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SUMMARY

L-Proline fulfills several of the classic criteria used to identify
amino acid neurotransmitters, including the presence of a high
affinity, Na*- (and Cl™)-dependent synaptosomal transport
process and the Ca®*-dependent release of exogenously
loaded radiolabeled L-proline from brain slices and synapto-
somes after K*-induced depolarization. However, studies to
define the role of L-proline in discrete pathways in the mam-
malian brain have been precluded by the inability to block its
biosynthesis or high affinity transport in nervous tissue. We
report the molecular cloning, functional expression, and chro-
mosomal localization of a human brain-specific high affinity
L-proline transporter (hnPROT). The pharmacological specificity,
kinetic properties, and ionic requirements of hPROT clearly
distinguish this carrier from the other Na*-dependent plasma
membrane carriers that transport L-proline. Multiple tissue
Northern blot analysis revealed a prominent ~4-kb mRNA tran-

script in human brain tissue, whereas no specific hybridizing
species were detected in peripheral tissue. An antipeptide an-
tiserum directed against the carboxy-terminus of the predicted
hPROT protein identified a single, broad immunoreactive pro-
tein of 68 kDa on immunoblots of synaptosomal membranes
from various human brain regions. In contrast, no specific
labeling was detected on immunoblots of membranes from
human liver, kidney, or heart. A differential distribution of
hPROT mRNA and protein was observed in the human corpus
striatum, consistent with the hypothesis that the hPROT protein
is synthesized in neuronal cell bodies in an extrastriatal location
and axonally transported to the corpus striatum. These findings
warrant the consideration of a synaptic regulatory role for this
transporter and its presumed natural substrate, L-proline, in the
mammalian central nervous system.

The role of L-proline in the CNS is enigmatic. Although
direct evidence is lacking, circumstantial evidence implicates
L-proline as a putative synaptic regulatory molecule in the
mammalian CNS. In particular, L-proline exhibits several
properties similar to those of the well-characterized amino
acid neurotransmitters. First, a synaptosomal biosynthetic
pathway of L-proline from ornithine has been demonstrated
(1). Second, a high affinity Na*-dependent synaptosomal up-
take activity has been identified for L-proline (2—4) that
exhibits a heterogeneous regional distribution in rodent CNS
(5-7). Third, exogenously loaded radiolabeled L-proline is
released from neocortical brain slices and synaptosomes in a
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Ca?%*-dependent manner after K*-induced depolarization (8,
9). Fourth, specific Na*-independent binding of [®*H]-L-pro-
line to rat brain synaptic membranes has been described (10,
11); however, no definitive evidence exists for specific high
affinity L-proline receptors in the mammalian CNS. Fifth,
L-proline (in millimolar levels) produces complex electro-
physiological actions when iontophoresed onto neurons (re-
viewed in Ref. 12) and inhibits the electrically stimulated
release of L-glutamate from rat frontal cortex brain slices
(13). Finally, intracerebral injections of L-proline are neuro-
toxic (14) and disrupt memory processes in chickens (15).
Interestingly, the neurotoxic effects of L-proline injections in
rat hippocampus are blocked by glutamate receptor antago-
nists, suggesting that L-proline may be an endogenous exci-
totoxin (14). These excitotoxic properties of L-proline may
contribute to the pathophysiology of type II hyperprolinemia,

ABBREVIATIONS: PROT, high affinity L-proline transporter; hPROT, human brain-specific high affinity L-proline transporter; rPROT, rat brain-
specific high affinity L-proline transporter; CNS, central nervous system; GABA, y-aminobutyric acid; PCR, polymerase chain reaction; bp, base
pair(s); RFLVs, restriction fragment length variants; hnRNA, heterogeneous nuclear RNA; kb, kilobase(s); hSERT, human serotonin transporter
gene; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SBS-T, Tris-buffered saline-Tween 20.
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a genetic disorder characterized by elevated plasma and ce-
rebrospinal fluid concentrations of L-proline and a high inci-
dence of childhood seizures (reviewed in Ref. 16).

Definitive studies of the synaptic role of L-proline in dis-
crete brain pathways have not been possible due to the lack
of specific inhibitors of the biosynthesis or high affinity trans-
port of L-proline in nervous tissue. Recently, we isolated rat
brain ¢cDNA clones for a novel high affinity, Na*- (and Cl17)-
dependent PROT (17). In situ hybridization of rat brain sec-
tions and cultured hippocampal neurons revealed that
rPROT mRNA was expressed by subpopulations of glutama-
tergic neurons in rat brain (17, 18). The substrate specificity,
ion dependence, and kinetic properties of the cloned trans-
porter transiently expressed in non-neural cells were similar
to the corresponding properties of the synaptosomal high
affinity L-proline uptake system in mammalian nervous tis-
sue (4, 17). Sequence analysis and hydropathy profiles re-
vealed that rPROT represented a novel member of the
emerging gene family of Na*- (and Cl™)-dependent plasma
membrane transport proteins that comprises transporters
for several neurotransmitters, including GABA, glycine, nor-
epinephrine, dopamine, serotonin, and transporters for sub-
strates with osmoprotective (taurine, betaine) or metabolic
(creatine) roles (reviewed in Ref. 19). These transporters are
composed of single polypeptides of ~600 amino acids that
exhibit significant amino acid-sequence identities and con-
tain ~12 hydrophobic stretches of 20—26 amino acids that
are believed to form transmembrane a-helical domains.

In the present study, we describe the molecular cloning,
pharmacological characterization, and chromosomal localiza-
tion of an hPROT. We elucidate several structural features
important for high affinity interaction of substrates and/or
inhibitors with the hPROT. We also document the brain-
specific expression of hPROT mRNA and protein. Further-
more, we report the differential distribution of hPROT
mRNA and protein in human corpus striatum, suggesting
that the hPROT protein is axonally transported from its
site(s) of biosynthesis to nerve terminals in the striatum.
These results support a synaptic regulatory role for this
transporter and its presumed natural substrate, L-proline, in
the mammalian CNS.

Materials and Methods

Library screening. The rPROT c¢cDNA (17) was used as a tem-
plate in a PCR containing 0.25 mCi of [3?P]dCTP to generate a
690-bp radiolabeled probe that was used to screen at high stringency
a human hippocampal cDNA library in A-zap (Stratagene, La Jolla,
CA). Bluescript plasmids pBSII SK(—) were rescued from plaque-
purified positives by in vivo excision, as described by the manufac-
turer (Stratagene). Two populations of positives were identified by
restriction analysis, designated HH-1 and HH-2. Nucleotide se-
quence analysis (Sequenase, US Biochemical Corp., La Jolla, CA)
revealed that these human brain cDNAs displayed strong homology
with rPROT. HH-1 exhibited homology with the deduced rPROT
sequence from amino acids 11-194, followed by several hundred
basepairs of unrelated, noncoding sequence that may represent an
intron. HH-2 positives displayed homology with the deduced rPROT
sequence from amino acid 255 extending to the putative stop codon,
followed by several hundred basepairs of 3’-untranslated sequence.

The insert of clone HH-2 was radiolabeled by random priming and
used as a probe to screen 1.5 X 10° recombinants from a human
temporal cortex cDNA library in A-zap (38). A single positive was
identified, designated HC-3, that contained a full-length open read-

ing frame coding for a 636-amino acid deduced protein that exhibited
~98% amino acid-sequence identity to rPROT.

Noncoding sequence was removed from clone HC-3 to produce an
expression construct designated R44E, which contains the complete
coding sequence of the hPROT ¢cDNA with 10 bp of 5’ noncoding
region and 70 bp of 3’ noncoding region. To generate R44E, we
removed approximately 1500 bp of 3’ untranslated sequence by
ligation of Sphl/Xbal-digested HC-3 to an Sphl/Xbal-digested PCR
product of primers 5’-GCC TCA TGA TCC CAG CTG GCA-3' and
5'-GCT CTA GAA TCC CAG AGG CA-3' amplified from HC-3 tem-
plate; an additional 160 bp of 5'-untranslated sequence were re-
moved by ligation of Kpnl/Sacl-digested HC-3 to a Kpnl/Sacl-di-
gested PCR product of primers 5'-GCG GTA CCC ACC CGC TCT
CCA AGA TGA A-3' and 5'-TGC ACC CGC ACC TTT GAA GAG-3’
amplified from HC-3 template. Nucleotide sequence was determined
on both strands of the R44E ¢cDNA insert by dideoxynucleotide chain
termination (Sequenase, US Biochemical Corp.) using synthetic oli-
gonucleotides as sequencing primers.

Expression and pharmacological studies. The full-length
R4A4E cDNA was used for all expression studies described in this
report. HeLa cells (100,000-150,000 per well in 24-well plates) were
infected with recombinant vaccinia virus strain VTF,_g (1-10 pfu per
cell) expressing T, RNA polymerase, followed 30 min later by lipo-
some-mediated (3 ug per well; Lipofectin, Life Technologies, Gaith-
ersburg, MD) transfection of R44E (1 ug per well) as described (17).
Transport assays were conducted 8-9 hr after transfection with 50
nM L-[*H]-proline as substrate in Krebs-Ringer-Tris-HEPES buffer
(120 mM NaCl, 4.7 mm KCl, 2.2 mM CaCl,, 10 mM HEPES, 1.2 mM
MgSO,, 1.2 mM KH,PO,, 5 mM Tris; pH adjusted to 7.4). Assays were
terminated and washed with ice-cold Krebs-Ringer-Tris-HEPES me-
dium,; cells were solubilized with 0.5 ml of 1% SDS; and accumulated
radioactivity was determined by scintillation counting. Triplicate
control transfections of plasmid vector alone (pBSII SK[-]) were
conducted on each 24-well plate to determine background transport
values, which were subtracted from signals obtained with hPROT.

Northern hybridization. A 1988-bp Kpnl/Xbal fragment incor-
porating the full-length hPROT ¢cDNA was radiolabeled with [32P]
dCTP by random priming (Life Technologies) and hybridized to a
human multiple tissue Northern blot and a human multiple brain
region Northern blot (both from Clontech, Palo Alto, CA). The hy-
bridization and washing conditions were as described by the manu-
facturer (Clontech).

Immunoblotting. Adult human brain and peripheral tissues
were obtained from the Joseph and Kathleen Bryan Alzheimer’s
Disease Research Center, Duke University Medical Center, Durham,
NC. Membranes were prepared and subjected to immunoblotting
with an affinity-purified antibody directed against the carboxyl ter-
minus of hPROT (GSQSPKPLMVHMRKYGGITSFENT), designated
C-597, as previously described (18). The sensitivity and specificity of
this antibody are documented (18). Briefly, tissues were homoge-
nized with a 50-ml glass Teflon motor-driven homogenizer in 10 vol
of ice-cold (0—4°) buffer (0.32 M sucrose, 5 mM EDTA, 50 mM HEPES,
pH 7.4, and 0.25 mM phenylmethylsulfonyl fluoride) containing the
following protease inhibitors: 20 ug/ml trypsin inhibitor, 20 pug/ml
benzamidine, 10 ug/ml aprotinin, and 20 pg/ml leupeptin. The ho-
mogenates were centrifuged at 800 X g for 20 min, and the pellet was
discarded. The supernatant was centrifuged at 18,000 X g for 30
min, and the resulting pellets, containing crude synaptosomal mem-
branes from various human brain regions or crude plasma mem-
branes from non-neural tissues, were resuspended in 0.5 ml of 20 mM
HEPES (pH 7.4). Membranes were assayed for protein content and
separated on SDS-polyacrylamide (8%) gels as described (18). Gels
were soaked in transfer buffer (250 mM glycine, 50 mM Tris, and 20%
methanol) and electroblotted overnight (0.5 A, 4°) to nitrocellulose
membranes (Bio-Rad). All subsequent steps were conducted at room
temperature. Blots were preincubated (1 hr) in blocking solution of
TBS-T (20 mM Tris base, 137 mm NaCl, HCI to pH 7.6, and 0.1%
Tween 20) containing 5% nonfat dried milk (Bio-Rad). Blots were
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rinsed in TBS-T and then incubated (1 hr) with C597 anti-PROT
antibody diluted in TBS-T (0.01 ug/ml). After extensive washing in
TBS-T, immunoblots were incubated in peroxidase-linked anti-rab-
bit antibody (Amersham Corp., Arlington Heights, IL) diluted 1:3000
in TBS-T. Immunoreactivity was detected by exposure to autoradiog-
raphy film (Kodak), using enhanced chemiluminiscence (ECL, Am-
ersham Corp). Blots were stained with Ponceau S solution (Sigma
Chemical Co., St. Louis, MO) to monitor the efficiency of protein
transfer. Prestained protein molecular weight markers (Life Tech-
nologies, Inc.) were used to estimate the apparent molecular weight
of proteins.

Chromosomal localization of the human and mouse PROT
gene. A mapping panel (panel 1) consisting of 17 mouse-human and
one Chinese hamster-human hybrids was obtained from the Na-
tional Institute of General Medical Sciences Mutant Cell Repository.
Characterization of these hybrids and their human chromosome
content is described in detail in the National Institute of General
Medical Sciences catalog. In situ hybridization using tritium-labeled
probes of 26 ng/ml to metaphases of a normal individual was con-
ducted as previously described (21).

C3H/HeJ-gld and Mus spretus (Spain) mice and [(C3H/HeJ-gld X
Mous spretus) F1 X C3H/HeJ-gld) interspecific backcross mice were
bred and maintained as previously described (22). Mus spretus was
chosen as the second parent in this cross because of the relative ease
of detection of informative RFLVs in comparison with crosses using
conventional inbred laboratory strains. DNA isolated from mouse
organs by standard techniques was digested with restriction endo-
nucleases, and 10-ug samples were electrophoresed in 0.9% agarose
gels. DNA was transferred to Nytran membranes (Schleicher and
Schull, Inc., Keene, NH), hybridized at 65°, and washed under strin-
gent conditions. Previous studies have defined the location of the
reference loci in the cross used in these studies: Pdgfrb, Grll, and
Adrb2 (referenced in Ref. 37). Gene linkage was determined by
segregation analysis as previously performed (22). Gene order was
determined by haplotype analysis that minimizes crossover fre-
quency among all genes that were determined to be within a linkage
group. This method resulted in determination of the most likely gene
order (40).

Results

Structural features of the hPROT. The nucleotide and
deduced amino acid sequences of the hPROT are shown in
Fig. 1. The deduced protein is predicted to have a molecular
mass of 70,868 Da and an isoelectric point of 6.58. The
hPROT and rPROT are highly similar, sharing ~98% overall
amino acid-sequence identity and ~92% nucleotide-sequence
identity throughout the open reading frame (Fig. 1). No
amino acid-sequence substitutions occur within the putative
transmembrane domains of hPROT, relative to rPROT.
hPROT is 1 amino acid shorter (636 amino acids) than
rPROT (637 amino acids), lacking one of the glutamate res-
idues present at positions 630—634 in the carboxy-terminus
of rPROT. Of the 13 remaining differences in amino acid
sequence between hPROT and rPROT, 8 occur in the second
extracellular loop, 2 occur in the amino-terminus, and 1 each
occurs in the carboxy-terminus and the fourth and sixth
extracellular loops.

Like the other members of the Na*- (and Cl™)-dependent
plasma membrane transporter family, the amino-terminus of
hPROT lacks a readily identifiable signal sequence, suggest-
ing that this domain resides on the cytoplasmic face of the
membrane. Furthermore, hydropathy analysis predicts the
presence of 12 segments of 20-25 hydrophobic amino acid
residues that could form transmembrane a-helical domains
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(Fig. 1), a hallmark of membrane transport proteins. Like its
rat counterpart, the hPROT possesses three canonical sites
for N-linked glycosylation (Asn-39, Asn-182, and Asn-586).
However, only Asn-182 is predicted to reside in an extracel-
lular region of the protein, namely, the large hydrophilic loop
between putative transmembrane domains 3 and 4. These
features of the predicted hPROT protein are consistent with
a tentative structural model for this family of transporter
proteins that predicts the presence of ~12 transmembrane
a-helical domains, cytoplasmic amino- and carboxy-termini,
and a large, glycosylated second extracellular loop.

Several consensus sequences for protein kinase-mediated
protein phosphorylation (23) are present in putative intra-
cellular domains of hPROT (Fig. 1). These sites are conserved
with rPROT and include one consensus site for cAMP-depen-
dent protein kinase phosphorylation, three consensus sites
for protein kinase C-dependent protein kinase phosphoryla-
tion, and five consensus sites for casein kinase II-dependent
phosphorylation (see Fig. 1). Interestingly, the consensus
sequence for protein kinase C-dependent protein phosphory-
lation located in the putative intracellular loop between
transmembrane domains 4 and 5 (Ser-239) in hPROT is
highly conserved throughout many, if not all, of the trans-
porters in this family (see Fig. 3 in Ref. 19).

Characterization of the transport properties of
hPROT. To examine the transport properties of the cloned
cDNA, we generated an expression construct that contains
the complete coding sequence of the hPROT ¢cDNA cloned
into the pBluescriptIl SK(—) vector such that sense tran-
scription occurs from the T, promoter (designated R44E).
This construct was transfected into HeLa cells expressing T,
RNA polymerase, and [*H]-L-proline uptake was assayed as
previously described (17). HeLa cells transiently transfected
with the R44E construct express time- and Na*-dependent
L-proline uptake (Fig. 2A). Isotonic substitution of extracel-
lular NaCl with choline chloride abolished specific L-proline
uptake (Fig. 2A). R44E-induced L-proline uptake was also
abolished in chloride-free media (Fig. 2B), confirming that
hPROT-induced L-proline transport is Na*- (and Cl1~)-depen-
dent, as previously reported for synaptosomal L-proline up-
take (24). In contrast, endogenous low affinity (K,,, ~350 uM)
transport of L-proline in pBluescriptll SK(-)-transfected
HeLa cells was dependent on extracellular Na* but indepen-
dent of extracellular chloride (Fig. 2B). Fig. 3A shows that
L-proline uptake in R44E-transfected HeLa cells is saturable
at low substrate concentrations. Eadie-Hofstee transforma-
tion of the data yielded a monophasic curve (Fig. 3B) consis-
tent with a single, high affinity interaction with an apparent
K, of 6.2 uM and a maximal velocity (V,,,) of 0.079 fmol/
cell/min.

The ability of several proline analogs, amino acids, and
related compounds to compete for [*H]-L-proline uptake in
hPROT-transfected HeLa cells was examined (Fig. 4 and
Table 1). Compounds that inhibited specific L-proline uptake
by 50% or more at 100 uM were further evaluated in dose-
response experiments, and apparent inhibitor constant (X;)
values were determined. hPROT-induced L-proline (50 nM)
uptake was stereospecific (Fig. 4 and Table 1). L-Proline
inhibited 50 nM [®*H]-L-proline transport with a K; of 7 uM,
whereas D-proline exhibited a K; of ~105 uM. hPROT-induced
L-proline uptake was sensitive to pharmacological inhibition
by L-pipecolic acid, sarcosine (N-methyl-glycine), L-nor-

2102 ‘2 Jaqwiadaq uo Alisianiun pesewwey ] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

222 Shafqatet al.

ATGAAGAAGCTCCAGGGAGCTCACCTCCGCAAGCCTGTCACCCCAGACCTGCTGATGACCCCCAGTGACCAGGGCGATGTCGAC 84
M K KL Q A HVLRIKUPVTZPDILILMTUPSUDOQGDUVD 28
E * ~
CTGGATGTGGACTTTGCTGCACACCGGGGGAACTGGACAGGCAAGCTGGACTTCCTGCTGTCCTGCATTGGCTACTGTGTAGGC 168
L DVDVPFAABRRGNWGTGI KTLUD_ELL S C I G Y CV G 56
D + ™I
CTGGGGAATGTCTGGCGCTTCCCCTATCGAGCGTACACCAATGGAGGAGGCGCCTTCCTCGTGCCCTACTTCCTCATGCTGGCC 252
LG N V W R F P Y R A Y TNGGGA_ F L V P Y F L ML A 84
™ II
ATCTGTGGCATCCCCCTCTTCTTCCTGGAGCTCTCCCTGGGCCAGTTCTCCAGCCTAGGGCCCCTGGCTGTCTGGAAAATCAGC 336
I_c ¢ I P L P P L B L S L G QP S SL G PULAVWEIEKTIS 112

CCTCTCTTCAAAGGCGCCGGCGCAGCCATGCTGCTCATCGTGGGCTTGGTGGCCATCTACTACAACATGATCATCGCCTACGTG 420
P L P R_G A G A A M L L I V G L V A I Y Y NMTI I A YV 140
™ IIT
CTCTTCTACCTCTTCGCCTCCCTCACCAGCGACCTACCCTGGGAGCACTGTGGCAACTGGTGGAACACAGAACTCTGCCTGGAG 504
LPYLPASTLTSDTLTZPWEUHTC CG GNWWNTETLT CTLE 168

N R
CACAGAGTCTCCAAGGACGGCAACGGGGCCCTGCCCCTCAACCTCACCTGCACCGTCAGCCCCAGTGAGGAGTACTGGAGCCGC 588
L RV 8 KDGNGALTZPLNTLT®G CTVSZPSETETYTWS R 19
H G P - s s
TACGTCCTCCACATCCAAGGCAGCCAGGGCATCGGCAGCCCTGGGGAGATCCGCTGGAACCTCTGCCTCTGCCTGCTGCTGGCC 672
Y VLHIOQGSOQGTIGS?PGETIRMWMNLILCTILTCTILTILLA 224

R ™ IV
TGGGTCATCGTGTTCCTCTCTATCCTCAAGGGTGTGAAGTCTTCGGGCAAGGTGGTGTATTTCACGGCCACGTTCCCCTACCTC 756
w v I v P L C I L K G VY K S SGI KYVY Y P T AT F P Y L 252

+ ™V
ATCCTGCTCATGCTGCTGGTCCGCGGAGTCACCCTCCCAGGGGCCTGGAAGGGCATCCAGTTCTATCTCACCCCCCAGTTCCAC 840
I L L M L LV R G VY T L P GAWU KTGTIOQTPTYTULTT PO QTFH 280

CACTTGTTGTCTTCCAAGGTGTGGATTGAAGCTGCTCTTCAGATCTTCTATTCCCTGGGTGTGGGCTTCGGGGGGCTCCTCACC 924
HLLSSKVWTIZEAATLUOTITFTYSTLGYGFGGULTLT 308
™ VI
TTTGCCTCCTACAACACGTTTCACCAGAACATCTATAGAGACACCTTCATCGTCACTCTGGGCAACGCCATCACCAGCATCCTG 1008
E A S YNTTPHOQNTITYRODITFE IV TLGNATITSTIL 33
™ VII
GCTGGCTTTGCCATCTTCTCCGTGCTGGGCTACATGTCTCAGGAGCTGGGCGTCCCTCTGGACCAAGTAGCCAAAGCAGGCCCT 1092
A_G P A I P S V L GYMSOQETLTGVTPVDOQVA AT KATGZP 364

GGCCTGGCCTTTGTCGTCTACCCACAGGCCATGACCATGCTGCCTCTGTCACCCTTCTGGTCCTTTCTCTTCTTCTTCATGCTT 1176
G LAPFPVY YUPOQAMTMTLZPTLSPFUWSZFLFTFFMTL 392
1 T™ VIII
CTGACTCTCGGCCTAGATAGCCAGTTTGCCTTTCTGGAGACCATTGTGACAGCTGTGACAGATGAGTTCCCATACTACCTGCGG 1260
LT L G L D S QFAPFLETTIVTAVTDETFUPYYTLHR 420

CCCAAGAAGGCGGTGTTCTCAGGGCTCATCTGCGTGGCCATGTACCTGATGGGGCTGATCCTCACCACTGATGGGGGCATGTAC 1344
P K KAV F S G L I C V A MY L M G L I L T TDGGMY 448
™ IX
TGGCTGGTCCTTCTGGATGACTACAGCGCCAGCTTCGGGCTGATGGTGGTGGTTATCACCACATGCCTTGCCGTGACACGGGTG 1428
WL VL LDUDY_ S A S F G L MV VV I T T C LAY TRV 476
™ X
TATGGCATTCAGAGGTTCTGCCGAGACATCCACATGATGCTGGGCTTCAAGCCGGGCCTCTACTTCAGGGCCTGCTGGCTGTTC 1512
X 6 I QRF CRDIHMMLGT P KUPGLTYV FRACWLF 504

CTGTCCCCAGCCACGCTCTTGGCCCTCCTGGTGTATAGCATCGTCAAGTACCAGCCCTCGGAGTATGGCAGTTACCGCTTCCCG 1596
LS P A T L L A L L V Y S I VK YOQPSEYGSYURTPFP 532
™ XI

CCCTGGGCTGAGCTGCTGGGCATCCTGATGGGCCTGCTGTCCTGCCTCATGATCCCAGCTGGCATGCTGGTGGCTGTGCTTCGA 1680
P WAELLGTI L MG GULLSCLMTIPAGMTUILLVYVAUVTELHR R 560
A ™ XII

GAAGAGGGCTCACTCTGGGAGCGGCTCCAACAGGCCAGCCGGCCGGCCATGGACTGGGGACCATCGCTGGAGGAGAACCGGACG 1764
E E G S L WERULIOQOQOASURZPAMNMDWGTPSTULETENTR RT 588

N 1 A
GGCATGTATGTGGCCACGCTGGCTGGGAGCCAGTCACCAAAGCCACTGATGGTGCACATGCGCAAGTACGGGGGCATCACCAGC 1848
G MYV ATLAGS SO QSU?PI KZPILMVHMZPBRIEKTYGGTITS 616
+ ~

TTCGAGAACACGGCCATCGAGGTGGACCGTGAGATTGCAGAGGAGGAGGAGTCGATGATGTGA 1908
F ENTATIEV DR RETIAERETETESMMend 636

Fig. 1. Nucleotide and deduced amino acid sequence of hPROT. The deduced amino acid sequence is shown below the nucleotide sequence.
Nucleotides are numbered in the 5’ to 3’ direction beginning with the first residue of the putative initiator methionine. The stop codon flanking the
open reading frame is denoted “end.” Twelve putative membrane-spanning domains are underlined. Note that the precise boundaries of the
transmembrane domains are arbitrary and are drawn for convenience of representation. One potential N-linked glycosylation site located on the
large putative extracellular loop connecting transmembrane domains 3 and 4 is indicated by double underfining. Two additional putative
glycosylation sites are located, one each within the putative intracellular NH,- and COOH-terminal domains, and are not shown. *, one potential
intracellular consensus sequence for cAMP-dependent protein kinase phosphorylation; +, three putative intracellular consensus sequences for
protein kinase C-dependent protein kinase phosphorylation; caret, five putative intracellular consensus sequences for casein kinase ll-dependent

ation sites. The remaining two protein kinase A sites, two protein kinase C sites, and two casein kinase Il sites are located in the putative
extracellular domains or within the putative transmembrane domains and are not shown.
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Fig. 2. Na*, CI-, and time lence of L-proline
uptake in Hela cells transfected with hPROT. A, Time
course of L-*H]-proline accumulation into HelLa cells
transfected with hPROT. Na* dependence was exam-
ined by isotonic substitution of assay NaCl with cho-
line chioride. Background levels of proline transport
were determined by transfecting HelLa cells under
identical conditions with pBluescript SKIl(—). Data
represent the mean + standard error of triplicate de-

Time (min)

B + (CK)
a8 -k

[3H}-L-Proline Uptake (cpm)

LRV

hPROT

s

PpBell SK(-)

leucine, L-phenylalanine, cis-4-hydroxy-L-proline, L-azeti-
dine-2-carboxylate, and trans-4-hydroxy-L-proline with the
relative rank order of inhibition constants (K; values) of 12
uM, 24 uM, 28 uM, 30 uM, 36 uM, 65 uM, and 82 uM, respec-
tively. Table 1 lists the compounds that exhibited K values in
excess of 100 uM.

Brain-specific expression of hPROT. To examine the
pattern of expression of hPROT mRNA in human tissues, we
hybridized a multiple tissue Northern blot at high stringency
with a fragment of the hPROT c¢DNA (see “Materials and
Methods”). Fig. 56 shows that a single prominent hybridizing
species of ~4 kb was detected in poly(A*) mRNA from human
brain. In addition, two higher molecular weight species were
observed in human brain mRNA that may represent par-
tially processed hnRNA. In contrast, no specific hybridizing
species were observed in any of the peripheral tissues exam-
ined, including human heart, placenta, lung, liver, skeletal
muscle, kidney, and pancreas. Furthermore, Fig. 5B shows
that hPROT mRNA is heterogeneously distributed in differ-
ent regions of human brain. The strongest hybridization sig-
nals were observed in hypothalamus and hippocampus. Mod-

1 terminations. B, CI~ dependence of L-[>H]-proline ac-
100 cymulation into HeLa cells transfected with hPROT.
Ci~ dependence was examined by isotonic substitu-
tion of assay NaCl with sodium gluconate. Data rep-
resent the mean * standard error of triplicate deter-
minations.

erate signals were observed in amygdala, thalamus, and
subthalamic nucleus. In contrast, little or no specific hybrid-
ization was observed in the human corpus callosum, caudate
nucleus, or substantia nigra.

To investigate the distribution of the hPROT protein in
human tissues, an affinity-purified antipeptide antibody (C-
597) was raised in rabbits against a 24-amino acid peptide
from the carboxy-terminus of the predicted hPROT protein
(18). This antibody specifically recognized a single 68-kDa
PROT glycoprotein on immunoblots of rat and human brain
tissues (18). Fig. 6 demonstrates that the hPROT protein is
brain specific. Antibody C-597 recognized a single broad 68-
kDa immunoreactive band in crude synaptosomal mem-
branes from human brain (Fig. 6A) but not in membranes
prepared from human liver, kidney, or heart (Fig. 6B). Im-
munorecognition of the 68-kDa band from human brain was
completely blocked by preabsorption of antibody C-597 with a
20-fold excess of the carboxy-terminal antigen peptide but
not with an unrelated 24-amino acid peptide or with protein
extracts from liver (18). However, the ~74- and 49-kDa
bands were labeled by Ab C-597 even in the presence of a
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TABLE 1

Compounds with K; values in excess of 100 um

Hela cells (~125,000 per well) infected with T, RNA polymerase-containing
vaccinia virus were transfected with hPROT (1 ug) and incubated with 50 nm
L-PPH]proline with or without 100 um inhibitors for 20 min at 37° in triplicate.
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Fig. 3. Concentration dependence of L-proline uptake in HelLa cells
transfected with hPROT. A, Uptake of 50 nm L-[?H]-proline was deter-
mined in the presence of increasing concentrations of unlabeled L-
proline during a 20-min incubation in transfected HelLa cells. Data
represent the mean * standard error of triplicate determinations. B,
Eadie-Hofstee analysis of the data shown in A.

20-fold excess of the specific peptide immunogen. Therefore,
we conclude that the 68-kDa immunoreactive band repre-
sents the hPROT protein and that the 74- and 49-kDa bands
represent background labeling.

When equal amounts of crude synaptosomal membranes
(25 pug of protein per lane) from different regions of the same
human brain were immunoblotted, a heterogeneous labeling
pattern was observed (Fig. 6A). The most prominent immu-
noreactive bands were observed in hippocampus, corpus stri-
atum, and temporal cortex. Immunoreactive bands of inter-
mediate intensity were observed in frontal cortex and
occipital cortex, whereas only weak labeling was observed in
the cerebellum and parietal cortex. Prominent labeling of a
single 68-kDa immunoreactive band was also observed with
corpus striatum samples from two additional individuals
(Fig. 6A). To demonstrate that equal amounts of protein were

Proline analogs Miscellaneous compounds Amino acids
N-Acetyi-L-proline 1-Aminocyclohexanecarboxy-  L-Alanine
late
N-Methyl-L-proline 1-(Aminomethyl)-cyclohexa- L-Aspartate
neacetate
L-Prolinamide Camosine L-Cysteine
p-Proline Cyclo-(His-Pro) L-Glutamate
L-Prolinol Cycloleucine Glycine
L-Pyroglutamate p-Cycloserine L-Leucine
Pyrrole-2-carboxylate 1-Cysteinesulphinate L-Serine
Pyrrolidine Histamine L-Tyrosine
2-Pymrolidone Isonipecotate
(*)-Nipecotate
Taurine
a-Aminoisobutyrate

a-Methylaminoisobutyrate
L-2,3-Diaminoproprionate
a-Ketoglutarate
L-Ornithine
L-B-Oxalylaminoalanine
(BOAA)

transferred from the SDS-PAGE gel to the nitrocellulose
membrane, the membrane shown in Fig. 6A was stripped and
reprobed with a rabbit polyclonal antibody directed against
rat protein phosphatase inhibitor-1 (20). A prominent 27-kDa
immunoreactive band was observed (labeled I-1; lanes 1-8 of
bottom panel of Fig. 6A). During the stripping of the mem-
brane, the region of the membrane containing lane 9 tore and
was not reprobed.

Chromosomal localization of the hPROT gene in hu-
man and mouse genomes. The human chromosomal loca-
tion of the hPROT gene was mapped by a combination of
somatic cell hybrid DNA analysis and chromosomal in situ
hybridizations (21). Southern blot analysis of DNA isolated
from 18 human and rodent somatic cell hybrids mapped
hPROT to human chromosome 5. The cDNA probe detected
three human Bgl II fragments of 12.5, 7.2, and 1.7 kb; five
mouse hybridizing bands of 13.5, 8.3, 5.8, 4.4, and 0.6 kb; and
seven hamster fragments of 4.2, 3.4, 2.3, 1.7, 1.0, 0.55, and
0.3 kb (data not shown). The 1.7-kb fragment was indistin-
guishable in the human-hamster hybrid. All human-specific
fragments segregated with chromosome 5 in 17 mouse-hu-
man hybrids scored. In situ hybridization of a tritium-labeled
probe to human metaphase chromosome spreads confirmed
the localization of the gene to chromosome 5 (Fig. 7A). Of 108
grains in 50 cells analyzed, 17 (15.7%) were located at 5q31-
32. No other chromosomal site was labeled above back-
ground.

This region of human chromosome 5 contains a variety of
genes encoding proteins involved in signal transduction and
is homologous with regions of mouse chromosomes 11 and 18,
to which neurological disorders have been mapped (reviewed
in Ref. 25). Therefore, we determined the chromosomal loca-
tion of the mouse PROT gene (designated Prot). A panel of
DNA samples from an interspecific cross that has been char-
acterized for genetic markers throughout the genome was
analyzed (see Ref. 22). The genetic markers included in
this map span 50-80 cM on each mouse autosome and the
X chromosome. Hybridization of a 2.2 kb BamHI/Xbal
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Fig. 4. Inhibition of proline trans-
port by structural analogs in
transfected cells. Proline trans-
port assays (50 nm L-[*H]-proline)
were conducted for 20 min with or
without increasing concentrations
of the indicated pharmacological
agents. Nonspecific transport
was determined for each assay
by a parallel transfection of
pBluescript SKIil(—) and values
were subtracted from signals ob-
tained with rPROT. Data repre-
sent triplicate determinations of
the percentage of specific proline
uptake obtained with labeled sub-
strate alone.

fragment of rPROT to Taql restriction endonuclease-di- tern when hybridized with the cDNA probes, indicating
gested DNA from the two parental mice defined informa- that the RFLVs co-segregated.

tive RFLVs: C3H/HedJ-gld, 3.7, 3.5, 2.1, and 1.9 kb; and Comparison of the haplotype distribution of the mouse
Mus spretus, 5.5 and 4.1 kb. Each of the restriction endo- PROT RFLVs among markers previously defined in this
nuclease-digested DNAs from the [(C3H/HeJ-gld X Mus cross allowed Prot to be mapped to a specific position on
pretus) F1 X C3H/HedJ-gld] interspecific backcross mice mouse chromosome 18 (Fig. 7B). The best gene order * the
displayed either the homozygous or heterozygous F, pat- standard deviation indicated the following gene order from

AI Bl g
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3855025 5 838.9->.='gg
Toad3Jwn¥a <OOIIND
kb - @ kb Fig. 5. Localization of hPROT mRNA in various human
95- 9.5- tissues. A, Brain-specific expression of hPROT mRNA
75- 75- : ‘ shown in an autoradiograph (4 days) of hybridization of an
44 - g " hPROT cDNA probe to a human multiple tissue Northern
T - ‘ . o blot (Clontech). B, Autoradiograph (1 week) of hybridiza-
. - ™ tionofan hPROT cDNA probe to a human brain multiple
24 - . tissue Northem blot (Clontech).
24 - -
1.35-
1.35-
B-Actin PAcn qeBldveoee
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proximal to distal on mouse Chr 18: Gri1 (14.9 + 3.3 cM),
Prot/Pdgfrb (2.6 *+ 1.5 cM), Adrb2.

Discussion

Brain-specific expression of hPROT. We describe the
isolation and characterization of cDNA clones for a hPROT.
The cDNA sequence and deduced primary structure establish
that this transporter represents the human homolog of a high
affinity Na*- (and Cl7)-dependent PROT expressed in sub-
populations of putative glutamatergic pathways in rat brain
(17). We generated nucleic acid and immunological probes
from the hPROT c¢cDNA and undertook the first detailed
investigation of the expression of hPROT mRNA and protein
in human tissues. A prominent ~4-kb hPROT mRNA tran-

A B

kDa 1 2 34 56 78 9 12 34
214 -
1-
T4 - i o i S - A e B

"0 Q00
45 - s
29 -

R

29-
1~ eeaal

Fig. 6. Brain-specific expression of hPROT protein. A, Top, The dis-
tribution of the hPROT protein in the human CNS is shown. Crude
synaptosomal membranes (25 ug of protein) from various human brain
regions were subjected to SDS-PAGE and immunoblotted with anti-
PROT antibody C-5987 (0.01 ug/mi) as described (18) Lane 1, frontal
cortex; lane 2, temporal cortex; lane 3, parietal cortex; /ane 4, occipital
cortex; lane 5, hippocampus; /ane 6, corpus striatum; /ane 7, corpus
striatum; /ane 8, corpus striatum; /ane 9, cerebellum. The three corpus
striatum samples shown in /lanes 6-8 were obtained from different
individuals. Bottom, The membrane was stripped and reprobed with an
affinity-purified antibody directed against protein phosphatase inhibi-
tor-1 (20). A prominent 27-kDa immunoreactive band was observed in
lanes 1-8. The portion of the membrane containing lane 9 tore during
the stripping and was not reprobed. B, Lack of hPROT immunolabeling
in peripheral tissues is shown. Human tissue homogenates (50 ng)
derived from liver (lane 1), kidney (lane 2), heart (lane 3), and lung (lane
4) were subjected to SDS-PAGE and immunoblotted with anti-PROT
antibody C-596 (0.01 ug/mi). Left, Mobility of prestained protein mo-
lecular weight markers.

script was observed in human brain that exhibited a heter-
ogeneous regional distribution (Fig. 5). In contrast, no spe-
cific hybridizing species were detected in peripheral tissue.
Similarly, a single 68-kDa hPROT immunoreactive band was
detected in crude synaptosomal membranes from various
regions of human brain but not in membranes prepared from
human liver, kidney, or heart. This apparent brain-specific
expression of hPROT is interesting because other members of
the GABA/norepinephrine transporter gene family do not
show this degree of brain specificity. For example, multiple
mRNAs arising from the hSERT have been detected in hu-
man placenta and lung in addition to serotonergic neurons in
human brain (26, 27). Similarly, transcripts arising from the
glycine transporter subtype GlyT-1, the GABA transporter
subtypes GAT-2 and GAT-3, the taurine transporter, and the
creatine transporter are widely expressed in peripheral tis-
sues (reviewed in Ref. 19). We believe that the brain-specific
expression of hPROT is consistent with an important physi-
ological role for this transporter in the mammalian CNS.

We observed a differential distribution of hPROT mRNA
and protein in the human corpus striatum. This brain region
contains high levels of a 68-kDa hPROT immunoreactive
protein (Fig. 6) but no detectable hPROT mRNA (Fig. 5).
These results are consistent with the hypothesis that the
hPROT protein is synthesized in neuronal cell bodies in an
extrastriatal location and axonally transported to the corpus
striatum. Similar results have been observed in rat brain
(18). Rat striatal synaptosomes exhibit prominent high affin-
ity Na*-dependent L-proline uptake (5) and high levels of a
68-kDa immunoreactive rPROT protein (18). However, this
brain region contains little or no rPROT mRNA (17, 18).
Furthermore, our demonstration that rPROT mRNA is ex-
pressed by hippocampal CA3 pyramidal cells (17, 18) rein-
forces the conclusion of Nadler and colleagues from lesion (6)
and uptake autoradiography (7) studies that high affinity
Na*-dependent L-proline uptake is enriched in terminal
fields of the Schaffer collateral, commissural, and ipsilateral
association projections of CA3 pyramidal cells. The promi-
nent expression of rPROT mRNA in rat hippocampal CA3
pyramidal neurons (17, 18) is in striking contrast to the
minimal uptake of [*H]-L-proline over the CA3 pyramidal cell
body layer compared with the corresponding axon terminal
fields (Fig. 1 in Ref. 7). Taken together, these findings pro-
vide evidence for the axonal transport of the PROT protein.
Future studies will use the C597 anti-PROT antibody in
electron microscopic immunolabeling studies to examine
whether mammalian brain PROT is localized to nerve termi-
nals.

Distinguishing features of mammalian brain PROT.
The pharmacological specificity, kinetic properties, and ionic
requirements of hPROT clearly distinguish this carrier from
the other Na*-dependent plasma membrane carriers that
transport L-proline, including the system “A” and system
“ASC” neutral amino acid carriers (reviewed in Ref. 28) and
the intestinal brush-border imino carrier (reviewed in Ref.
29). Mammalian brain PROT exhibits a K,,, of ~5-10 uM for
L-proline uptake in transiently transfected HeLa cells, which
is within the range of values reported previously for L-proline
uptake by rat hippocampal synaptosomes (K,,, ~6-7 uM) (6).
In contrast, the system “A”, system “ASC,” and imino carriers
transport L-proline with low apparent affinity (K,, values
>230 uM) (see references in Ref. 28 and 29). Furthermore,
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A. B. Fig. 7. Chromosomal localization of the PROT gene in
human and mouse genomes. A, /n situ chromosomal

localization of the hPROT gene on human chromosome 5.
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mammalian brain PROT exhibits a narrow range of sub-
strate specificity with striking selectivity for L-proline. In
contrast, the system “A” and system “ASC” neutral amino
acid carriers transport a wide range of neutral (dipolar)
amino acids in addition to L-proline (see references in Ref.
28). Wright and Peerce (30) identified the rabbit intestinal
brush-border imino carrier as a 100-kDa polypeptide on SDS-
PAGE. In contrast, the mammalian brain PROT protein runs
as a 68-kDa polypeptide (Fig. 6). Also, sarcosine (N-methy-
glycine) competes with high apparent affinity for hPROT-
induced L-proline transport (K; ~24 uMm) (Fig. 4) but only
weakly inhibits L-proline transport by the rabbit jejunum
brush-border imino carrier (K, ~8700 uM) (39).

Limited information is available describing the pharmaco-
logical properties of the native mammalian brain high affin-
ity L-proline uptake system (4). In general, a good correlation
exists between the potency of compounds in inhibiting the
cloned human PROT transporter and L-proline uptake in
brain slices (Table 1) (4). Thus, the open chain aliphatic
compound L-norleucine is a potent inhibitor of both hPROT
(K; ~24 pM) and L-proline uptake into rat cerebral cortical
slices (K; ~20 uM [4]). However, the cyclic imino acid L-
pipecolate is more potent at inhibiting mammalian brain
PROT (K; ~12 uM) than L-proline uptake into rat cerebral
cortical slices (DL-pipecolate ~K; 44 uM [4]). Also, L-azetidine-
2-carboxylate is a more potent inhibitor of hPROT (K, ~82
uM) than of L-proline uptake into rat cerebral cortical slices
(K; ~155 um [4)).

Previously cDNAs were isolated that code for an Esche-
richia coli K-12 Na™*/proline cotransporter that exhibits close
homology at the DNA level and the predicted amino acid and
secondary structure levels with human and rabbit intestinal
Na™*/glucose cotransporters (reviewed in Ref. 31). Interest-
ingly, although the E. coli Na*/proline cotransporter and
mammalian brain PROT both transport L-proline in a Na*-
dependent manner, no significant amino acid sequence
homology exists between these two transporters, indicat-
ing that they must have evolved from distinct ancestral
genes.

Based on studies of the inhibition of L-proline transport by
structural analogs (Fig. 4 and Table 1), we are beginning to
gain insights into the structural requirements for high affin-
ity interaction of substrates and/or inhibitors with mamma-
lian brain PROT. The ideal inhibitor must be the L-stereo-
isomer of a five- or six-member heterocyclic nitrogen
containing a ring with an electronegative carboxylate group

receptor.

separated by one carbon atom from an electropositive tetra-
hedral imino nitrogen with two hydrogen atoms. Replace-
ment of the carboxylate group of L-proline with —H (pyrro-
lidine)) —CH,OH (L-prolinol), or =0 (2-pyrrolidone)
eliminated high affinity interaction with hPROT (Table 1).
Furthermore, the inability of L-prolinamide to compete with
high apparent affinity for L-proline transport suggests that
the anionic nature of the carboxylate group is required for
high affinity interaction with hPROT. The inability of N-
methyl-L-proline to compete for L-proline transport estab-
lishes the requirement for a positively charged tetrahedral
imino nitrogen with two hydrogen atoms for high affinity
interactions with hPROT (Table 1). The importance of ring
size is best illustrated by a comparison of the relative potency
of the five-member L-proline (K; ~6 uM) versus the six-mem-
ber L-pipecolate (K; ~14 uM) versus the four-member L-aze-
tidine-2-carboxylate (K; ~65 uM). The order-of-magnitude
decrease in potency of L-azetidine-2-carboxylate most likely
reflects the lack of conformational flexibility of the strained
four-member heterocyclic ring, which prevents the imino ni-
trogen, carboxylate group, and hydrophobic region from as-
suming a favorable position for interaction with the trans-
porter (reviewed in Ref. 39). Optimal spacing of the imino
nitrogen and the carboxylate group is crucial for high affinity
interaction with hPROT. This is best illustrated by the rela-
tive potency of L-pipecolate (K; ~14 uM) versus (*)-nipecotate
or isonipecotate (K; values >>100 uM) (Fig. 4 and Table 1).
Moving the carboxylate residue from position 2 (L-pipecolate)
to position 3 ((*+)-nipecotate) or 4 (isonipecotate) eliminates
high affinity interactions with hPROT. Finally, although cy-
clic imino acids have the highest affinity for hPROT, the
aliphatic imino acid sarcosine (N-methylglycine) and the al-
iphatic amino acid L-norleucine display moderately high ap-
parent affinity for hPROT: K; values of 24 uM and 28 uM,
respectively (Fig. 4). The relatively free rotation about the
nitrogen/carbon bonds in these aliphatic carboxylates may
permit these molecules to assume a conformation that resem-
bles the more stable, puckered ring of L-proline (39).
Potential physiological role(s) of high affinity L-pro-
line uptake in the mammalian CNS. Because mammalian
brain PROT presumably serves to translocate L-proline from
the extracellular fluid into the cytoplasm of neurons that
express this carrier, high affinity uptake could serve to re-
duce the extracellular fluid L-proline concentration and/or to
provide an intracellular pool of L-proline. It may be important
to limit the concentration of L-proline in brain interstitium to
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ensure that this imino acid does not reach levels that would
inappropriately activate L-glutamate and/or strychnine-sen-
sitive glycine receptors (12). Alternatively, if L-proline has a
novel chemical signaling role in the mammalian CNS, then
high affinity uptake could regulate the concentration and
duration of the putative synaptic pool of L-proline and/or
conserve L-proline for re-use.

High affinity L-proline uptake could have an unprece-
dented metabolic or osmotic role in neurons. In this regard,
recent findings in honeybees and Drosophila indicate that
there is an important metabolic link between L-proline and
L-glutamate in nervous tissue. Tsacopoulos and colleagues
(32) observed that honeybee photoreceptor mitochondria re-
spond to light stimulation by rapidly oxidizing L-proline to
L-glutamate. They propose that this newly synthesized L-
glutamate then enters the Krebs’ cycle as a-keto-glutarate
through a reaction catalyzed by glutamate dehydrogenase.
According to their model, L-proline uptake could serve to fuel
photoreceptor neurons by increasing the supply of Krebs’
cycle intermediates that might otherwise become depleted
during prolonged photostimulation. By analogy, high affinity
L-proline uptake could provide a metabolic fuel for mamma-
lian nerve terminal mitochondria.

Recently, Hayward and colleagues (33) discovered that a
mutation in the mitochondrial proline oxidase gene of Dro-
sophila melanogaster results in abnormal locomotor behavior
characterized by sluggish motor activity and wing fluttering.
Proline oxidase catalyzes the first step in the catabolism of
L-proline to L-glutamate (34). Interestingly, L-glutamate is
the neuromuscular transmitter in Drosophila (33). There-
fore, a deficiency in mitochondrial proline oxidase may alter
the synthesis and/or release of the transmitter pool of L-
glutamate in specific nerve cell populations in Drosophila.
Similarly, rat brain synaptosomes metabolize L-proline to
L-glutamate through the sequential actions of proline oxidase
and delta-1-pyrroline-5-carboxylate dehydrogenase (34).
However, these enzymes are believed to exist in glial cells,
not neurons (see references in Ref. 17). Future studies are
necessary to determine the metabolic fate of the L-proline
taken up through the high affinity mammalian brain PROT.

High affinity Na*-dependent transport processes also me-
diate the presynaptic accumulation of certain neurotransmit-
ter precursors. For example, the rate-limiting step in the
biosynthesis of acetylcholine is believed to be Na*-dependent
choline uptake into cholinergic nerve terminals by a hemi-
cholinium-sensitive high affinity choline transporter (35). By
analogy, high affinity L-proline uptake by selected nerve ter-
minals may provide a precursor pool of L-proline for the
synthesis of a novel neurotransmitter.

Finally, neurotransmitter transporters can operate in re-
verse, pumping neurotransmittters out of cells and serving
as a Ca®*-independent nonvesicular mechanism for neuro-
transmitter release (reviewed in Ref. 36). It is therefore con-
ceivable that reversal of the PROT during neuronal depolar-
ization may provide a mechanism for the CaZ*-independent
nonvesicular release of L-proline. Because L-proline can be
neurotoxic (14), such a mechanism could contribute to the
neuronal death associated with brain anoxia.

Implications of chromosomal localization. The PROT
gene was localized to human chromosome 5q31-32. Although
no human neurological disorders have been mapped to this
region, 5q31-32 has homologies with regions of mouse chro-

mosomes 11 and 18, to which neurological disorders have
been mapped (25). High-resolution mapping of the murine
Prot gene locus allowed assignment of Prot to 14.9 cM distal
to Grl1 and 2.6 cM proximal to Adrb2 on mouse chromosome
18. Interestingly, the mouse neurological disorder bouncy
maps to this region of mouse chromosome 18 (37). Bouncy is
a recessive mutation in which homozygotes can be recognized
by their small size, severe tremor, and bouncy gait when
moving. The molecular basis of this disorder is unknown.
Because Prot and bouncy map to the same region of mouse
chromosome 18, future studies are warranted to determine
whether mutations in the PROT result in the murine bouncy
phenotype. Finally, the chromosomal localization of Prot in
the mouse is consistent with the mapping of the human
homolog to the long arm of human chromosome 5 (5q31-32).

In conclusion, we have isolated and characterized cDNAs
that code for a high affinity Na*- (and C1~)-dependent PROT
from human brain. The pharmacological specificity, kinetic
properties, and ionic requirements of hPROT clearly distin-
guish this carrier from the other Na*-dependent plasma
membrane carriers that transport L-proline. The brain-spe-
cific expression of hPROT mRNA and protein together with
our evidence for the axonal transport of the PROT protein
warrant the consideration of a synaptic regulatory role(s) for
this transporter and its presumed natural substrate L-pro-
line in the mammalian CNS. To facilitate studies of the
physiological role(s) of high affinity L-proline transport in
nervous tissue, it would be desirable to develop a high affin-
ity antagonist of mammalian brain PROT. It is striking that
few pharmacological agents exist that selectively antagonize
the transport of specific amino acid neurotransmitters by
their cognate transporters. The development of selective in-
hibitors of amino acid neurotransmitter transporters may
represent a fertile area for the development of novel thera-
peutic agents for treating neuropsychiatric disorders.
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