence. Primers F and G were used to amplify the 5’ half of the

transporter, and primers H and I were used to amplify the 3’ half (see

Table 1). The amplified DNA fragments were subcloned into the

expression vector pRc/CMV (Invitrogen) and used for pharmacological

characterization. Amplification of human GlyT-la was done with

primers G and J. It should be mentioned that primer J was designed

from the rat coding sequence (11), because we were unable to amplify

any cDNA by using primers in the 5’ untranslated sequence.

Northern blot analysis. A specific cDNA probe for GlyT-ic was
obtained by PCR amplification of plasmid DNA with primers K and L

(Table 1), as described (20). A cDNA probe common for G1yT-la, -ib,

and -lc was obtained with primers H and I (Table 1). Probes were

radiolabeled with [32P]dCTP and [32P]dATP by nick-translation (Boer-

ingher Mannheim) and were hybridized to a human multiple-tissue

Northern blot (Clontech, Palo Alto, CA). Hybridization and washing

were performed as described (20).

Pharmacological characterization. DEAE-dextran transfection

was used for transient expression. Typically, 2 x 106 COS-7 cells were

plated in 100-mm diameter dishes 1 day before transfection. Transfec-

tion was started by washing the cells with phosphate-buffered saline,

and cells were incubated for 30 mm at 37” with 5 ml of phosphate-

buffered saline containing 2.5 mg of DEAE-dextran and 15 �tg of DNA.

After this incubation, 20 ml of Dulbecco’s modified Eagle medium

containing 100 mM chloroquine were added, and the cells were further

incubated for 2.5 hr. After removal of the medium, cells were treated

for 2.5 mm with 5 ml of medium containing dimethylsulfoxide and

were incubated overnight in fresh medium. On the next morning, cells

from two 100-mm diameter dishes were trypsinized, distributed into

three 24-well plates for uptake studies (usually at a density of �iO�

cells/well), and allowed to grow for 48 hr (up to �2.5 x lO5cells/well).
For uptake experiments, the Dulbecco’s modified Eagle medium was

replaced with uptake buffer containing 5 mM Tris base, 7.5 mM HEPES,

120 mM NaCl, 5.4 mM KC1, 1.2 mM CaC12, 1.2 mM MgSO4, 1 mM

ascorbic acid, and 5 mM D-glucose, final pH 7.1. At the end of the

incubation, the cells were washed three times with 0.5 ml of uptake

buffer, resuspended in 0.4 ml of 1% sodium dodecyl sulfate solution,

and left at 37” with gentle shaking for 1 hr. An aliquot was taken for

scintillation counting. For uptake inhibition studies, cells were prein-

cubated for 2 mm in the presence of compounds to be tested. Radiola-

beled [3H]glycine (50 nM) was added in a final volume of 0.5 ml and

the incubation was continued for 4-5 mm. To determine the Na�

dependence NaC1 was replaced with 120 mM LiC1, and to determine

the C� dependence NaCl was replaced with 120 mM sodium acetate.
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TABLE 1
Oligonucleotide primers for PCR
Oligonucleoticles are 5’ to 3’ . Underlined sequences are for the restriction sites indicated. Numbers for primers F-I, K, and L are designated according to the numbering
of GlyT-ib in Fig. 1 . Numbers for primer J are designated according to the numbering of GIyT-la (GIyT-2 in Ref. 13).

Primer Sequence Endonuclease Position

A (Sense) CTTGTCGACTAAGAGCTGCGTAAGGGAAGGGC Sail

B (Antisense) GACTCGAGTCGACATCGTTTTTTTTTTTTTTTTT Xhol

C (Sense) ATTGTCGACACGTGCAGGGAAGGGTTG000AG Sail

0 (Sense) TATAGTCGACTGCAGGCGCCTCCCACAG Sail

E (Antisense) GACTCGAGTCGACATCGT Xhol

F (Sense) ATATAAGCTTGCTGCGATCGCTCGCCCCAGG Hindlll -21 to-i
G (Antisense) TGGCCTCGAGGATCTTGTCCCACTGCGGGG Xhol 1 004 to 1033
H (Sense) GATCCTCGAGGCCAAGGTGTGGGGTGATG Xhol 1020 to 1048
I (Antisense) TATATCTAGAGGTGGCACTCCCCTGGCAGCTG Xbal 2082 to 2104
J (Sense) ATATAAGCTTATGGTAGGAAAAGGTGC HindIll 1 to 17

K (Sense) TCTTCCCCAGAACAGGTGACG 31 to 52
L (Antisense) CTCGCTGGGCACAGCACCATTCTGGG 1 03 to 129

Human chromosomal assignment. Chromosomal assignment of
the glycine transporter gene was accomplished by somatic cell hybrid

analysis and in situ hybridization. The cDNA probe used corresponds

to nucleotides 236-1454 in Fig. 1. For somatic cell hybridization a

mapping panel consisting of 17 mouse-human (NA09925-NA09938,

NA09940, NA10324, and NA10567) and two Chinese hamster-human

(NA1O611 and GM07298) hybrids was obtained from the National

Institute of General Medical Sciences Mutant Cell Repository (Cam-

den, NJ). Characterization of these hybrids and their human chromo-

some contents are described in detail in the National Institute of

General Medical Sciences Mutant Cell Repository catalog. The human

glycine transporter-hybridizing fragments showed perfect segregation

with chromosome 1. In situ hybridization to human metaphase chro-

mosome spreads, posthybridization wash, emulsion autoradiography,

and silver grain analysis were carried out as described previously (22).

Genetic mapping of the glycine transporter in the mouse
genome. C3H/HeJ-gld, Mus spretus, and [(C3H/HeJ-gld x M. spre-

tus)F1 x C3H/HeJ-gld] backcross mice were bred and maintained as

described previously (23). RFLV were determined by Southern blot

hybridization of DNA from C3H/HeJ-gld and (C3H/HeJ-gld x M.

spretus)F1 parental mice, digested with various restriction endonucle-

ases, as described previously (23). M. spretus was chosen as the second

parent because of the relative ease of detection of informative RFLV,

in comparison with crosses of inbred strains.

DNA isolated from mouse organs by standard techniques was di-

gested with restriction endonucleases, and 10-pg samples were subjected

to electrophoresis in 0.9% agarose gels, transferred to Nytran mem-

branes (Schleicher & Schuell), hybridized at 65” with gene probes

labeled with [a-32PJdCTP by the hexanucleotide priming technique,

and washed under stringent conditions, all as described previously (23).

Informative RFLV for the reference locus probes Jun and Lmyc were

as described previously (24-27). The Glut-i probe, derived from pGEM

(28), hybridized to 2.0-kb and 2.8-kb PstI fragments in C3H/HeJ DNA

and to a 4.6-kb PstI fragment in M. spretus DNA.

Results

Structural features of the human glycine transporter.
Fig. 1 shows the nucleotide and deduced amino acid sequences
for the human glycine transporters GlyT-ib and GlyT-ic. The
boxed nucleotide and amino acid sequences represent the alter-
natively spliced exon unique to the GlyT-ic isoform. As shown

in Fig. 2A, this insert of 162 bp occurs at the same codon where
the amino-terminal sequence of GlyT-la diverges from the
amino acid sequence of the GlyT-ib isoform (14). Fig. 2B
defines the sequence of the exon-intron junction flanking this
162-nucleotide insert. Typical donor-acceptor sites are found
at both junctions. GlyT-ic differs from the GlyT-ib amplified

from human substantia nigra in that it contains an additional

162-bp insert in the amino-terminal region of the transporter

and two amino acid changes in the putative fourth extracellular

loop (Fig. 3).
The human glycine transporter has four consensus N-linked

glycosylation sites in the second extracellular loop (Fig. 1).

Interestingly, a consensus recognition site for protein kinase C

phosphorylation is found in the presumed intracellular loop

between putative transmembrane segments 4 and 5. Similar
consensus phosphorylation sites exist between transmem-

brane domains 4 and 5 in several other members of this trans-

porter family (10).
Sequence information for the cDNA encoding the glycine

transporter was obtained by two different approaches, i.e.,

cDNA library screening and RACE-PCR amplification from
mRNA isolated from human substantia nigra. For the 15 clones

chosen for analysis, four distinct restriction enzyme patterns

were apparent (data not shown). Whereas the majority of the

clones characterized had the same restriction pattern and were

highly homologous to the rat and mouse (95%) glycine trans-

porter GlyT-1 (11-14), four other variant transporters were

obtained. As shown in Fig. 3, three of these variants clones,
i.e., clones 3, 5, and 8, were found to be the likely products of

spurious splicing accidents in which an exon had been deleted.

The locations of the deletions in clones 3, 5, and 8 correspond
to the locations of the intron-exon junctions delineated in the

GABA transporter gene (29). The fourth variant, clone 7,

contained four point mutations, two in the amino-terminal
region and two between putative transmembrane regions 5 and
8. All of these variants were characterized for their ability to

transport glycine (see below).

Pharmacological characterization of G1yT- lb. To de-

termine the substrate for this transporter, sodium-dependent

uptake activity was assessed by comparing GlyT-lb-transfected

COS-7 cells with mock-transfected COS-7 cells in the presence

of NaCl or LiC1. These experiments were carried out before the
identification of the rat and mouse glycine transporters, and

thus >16 compounds were tested as potential substrates. Ra-

diolabeled glycine, L-serine, taurine, L-alanine, choline, L-as-

partic acid, GABA, and prostaglandin E1 were found to be
endogeneously taken up by COS-7 cells in a sodium-dependent

manner. However, only in GlyT-ib-transfected COS-7 cells
was there a 10-fold increase in uptake of [3H]glycine, compared

with the mock-transfected cells. The affinity and uptake veloc-
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gcccacacaccccactccagctccggagcacccgtgctgggctgcat -197

ggggactggccggaggggcagggccaggggagcgggtaggcagagcttcgggaggagatgaggtgaaagtaattgacgctgcccagcccggca - 94

gtgggagaggcaggggatgcgt cagtgt cgcgctggagctggcagaggtgatgagcggcggagacacgcggggctgcgatcgct cgccccagg - 1

ATGGCCGCGGCTCATGGACCTGTGGCCCCCTCTTCCCCAGAACAtjTGACGCTTCTCCCTG’rFCAGAGATCC’rFCTTCCTGCCACCCTTTTCT 93
M A A A H G P V A P S S P E Q �V T L L P V Q R S F F L P p F S 31

GGAGCCACTCCCTCTACTTCCCTAGCAGAGTCTGTCCTCMAGTCTGGCAT0000CCTACAACTCTGGTCTCCTTCCCCAACTCATGGCCCAG 186
G A T P S T S L A E S V L K V W H G A Y N S G L L P Q L M A Q 62

CACTCCCTAGCCATGGCCCA��8ATGGTGCTGTGCCCAGCGAGGCCACCAAGAGGCACCAGAACCTCAAACCCCCCAACTGGGGCAACCAGATC 279
HS LAMAQ�G AV P 5 EAT K R DQ N L K R C NW G N Q I 93

� I

GAGTTTGTACTGACCACCGTGCCTA�GCCGTCCCCCTCCCC)�ATGTCTGCCGCTTCCCATACCTCTGCTATCGCAACGGGGGAGGCGCCTTC 372
E F V L T S V G Y A V G L G N V W R F P Y L C Y R N G G C A F 124

TX II
ATC�CCCCTACTTCATCATGCTCATCTTCTCCGGCATCCCCCTCTTCTTCATGGAGCTCTCCTTCGGCCAGTTTGCAAGCCAGGGGTGCCTG 465
H F P Y F I M L I F C G I P L F F M E L S F G Q F A S Q G C L 155

TK III
000CTCTGGAGCATCAGCCCCATGTTCAA.AGGAGTGCGCTATGCTATGATGCTGGTGTCCACCTACATCGCCATCTACTACAATGTGGTCATC �58

C V W R I S P M F K G V C Y C M M V V S T Y I C I Y Y N V V I 196

TCCATCGCCTTCTACTACTTCTTCTCGTCCATCACGCACCTGCTGCCCTCCCCCTACTCCAATAACCCCTGCAACACGCATCACTCCCCCCCT 651

C I A F Y Y F F S S M T H V L P W A Y C N N P W N T H D C A C 217

CTACTCACCCCTCCAACCTCACCAATGGCTCTCGCCCACCCCCCTTGCCCAGCAACCTCTCCCACCTGCTCAACCACACCCTCCACAGGACC 744
V L D A S N L T N C S R P A A L P S N L S H L L N H S L Q R T 248

AGCCCCAGCGACCACTACTGCAGCCTGTACGTGCTGAAGCTGTCAGATGACATTGGGAACTTTGGGCAGCTGCGCCTGCCCCTCCTTGGCTGC 837
S P S E E Y W R L Y V L K L S D D I G N F C E V R L P L L C C 279

TWIV ___________
CTCGGTGTCTCCTGGTTGGTCGTCTTCCTCTGCCTCATCCGAGGGCTCAAGTCTTCAGGGAAAGTGCTGTACTTCACGCCCACGTTCCCCTAC 930

1� C V S W L V V F L C L I R C V K S S C K V V Y F T A T F P Y 310

TM V
GTGCTGCTGACCATTCTGTTTGTCCGCGGAGTCACCCTGCAGGCAGCCTTTGACGGCATCATGTACTACCTkACCCCGCAGTGGGACAAGATC 1023

V V L T I L F V R C V T L E C A F D C I M Y Y L T P Q W D K I 341

ThaI T� VI
CTOGAGGCCAAGCTCTGCCCTCATCCTGCCTCCCACATCTTCTACTCACTCCCCTCCCCCTGCCCACGCCTCATCACCATCCCTTCCTACAAC 1116

L E A K V W C D A A S Q I F Y S L A C A W C C L I T M A S Y N 372

TN VII
�G�CCAC�T�CTGTTACCCCCACACTCTCATCATCACCATCACCAACTCTCCCACCACCCTCTATGCTCCCTTCCTCATCTTCTCCATC 1209

K F H N N C Y R D S V I I S I T N C A T S V Y A C F V I F S I 403

CTCGCCTTCATGGCCAATCACCTGGGCGTCCATCTGTCCCCTCTGGCACACCACGGCCCTGGCCTGGCCTTCGTCCCTTACCCCCACGCCCTC 1302
L C F M A N H L G V D V S R V A D H C P C L A F V A Y P E A L 434

T� VIII
ACACTACTTCCCATCTCCCCGCTGTGCTCTCTGCTCTTCTTCTTCATGCTTATCCTGCTGGCGCTGGGCACTCAGTTCTGCCTCCTGCAGACC 1395

T L L P I S P L W S L L F F F M L I L L G L C T Q F C L L E T 465

TM IX
CTCCTCACACCCATTCTGCATCAGCTCCCCAATCAGTGGATCCTGCAGAAAAAGACCTATCTCACCTTGGGCCTGCCTGTCGCTGCCTTCCTG 1488

L V T A I V D E V C N E W I L Q K K T Y V T L G V A V A C F L 496

_________________________ TK_X
CTGCCCATCCCCCTCACCACCCAGGCACGCATCTATTGCCTGCTGCTGATGCACAACTATCCGCCCACCTTCTCCTTGCTGCTCATCTCCTGC 1581

L C I P L T S Q A C I Y W L 1, L M D N Y A A S F S L V V I S C 527

ATCATCTCTCTGCCCATCATCTACATCTACGGGCACCCCkACTACTTCCAGGACATCCAGATCATGCTGGCATTCCCACCACCCCTCTTCTTT 1674

I M C V A I M Y I Y G H R N Y F Q D I Q M M L C F P P P L F F 558

TXXI
CACATCTGCTGGCGCTTCGTCTCTCCCGCCATCATCTTCTTTATTCTACTTTTCACTCTCATCCAGTACCAGCCCATCACCTACAACCACTAC 1767

Q I C W R F V S P A I I F F I L V F T V I Q Y Q P I T Y N H Y 589

T� XII

CAGTACCCAGGCTGCCCCGTGGCCATTGGCTTCCTCATGGCTCTGTCCTCCGTCCTCTGCATCCCCCTCTACGCCATGTTCCGGCTCTGCCGC 1860

Q Y P C W A V A I C F L M A L S S V L C I P L Y A M F R L C R 620

ACAGACGCGCACACCCTCCTCCAGCGTTTGAAAAATGCCACAAAGCCAAGCAGAGACTGGGGCCCTGCCCTCcTGGAGCACcGGACAGGGCGC 1953

T D G D T L L Q R L K N A T K P S R D W G P A L L E H R T G R 651

TACGCCCCCACCATAGCCCCCTCTCCTGAGGACGGCTTCGAGGTCCAGTCACTGCACCCGGACAAGGCGCAGATCCCCATTGTGGGCAGTAJ�T 2046
Y A P T I A P S P E D C F E V Q S L H P D K A Q I P I V G S N 682

GGCTCCAGCCGCCTCCAGGACTCCCGCATAlagcacagctgccaggggagtgccaccccacccgtgctccacgagaqactgtgag 2131

G S S R L Q D S R I “““ 692

Fig. 1. Nucleotide and deduced amino acid sequences of GIyT-1 b and GlyT-1 c. The coding region is numbered starting from the putative translation
initiation codon. Solid bars, putative transmembrane (TM) domains; open bars, consensus sites for N-glycosylation. Solid box, the alternatively
spliced 162 nucleotides (54 amino acids) in the amino-terminal region.

ity were determined using the isotopic dilution method. Data mock-transfected cells displayed only the low affinity compo-

analysis using linear regression analysis (LIGAND program) nent of the uptake observed in GlyT-ib-expressing cells. Be-

indicated that the kinetics of uptake were best fit using a two- cause this low affinity uptake of glycine (Km 3-5 mM) was

site model, compared with a one-site model. Glycine uptake in found to be endogenous to the COS-7 cells, it was subsequently
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A

Hum G1yT-ic
Hum G1yT-ib
Rat G1yT-ib
Mouse G1yT-ib

Hum G1yT-la
Rat G1yT-la

Mouse G1yT-la

B

14&AAHGPVAPSSPEQVTLLPVQRSFFLPPFSGATPSTSLAESVLKVWHGAYNSGLLPQLMAQHSLAMAQNGAVPSEATKR

MAAAHGPVAPSSPEQ NGAVPSEATKR

�VAHGPVATSSPEQ NGAVPSEATKR

MASAQGPVATPSPEQ NGAVPSEATKK

MVGKGAKGML NGAVPSEATKR
�GKGAKGML NGAVPSEATKR

MVGKGAKGMI NGAVPSEATKK

. . .ccccccccctgca�GTGACGc1-rcTCCc-r CTAGCCATGGCCCAG gtcagctcc. . (1kb). . ccccacag AATGGTGCTGTG...

IVTLLP LAMAQ NGAv...

C
Exon I Exon II

H

Exonil’ Exonifi

NGA...

GlyT-la GlyT-ib GlyT-ic GlyT-la
GlyT-ic GlyT-ib

GlyT-ic

Fig. 2. A, Alignment of amino acid sequences in the amino-terminal region of human, rat, and mouse glycine transporter isoforms. For human GIyT-
1 a the sequence MVGKGA is underlined, because the nucleotide sequence for these residues is part of PCR primer J synthesized from the published
rat sequence. B, Genomic organization of the GIyT-i gene at the alternatively spliced 162 nucleotide exon. First solid box, 54-amino acid insert in
GIyT-i c. Second solid box, first exon that is common to all isoforms. Sequences in lower case letters, introns that flank the 1 62-nucleotide insert.
C, Schematic representation of the exon-intron organization in the 5’ part of the GIyT-i gene. Solid line, the gene; open boxes, exons. Organization
for exons I and II is taken from the mouse gene (1 8). Length for introns and exons are not to scale, because they were determined on different
species.

1 2
GlyT-1 b

N V A IHG

GlyT-1 C

Clone 7
SM

Clone 3

Clone 5

Clone 8

G F

LR

Fig. 3. Human glycine transporter variants are shown in relation to GIyT-i - Thick bars in GlyT-ib, locations of the putative transmembrane domains.
Hatched box in GlyT-ic, 54-amino acid additional exon. Open box in GlyT-la, first 10 residues that are specific. Point mutations from the
corresponding amino acid in the sequence of GlyT-i b are noted with specific one-letter code designations. Thin lines in clone 3, clone 5, and clone
8, deleted regions in these clones that correspond to nucleotides 282-496, 282-364, and 161 3-1677, respectively, in Fig. 1 . Amino acids that are
changed in the various isoforms are highlighted below the line of GIyT-ib and are located at positions N69, V1�, A359, L�3, H421 , and G422.
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were used to inhibit the high affinity glycine uptake mediated

by GlyT-ib (Table 2). At 1 mM concentrations, L-glutamine,

L-cysteine, L-proline, thiamine, and adenine showed some in-

hibition, whereas glycine and sarcosine were most potent.

Pharmacological features of glycine transporter var-

iants. In addition to GlyT-ib, other cDNA variants of the
glycine transporter were also functionally tested. GlyT-lc was

functionally active, displaying a dose-response curve almost

identical to that observed for GlyT-ib (Fig. 5), with a Km value

for glycine of9O ± 9 �tM (three experiments). This larger glycine

transporter also showed a dependence on Na� and C1 ions,

with the glycine uptake being abolished when Na� and C1 were

substituted with Li� or acetate, respectively. The two amino

acid changes (Fig. 3) in the fourth extracellular loop of G1yT-

ic do not appear to have functional consequences. Three alter-

natively spliced variants, clone 3, clone 5, and clone 8 (Fig. 3),

were also expressed in COS-7 cells but did not show any glycine

uptake above the level of the endogenous uptake in the COS-7

GlyT-1 Cloning and Characterization 613

acids, three glycine derivatives, and two structural analogues)

100

Time (mm)
Fig. 4. Kinetic properties of GIyT-i b transiently expressed in COS-7
cells. A, Saturation curve for [3H]glycine uptake by isotopic dilution (0-5
mM). and Eadie-Hofster representation (inset). B, Time course of [3H]
glycine (50 nM) uptake in control and transfected COS-7 cells. The
control group is COS-7 cells transiently transfected with the dopamine
transporter in the same expression vector (1 9). GlyT-lb (-Na�) and
GlyT-lb (-Cl), COS-7 cells transfected with GIyT-i b but in which NaCI
was substituted with 120 mM LiCI and 120 m� sodium acetate, respec-
tively. Routinely, 10 zg of DNA were used to transfect 2 x 106 cells.
Results are from a typical experiment in triplicate, which was replicated
four times with similar results.

subtracted from the total uptake in the transfected cells. As
shown in Fig. 4A, the dissociation constant for the high affinity

site was 72 ± 9 �M (four different experiments, in triplicate).

The time course of uptake (Fig. 4B) was linear for the first 10-
15 mm and then reached a plateau during the next hour,
followed by a decrease (data not shown), probably as a conse-
quence of cell death. When either Na� or Cl was substituted

in the incubation medium with other ions, the uptake activity
was totally abolished, including the constitutive uptake in
mock-transfected cells. Twenty-three compounds (17 amino

TABLE 2

Pharmacological characterization of human glycine transporter
transiently expressed in COS-7 cells
Competion experiments were conducted in COS-7 cells transiently transfected with
GlyT-1 b. Various compounds (1 m� final concentration) were tested for the
inhibition of glycine uptake in the presence of 50 n� [3H]glycine.

Tested compound Inhibition

Control 0
Glycine 85
Sarcosine 65
Proline 30
Thiamine 26
Cysteine 25
Adenine 20
Glutamine 19
Alanine 9
Glutamate 9
Valine 8
Arginine 5
Glycylglycine 0
Glycinamide 0

a The following amino acids did not inhibit [3H]glycine uptake whentested at 1

mM: isoleucine, leucine, lysine, serine, methionine, phenylalanine, threonine, thy-

midine, tryptophan, and tyrosine.

Fig. 5. Kinetic properties of human glycine transporter isoforms and
variants. Each construct was expressed transiently in COS-7 cells, and
uptake of [3H]glycine was measured as described in Materials and
Methods. Control COS-7 cells were transfected with the dopamine
transporter (19).
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cells. Clone 7, which has four point mutations (Fig. 3), was

devoid of uptake activity (Fig. 5). Because this lack of uptake

was somewhat unexpected, more extensive studies on this var-

iant were conducted. First, we tested whether the lack of

functional activity was due to lower expression of its mRNA or

a deficit in the uptake mechanisms. For this, COS-7 cells were

transiently transfected with GlyT-ib, GlyT-ic, or clone 7. Half

of the transfected cells were used for uptake experiments and

the other half were used to prepare RNA for dot blot analysis.

When hybridized to a radiolabeled cDNA probe specific for a

common part of these three transporters, transfected COS cells

all clearly displayed similar levels of RNA transcripts for these

three different constructs (data not shown). In an attempt to

determine which amino acid changes affected the glycine trans-

port, two chimeric transporters were constructed by combining

clone 7 with GlyT-ib at the XhoI site that was artificially

created between the fifth and sixth transmembrane domains

(see Materials and Methods and Fig. 1). Interestingly, the first

chimeric transporter (amino-terminal half of clone 7 and car-

boxyl-terminal half of G1yT-1) was totally nonfunctional,

whereas the reverse chimera showed about 30% of the glycine

uptake displayed by GlyT-1, suggesting that point mutations

in the amino-terminal part of the glycine transporter (aspara-

gine to serine and valine to methionine) impair protein expres-

sion or transporter function, whereas the double point mutation

(alanine to glycine in transmembrane region 6 and isoleucine

to phenylalanine in transmembrane region 7) appears to inter-

fere less markedly. Finally, we examined whether these muta-

tions might be the product of different alleles of the glycine

transporter gene. The DNA fragment encompassing the aspar-

agine to serine change in the amino-terminal part was amplified

from human genomic DNA by PCR and sequenced. However,

no such changes were found in eight unrelated human DNA

samples (data not shown).

Northern hybridization analysis. Using a cDNA probe
specific for the 162-bp insert of GlyT-ic, a single band at 3.6

kb was detected in brain mRNA (Fig. 6A) and a weaker signal
was also apparent in kidney. A cDNA probe directed against

the common part of GlyT-la, -ib, and -ic displayed strong

labeling in most tissues, with hybridization intensity as follows:

brain = kidney > pancreas = lung > placenta = liver > heart

> muscle. A major band at 3.6 kb was labeled in each case,
except in skeletal muscle, where a strong band at 1.6 kb was

also labeled (Fig. 6B).

Chromosomal assignment in the human genome and

genetic mapping in the mouse genome. Southern blots of
a hybrid panel of DNA digested with EcoRI identified three

specific fragments (8.2, 5.8, and 3.0 kb) in human DNA, two

cross-hybridizing fragments (10.2 and 5.8 kb) in mouse DNA,

and one cross-hybridizing fragment (12.3 kb) in Chinese ham-

ster DNA. Because a 5.8-kb fragment was detected in both

human and mouse DNA, it was not scored in mouse-human

hybrids. The discordance analysis of the human 8.2- and 3.0-

kb fragments in this hybrid panel is shown in Table 3. Analysis
of metaphase chromosome spreads showed that, of 143 grains

over 70 cells scored, 26 (15.7%) were found at chromosome

1p31.3-p32 (Fig. 7). No other site was labeled over background.

The chromosomal location of the glycine transporter gene

Glyti in the mouse genome was determined with a panel of

DNA samples from an interspecific cross that has been char-

acterized for >600 genetic markers throughout the genome.

Fig. 6. A, Localization of GlyT-ic mRNA in various human tissues. The
cDNA probe used is specific for the 1 62-bp alternatively spliced exon of
GlyT-i c. B, Localization of GlyT-i mRNA in various human tissues. The
cDNA probe used is common to the three isoforms GIyT-1 a, -1 b, and -

1 c.

The Glyti probe hybridized to 10.0-kb, 4.5-kb, 1.7-kb, and 1.5-

kb BamHI fragments in C3H/HeJ DNA and to 8.5-kb and 1.3-

kb BamHI fragments in M. spretus DNA. Reference loci used

were the genes encoding avian myelocytomatosis virus (v-myc)

oncogene homologue (Lmyc), avian sarcoma virus 17 (v-fun)

oncogene homologue (Jun), and glucose transporter-i (Glut-

1 ), which have been previously localized to mouse chromosome

4 (24-28). One hundred-fourteen [(C3H/HeJ-gld x M. spre-

tus)F1 x C3H/HeJ-gld] backcross mice were typed by segrega-
tion analysis of unique M. spretus RFLV detected with these

probes (30). At each locus, restricted DNA from the backcross

mice displayed either a homozygous C3H or heterozygous F1
pattern. The RFLV associated with Glyti cosegregated with

Glut-i on mouse chromosome 4. Haplotype analysis of the

backcross mice is shown in Fig. 8. The best gene order (±

standard deviation) (31) was determined to be as follows:

centromere-Jun-11.4 ± 3.0 cM-(Glytl, Glut-i)-2.6 ± 1.5 cM-

Lmyc-telomere. No crossovers were detected between the genes

grouped within parentheses. The chromosomal location of Glyti

on mouse chromosome 4 and human chromosome 1p31.3-p32

is in accord with the previous characterization of a linkage

group conserved between these chromosomal regions (32). This

genetic location of Glyti on mouse chromosome 4 suggests it to

be a good candidate gene for the mouse neurological mutation

clasper (16). Mice homozygous for the recessive clasper muta-

tion develop a syndrome of fine tremor and hobbling gait, with

the feet clasped together (16).

Discussion

In this paper, we report the cloning and pharmacological

characterization of a human glycine transporter. The human
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Fig. 7. In situ chromosomal assignment of the human glycine transporter.
Silver grain distribution along chromosome 1 after in situ hybridization
with human GlyT-i probes is shown, illustrating the localization of a
positive signal within the region 1 p31 .3-p32.
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Glytl, Glut-I

b�c

number ofbackcross mice 73 �5 5 8

Fig. 8. Segregation of Glut-i, Glyti, Jun, and Lmyc on mouse chromo-
some 4 in 1 14 [(C3H/HeJ-gld x Mus spretus)F1 x C3H/HeJ-gld] inter-

specific backcross mice. #{149},homozygous C3H pattern; 0, F1 pattern.

GlyT-1 Cloning and Characterization 615

TABLE 3

Segregation of human GIytl cDNA human chromosomes in human x rodent somatic cell hybrids

Human chromosomes
Hybfld�ation/chromosome

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X V

4334244402023441
-I-- 1512 8 7 8 7 8 614 9 8 711 5 714

Discordant hybrids
+1- 0 1 1 0 1 0 0 0 4 1 3 1 0 0 0 2 0 0 0 0 2 1 3 3

-1+ 0 3 6 6 7 8 6 6 1 2 5 8 2 9 5 1 ii 4 2 7 8 5 1 2

Totaldiscordanthy- 0 4 7 6 8 8 6 6 5 3 8 9 2 9 5 3 ii 4 2 7 10 6 4 5
bnds

Totalinformativehy- 19 19 18 17 18 19 18 16 19 14 16 18 16 18 16 18 19 19 16 18 18 16 15 17
bnds5

Discordancy (%) 0 21 39 35 44 42 33 38 26 21 50 50 1 3 50 31 1 7 58 21 13 39 56 38 27 29

a Human chromosomes present at a frequency of 0.1 or less were excluded from the analysis.

cDNA characterized here represents the human homologue of

the rat (11, 14) and mouse (12) G1yT-ib subtype. In addition,
we show that, in the human genome, an additional isoform of

the glycine transporter exists. This novel isoform, which is

referred to as the GlyT-ic subtype, is distinct from the GlyT-

la isoform that has been found in the rat and mouse genomes

(13, 14). GlyT-ic arises by the alternative splicing of a 162-bp

exon within the region of the cDNA coding for the amino-

terminal part of the human glycine transporter. By PCR am-
plification of cDNA from human substantia nigra mRNA, using
primers complementary to a common exon of the GlyT-1

subtype and the first exon of the G1yT-la isoform, we have

demonstrated that the homologue of rat GlyT-la also exists in
the human genome. Therefore, in the human genome at least

three distinct forms of the glycine transporter appear to be

present, GlyT-la, GlyT-ib, and GlyT-lc. Interestingly, the 54-

amino acid insert in GlyT-ic introduces two consensus phos-

phorylation sites for casein kinase type II, thus possibly im-
parting differential regulatory properties.

As shown in Fig. 2B, the characterization of intron-exon

organization of the 5’ part of GlyT-ic demonstrates that the

162-bp (54 amino acid) insert in GlyT-ic arises from an alter-

natively spliced exon. Recently, the genomic organization of

the 5’ part of the mouse GlyT-1 gene has been published, and

the two specific exons for G1yT-ib and GlyT-la have been

localized (18). Therefore, it is now possible to establish the

complete organization of the first four exons of the GlyT- 1

gene (Fig. 2C). This gene, which gives rise to at least three

distinct GlyT-1 isoforms, is different from the gene for GlyT-2

(18), which encodes a sarcosine-insensitive glycine transporter.

In the course of the characterization of human GlyT- lb and

-ic, several other apparently aberrant isoforms of the glycine

transporter were obtained from PCR amplification or screening

of a cDNA library (Fig. 3). These nonfunctional variants ap-

peared to fall into two distinct classes. First, the three clones

indicated as clones 3, 5, and 8 (Fig. 3) probably represent

“splicing accidents” in which an exon was incorrectly spliced.

These splicing mistakes might have occurred at random during

this delicate process and were probably detected because of the

extreme sensitivity of the PCR amplification. These forms are
unlikely to possess any physiological role, insofar as the func-

0 3 tion of the protein appears to be lost. The second case, clone 7,

is more difficult to rationalize. In this case, very localized point

mutations were found at four different codons and appear to

impair totally the transporter synthesis or function. We believe
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these mutations are unlikely to represent random PCR artifacts

because, among 15 clones analyzed after PCR amplification,

not a single point mutation was detected in the other 14 clones,
whereas four specific changes were found in clone 7. The

possibility still remains that some peculiar secondary structure
in the mRNA or the cDNA renders it more prone to mutations

at these particular loci. Morever, the possibility that these

changes could result from an editing mechanism has not been

explored. Whether a protein derived from the clone 7 transcript

plays a physiological role cannot be assessed at this point. It
remains very puzzling that the single changes of asparagine to

serine and valine to methionine in the amino-terminal tail

could totally impair either the folding processes or the uptake

activity of the protein.

As we document in this paper, the two forms of the human

glycine transporter (GlyT-lb and -ic) characterized here ap-

pear to take up glycine with very similar properties (Km values
of 80-90 �zM) when expressed in host cells. These kinetic

properties are very similar to those of the rat GlyT-ib (13) and

the rat and mouse GlyT-la subtypes (11-12). Although slight

differences in Km and K1 values for glycine and sarcosine among
these transporter isoforms are evident, it is likely that these

small differences are due to the various expression systems

used (oocytes versus eukaryotic cell lines). Thus, the kinetics
of all of these transporter isoforms appear to be essentially

indistinguishable.

Borowsky et al. (14) have shown that the rat G1yT-la and

-lb isoforms differ in their tissue expression pattern. Whereas
GlyT-lb is specifically expressed in the central nervous system

(glial cells and neurons), where it shows specific patterns of
expression, GlyT-la is expressed both in the central nervous

system and in peripheral tissues. This latter form of the glycine

transporter appears to be localized within macrophages in the
spleen, lung, liver, and thymus and in mast cells. In humans,
when a probe common to all GlyT-l isoforms is used, a some-
what different distribution is observed, compared with results

found for the rat. The most striking difference is seen in kidney,
where a signal as strong as that present in the brain is found
(Fig. 6B), whereas virtually no mRNA for GlyT-l is found in

rat kidney (14). This difference is not likely to be produced by
the use of different probes. It may be that in humans GlyT-l
plays an important role in the uptake of glycine in the kidney,

where the uptake system ASC is only poorly expressed (33, 34).
Interestingly, G1yT-ic seems to be expressed only in the brain

(Fig. 6A), as are G1yT-ib (14) and GlyT-2 (18), whereas GlyT-

la would be the only subtype of Na�/Cl-dependent glycine

transporter expressed in peripheral tissues.

Chromosomallocalization ofthe Glyti gene revealed mapping

within a conserved linkage group on human chromosome 1p31-
32 and mouse chromosome 4, close to the locus for the mouse

neurological disorder clasper (16). Unfortunately, only the gross

phenotype of clasper has been described, and few studies have

been devoted to the molecular understanding of this disorder.
Although no more direct evidence than the genetic mapping

presented exists for the possible role of the glycine transporter

in the etiology of clasper, it is interesting to note that another

neurological mutation in the mouse, spastic, is associated with

an alteration in the glycine system. The phenotypes of spastic

and clasper are strikingly similar and have similar onsets of

appearance, at 2-4 weeks after birth. In spastic, a dramatic

decrease of strychnine binding to glycine receptors has been

documented (17). The fact that these two mutations eventually
impair the glycine neurotransmission system, either on its
postsynaptic side (receptors in the case of spastic) or on its

presynaptic side (a potential uptake alteration in the case of

ckzsper), is fascinating and definitely deserves more attention.

Three different Natdependent systems capable of handling

the transport of glycine have been described in mammalian

systems, i.e., system Gly (glycine), system A (alanine), and

system ASC (35, 36). Among these three systems, system Gly
is the most specific for glycine. The system A transporter and

system ASC transporter have recently been cloned (33, 34, 37),

and both belong to transporter families other than that of
GlyT-1. Although systems A and ASC have much broader

specificity than does system Gly and are likely composed of

more than one molecular entity each, it is unlikely that GlyT

represents one of them. As depicted in Table 2 for human

GlyT-ib, and as already noted for rat G1yT-lb (13) and G1yT-

la (11), glycine uptake is poorly competed for by most of the

other amino acids, including alanine, which is the preferred

substrate for system ASC and system A. Also, sarcosine, which

is an N-methylated derivative of glycine, behaves as a compet-

itive blocker of glycine uptake by GlyT-ib, -ib, and -ic but is

a poor blocker of the other systems, including GlyT-2 (18).

These pharmacological characteristics, together with the Na�
and Cl dependence of glycine uptake (Fig. 3), definitively

suggest that G1yT-1, -2, and -3 are responsible for the “system

Gly” uptake that was physiologically described previously (35,

36, 38, 39). One difference found between the cloned human

glycine transporter and the glycine transport studied in slice

preparations of rat spinal cord (38) is the lower affinity for

sarcosine (here about 1 mM, compared with 100 �M in slice

preparations). This lower affinity could be a peculiarity of the

human glycine transporter or a consequence of the expression

system we used.

When glycine transport is compared with the transport of
other biologically active molecules such as the neurotransmit-

ters dopamine, norepinephrine, and serotonin (8-10), it is strik-

ing that few pharmacological tools such as ligands and inhibi-

tors are available to study and characterize the glycine trans-

porter. One probable contributing factor is that several
ubiquitous transport systems (see above) exist for glycine, and

these have made it much more difficult to characterize the
“neurotransmitter uptake” process of glycine. Glycine repre-

sents a major inhibitory system in the central nervous system

and is a main component ofthe excitatory amino acid pathways,

through its binding site regulating the glutamate-NMDA recep-

tor. Thus, modifying the glycine concentration at the synapse

by enhancing or inhibiting its reuptake should lead to notice-

able effects on central nervous system functions such as the

state of arousal and the control of motor functions. The rational

design of specific inhibitors of the human glycine transporters

should now be much easier to develop, with the availability of

cell systems expressing a homogeneous population of this trans-

porter at high levels.
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