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1 Functional characteristics and substrate specificity of the rat proton-coupled amino acid
transporter 2 (rat PAT2 (rPAT2)) were determined following expression in Xenopus laevis oocytes
using radiolabelled uptake measurements, competition experiments and measurements of substrate-
evoked current using the two-electrode voltage-clamp technique. The aim of the investigation was to
determine the structural requirements and structural limitations of potential substrates for rPAT2.

2 Amino (and imino) acid transport via rPAT2 was pH-dependent, Naþ -independent and
electrogenic. At extracellular pH 5.5 (in Naþ -free conditions) proline uptake was saturable (Km
172741 mM), demonstrating that rPAT2 is, relative to PAT1, a high-affinity transporter.
3 PAT2 preferred substrates are L-a-amino acids with small aliphatic side chains (e.g. the methyl
group in alanine) and 4- or 5-membered heterocyclic amino and imino acids such as 2-azetidine-
carboxylate, proline and cycloserine, where both D- and L-enantiomers are transported.

4 The major restrictions on transport are side chain size (the ethyl group of a-aminobutyric acid
is too large) and backbone length, where the separation of the carboxyl and amino groups by only
two CH2 groups, as in b-alanine, is enough to reduce transport. Methylation of the amino group
is tolerated (e.g. sarcosine) but increasing methylation, as in betaine, decreases transport. A free
carboxyl group is preferred as O-methyl esters show either reduced transport (alanine-O-methyl ester)
or are excluded.

5 The structural characteristics that determine the substrate specificity of rPAT2 have been
identified. This information should prove valuable in the design of selective substrates/inhibitors for
PAT1 and PAT2.
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Introduction

The mammalian genomic information revealed over recent

years predicts the expression of many more plasma membrane

transport proteins than those detected in functional studies.

Previously unidentified transport systems are likely to play

fundamental roles in organismal biology. The potential

importance of these transporters has been overlooked because

of tissue-specific, cell-specific, subcellular or simply low levels

of protein expression. Many new transport systems are

emerging as potential therapeutic targets for oral drug delivery

or treatments for neurological disorders. Only with knowledge

of the basic functional characteristics of any particular

transport system can the likely physiological or pathophysio-

logical roles of each transport system be predicted and rational

approaches to drug design developed.

The first member of solute carrier family 36 (SLC36A1) has

been isolated from rat (Sagné et al., 2001), mouse (Boll et al.,

2002) and human (Chen et al., 2003a). When expressed in

heterologous cell types, SLC36A1 produces a Hþ -coupled,

pH-dependent, Naþ -independent amino acid transporter,

which has been named proton-coupled amino acid transporter

1 (PAT1) (Boll et al., 2002; Chen et al., 2003a). PAT1 has

functional characteristics (Boll et al., 2003a; Chen et al., 2003a)
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identical to the amino acid transport system PAT, previously

characterised functionally at the brush-border membrane of

the human intestinal epithelial cell line Caco-2 (Thwaites et al.,

1993a, b; 1994; 1995a–c; 1999; 2000; Thwaites & Stevens,

1999). A transporter with similar functional characteristics has

also been identified in rabbit renal brush-border membrane

vesicles (Rajendran et al., 1987; Roigaard-Petersen et al.,

1987). PAT1 has recently (Anderson et al., 2004) been

identified as the transport system which represents the

absorptive carrier in the small intestine, previously known as

the sarcosine carrier (Newey & Smyth, 1964), the imino acid

carrier (Munck, 1966; Munck et al., 1994) and the methionine-

insensitive sarcosine–glycine–proline system (Thompson et al.,

1970). Thus, a known transport system, the intestinal Hþ -

coupled amino acid transporter system PAT (Newey & Smyth,

1964; Munck, 1966; Thompson et al., 1970; Thwaites et al.,

1994; 1995c), has been identified at the molecular level.

Although a physiological function for this transporter (amino

acid absorption) had been identified at the brush-border

membrane of the small intestine, the widespread tissue

distribution of PAT1 (at the mRNA level as detected by

Northern blot and RT–PCR (Sagné et al., 2001; Boll et al.,

2002; Chen et al., 2003a; Anderson et al., 2004)) suggests that

PAT1 may have previously unidentified functional roles in

many other tissues. Indeed rat PAT1/Slc36a1 was isolated

from a rat hippocampal cDNA library (Sagné et al., 2001). The

rat PAT1 clone was originally named lysosomal amino acid

transporter 1 (LYAAT-1) because of its lysosomal localisation

in the neuronal tissues studied (Sagné et al., 2001), although

it has also been shown to function in the axonal plasma

membrane (Wreden et al., 2003). This ‘dual’ (plasma

membrane and intracellular) localisation seems to be common

for mammalian Hþ -coupled transporters, and has been

observed with both the divalent metal transporter DMT1

(Gunshin et al., 1997; Cannone-Hergaux et al., 1999; Tabuchi

et al., 2000) and the di/tripeptide transporter PepT1 (Gana-

pathy & Leibach, 1985; Bockman et al., 1997; Walker et al.,

1998). Thus, a single transport protein may perform separate

functions either at different membranes within a single cell

type or in different membranes in different cells. The roles of

PAT1 in neural tissues are unclear, but are likely to involve

movement of neurotransmitters from one compartment

to another since both glycine and g-aminobutyric acid (GABA)
are substrates (Sagné et al., 2001; Boll et al., 2002; Chen et al.,

2003a; Wreden et al., 2003) and PAT1 is expressed in

both glutamatergic and GABAergic neurons (Agulhon et al.,

2003).

The revelation of the PAT1 nucleotide sequence allowed the

identification of related sequences and PAT1 is now known to

be one of the four members of solute carrier family 36

(SLC36A1-4 or PAT1-4) identified in the mouse, rat and

human genomes (Boll et al., 2003b; Chen et al., 2003b;

Bermingham & Pennington, 2004). Interestingly, there is very

little evidence in the literature from studies using mammalian

tissues for any Hþ -coupled amino acid transport function

beyond that attributed to PAT1. Thus far PAT2 has been

isolated from mouse (Boll et al., 2002), rat (Bermingham et al.,

2002; Chen et al., 2003b) and human (Boll et al., 2003b). Like

PAT1, PAT2 is a Hþ /amino acid cotransporter (Boll et al.,

2002; 2003b; Chen et al., 2003b). PAT2 has a much more

restricted tissue distribution than PAT1 at the mRNA level

and the mRNA seems less abundant, but is found in brain,

lung, heart, skeletal muscle and kidney (Bermingham et al.,

2002; Boll et al., 2002; 2003b; Chen et al., 2003b). Immuno-

histochemical studies have localised rat PAT2 (rPAT2) protein

to the paranodes and incisures of the sciatic nerve (Berming-

ham et al., 2002). Mouse PAT2 protein is found in both spinal

cord and brain where it is localised to the endoplasmic

reticulum, recycling endosomes and other cellular compart-

ments, including the plasma membrane (Rubio-Aliaga et al.,

2004). The role for PAT2 in these tissues remains unclear

although the inhibitory neurotransmitter glycine appears to be

transported with relatively high affinity.

The purpose of this investigation was to identify the

substrate specificity of the rPAT2 transporter by competition

studies and measurements of substrate-evoked currents in

PAT2-expressing Xenopus laevis oocytes. The structural

requirements to allow binding of a substrate to PAT2 were

determined using a variety of amino acids and derivatives.

Only with detailed knowledge of the cellular localisation and

substrate specificity of any particular transport system can

novel transporters be identified as potential therapeutic

targets. The role of this transporter in glycine transport in

the CNS is of particular interest since glycine is involved

in both postsynaptic inhibition (via activation of ligand-gated

Cl� channels) and excitation via potentiation of glutamatergic

neurotransmission (Lopez-Corcuera et al., 2001).

Methods

Materials

L-[2,3-3H]proline (43Cimmol�1), L-[4,5-3H]leucine

(112Cimmol�1), 4-amino-n-[2,3-3H]butyric acid (GABA)

(81Cimmol�1), [2-3H]glycine (16Cimmol�1) and [1,2-3H]taur-

ine (29Cimmol�1) were from Amersham Biosciences (Little

Chalfont, U.K.). a-[N-Methyl 3H]methylaminoisobutyric acid

(MeAIB) (85Cimmol�1), [3-3H(N)]b-alanine (50Cimmol�1),

L-alanine[2,3-3H]methyl ester ([3H]O-Me-Ala) (50Cimmol�1)

and [1-14C]N,N,N-trimethylglycine (betaine) (55mCimmol�1)

were from American Radiolabeled Chemicals (St Louis,

U.S.A.). L-[3-3H]Alanine (74Cimmol�1) and L-[3,4-3H]gluta-

mic acid (52Cimmol�1) were from NEN Life Sciences

(Zaaventem, Belgium). L-[4,5-3H(N)]Lysine (99Cimmol�1)

was from Perkin-Elmer Life Sciences (Boston, U.S.A.). All

chemicals including amino acids were of the highest standard

available and were purchased from Sigma-Aldrich/Fluka/RBI

(Poole, U.K.) or Bachem (St Helens, U.K.).

Functional expression of rPAT2 and mouse PAT1
(mPAT1) in X. laevis oocytes

X. laevis oocytes were prepared, and uptake experiments

performed, essentially as described previously (Bertran et al.,

1992; Chen et al., 2003b). Individual stage V/VI oocytes were

injected with 50 nl of water, rPAT2 (1 mgml�1) or mPAT1

(1 mg ml�1) cRNA and incubated for 3 days in Barth’s solution

at 181C before use. Radiolabelled amino acid uptake

(5 mCiml�1, 0.1–20mM) was performed in an Naþ -containing

or Naþ -free pH 5.0–7.4 buffer (100mM NaCl or cholineCl,

2mM KCl, 1mM CaCl2, 1mM MgCl2, 10mM MES (pH

5.0–6.5) or 10mM HEPES (pH 6.5–7.4), pH adjusted with Tris

base) at room temperature (221C) for 40min. The substrate
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specificity of rPAT2 was investigated by the uptake of a variety

of radiolabelled amino acid substrates (all 5 mCiml�1, 100 mM).
In addition, the ability of various amino acids (0.001–20mM)

to compete for [3H]proline or [3H]O-Me-Ala (both 5mCiml�1,
100 mM) uptake via rPAT2 and/or mPAT1 was investigated

(with mannitol, used as an osmotic control, being added

to each condition so that the final mannitol/amino acid

concentration was equivalent). At the end of the incubation

period, oocytes were washed three times with 3ml ice-cold

uptake buffer and each oocyte placed in an individual

scintillation vial. The oocytes were lysed in 10% SDS prior

to addition of 1ml scintillation cocktail (Perkin-Elmer Life

Sciences) and the radioactivity determined by scintillation

counting. In the experiments aimed at identifying the

functional characteristics of rPAT2, proline was used as

the key substrate and proline uptake is expressed as

pmol oocyte�1 (40min)�1. For comparison of the relative

uptake of various radiolabelled amino acids, uptake into

rPAT2 or water-injected oocytes is expressed as a % of

[3H]proline uptake in rPAT2-injected oocytes. In the competi-

tion studies, [3H]proline uptake via rPAT2 (or mPAT1) in the

presence and absence of unlabelled amino acids (all 10mM) is

expressed as a % control ([3H]proline uptake in the absence of

unlabelled amino acid after subtraction of uptake in water-

injected oocytes under identical experimental conditions).

Measurement of amino acid-evoked currents using
the two-electrode voltage-clamp technique

Two-electrode voltage-clamp experiments were performed on

X. laevis oocytes, essentially as described previously (Boll et al.,

2003b). Briefly, X. laevis oocytes (prepared as described above,

and used 2–4 days post-injection with either 50 nl water,

rPAT2 (1 mgml�1) or mPAT1 (1 mgml�1) cRNA) were exposed
to an extracellular incubation buffer (100mM cholineCl, 2mM

KCl, 1mM CaCl2, 1mM MgCl2, 10mM MES, pH adjusted to

5.5 with Tris base, 191C) in an open chamber, while clamped at

a membrane potential of �60mV. Electrodes were fabricated
from borosilicate glass and once filled with 3M KCl gave

electrical resistances between 0.5 and 1.5MO. The currents

evoked, following addition of various amino acids (all at

10mM for 120 s) to the solution bathing rPAT2, mPAT1 or

water-injected oocytes, were measured as the difference

between current measured over a 20 s period before addition

of the substrate and the current measured 100–120 s after

addition of the substrate. Results are presented both as

representative traces and as mean amino acid-evoked current

change (following subtraction of current in water-injected

control oocytes under identical experimental conditions) and

are expressed as a % of current evoked by 10mM proline.

Statistics

Data are expressed as mean7s.e.m. (n). The n number

represents the number of individual oocytes per condition.

Routinely each experimental condition in the radiolabel

uptake experiments is tested using up to 10 oocytes per batch.

Each batch of oocytes is from a separate animal. All

experiments are performed using oocytes from at least two

(up to six) separate batches. Statistical comparisons of mean

values were made using one-way analysis of variance

(ANOVA) (using the Tukey–Kramer multiple comparisons

post-test). One-site hyperbolar and sigmoidal dose–response

curves were fitted using GraphPad Prism version 3.00.

Results

Functional characteristics of amino acid transport
by rPAT2

Proline (100mM) uptake into rPAT2-injected oocytes is pH-

dependent, being two-fold greater at pH 5.5 compared to pH

7.4 (Figure 1). Under each condition, proline uptake into

rPAT2 oocytes is significantly greater than that in water-

injected oocytes (Po0.001). Three observations in rPAT2-

expressing oocytes: (i) no significant difference (P40.05) in

proline uptake between pH 5.5 and 7.0; (ii) uptake at pH 7.4

being approximately half maximal; (iii) uptake at pH 7.4 being

10-fold greater than that in water-injected oocytes, suggest

that the PAT2 transporter is activated at lower extracellular

proton concentrations than PAT1 (Figure 1). In contrast, half-

maximal uptake in PAT1-expressing oocytes is observed

between pH 6.2 and 6.3 (Figure 1), with a 4.2-fold increase

in proline uptake between pH 5.5 and 7.0 (Po0.001).

Under all extracellular pH conditions tested, proline uptake

by either PAT2 (Figure 2a) or PAT1 (Figure 2b) is Naþ -

independent, with no significant difference (P40.05) being

observed at pH 5.5, 6.5 or 7.4 in the presence or absence of

extracellular Naþ . For the rest of the study, amino acid

transport via PAT2 was measured under conditions in which

PAT2-mediated uptake is optimal (and transport via other

carriers minimised) using incubation buffers of pH 5.5 and

Naþ -free conditions. Under these conditions, proline uptake

via PAT2 is saturable, with a Km of 172741 mM (Figure 3).

Substrate selectivity: the effects of methyl substitution
on the a carbon and amino group

In Figure 4a, significantly higher uptake of glycine into rPAT2

compared to water-injected oocytes is demonstrated (Po0.01).

Figure 1 Proline uptake into rPAT2- and mPAT1-expressing
X. laevis oocytes is dependent upon extracellular pH. Oocytes
injected with water (50 nl) are used as a control for expression.
Proline (100 mM) uptake was measured for 40min in Naþ -free
conditions (221C) over the extracellular pH range pH 5.0–7.4. Data
are expressed as pmol oocyte�1 (40min)�1 and are mean7s.e.m.
(n¼ 19–20).
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Methyl substitution as observed in alanine (additional

methylation of the a-carbon) and MeAIB (both a-carbon
and N-methylation) does not appear to prevent access to the

PAT2 transporter, and, although betaine (trimethyl-glycine)

uptake was reduced in comparison with the other substrates,

uptake into PAT2 oocytes was 34-fold higher than that in

water-injected oocytes (Figure 4a). The ability of a range of

methylated compounds (all 10mM) to inhibit PAT2-mediated

proline uptake is demonstrated in Figure 4b. All compounds

tested significantly reduced (Po0.001) proline uptake. Addi-

tion of a single methyl group on the amino group as in either

sarcosine (N-methyl glycine) or N-methyl-alanine (MeAla) had

no effect on the ability of the compound to inhibit proline

uptake (Figure 4b). However, additional methylation of the

amino group as in dimethyl-glycine (DiMeGly) and betaine

did significantly reduce (Po0.001) the level of inhibition of

proline uptake compared to that observed with glycine or

sarcosine. The level of radiolabelled uptake and pattern of

inhibition are closely matched by the ability of each substrate

to evoke inward current in PAT2-injected oocytes (Figure 4c–e).

No amino acid was able to induce current in water-injected

oocytes (Figure 4c and d).

Substrate selectivity: the effects of methyl substitution
on the carboxyl group

Alanine, glycine and proline are all good substrates for PAT1

and PAT2 (Figure 4a; Sagné et al., 2001; Boll et al., 2002; Chen

et al., 2003a, b). Figure 5a confirms that O-methylation of the

carboxyl group of alanine, glycine and proline prevents these

amino acids accessing PAT1 as all (at 10mM) are unable to

inhibit proline uptake (P40.05 vs control) (Boll et al., 2003a).

In contrast, the methyl ester of alanine (O-Me-Ala) inhibits

[3H]proline uptake via PAT2 (Po0.05 vs control) by approxi-

mately 50% when tested at a concentration of 10mM

(Figure 5a). At pH 5.5, O-Me-Ala will predominantly be in

the form of a cation and will thus carry net charge

(approximate pK 7.8; Cohn & Edsall, 1943). Figure 5b and c

demonstrate that at pH 5.5 O-Me-Ala is able to evoke inward

current via PAT2 (no current is observed in water-injected

oocytes; Figure 5b) and that the current is equivalent to that

observed with proline, suggesting that the current consists of

both the charge carried by the cotransported Hþ and that on

the substrate. In contrast, O-Me-b-Ala appears not to be a

PAT2 substrate as it fails to either inhibit [3H]proline uptake

or induce inward current (Figure 5a–c). The observation of

O-Me-Ala transport via rPAT2 was surprising given the lack

of transport via PAT1. However, the O-Me-Ala current

evoked via rPAT2 at pH 5.5 does appear to be due to

substrate transport as there is a 2.7-fold increase in [3H]O-Me-

Ala uptake into rPAT2 compared to water-injected oocytes

(Figure 5d; Po0.001) (in the same oocytes a 13.9-fold increase

in proline uptake was observed), which was inhibited by 10mM

proline or O-Me-Ala (Figure 5d; both Po0.001 vs control).

These observations suggest that, at pH 5.5, O-Me-Ala is a

substrate for rPAT2. However, at pH 7.4, O-Me-Ala also

appears to be transported via an endogenous oocyte transport

system (Figure 5d). When extracellular pH was increased from

pH 5.5 to 7.4, there was a 2.9- and 6.0-fold increase in [3H]O-

Me-Ala uptake in rPAT2 and water-injected oocytes

(Figure 5d) (whereas in the same rPAT2-injected oocytes a

50% decrease in proline uptake was observed as pH increased

Figure 2 pH-dependent, Naþ -independent, proline uptake into
rPAT2- and mPAT1-expressing oocytes. Proline (100 mM) uptake
was measured into (a) rPAT2- and (b) mPAT1-expressing oocytes
(water-injected oocytes were used as a control) in the presence
and absence of extracellular Naþ at pH 5.5, 6.5 and 7.4. Data
are expressed as pmol oocyte�1 (40min)�1 and are mean7s.e.m.
(n¼ 18–20). NS, P40.05, uptake at each pH in Naþ -containing vs
Naþ -free conditions.

Figure 3 Concentration-dependent proline uptake via rPAT2.
Proline uptake (pH 5.5, Naþ -free, 40min) was measured over a
range (0.001–20mM) of proline concentrations into rPAT2-expres-
sing oocytes. Results are expressed following subtraction of uptake
into water-injected oocytes, so that the data represent the rPAT2-
specific uptake (r2¼ 0.999, data fitted using a one-site-binding
hyperbola). Data are expressed as pmol oocyte�1 (40min)�1 and are
mean7s.e.m. (n¼ 19–20).
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from pH 5.5 to 7.4, not shown). At pH 7.4, proline (10mM)

inhibited (Po0.01) a component of [3H]O-Me-Ala uptake in

rPAT2-injected oocytes, but had no effect (P40.05) on [3H]O-

Me-Ala uptake in water-injected oocytes. Unlabelled O-Me-

Ala (10mM) had similar inhibitory effects (Po0.001) on

[3H]O-Me-Ala uptake into either rPAT2 or water-injected

oocytes (Figure 5d). Thus, at pH 7.4, O-Me-Ala appears to be

transported both via rPAT2 (which is sensitive to proline) and

an endogenous transporter, which is insensitive to proline.

Figure 5e demonstrates that, at pH 7.4, rPAT2-mediated

proline transport is saturated at 10mM, as there is no increase

in proline-evoked current when the extracellular proline

concentration is increased from 10 to 20mM. In contrast,

inclusion of 10mM O-Me-Ala, in addition to 10mM proline, in

the extracellular bathing solution is associated with a large

current (Figure 5e). This demonstrates that at pH 7.4 O-Me-

Ala is transported via an endogenous (a similar current being

observed at pH 7.4 in water-injected oocytes, not shown)

electrogenic proline-insensitive transporter, which is inactive at

pH 5.5 (Figure 5b). The identity of this endogenous pH-

sensitive, Naþ -independent, methylated-amino acid transpor-

ter remains unknown.

Substrate selectivity: the effects of backbone length
and side chain

Figure 6a shows that there is a 33-fold increase in proline

uptake in rPAT2 vs water-injected oocytes (Po0.001), whereas

Figure 4 Effects of methylation of the a carbon or amino group on substrate specificity of rPAT2. (a) Uptake of radiolabelled
proline (Pro), glycine (Gly), alanine (Ala), MeAIB and betaine (Bet) (all 100mM, pH 5.5, Naþ -free) into rPAT2 or water-injected
oocytes. Data are expressed as a % of [3H]proline uptake in rPAT2-injected oocytes and are mean7s.e.m. (n¼ 10–30). (b)
[3H]proline uptake (100 mM, pH 5.5, Naþ -free) via rPAT2 in the presence and absence of unlabelled amino acids (all 10mM). Data
are expressed as a % control ([3H]proline uptake in the absence of unlabelled amino acid) after subtraction of uptake in water-
injected oocytes under identical experimental conditions. Data are mean7s.e.m. (n¼ 19–60). (c, d) Representative traces showing
current changes in rPAT2 and water-injected oocytes following exposure to 10mM proline, glycine, sarcosine (Sar), DiMe-Gly,
betaine, alanine and MeAIB (pH 5.5, Naþ -free conditions) measured using the two-electrode voltage-clamp technique (oocytes
clamped at �60mV). (e) Mean amino acid-evoked current change (as shown in (c, d)) via rPAT2 (following subtraction of current in
water-injected control oocytes) expressed as a % of current evoked by 10mM proline. Data are mean7s.e.m. (n¼ 4–11, from four
batches). ***Po0.001 vs control. **Po0.01 vs control.
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only a 3.2-, 1.3- and 1.6-fold increase is observed for b-alanine,
taurine and GABA (all P40.05 vs water), respectively,

suggesting that increasing the backbone length (and hence

distance between the amino and carboxyl groups) is a severe

restriction on allowing access of a substrate to PAT2. The data

in Figure 6b support this conclusion with b-alanine reducing
[3H]proline uptake via PAT2 by only 50% (Po0.001) whereas

taurine and GABA (all 10mM) were without effect (P40.05).

In contrast all three compounds significantly reduced

(Po0.001) [3H]proline uptake via PAT1 (Figure 6b). The

ability of each substrate to evoke inward current in PAT2

oocytes (Figure 6c and d) was proportional to the ability of

each substrate to inhibit [3H]proline influx (Figure 6b). None

of the amino acids had any effect in water injected oocytes

(Figure 6c).

One of the interesting features of PAT1 is the ability to

discriminate between the a- (a-ABA), b- (b-ABA) and

g- (GABA) forms of aminobutyric acid (Thwaites et al.,

2000; Boll et al., 2003a; Anderson et al., 2004). Both GABA

and b-ABA are able to significantly (Po0.001) inhibit

Figure 5 Effects of methylation of the carboxyl group on substrate specificity of rPAT2 (and mPAT1). (a) [3H]proline uptake
(100 mM, pH 5.5, Naþ -free) via rPAT2 or mPAT1 in the presence and absence of unlabelled proline and O-methyl esters of alanine
(O-Me-Ala), glycine (O-Me-Gly), proline (O-Me-Pro) and b-alanine (O-Me-b-Ala) (all 10mM). Data are expressed as a % control
and are mean7s.e.m. (n¼ 10). (b) Representative trace showing current changes in rPAT2 and water-injected oocytes following
exposure to 10mM proline, O-Me-Ala and O-Me-b-Ala (pH 5.5, Naþ -free conditions). (c) Mean amino acid-evoked current change
(as shown in (b)) via rPAT2 (following subtraction of current in water-injected control oocytes) expressed as a % of current evoked
by 10mM proline. Data are mean7s.e.m. (n¼ 5, from two batches). (d) [3H]O-Me-Ala uptake (100 mM, Naþ -free, pH 5.5 and 7.4) in
rPAT2 and water-injected oocytes in the presence and absence of unlabelled proline or O-Me-Ala (both 10mM). Results are
expressed as mean7s.e.m. (n¼ 10). (e) Representative trace (one of three independent experiments) showing current changes in
rPAT2-expressing oocytes following exposure to proline (10 and 20mM) or proline (10mM) and then proline plus O-Me-Ala (both
10mM). ***Po0.001 vs control. *Po0.05 vs control. NS, P40.05 vs control.
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[3H]proline uptake via PAT1 whereas a-ABA is without effect

(Figure 6b; P40.05). In contrast all three forms of ABA fail to

inhibit [3H]proline uptake via PAT2 (Figure 6b; P40.05).

There was no significant difference (P40.05) in uptake of

leucine, lysine or glutamate in water and rPAT2-injected

oocytes (Figure 7a). Amino acids which have larger side chains

either due to branching (leucine and methyl-leucine) or

increasing length (norleucine (NorLeu) and norvaline (Nor-

Val)) or those including charged groups (the anionic glutamate

and cationic lysine) all failed to inhibit [3H]proline uptake via

rPAT2 (all P40.05 vs control; Figure 7b). Similarly this group

of compounds all failed to induce inward current although a

small inward current was observed with the cationic amino

acid lysine in both water and rPAT2-injected oocytes (Figure

7c and d).

Substrate selectivity: stereoselectivity

Results in Figure 8a and b demonstrate that rPAT2 has a

preference for L-alanine compared to D-alanine (Figure 8a;

Po0.05), with an IC50 of 240mM and 5.5mM, respectively

(Figure 8b). PAT2 does not discriminate between D and L

forms of serine (Figure 8a; P40.05), with IC50 values 420mM

(Figure 8c). D-Proline at the concentration tested appears to be

equipotent (P40.05 for L-proline vs D-proline; Figure 8a) with

L-proline, which is broadly similar to observations using PAT1

(Chen et al., 2003a). The difference in the ability of PAT1 and

PAT2 to distinguish between D and L forms of alanine and

serine is demonstrated clearly in Figure 8d–f. Neither D- nor

L-cysteine (which have a CH2SH side chain as opposed to the

CH3 side chain in alanine) are able to inhibit [
3H]proline uptake

via PAT2 (P40.05 vs control; Figure 8a), whereas D-cysteine is

a PAT1 substrate (Boll et al., 2003a; Chen et al., 2003a).

Substrate selectivity: heterocyclic amino and imino acids

A range of heterocyclic amino and imino acids were

investigated for their ability to access rPAT2, and, where

appropriate, some comparative studies with mPAT1 are

presented. It is clear from the results presented previously in

this study that the five-membered ring proline is an excellent

substrate (in either L or D form), as is the polar hydroxy-

proline (Figure 9a, g and h). Both the L and D enantiomers of

the five-membered ring cycloserine appear to be high-affinity

substrates (Figure 9a, f and h). In PAT2, as in PAT1

(Anderson et al., 2004), both D- and L-cycloserine (D- and

L-cSer) (both 10mM) significantly inhibit (Po0.001) [3H]pro-

line uptake (Figure 9a), but there does appear to be a

preference for the D-enantiomer, which is most evident in the

ability of each substrate to stimulate inward current in rPAT2-

expressing oocytes (Figure 9f and h). The four-membered ring

L-2-azetidine-carboxylate (Azet) significantly inhibits [3H]pro-

line uptake (Po0.001) via either rPAT2 or mPAT1, suggesting

that it is a substrate for both transporters (Figure 9a). Figure

9g and h demonstrates that L-2-azetidine-carboxylate induces

inward current via rPAT2 (P40.05 vs proline). The results in

Figure 6 Effects of backbone and side chain length on substrate specificity of rPAT2 (and mPAT1). (a) Uptake of radiolabelled
proline, b-alanine, taurine (Tau) and GABA (all 100 mM, pH 5.5, Naþ -free) into rPAT2 or water-injected oocytes. Data are
expressed as a % of [3H]proline uptake in rPAT2-injected oocytes and are mean7s.e.m. (n¼ 20). (b) [3H]proline uptake (100 mM, pH
5.5, Naþ -free) via rPAT2 and mPAT1 in the presence and absence of the unlabelled amino acids b-alanine, taurine, GABA, b-ABA
and a-ABA (all 10mM). Data are expressed as a % control ([3H]proline uptake in the absence of unlabelled amino acid) after
subtraction of uptake in water-injected oocytes under identical experimental conditions. Data are mean7s.e.m. (n¼ 9–49).
(c) Representative trace showing current changes in rPAT2 and water-injected oocytes following exposure to 10mM proline,
b-alanine, taurine and GABA (pH 5.5, Naþ -free conditions). (d) Mean amino acid-evoked current change (as shown in (c)) via
rPAT2 (following subtraction of current in water-injected control oocytes) expressed as a % of current evoked by 10mM proline.
Data are mean7s.e.m. (n¼ 5, from two batches). ***Po0.001 vs control. NS, P40.05 vs control.
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Figure 9a–c confirm and extend our previous observations

with mPAT1 (Anderson et al., 2004). Figure 9a and b

demonstrates that the six-membered ring piperidine carbox-

ylates L- and D-pipecolic acid (L- and D-Pip) (2-piperidine-

carboxylate), nipecotic acid (Nip) (3-piperidine-carboxylate)

and isonipecotic acid (Isonip) (4-piperidine-carboxylate) all

significantly inhibit (Po0.001) mPAT1-mediated [3H]proline

influx, but that L-pipecolic acid has the lowest affinity (IC50

16.3mM) compared to D-pipecolic acid (IC50 6.6mM) and

nipecotic acid (IC50 4.1mM) (Figure 9b). The relative ability of

the substrates to inhibit amino acid transport via PAT1 is

reflected in their ability to induce current (Figure 9c and h).

There is no difference in the current observed upon exposure

to isonipecotic acid, nipecotic acid or D-pipecolic acid, whereas

the L-pipecolic acid-induced current is smaller (Figure 9c and

h; Anderson et al., 2004). When the experiments described

above for mPAT1 were repeated in the same batches of

oocytes with rPAT2, a distinct pattern of substrate selectivity

emerged. Figure 9a demonstrates significant inhibition of

PAT2-mediated [3H]proline uptake by L-pipecolic acid

(Po0.001 vs control), D-pipecolic acid (Po0.01 vs control),

nipecotic acid (Po0.05 vs control) and isonipecotic acid

(Po0.001; all 10mM). The inhibition observed with

L-pipecolic acid was significantly greater than that observed

with D-pipecolic acid (Po0.001 vs L-pipecolic acid), nipecotic

acid (Po0.001 vs L-pipecolic acid) or isonipecotic acid

(Po0.01 vs L-pipecolic acid; Figure 9a), which is supported

by the relative affinity of L-pipecolic acid (IC50 1.2mM),

compared to either D-pipecolic acid (IC50 14.0mM) or

nipecotic (IC50420mM) acid (Figure 9d). However, Figure

9e and h demonstrates that for this group of piperidine

carboxylates the ability to inhibit PAT2-mediated [3H]proline

influx is not correlated with the relative ability to evoke inward

current. The currents observed upon exposure to all four

compounds were small in comparison to proline, with the

surprising observations being that isonipecotic acid evoked the

largest current whereas the L-pipecolic acid current was no

different from that evoked by either D-pipecolic acid or

nipecotic acid.

Discussion

The results in Figure 1 demonstrate differing pH dependence

in the functionality of mPAT1 and rPAT2. These differences

may relate to the differential cellular and tissue localisation of

the two transporters. The half-maximal activity of PAT1 at pH

6.2–6.3 may reflect its expression and activity at the brush

border of the small intestine, where its transport activity will be

driven partly by the local acid microclimate (Anderson et al.,

2004). Rubio-Aliaga et al. (2004) have recently shown that

mPAT2 is most sensitive to changes in extracellular pH

between pH 9.0 and 7.5, with half-maximal activation at pH

8.3. Thus, PAT2 is likely to function even in the absence of a

Figure 7 Extension of the amino acid side chain restricts access to rPAT2. (a) Uptake of radiolabelled proline, leucine (Leu), lysine
(Lys) and glutamic acid (Glu) (all 100mM, pH 5.5, Naþ -free) into rPAT2 or water-injected oocytes. Data are expressed as a % of
[3H]proline uptake in rPAT2-injected oocytes and are mean7s.e.m. (n¼ 18–20). (b) [3H]proline uptake (100 mM, pH 5.5, Naþ -free)
via rPAT2 in the presence and absence of the unlabelled amino acids proline, leucine, lysine, glutamic acid, MeLeu, NorLeu and
NorVal (all 10mM). Data are expressed as a % control ([3H]proline uptake in the absence of unlabelled amino acid) after
subtraction of uptake in water-injected oocytes under identical experimental conditions. Data are mean7s.e.m. (n¼ 16–55).
(c) Representative traces showing current changes in rPAT2 and water-injected oocytes following exposure to 10mM proline,
glutamic acid, lysine, leucine and methyl-leucine (pH 5.5, Naþ -free conditions). (d) Mean amino acid-evoked current change (as
shown in (c)) via rPAT2 (following subtraction of current in water-injected control oocytes) expressed as a % of current evoked by
10mM proline. Data are mean7s.e.m. (n¼ 5, from three batches). NS, P40.05 vs control.
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transmembrane pH gradient and the primary driving force at

physiological pH values is likely to be membrane potential

rather than the Hþ concentration gradient. The membrane

potential sensitivity of mPAT2 was demonstrated recently,

with membrane depolarisation being associated with outward

amino acid-induced currents, suggesting that the mPAT2

transporter can function in both inward and outward

directions depending upon the membrane potential and the

combination of substrate and proton concentration gradients

(Rubio-Aliaga et al., 2004). The observations regarding pH

dependence reported here are consistent with studies of

mPAT2 expression in oocytes (Boll et al., 2002), but contrast

with our own previous study of rPAT2 expression in the

mammalian cell line human retinal pigment epithelium

(HRPE), where the pH profile of PAT2-dependent uptake

was more like that observed with PAT1 (Chen et al., 2003b).

This difference could be due to the expression system used in

the various studies, or may suggest that the pH dependence of

PAT2 depends upon the local lipid environment or coexpres-

sion of accessory proteins.

In previous studies (Thwaites et al., 1995c; Boll et al.,

2003a), a range of substrates were investigated to identify the

key structural requirements and structural limitations to

determine whether or not an amino acid substrate can access

PAT1. Here, the basic structural requirements that allow a

substrate to bind to the rPAT2 transporter have been

Figure 8 D- and L-amino acids are handled differently by rPAT2 and mPAT1. (a) [3H]proline uptake (100 mM, pH 5.5, Naþ -free)
via rPAT2 in the presence and absence of the D and L enantiomers of the amino acids proline, cysteine, leucine, alanine and serine
(all 10mM). Data are expressed as a % control ([3H]proline uptake in the absence of unlabelled amino acid) after subtraction of
uptake in water-injected oocytes under identical experimental conditions. Data are mean7s.e.m. (n¼ 17–20). (b) Concentration-
dependent inhibition of [3H]proline uptake (100 mM, pH 5.5, Naþ -free) by D- and L-alanine (0.1–20mM) via rPAT2. Data are
mean7s.e.m. (n¼ 18–20), following subtraction of uptake in water-injected oocytes under identical experimental conditions. Data
are fitted to sigmoidal dose–response curves, r2¼ 0.999 for both curves. (c) Concentration-dependent inhibition of [3H]proline
uptake (100 mM, pH 5.5, Naþ -free) via rPAT2 by D- and L-serine (0.1–20mM). Data are mean7s.e.m. (n¼ 18–20), following
subtraction of water-injected controls. Data are fitted to sigmoidal dose–response curves, r2¼ 0.998 (L-serine) and r2¼ 0.993
(D-serine). (d, e) Representative traces showing current changes in rPAT2 (d), water (d) and mPAT1 (e) injected oocytes following
exposure to 10mM proline, D- and L-alanine and D- and L-serine (pH 5.5, Naþ -free conditions). (f) Mean amino acid-evoked current
change (as shown in (d, e)) via rPAT2 and mPAT1 (following subtraction of current in water-injected control oocytes) expressed as a
% of current evoked by 10mM proline. Data are mean7s.e.m. (n¼ 4–7, from three batches).
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Figure 9 Heterocyclic amino and imino substrates for rPAT2 and mPAT1. (a) [3H]proline uptake (100 mM, pH 5.5, Naþ -free) via
rPAT2 and mPAT1 in the presence and absence of the unlabelled amino acids proline, L- and D-pipecolic acid, (L-Pip and D-Pip),
nipecotic acid (Nip), isonipecotic acid (Isonip), L- and D-cycloserine (L-cSer and D-cSer), hydroxy-proline (OH-Pro) and L-2-
azetidine-carboxylate (Azet) (all 10mM). Data are expressed as a % control ([3H]proline uptake in the absence of unlabelled amino
acid) after subtraction of uptake in water-injected oocytes under identical experimental conditions. Data are mean7s.e.m. (n¼ 20–
59 (rPAT2) and n¼ 20–41 (mPAT1)). (b) Concentration-dependent inhibition of [3H]proline uptake (100 mM, pH 5.5, Naþ -free) via
mPAT1 by D- and L-Pip and Nip (0.1–20mM). Results are expressed as a % control following subtraction of water-injected controls
(mean7s.e.m. (n¼ 25–29)). Data are fitted to sigmoidal dose–response curves, r2¼ 0.999 for each curve. (c) Representative trace
showing current changes in mPAT1 and water-injected oocytes following exposure to 10mM proline, L- and D-Pip, Nip and Isonip
(pH 5.5, Naþ -free conditions). (d) Concentration-dependent inhibition of [3H]proline uptake (100 mM, pH 5.5, Naþ -free) via rPAT2
by D- and L-Pip and Nip (0.1–20mM). Results are expressed as a % control following subtraction of water-injected controls
(mean7s.e.m. (n¼ 27–28)). Data are fitted to sigmoidal dose–response curves, r2¼ 0.999 for each curve. (e–g) Representative traces
showing current changes in rPAT2 and water-injected oocytes following exposure to 10mM proline, L- and D-Pip, Nip, Isonip,
L- and D-cSer, OH-Pro and Azet (all 10mM). (h) Mean amino acid-evoked current change (as shown in (c), (e–g)) via rPAT2 and
mPAT1 (following subtraction of current in water-injected control oocytes), expressed as a % of current evoked by 10mM proline.
Data are mean7s.e.m. (n¼ 5, from two batches (mPAT1); n¼ 5–7, from four batches (rPAT2)).
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identified. Preferred substrates for rPAT2 include small

aliphatic amino acids such as glycine and L-alanine, and some

heterocyclic amino and imino acids, including D-cycloserine

(which binds to the glycine site on the NMDA receptor and

which is used in the treatment of schizophrenia (Evins et al.,

2002) and as an orally delivered antibiotic (Weltman & Rose,

1994)), L-cycloserine (which inhibits tumour (neuroblastoma

and medullablastoma) growth in vitro (Cinatl et al., 1999)) and

2-azetidine-carboxylic acid, which is rich in some higher plants

(Romeo, 1989). In general, rPAT2 has a more restricted

substrate selectivity compared to mPAT1, and the substrates

that are common to both (e.g. glycine, proline) are transported

with a much higher affinity by PAT2 than PAT1 (Figure 3).

A key discriminating factor for PAT1 is the site of methyl

substitution within the potential amino acid substrate. Figure 4

demonstrates that methylation of the a-carbon (alanine) or

amino group (sarcosine) is accepted by rPAT2, with the

additional methylation in DiMeGly, betaine and MeAIB

reducing apparent affinity without excluding transport. A free

carboxyl group appears to be a major requirement for access to

the mPAT1 transporter (Boll et al., 2003a). Similar observa-

tions are found with rPAT2, except that the O-methyl ester of

alanine (O-Me-Ala) is a rPAT2 substrate, as well as a substrate

for an endogenous oocyte transport system (Figure 5).

PAT1 accepts not only a amino acids but also amino acid

substrates with elongated backbones such as b-alanine, taurine
and GABA (Thwaites et al., 1993a; 1995c; 2000; Thwaites &

Stevens, 1999; Sagné et al., 2001; Boll et al., 2003a; Anderson

et al., 2004). In contrast, these compounds are either very poor

substrates for PAT2 or are excluded, for example, taurine

(Figure 6). Clearly, increasing the backbone length (and hence

distance between the amino and carboxyl groups) is a severe

restriction on substrate access to PAT2. A key characteristic of

PAT1 is the ability to discriminate between the a-, b- and
g- forms of aminobutyric acid (ABA), with b-ABA and GABA

being good substrates (Thwaites et al., 2000; Boll et al., 2003a;

Anderson et al., 2004). All the three are excluded from PAT2

(Figure 6). The inability of b-ABA to access the PAT2

transporter is presumably due to the increase in backbone

length (via addition of an additional CH2 group), since alanine,

which has the equivalent CH3 side chain but no increase in

backbone length, is a good substrate (Figure 4). The inability

of a-ABA (which, compared to alanine, has an additional CH2

group in the side chain to form an ethyl group) to access the

transporter highlights that the nature of the side chain is one of

the major restrictions on substrate access to the PAT2

transport site. Figure 7 demonstrates that any increase in the

size of the side chain either due to branching (leucine and

methyl-leucine) or increasing length (NorLeu and NorVal)

prevents access to PAT2. Amino acids with charged side chains

(the anionic glutamate and cationic lysine) are also excluded,

but the main reason for this is likely to be the size of the side

chain rather than the charge per se.

Unlike most other amino acid transporters, PAT1 is unusual

in that it has a preference for some amino acids (e.g. serine,

cysteine, pipecolate and ABA) in the form of the D rather than

L enantiomer, whereas it does not discriminate between the

D and L forms of alanine and proline (Thwaites et al., 1995c;

2000; Boll et al., 2002; 2003a; Chen et al., 2003a; Anderson

et al., 2004). In contrast, rPAT2 does not discriminate between

the D and L forms of proline and serine, but has a preference

for L- over D-alanine (Figure 8). Neither D- nor L-cysteine

(which have a CH2SH side chain as opposed to the CH3 side

chain in alanine) are substrates for PAT2, which suggests that

there is an even greater restriction (compared to PAT1) in the

transporter-binding pocket in relation to the bulkiness of the

side chain. The polarity of the thiol group in cysteine may be a

limiting factor, although the hydroxyl group in serine appears

better (relatively) tolerated.

A number of pharmacologically neuroactive heterocyclic

compounds are excellent PAT1 substrates (Ranaldi et al.,

1994; Thwaites et al., 1995a; 2000; Anderson et al., 2004). In

the five-membered ring of proline, the imino nitrogen is not

free but is rather attached to the side chain. For proline to be a

substrate for PAT2, it appears that the transporter must

recognise the imino group as separated by only a single carbon

(the a carbon) from the carboxyl group. Thus, although in

proline both the side chain and the separation of imino and

carboxyl groups (if the imino group is viewed as being on the

d carbon in relation to the carboxyl group) are potentially

greater in size and length than those predicted for a

transported substrate (and even excluded substrates such as

a-ABA and GABA, respectively), it is clear from the results

presented in this study that proline is an excellent substrate (in

either L or D form), as is the polar hydroxy-proline (Figure 9a,

g and h). The five-membered ring cycloserine (in either L or D

forms) is an excellent PAT2 substrate. As in proline, the

charged groups in cycloserine are separated only by the a
carbon, but the amino group is not contained within the ring

structure. The four-membered ring L-2-azetidine-carboxylate,

another excellent PAT2 substrate, contains the imino group

within the ring structure, but as in proline the imino and

carboxyl groups are separated only by the a carbon. In general,
the ability of each substrate to compete with [3H]proline for

transport via PAT2 was matched closely with the relative

ability to induce inward current in PAT2-expressing oocytes.

However, this relationship for rPAT2 is not apparent for the

series of six-membered ring piperidine carboxylates, pipecolic

acid, nipecotic acid and isonipecotic acid, which differ only by

the position of the imino group within the ring relative to the

carboxyl group. We have previously demonstrated that the

endogenous hPAT1 transporter in human intestinal epithelial

Caco-2 cell monolayers functions in a similar manner, with

regard to substrate specificity of heterocyclic compounds, as

either the hPAT1 or mPAT1 clones, following expression in

X. laevis oocytes (Thwaites et al., 2000; Anderson et al., 2004).

Thus, PAT1 accepts heterocyclic amino acid substrates, but

does not distinguish clearly between substrates where the

imino group is, relative to the carboxyl group, in either the

a- (at least in D-pipecolic acid, although L-pipecolic acid has

the lowest affinity of the group), b- (nipecotic acid) or

g- (isonipecotic acid) positions within the six-membered ring.

The separation of charged groups in isonipecotic acid is

analogous to the backbone length in GABA; so it is not

surprising that isonipecotic acid is a substrate for PAT1

(although by the same rule it should not be, but clearly is, a

low-affinity substrate for rPAT2; Figure 9a, e and h). The

preference for D- over L-pipecolate may reflect a broad

characteristic of PAT1 (as observed also for serine, cysteine

and ABA; Thwaites et al., 1995c; 2000; Boll et al., 2002; 2003a;

Chen et al., 2003a; Anderson et al., 2004) or the ability of the

transporter to recognise heterocyclic compounds, not due to

low or weak stereospecificity, but rather due to a distinction in

the form of recognition of the two isomers (Christensen et al.,
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1994). Christensen et al. (1994) suggested that, in the case of

heterocyclic compounds, for example, proline, the single imino

and carboxyl groups could be recognised by two distinct

separations, so that when L-proline is viewed as a d- rather
than a-imino acid it could perhaps also be recognised as a

D-imino acid. Dual modes of enantiorecognition in the binding

sites of both PAT1 and PAT2 may be possible. The

observation that L-pipecolic acid is apparently a better

inhibitor than transported substrate, in contrast to both

D-pipecolic acid and nipecotic acid, which are poor inhibitors

and poorly transported, in rPAT2 (whereas in mPAT1 there is

a close correlation between transport and inhibition) suggest

that the structure of L-pipecolic acid could provide a lead

compound for the design of pharmacological tools to act as

selective inhibitors of PAT2 and PAT1.

The physiological (or pathophysiological) role played by this

transporter remains to be elucidated although localisation of

mPAT2 RNA and protein to the spinal cord and brain (Rubio-

Aliaga et al., 2004) suggests that PAT2 may play a role in the

control of neurotransmitter transport and in particular a role

in the transmembrane movement of glycine. Glycine is

involved in both postsynaptic inhibition (via activation of

ligand-gated Cl� channels) and excitation via potentiation of

glutamatergic neurotransmission (Lopez-Corcuera et al.,

2001). In general, mPAT2 immunoreactivity in mouse brain

has a differential expression pattern compared to marker

proteins for the glycinergic and GABAergic systems (Rubio-

Aliaga et al., 2004), suggesting that mPAT2 is not involved in

glycine movement at inhibitory synapses. The lack of

association with GABAergic regions of the brain is perhaps

not surprising when considered alongside the weak affinity of

PAT2 for GABA and related compounds such as the GABA

uptake inhibitor nipecotic acid (Krogsgaard-Larsen et al.,

1987). mPAT2 immunoreactivity is found solely in neurones,

and not in astrocytes, and is colocalised in neurones positive

for the NMDA receptor subunit NR1 (Rubio-Aliaga et al.,

2004). At the subcellular level, in the spinal cord, mPAT2

protein is found predominantly in endoplasmic reticulum

(34%) and recycling endosomes (31%) and also in other cell

compartments, including the cell membrane (Rubio-Aliaga

et al., 2004). This distribution is similar to that following

transfection of mPAT2 into HeLa cells, where mPAT2 is

found in the plasma membrane and other intracellular

compartments but is absent from lysosomes (Boll et al.,

2002). Similarly, in rat sciatic nerve, rPAT2 (Tramdorin 1)

immunoreactivity is absent from lysosomes (Bermingham et al.,

2002). Cell surface expression of mPAT2 and colocalisation

with an NMDA receptor subunit suggest a potential role for

PAT2 at glutamatergic synapses, where glycine acts as a

coagonist on the NMDA receptor, a function that is mimicked

by the rPAT2 substrate D-cycloserine. Thus, PAT2 may play

a role in amino acid influx and efflux across the neuronal cell

membrane. Glycine influx by rat CNS tissues has been

measured in a number of studies. Johnston & Iversen (1971)

identified that glycine uptake into rat cerebral cortex slices

or homogenates was via a low-affinity system with a Km of

264–300 mM, whereas a high-affinity mechanism was present in

the spinal cord (Km 36 mM). A series of studies by Snyder and

colleagues (e.g. Logan & Snyder, 1971; Bennett et al., 1974)

demonstrated that the low-affinity uptake mechanism for

glycine in rat synaptosomes was present in both cerebral cortex

(Km 763mM) and spinal cord (923mM). In addition, alanine was

transported with similar affinity (453–1058mM) to glycine

(Logan & Snyder, 1971) and in purified synaptosomes a

proportion of uptake of glycine (51%), alanine (49%) and

proline (26%) was Naþ -independent. The high-affinity system

in these studies can be accounted for by the high-affinity Naþ -

and Cl�-dependent transporters GLYT1 and GLYT2 (for a

review, see Lopez-Corcuera et al., 2001). The low-affinity

system has not been identified, although Rubio-Aliaga et al.

(2004) have recently suggested that PAT2 could represent this

low-affinity, Naþ -independent uptake mechanism for glycine.

The low-affinity glycine uptake in rat brain (Km 264–923mM)
is close to the affinity of rPAT2 for glycine, determined fol-

lowing expression in either HRPE cells (Km 486mM) or

X. laevis oocytes (691mM) (Chen et al., 2003b). Since mPAT2

functions bidirectionally, and efflux is increased following

membrane depolarisation, PAT2 may also play a role in amino

acid efflux (Rubio-Aliaga et al., 2004), which could allow efflux

of intracellular glycine following glutamate activation of the

NMDA receptor, which in turn would potentiate the excitatory

response. This role for PAT2 in glycine efflux might be

particularly relevant at glutamatergic synapses where neither

glycine vesicular release nor the vesicular transporter VGAT

have been identified (Chaudry et al., 1998; Lopez-Corcuera

et al., 2001). The relative low affinity of PAT2 for uptake of

D-serine, considered to be the endogenous ligand for the glycine

site on the NMDA receptor, may also help potentiate the

excitatory response by maintaining extracellular levels of

D-serine released from the astrocytes (Baranano et al., 2001).

The only other potential physiological role for PAT2

suggested to date is in the supply of amino acid substrates to

myelinating Schwann cells. Rat PAT2 (Tramdorin 1) gene

expression is reduced in the absence of the POU domain

transcription factor pou3f1, which is required for differentia-

tion of myelinating Schwann cells (Bermingham et al., 2002).

However, there is some pharmacological relevance to this

observation as the rPAT2 substrate L-cycloserine is a potent

inhibitor of palmitoylserine transferase, which is the first

enzyme of the sphingolipid pathway (Cinatl et al., 1999). In

rats, in vivo L-cycloserine reduces myelin sheet thickness

(Oshida et al., 2003) and decreases the cerebroside (a metabolite

of sphingolipids used as a marker of myelination in vertebrates)

and galactosylceramide content of myelin (Miller & Denisova,

1998). Thus, PAT2 may provide a pathway for entry of

L-cycloserine into myelinating cells such as Schwann cells.

L-cycloserine has been used in the twitcher mouse model of

globoid cell leukodystrophy (also known as Krabbe disease and

which is an autosomal recessive disorder of the gene for

galactosylceramidase) to reduce psychosine levels in the pons

and medulla (Biswas et al., 2003). A reduction in galactosylcer-

amidase activity leads to a build-up of the toxic psychosine in

Schwann cells and L-cycloserine could be used in substrate

reduction therapy to slow the rate of production of the

substrates for the defective enzyme (Biswas et al., 2003).

In conclusion, we have identified the basic structural

requirements that allow an amino acid substrate to access

the rPAT2 transport system. Further detailed kinetic analysis

is required to develop a substrate-binding model to determine

how compounds containing distinct structural features interact

with the transporter, which will help distinguish between

apparent changes in substrate affinity and effects on transport

capacity. The ability of a number of neuroactive compounds to

access this transport system, when considered alongside the
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tissue and cellular distribution (Rubio-Aliaga et al., 2004),

suggest that this transporter could play an important role in

the control of synaptic levels of amino acids involved in

neurotransmission. Only with detailed knowledge of the

cellular localisation and substrate specificity of any particular

transport system can novel transporters be identified as

potential therapeutic targets. Thus, potential physiological

and pharmacological roles for PAT2 have been identified and

the relevance to previous studies using mammalian brain

acknowledged. Along with the numerous other transport

systems expressed in mammalian brain, PAT2 could prove to

be an important target for future strategies aimed at the design

of drugs to target various neurological disorders with

L-pipecolate, providing a potential lead compound for the

design of a specific PAT2 substrate or inhibitor.
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