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Neurotransmitter transporters of the SLC6 family play an import-
ant role in the removal of neurotransmitters in brain tissue and
in amino acid transport in epithelial cells. Here we demonstrate
that the mouse homologue of slc6a20 has all properties of the
long-sought IMINO system. The mouse has two homologues cor-
responding to the single human SLC6A20 gene: these have been
named XT3 and XT3sl. Expression of mouse XT3s1, but not
XT3, in Xenopus laevis oocytes induced an electrogenic Na*-
and-Cl~-dependent transporter for proline, hydroxyproline, be-

taine, N-methylaminoisobutyric acid and pipecolic acid. Expres-
sion of XT3s1 was found in brain, kidney, small intestine, thymus,
spleen and lung, whereas XT3 prevailed in kidney and lung.
Accordingly we suggest that the two homologues be termed
‘XT3s1 IMINO®’ and ‘XT3 IMINOX’ to indicate the tissue ex-
pression of the two genes.

Key words: amino acid transport, iminoglycinuria, neurotransmit-
ter transporter family, orphan transporter, XT3, XTRP3.

INTRODUCTION

The transport of proline has been studied extensively in epithelial
cells from kidney and intestine (for reviews, see [1-3]). The amino
acid is completely resorbed in the proximal tubule of the kidney
and also efficiently absorbed in the intestine. Several routes have
been described for the epithelial transport of proline: first a specific
Na*-dependent transporter for proline and hydroxyproline, called
the IMINO system [4,5], secondly a transporter shared by proline
and glycine and some other amino acids, such as GABA (y-
aminobutyric acid) and B-alanine, which has been termed the
‘imino acid carrier’ [6,7], and, thirdly, the Na*-dependent neutral-
amino-acid-transport system, B [8]. Depending on the tissue and
species, either the IMINO system or the imino acid carrier may
carry the main load of proline transport in epithelia [9]. The mol-
ecular correlate of the imino acid carrier is the proton/amino acid
transporter PAT1 [10]. System B? is encoded by B’ATI gene [11],
but the molecular identity of the IMINO system has remained
elusive until very recently [12].

The IMINO system has been characterized in some detail in ves-
icles from rabbit jejunum [4,5,9,13]. These studies indicate that
proline is co-transported with Nat and CI~ ions with a stoichio-
metry of 1:2:1. Na* ions are thought to bind to the transporter be-
fore the substrate does. At physiological Na* concentrations, the
K., for proline is about 0.3 mM. Proline is the only proteinogenic
amino acid accepted by the IMINO system. Additional substrates
are L-pipecolate, hydroxyproline, proline methyl ester, betaine
and MeAIB (N-methylaminoisobutyric acid). The transporter is
stereoselective, preferring L-proline over D-proline [4].

The SLC6 family contains a number of orphan transporters.
Recently we identified a new member of the SLC6 family (B’AT1,
SLC6A19) that is closely related to the orphan transporters and
transports neutral amino acids [11]. Following up on this ob-
servation, we assumed that other orphan transporters may be

amino acid transporters as well. Here we show that mouse slc6a20
is indeed the long-sought IMINO system.

MATERIALS AND METHODS
¢DNA cloning and plasmids

To isolate the cDNA for XT3 and XT3s1, RNA was purified from
mouse kidney and brain (Nucleospin RNA-L kit; Macherey—
Nagel, Diiren, Germany). RT (reverse transcription) was carried
out using Superscript II-RT according to the manufacturer’s
(Invitrogen, Mulgrave, VIC, Australia) instructions. The cDNA
was purified (PCR purification kit; Qiagen, Clifton Hill, VIC,
Australia) and used as a template for PCR. The coding sequence
of both transporters was amplified (Pfu polymerase; Promega,
Madison, WI, U.S.A.) during 30 PCR cycles using the follow-
ing temperature profile: 94°C, 30s; 55°C, 60s; and 72°C,
12 min. XT3s1 (X transporter protein 3 similar 1) was amplified
from brain cDNA using the sense primer 5'-CCACCATGGAGA-
AGGCACGG and the antisense primer 5-TCTTCTGCCAAGC-
TCCCTAA, corresponding to bases 39-54 and 1933-1952 of
NCBI (National Center for Biotechnology Information) database
accessionno. NM_139142. XT3 was amplified from kidney cDNA
using the sense primer 5'-CCACCATGGAATCACCTTCAG and
the antisense primer 5-TCTGTGGGACCTCCAGTTCT, corre-
sponding to bases 118-133 and 2025-2044 of NCBI database
accession no. NM_011731 [14]. Both sense primers included a
Kozak sequence (underlined) in front of the start codon (in bold-
face). The amplified PCR products of XT3 (1932 bp) and XT3s1
(1918 bp) were purified by gel elution and cloned into pCR-
BluntII-TOPO (Invitrogen). The sequence of XT3 and XT3s1 was
determined by BigDye Terminator v3.1 cycle sequencing (the
service being provided by the Biomolecular Resource Facility at
the Australian National University). The sequences were found to

Abbreviations used: (Me)AIB, (N-methyl)aminoisobutyric acid; NCBI, National Center for Biotechnology Information; NMDG-CI, N-methyl-D-glucamine

chloride; RT, reverse transcription; XT3s1, X transporter protein 3 similar 1.
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be identical with those deposited in the NCBI database (XT3sl,
NM_139142; XT3, NM_011731). For expression studies, mouse
XT3 and XT3s1 were excised with EcoRI and inserted into the cor-
responding site of the oocyte expression vector pGEM-He-Juel
[15].

Oocytes, injections and flux studies

Oocyte isolation and maintenance have been described in detail
previously [16]. For expression, both plasmids were linearized
with Notl and transcribed in vitro using the T7 mMessage mMa-
chine Kit (Ambion, Austin, TX, U.S.A.). Oocytes were each
injected with 20 ng of cRNA encoding mouse XT3s1 or XT3.
Oocyte transport measurements were carried out 3—6 days after
injection as has been recently described in detail [16]. ND96
(96 mM NaCl2mM KCI/1.8 mM CaCl,/1 mM MgClL,/5 mM
Hepes, titrated with NaOH to pH 7.4) was used in all transport
assays unless indicated otherwise. Uptake of [“C]proline in-
creased linearly with time for more than 30 min. As a result,
uptake was determined using an incubation period of 10-15 min.
Radiochemicals were purchased from Amersham Pharmacia
Biotech (Castle Hill, NSW, Australia).

Electrophysiological recordings

Amino-acid-induced currents were analysed by two-electrode
voltage clamp recording. The recordings were performed with
1 x LU and 10 x MGU headstages connected to a Geneclamp
500B electronic amplifier (Axon Instruments, Union City, CA,
U.S.A.). The output signal was amplified ten times and filtered at
50 Hz. Data were sampled at 3 Hz using a Digidata 1322A and
pCLAMP software (Axon Instruments). Oocytes were chosen that
had a membrane potential of more negative than —30 mV. Once a
stable membrane potential was reached under current-clamp con-
ditions, the amplifier was switched to voltage-clamp mode, hold-
ing the oocytes at —50 mV. Oocytes were superfused with ND96
containing different substrates as indicated. A complete change
of the bath to a new solution was accomplished in about 10 s.

RT-PCR

Total RNA was isolated from male adult NRMI mouse tissues
using the Nucleospin RNA-L Kit (Macherey—Nagel). RT was
carried out using Superscript II-RT according to the manufac-
turer’s (Invitrogen) instructions. A standard PCR protocol with
100 pmol of each primer and a 2 ul aliquot of the purified cDNA
was used for amplification of the fragments during 30 cycles
(95°C, 30s; 60°C, 1 min; 72°C, 2 min) in a Thermocycler using
Platinum 7Tag polymerase (Invitrogen). The mXT3sl1-specific
fragment was amplified with sense primer [5'-TCCAGGAGAA-
TGGAGGAGTG (corresponding to positions 518-537) and anti-
sense primer [5-TCTTCTGCCAAGCTCCCTAA (correspond-
ing to positions 1933—-1952)]. The XT3-specific fragment was
amplified with sense primer [5'-ATCAACACCTGGGCTCTTTG
(corresponding to positions 559-578) and antisense primer:
5'-AAACCTGAAATGGCCTCCTT (corresponding to positions
1534-1553)]. A 1 kb actin cDNA fragment was amplified during
30 cycles as a control using the sense primer 5'-GCTCACCATG-
GATGATGATATCGC-3' and the antisense primer 5'-GGAGGA-
GCAATGATCTTGATCTTC-3'.

In situ hybridization

Tissue specimens of brain, kidney, liver, pancreas, small intestine,
spleen, heart and skeletal muscle from C57BL/6, SWR/J and
DBA1/J mice were fixed in 4 % (w/v) paraformaldehyde/0.1 M
sodium phosphate buffer, pH 7.2, for 4h and embedded in
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paraffin. Tissue sections, 5 um in thickness, were dewaxed and
hybridized as previously described [11,17]. Hybridization probes
were generated by in vitro transcription of mXT3 cDNA cloned
into pCR-blunt II-TOPO using SP6 polymerase (antisense) and
T7 polymerase (sense). Following washing steps, the slide pre-
parations were dipped in NTB2 emulsion (Kodak, Rochester, NY,
U.S.A.) and exposed at 4 °C for 6 weeks. After development, the
slides were stained with haematoxylin/eosin and photographed
with a Sony DSC digital camera.

Calculations, statistics and computer analysis

Each datapoint or bar in flux experiments represents the ac-
tivity (mean + S.D.) for eight XT3s1- or XT3-expressing oocytes
minus the activity (mean+S.D.) for eight non-injected
oocytes. For electrophysiological recordings, all experiments
were performed with at least seven different oocytes, each from at
least two different oocyte batches. The number of independent
experiments (e) is indicated in the Figure legends. Kinetic
constants were derived by non-linear curve-fitting using Origin7.0
software (OriginLab Corporation, Northampton, MA, U.S.A.). To
determine K 5 (half-saturation constant), /,,,,, (maximum current)
and & (Hill coefficient), the modified Michaelis—Menten equation:

I = Imz\x : Sh/(Ko.sh + Sh)

was used, where [ is actual current.

RESULTS
Tissue distribution and cellular distribution of XT3 and XT3s1

In the human genome, SLC6A20 is a unique gene located on
chromosome 3p21.3. Instead of a single gene, two highly homo-
logous genes are found in mouse. They are referred to as X73
[14] and XT3s/ (‘similar to XT3’) [18] and lie next to each
other on chromosome 9F4. To reveal the possible function of the
two isoforms, we determined their tissue distribution by RT-
PCR (Figures 1A-1C). XT3 was expressed in kidney and lung
only (Figure 1A), whereas XT3s1 was found in brain, kidney,
small intestine, thymus, spleen and lung (Figure 1B). In the brain,
XT3s1 was found in cerebellum, cortex and brain stem, but not in
liver, muscle and heart.

In order to localize the transcriptional activity of XT3 and
XT3s1 in mouse organs, we performed radioactive in situ hybridi-
zation assays on paraffin-embedded tissue sections. It is worth
noting that it is not possible to discriminate between XT3 and
XT3s1 in these experiments, because their DNA sequences are
92 % identical (including uninterrupted stretches of identical se-
quence of up to 100 bp). Hybridization with the *S-labelled anti-
sense XT3 probe revealed significant expression of XT3/XT3s1
in brain (Figure 1D, panels Brl and Br2), kidney (panel Ki),
small intestine (panel Si), and spleen (result not shown); other
organs, such as skeletal muscle, heart, liver or pancreas gave
negative results (not shown). No autoradiographic signals were
detected when using the **S-labelled sense control probe (results
not shown). In kidney, XT3/XT3sl1 transcripts were confined
to the renal cortex. The signal was broadly distributed throughout
the cortex, suggesting that XT3/XT3s1 was localized in all three
segments of the proximal tubule. The medulla and the glomeruli
were consistently hybridization-negative. In the small intestine,
XT3/XT3s1 mRNA localized to villus enterocytes, with the
highest expression in basal cells. Other cell types in the small in-
testine gave a negative response. In the brain, XT3/XT3s1 tran-
scripts were consistently detected in epithelial cells of the pia
mater covering the brain (panel Brl) and in the plexus choroideus
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Figure 1  Expression of XT3 and XT3s1 in mouse tissues
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Total RNA was isolated from different mouse tissues and reverse-transcribed into cDNA. Specific fragments were amplified for XT3 (A), XT3s1 (B) and for actin (C). Tissues are labelled as follows: K,
kidney; Li, liver; Si, small intestine; Cor, brain cortex; Cer, brain cerebellum; Bst, brain stem; Thy, thymus; Sp, spleen; H, heart; Lu, lung; M, muscle. Markers were loaded on each side of the gel. The
arrows in all three panels point to standards of 1000 and 1500 bp in length. (D) In situ hybridization of XT3/XT3s1 in mouse tissues. The antisense probe was hybridized to mRNA in sections from
brain (Br), small intestine (Si), kidney (Ki). In the brain the highest expression was found in the pia mater (arrow, panel Br1) and the plexus choroideus (arrow, panel Br2). In the kidney, XT3/XT3s1
mRNA was detected throughout the cortex. In the small intestine mRNA localized in villus enterocytes, with the highest expression in basal cells (arrows).

(panel Br2). In addition, single hybridization-positive cells of
unidentified origin were observed in brain tissue.

Cloning and functional properties of mouse XT3 and XT3s1

As a result of the expression data, full-length cDNAs of XT3
and XT3s1 were isolated from kidney and brain respectively. Ex-
pression of mouse XT3s1 in Xenopus laevis oocytes resulted in
a more than 30-fold increase of proline-uptake activity compared
with control oocytes (Figure 2A). Other amino acids, such as
glutamine, glutamate, histidine, glycine and arginine, were not
actively transported. A very small uptake activity was observed for
phenylalanine, leucine and alanine. XT3-expressing oocytes, by
contrast, did not show increased uptake of any of the tested amino
acids (Figure 2A). To determine the substrate specificity of XT3s1
more precisely, we used competition experiments and electrophy-
siological recordings. Uptake of 50 uM ["*C]proline was strongly
inhibited by a 100-fold excess of proline itself, by MeAIB and
betaine. A slight inhibition was caused by AIB (aminoisobutyric
acid), but not by other amino acids (Figure 2B). Superfusion
of XT3sl-expressing oocytes with substrates resulted in robust
inward currents (Figure 2C). Amino acids with secondary,

tertiary or quarternary amine groups were the preferred substrates
of the transporter (Figure 2D). Neutral amino acids, such as
phenylalanine, leucine and alanine, and the amino acid analogue
AIB induced smaller, but significant, currents. Analysis of the
substrate K 5 values (Table 1) further revealed that the transporter
was stereoselective and that piperidine-2-carboxylic acid (or
pipecolic acid, a homologue of proline with a six-atom ring)
had the highest affinity for the transporter. Movement of the car-
boxy group out of the a-position (nipecotic acid or piperidine-
3-carboxylic acid) drastically decreased the affinity for the trans-
porter.

Uptake of [**C]proline was Na*- and Cl~-dependent; replace-
ment of NaCl by NMDG-CI (N-methyl-D-glucamine chloride) or
LiCl completely abolished the transport activity, as did replace-
ment of chloride with gluconate (Figure 3A). These data
demonstrate that XT3sl is an electrogenic Nat-and-Cl~-depen-
dent transporter. An activation analysis of proline transport as a
function of the Na* concentration showed a hyperbolic depen-
dence. Half-maximal transport velocity was reached at an Na*
concentration of 22 +2 mM (Figure 3B), and an /4 value of 1.1 &+
0.1 was determined. The chloride-binding site had an apparent
K5 of 2.3+ 1 mM (Figure 3C). Similar results were obtained by
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Figure 2 Substrate specificity of XT3s1

Oocytes were injected with XT3 or XT3s1 cRNA or remained uninjected (n.i.) in the controls.
(R) Uptake of ["Clglutamine, ["Clglutamate, ["Clleucine, ["Clhistidine, [**Clalanine,
[™*Clphenylalanine, [**Clglycine, ["Clproline and [*Clarginine (100 ..M each) was determined
4 days after injection in oocytes expressing XT3 (grey bars), XT3s1 (black bars) and in
non-injected oocytes (white bars). (B) Uptake of 50 uM ["Clproline was challenged by
5mM unlabelled amino acids and their analogues. Each bar represents the transport activity
(mean+S.D.) for ten oocytes (e=3). Abbreviations: BCH, 2-aminobicyclo[2.2.1]-
heptane-2-carboxylic acid; Bet, betaine. (C) Original tracings of substrate-induced currents
(0.5mM) in XT3s1-expressing oocytes after 4 days incubation. Superfusion intervals are
indicated by bars. Abbreviation: HO-Pro, hydroxyproline. (D) Summary of substrate-induced
inward currents. Substrate-induced currents (0.5mM) were compiled from experiments of
the type shown in (C) and normalized to proline-induced currents. The experiment was
performed with seven oocytes (e = 3). Noninjected oocytes showed inward currents of 2—3 nA
in response to the same panel of substrates. Abbreviations: Nip, nipecotic acid; Pip, pipecolic
acid.
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Table 1 Substrate affinity of XT3s1

Oocytes were injected with XT3s1 cRNA. After incubation for 4 days, oocytes were superfused
with different substrates ranging in concentration from 0 to 10 mM. K s-values were determined
for each oocyte and subsequently averaged for seven oocytes (e = 3).

Substrate Kos (MM)
L-Proline 0.13+0.03
0-Proline 0.4640.02
Hydroxyproline 0.1940.03
Betaine 0.20+0.02
p/L-Pipecolate 0.09+0.01
Nipecotic acid 2.80+0.28
L-Phenylalanine 30+07
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Figure 3 lon activation of proline transport by XT3s1

QOocytes were injected with XT3s1 cRNA or remained uninjected (n.i.) in the controls.
(R) ["*C]Proline (100 M) uptake was determined 4 days after injection in buffer containing
NaCl or in buffer where NaCl was replaced by LiCl, NMDG-CI or sodium gluconate. Each bar
represents the transport activity (mean + S.D.) for ten oocytes (¢ = 3). (B) Proline-induced cur-
rents (5 mM) plotted as a function of the extracellular Na* concentration. (C) Proline-induced
currents plotted as a function of the extracellular CI= concentration. Curves display the transport
activity (mean + S.D.) for seven oocytes (e = 3).
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using flux experiments (results not shown). To investigate further
the stoichiometry of the transporter, we determined uptake of
0.5 mM [“C]proline under voltage-clamp conditions. In eight
oocytes we determined a charge/proline ratio of 0.9 +0.1.

DISCUSSION
General properties

The IMINO system is one of the major systems for the resorption
of proline in the intestine and kidney and has been extensively
characterized in the brush-border membranes of the jejunum
[4,5,9, 13]. It is an Na*-and-Cl~ -dependent transporter. Amino
acids with secondary or tertiary amine groups are the preferred
substrates of the transporter, including proline, hydroxyproline,
MeAIB and betaine. Mouse XT3s1, when expressed in X. laevis
oocytes, shows all the properties of this transport system. The
cloning of mouse XT3 from kidney has been reported previously
[14]. Similarly, rat rB21a, which is homologous with mouse
XT3s1, has been isolated from brain [19]. These studies neither
recognized the presence of two highly homologous genes in
these two species nor identified their function. In humans only
one XT3 isoform, namely SLC6A20, is found, and its gene is
located on chromosome 3p21.3. To simplify the confusing no-
menclature, we suggest the use of the terms ‘IMINOX’ (‘highly
expressed in kidney’) for mouse XT3 and its equivalent in rat
(unfortunately named XT3s1) and IMINO® (‘highly expressed in
brain’) to refer to XT3s1 and its rat homologue rB21a. The high
similarity between IMINO¥ and IMINO® suggests that a gene
duplication event may have occurred in mice and rat after separ-
ation from humans in evolution. Interestingly, we found active
proline transport in oocytes expressing IMINO®, but not in oocytes
expressing IMINOX. This suggests that the extended N-terminus
of IMINO* may be required to interact with as yet unknown
proteins.

One notable discrepancy between the functional properties of
the intestinal IMINO system and the properties of IMINO? is the
Na* stoichiometry. For the intestinal IMINO system a 2 Na't/1
Cl /proline co-transport has been proposed [5,9]. Activation
analysis in oocytes, by contrast, indicates a 1 Na*/1 Cl~/proline
co-transport, which would be electroneutral. Uptake experiments
under voltage-clamp conditions, however, suggest translocation
of 1 charge per proline molecule. A plausible explanation for this
apparent discrepancy is that chloride transport will occur by the
way of an exchange process because of the very high affinity of
its binding site. As a result, chloride transport will not affect the
electrogenicity of the transporter.

Role of IMINOB in the brain

Over recent years a number of proline transporters have been
identified in brain tissue. They includes SLC6A7, a vesicular
proline transporter [20], PAT1, which is found in the plasma mem-
brane and in the lysosomes of neurons [21] and, as reported here,
IMINQB. The location of IMINO® in the pia mater and plexus
choroideus suggests that it is involved in the transport of proline
into and out of the brain. Given that proline is a precursor for
glutamate, proline transporters may have a role in providing pre-
cursors for glutamate biosynthesis to certain neuronal sub-
populations [22]. Owing to the lack of anaplerotic enzymes for
the tricarboxylic acid cycle, neurons have to rely on precursors
for glutamate biosynthesis [23]. Interestingly, it has been reported
that mutations of proline dehydrogenase affect sensorimotor
gating in mice [24]. The highly specific location of different
proline transporters in brain supports role of proline in neuro-
modulation.

Implications for inherited aminoacidurias

Proline and glycine have served as model substrates for amino
acid resorption in kidney and intestine. The resorption of these two
amino acids is driven by the Na* electrochemical gradient [25] and
the protonmotive force [7]. In relation to the inherited disease
aminoaciduria iminoglycinuria [26], resorption of proline and
glycine appears to be particularly important. Iminoglycinuria is
an autosomal-recessive disorder characterized by increased ex-
cretion of proline and glycine in the urine [27]. Functional and
molecular analysis suggests that at least three transporters contrib-
ute to proline and glycine uptake in kidney and intestine, namely
the proline-specific IMINO transporter described here, the proton/
amino acid transporter PAT1 [10] and the neutral amino acid
transporter B’AT1 [11]. The contribution of each transporter to
the resorption of these amino acids and their involvement in the
phenotypical variability of iminoglycinuria will require the clari-
fication of the genotype of iminoglycinuric patients.

While this manuscript was being revised, we became aware
of a publication by Takanaga et al. [12] describing the functional
properties of rat slc6a20. The results of both our studies are similar
and agree in the assignment of SLC6A20 as the IMINO trans-
porter.

This study was supported by grants from the Australian Research Council (ARC Discovery
Project Grant DP 0559104) and the National Health and Medical Research Council
(NHMRC; Project Grant 224229) to S.B.
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