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The SLC36 family of transporters consists of four genes, two
of which, SLC36A1 and SLC36A2, have been demonstrated to
code for human proton-coupled amino acid transporters or
hPATs. Here we report the characterization of the fourth
member of the family, SLC36A4 or hPAT4, which when ex-
pressed in Xenopus laevis oocytes also encodes a plasma mem-
brane amino acid transporter, but one that is not proton-cou-
pled and has a very high substrate affinity for the amino acids
proline and tryptophan. hPAT4 in Xenopus oocytes mediated
sodium-independent, electroneutral uptake of [3H]proline,
with the highest rate of uptake when the uptake medium pH
was 7.4 and an affinity of 3.13 �M. Tryptophan was also an ex-
cellently transported substrate with a similarly high affinity
(1.72 �M). Other amino acids that inhibited [3H]proline were
isoleucine (Ki 0.23 mM), glutamine (0.43 mM), methionine
(0.44 mM), and alanine (1.48 mM), and with lower affinity, gly-
cine, threonine, and cysteine (Ki >5 mM for all). Of the amino
acids directly tested for transport, only proline, tryptophan,
and alanine showed significant uptake, whereas glycine and
cysteine did not. Of the non-proteogenic amino acids and
drugs tested, only sarcosine produced inhibition (Ki 1.09 mM),
whereas �-aminobutyric acid (GABA), �-alanine, L-Dopa,
D-serine, and �-aminolevulinic acid were without effect on
[3H]proline uptake. This characterization of hPAT4 as a very
high affinity/low capacity non-proton-coupled amino acid
transporter raises questions about its physiological role, espe-
cially as the transport characteristics of hPAT4 are very similar
to the Drosophila orthologue PATH, an amino acid “transcep-
tor” that plays a role in nutrient sensing.

The solute-linked carriers (SLCs)2 consist of 48 families
containing over 300 genes that encode transporters (1). Mem-
bers present within the same SLC family have at least 20%
identity to other members within the same family. One of
these transporter families is the SLC36 family, which contains
the proton-coupled amino acid transporters (PATs) (2). The
human SLC36 family consists of four members: SLC36A1 to
SLC36A4 (hPAT1 to hPAT4, respectively). SLC36A1 to
SLC36A3 are located on the chromosome 5q33.1, whereas

SLC36A4 is present on 11q14.3. These genes encode proteins
containing about 500 amino acids, with membrane prediction
software predicting that the hPAT proteins contain 9–11
transmembrane domains. In addition to their characterized
physiological function as amino acid transporters (Table 1),
hPAT1 and hPAT2 are also thought to play a role in patho-
physiology and pharmacology.
Both hPAT1 and hPAT2 have been considered as important

candidate genes that could be responsible for the hereditary
disease iminoglycinuria where the defect observed is in the
absorption of proline and glycine. Although it was originally
suggested that hPAT1 might be the likely transporter in-
volved in iminoglycinuria (3), more recent genetic studies
have implicated hPAT2 (SLC36A2) as the major gene associ-
ated with the disease (4).
hPAT1 and hPAT2 are also considered to play a significant

role in the absorption of certain drugs. The pharmaceutically
active amino acid derivatives that PAT1 can transport include
the orally delivered antibiotic and antischizophrenic agent
cycloserine (5), the orally active antihyperglycemic drug
�-guanidinopropionic acid (6), the experimental anti-insom-
nia compound gaboxadol (7), the anti-epileptic vigabatrin (8),
and the photodynamic therapy agent 5-aminolevulinic acid (9,
10). PAT2-transported drugs include a number of neuroactive
compounds, including cycloserine (an antischizophrenic),
L-2-azetidine-carboxylate, pipecolic acid, nipecotic acid, and
isonipecotic acid (11).
PAT3 and PAT4 are so named purely because they are the

third and fourth members of the SLC36 family, respectively,
and are considered as “orphan” transporters, i.e. their sub-
strates are unknown. PAT3 was first cloned from mice (12),
and mRNA expression was found to be very high in the testis
and negligible elsewhere (13). PAT4 was first identified based
on sequence similarity to the remaining members of the
SLC36 family and seems to have a more ubiquitous expres-
sion (14). Here we describe the results of experiments that
characterize the function of hPAT4 (SLC36A4) when heter-
ologously expressed in Xenopus laevis oocytes and show for
the first time that it is an amino acid transporter with a very
high affinity for proline and tryptophan.

EXPERIMENTAL PROCEDURES

All chemicals were purchased from Sigma, Poole, UK, unless
otherwise stated. All experiments were performed at room
temperature.
Subcloning of the hPAT4 Gene into the Xenopus Oocyte-

optimized Vector—The hPAT4 clone was purchased from
Geneservice Ltd. (Cambridge, UK, clone ID 5313230) in the
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pBluescriptR vector. hPAT4 was subcloned into the oocyte
expression vector pXT7 (15) via the pGEMT vector system
(Promega) with the restriction sites KpnI and EagI added by
PCR using the following primers (bold underlined bases indi-
cate the restriction sites): forward, 5�-GCTGGTACCGGCG-
GCGTCCTGGAGACC-3�, and reverse, 5�-GCCGGCCGGAA-
GACTCATGATTCTGCTTTTACTATTTCAAACCAG-3�.
hPAT1 (clone ID 3307964) and hPAT2 (clone ID 40010274)
were also purchased from Geneservice and cloned into the
pXT7 vector using a similar strategy as for hPAT4 above and
were used as positive controls as indicated in the text.
In Vitro Transcription of cRNA—The template cDNA was

linearized using NdeI (New England Biolabs). Linearized tem-
plate was then used to synthesize cRNA using in vitro tran-
scription (either T7 mMessage mMachine, Ambion, or Ribo-
max T7 transcription kit, Promega).
Expression of hPATs in X. laevis oocytes—Mature female

X. laevis were purchased from the European Xenopus Re-
source Centre (University of Portsmouth, UK). They were
housed and euthanized in accordance with Home Office regu-
lations. The ovaries were harvested and rinsed in OR2 solu-
tion (80 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 5
mM HEPES adjusted to pH 7.6 with NaOH). Oocytes were
defolliculated by collagenase A (0.1 mg/ml) treatment in
calcium-free OR2 solution (80mMNaCl, 2 mMKCl, 1 mM

MgCl2, and 5 mM HEPES adjusted to pH 7.6 with NaOH) for
up to 2 h with constant agitation. The oocytes were then
rinsed five times with OR2 and then with Barth’s solution (88
mM NaCl, 1 mM KCl, 0.82 mM MgSO4, 0.33 mM CaNO3, 2.4
mM NaHCO3, 1 mM CaCl2, and 15 mM HEPES adjusted to pH
7.6 with NaOH, 5 mM sodium pyruvate, and 50 �g/ml genta-
mycin). Stage V and VI oocytes were selected and kept at
18 °C for at least 2 h prior to injection with 27 nl of cRNA (1
�g/�l). The oocytes were maintained at 18 °C for 3 days with
daily replacement of the Barth’s solution.
Uptake of Radiolabeled Substrate in hPAT-expressing Xeno-

pus Oocytes—Oocytes (10 per data point) were washed with
amino acid-free uptake medium (100 mM choline chloride, 2
mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM MES-Tris at
pH 5.5 or 10 mM HEPES-Tris at pH 7.4 or 8.4) for 2 min prior
to transfer into the uptake medium (as above but supple-
mented with 5 �Ci/ml 3H-labeled or 20 �Ci/ml 14C-labeled

amino acid and cold amino acid if required, see “Results” and
figure legends for experimental details). The radiolabeled
amino acids used were as follows (final concentration in �M):
[3H]Pro (0.10), [3H]Trp (0.25), [3H]Ala (0.11), [14C]Cys (50.0),
[14C]Ser (6.21), and [14C]Gly (10.1). After incubation for 1 h
(except in the case of the time course experiment), the oo-
cytes were washed five times in 1 ml of ice-cold 0.12 M NaCl
and individually transferred to wells of a 96-well scintillation
plate (PerkinElmer Life Sciences) and lysed with 50 �l of SDS
(2% w/v). Scintillation mixture (250 �l of Optiphase,
PerkinElmer Life Sciences) was added to each well and mixed
thoroughly on a shaking platform. For experiments to investi-
gate sodium dependence, choline chloride was substituted
with NaCl (100 mM).
Uptake of Substrate as Assessed by Two-electrode Voltage

Clamp—Recordings were performed 3 days after injection.
hPAT4-expressing oocytes were placed in a 0.1-ml recording
chamber and perfused at �15 ml/min with uptake solution
(100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10
mM HEPES-Tris at pH 7.4). Oocytes were impaled by two
agarose-cushioned microelectrodes filled with 3 M KCl
(resistance � 0.3–1.0 megaohm) and voltage-clamped at �30
mV using a GeneClamp 500B amplifier (Molecular Devices,
Wokingham, Berkshire, UK) with traces recorded on paper.
hPAT1-expressing oocytes were used as a positive control,
perfused at pH 5.5 as this is the optimal pH for hPAT1 func-
tion, with non-injected oocytes providing the negative
control.
Indirect Measure of Electrogenicity by Raising Extracellular

K� Concentration—hPAT4-mediated [3H]Pro uptake into
oocytes was measured in uptake medium containing either
normal potassium (2 mM KCl) or high potassium (50 mM KCl,
with the choline chloride reduced to 52 mM to maintain con-
stant osmolarity). hPAT1 (with pH 5.5 uptake medium) was
used as a positive control, and non-injected oocytes were the
negative control.
Data Presentation and Statistical Analysis of Data—Data

are presented as mean � S.E. of n oocyte preparations (exper-
iments) with at least five oocytes per data point in each indi-
vidual experiment. In all cases, hPAT4-mediated transport is
presented, i.e. the uptake remaining after subtraction of the
uptake measured simultaneously in control (non-injected)
oocytes. Where data are normalized, the rates are given in the
figure legends.
Outlier data were detected using Grubbs’ test (QuickCalcs

online, GraphPad Software, La Jolla, CA). Significance was
established using a two-way unpaired Student’s t test unless
otherwise stated (SigmaPlot 11, Systat Software Inc., San Jose,
CA), with p � 0.05 considered significant. Affinities were cal-
culated using the method of Deves and Boyd (16).

RESULTS

hPAT4 Mediates Uptake of Proline—Expression of hPAT4
resulted in an uptake of [3H]proline, linear over the first 3 h
(Fig. 1A; for subsequent experiments, 1-h incubations were
used) and with maximum transport at pH 7.4 and lowest at
pH 5.5 (Fig. 1B). This is in contrast to hPAT2, which showed
the expected proton-coupled pH dependence and maximum

TABLE 1
Comparison of transport properties of hPAT1, hPAT2, and hPAT4
ND, no data available.

PAT1 hPAT2 hPAT4

Proline affinity 2.0 � 0.6 mMa 0.25 � 0.09 mMb 3.13 � 1.13 �M

0.17 � 0.42 mMc

Proline transport Yes Yes Yes
Alanine affinity 7.5 � 0.6 mMa 0.25 � 0.05 mMb 1.48 � 0.79 mM

2.3 � 0.2 mMd 0.24 mMc

Alanine transport Yes Yes Yes
Glycine affinity 7.0 � 0.7 mMa 0.59 � 0.04 mMb �5 mM

2.3 � 0.2 mMd

Glycine transport Yes Yes No
Tryptophan affinity No inhibitiond ND 1.72 � 1.02 �M

4.7 � 0.3 mMe

Tryptophan transport Noa,e Noa Yes
a Mouse PAT1 in Xenopus oocytes (17).
b Mouse PAT2 in Xenopus oocytes (14).
c Rat PAT2 in Xenopus oocytes (11).
d Human PAT1 in HPRE cells (3).
e Endogenous hPAT1 in Caco-2 cells (24).
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transport at pH 5.5, which decreases steadily as the pH in-
creases (17).
hPAT4 Is a High Affinity Proline Transporter—To test the

affinity of hPAT4 for proline, a concentration dependence
experiment was performed. hPAT4 appears to be a very high
affinity transporter with an apparent Km of 3.13 � 0.13 �M

(Fig. 2). As the other characterized SLC36 family members
have the prototype substrates of proline, alanine, and glycine,
the affinities of the latter two substrates were also tested. The
affinity for alanine was much lower than that for proline, with
a Ki of 1.48 � 0.76 mM (Fig. 3A) and �5 mM glycine (data not
shown).
Inhibition of Proline Uptake through hPAT4 by Other

Amino Acids—To determine the full substrate range of
hPAT4, all of the proteogenic amino acids and D-serine were
tested at a single, high concentration (5 mM except for where
limited by solubility). The fractional inhibition of hPAT4-
mediated L-[3H]proline uptake is shown in Fig. 3B, with the
amino acids that statistically inhibited uptake being alanine
(p � 0.001, one-sample t test; n � 5 oocyte preparations), iso-
leucine (p � 0.05, n � 3), methionine (p � 0.05, n � 3), tryp-
tophan (p � 0.01, n � 3), threonine (p � 0.001, n � 6), gluta-
mine (p � 0.05, n � 3), and cysteine (p � 0.05, n � 6).

Proline Transport by hPAT4 Is Sodium-independent and
Electroneutral—Replacement of choline chloride in the up-
take medium by sodium chloride did not significantly change
the uptake of [3H]proline (Fig. 4). Time course experiments
indicate no evidence of concentrative uptake even after 8 h of
uptake (assuming an oocyte volume of �1 �l (18), data not
shown). In addition, no change in membrane potential above
that seen in non-injected controls could be detected by two-
electrode voltage clamp in hPAT4-expressing oocytes, unlike
for hPAT1 (Table 2). However, due to the low capacity of
hPAT4, it is likely that even the current when the transporter
is operating at Vmax (i.e. the Imax) will be too low to measure.
This was confirmed by the fact that there was no measurable
current when an hPAT4-saturating concentration of proline
was applied to hPAT1 (20 �M) despite the fact that both iso-
forms had similar uptakes of tracer (0.1 �M) [3H]Pro under
optimal conditions and that hPAT1 is known to be
electrogenic.
Therefore an indirect approach was taken to try to investi-

gate whether transport by hPAT4 was electrogenic. Uptake
was measured under normal (2 mM) and high (50 mM) extra-
cellular potassium concentrations as the latter conditions will
act to depolarize the membrane potential. As can be seen in
Fig. 5, for the known electrogenic transporter hPAT1, as ex-
pected, the mediated transport was greatly reduced by raising
the extracellular potassium to 50 mM. However, there was no
reduction in hPAT4-mediated proline uptake, suggesting that
the transport process is electroneutral.
Affinity of hPAT4 for the Amino Acids That Inhibit Proline

Uptake—The affinity for all the amino acids that gave signifi-
cant inhibition of hPAT4-mediated proline uptake was as-
sessed. hPAT4 had a similarly high affinity for tryptophan
(1.72 � 1.09 �M, Fig. 6) as for proline (Fig. 2) and the follow-
ing lower Ki values (in mM) for Ile (0.23 � 0.03), Gln (0.43 �
0.10), Met (0.44 � 0.19), and Ala (1.48 � 0.79) (Fig. 3). Gly,
Thr, and Cys had very low affinities (Ki � 5 mM, data not
shown).

FIGURE 1. Time and extracellular pH dependence of hPAT4-mediated
proline uptake. A, time dependence of hPAT4-mediated [3H]proline up-
take into Xenopus oocytes. Data are normalized to uptake at 1 h, which was
2.96 � 0.98 fmol/oocyte/h, n � 4 oocyte preparations. B, dependence of
hPAT4-mediated [3H]proline uptake on extracellular pH in Xenopus oocytes
expressing either hPAT2 or hPAT4. Data are normalized to uptake at extra-
cellular pH 5.5, which was 27.4 � 7.39 fmol/oocyte/h for hPAT2 and 4.26 �
2.14 fmol/oocyte/h for hPAT4, n � 3 oocyte preparations.

FIGURE 2. Concentration dependence of hPAT4-mediated proline up-
take, as determined by inhibition of [3H]proline by increasing concen-
trations of unlabeled proline. The inset shows 0 –100 �M proline at higher
magnification for clarity. The apparent Km was 3.13 � 1.13 �M, n � 3 oocyte
preparations.
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Transport of Amino Acids Other than Proline by hPAT4—
Although proline uptake through hPAT4 is inhibited by a
number of amino acids, this does not necessarily mean that
those amino acids are transported substrates. To check
whether the amino acids Trp, Cys, and Ser were transported,
uptake experiments described earlier were performed using
radiolabeled substrates. Additionally, Gly and Ala were in-
cluded in these experiments as they are prototypical PAT sub-

FIGURE 3. Concentration dependence and substrate specificity of hPAT4-
mediated proline uptake. A, concentration dependence of hPAT4-mediated
isoleucine, methionine, glutamine, and alanine inhibition of [3H]proline uptake.
The Ki values (in mM) were: Ile, 0.23 � 0.03; Met, 0.44 � 0.19; Gln, 0.43 � 0.10;
and Ala, 1.48 � 0.76, n � 2–4 oocyte preparations. B, inhibition of hPAT4-medi-
ated [3H]proline uptake into Xenopus oocytes by the proteogenic amino acids.
Uptake has been normalized to that seen in the absence of inhibitor. *, p �
0.05, **, p � 0.01, ***, p � 0.001, one-sample t test, n � 3 oocyte preparations.

FIGURE 4. Uptake of hPAT4-mediated [3H]proline in the absence or
presence of sodium, normalized to that seen in the absence of sodium
(replaced by choline, actual uptake 27.8 � 15.2 fmol/oocyte/h). p �
0.05 paired t test, n � 4 oocyte preparations.

TABLE 2
Characterization of proline transport in hPAT4-expressing Xenopus
oocytes by two-electrode voltage clamp electrophysiology, as
compared with hPAT1-expressing and control (non-injected) oocytes
(n > 3 oocytes per condition)
*, p � 0.05 versus pH5.5 non-injected; #, p � 0.05 versus pH7.4 non-injected;
NMS, no measurable signal.

hPAT1 hPAT4 Non-injected

nA
pH 5.5, 20 �M Pro NMS NMS NMS
pH 5.5, 10 mM Pro 16.8 � 2.09* (n � 17) 4.70 � 0.60 (n � 10) 7.60 � 0.87 (n � 5)
pH 7.4, 20 �M Pro NMS NMS NMS
pH 7.4, 10 mM Pro 13.5 � 1.18# (n � 6) 9.00 � 0.93 (n � 12) 8.67 � 1.17 (n � 6)

FIGURE 5. Uptake of hPAT4-mediated [3H]proline in normal (2 mM) and
raised (50 mM) extracellular potassium, normalized to that seen in the
normal potassium (mean uptake of 25.3 � 12.2 and 31.8 � 24.9 fmol/
oocyte/h, respectively, n � 3 oocyte preparations with p < 0.05 for 2
mM versus 50 mM for hPAT1 and p > 0.05 for hPAT4 in each).

FIGURE 6. Concentration dependence of hPAT4-mediated tryptophan
inhibition of [3H]proline uptake. Ki was 1.72 � 1.08 �M, n � 2 oocyte
preparations.
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strates. There was significant hPAT4-mediated uptake of Ala
and Trp (Fig. 7) but not of Gly, Cys, or Ser (p � 0.05, n � 3
oocyte preparations). The relative rates of transport of Trp
and Ala, when normalized to Pro, were 2.7- and 0.5-fold, indi-
cating that experimentally Trp was the best transported sub-
strate for hPAT4 tested here.
Transport of Substrates Other than the 20 Proteogenic

Amino Acids—Due to the interest in non-proteogenic amino
acid substrates for PAT1 and PAT2, a number of other sub-
strates were tested for inhibition of [3H]proline uptake.
�-Aminobutyric acid (GABA), �-alanine, �-aminolevulinic
acid, and L-Dopa did not significantly inhibit uptake, whereas
sarcosine did (p � 0.05, one-sample t test) with an affinity of
1.09 � 0.35 mM.

DISCUSSION

Proton-coupled Amino Acid Transporter 1 (PAT1)—Evi-
dence for the existence of a transporter with PAT1-like sub-
strate range came initially from Newey and Smyth (19) re-
porting a glycine-proline carrier, which was subsequently
cloned by Sagné et al. (20) as a lysosomal amino acid trans-
porter from rat brain (LYAAT1), the homologue of hPAT1
(SLC36A1) in humans. PAT1 acts as a proton-coupled sym-
porter of small neutral amino acids. Although H�-coupled
transport has long been accepted to play an important role in
bacteria, plants, and fungi, in recent years, there has been
considerable evidence to indicate its significance in mammals
(21). PAT1 transport activity is Cl�-independent and partially
Na�-dependent due to involvement of the sodium hydrogen
exchanger in maintaining the proton electrochemical gradient
(22, 23). The substrates for PAT1 have Km values in the mM

range (1–10 mM) (23). The main substrates for PAT1 are D-
and L-proline, glycine, and L-alanine (3, 17, 21, 24) (Table 1).
PAT1 has a higher affinity for proline than for glycine or ala-
nine (25). It is also capable of transporting small unbranched,
apolar, zwitterionic (�, �, and �) amino and imino acids, D-
and L-amino acids, heterocyclic amino/imino acids with 4–6-
membered rings, and N-methylated amino and imino acids
(12, 21, 23).
The PAT1 protein is found in a variety of tissues ranging

from the intestinal epithelium to neurons, with varying sub-

cellular localization. In the intestinal epithelia, PAT1 is iso-
lated to the brush border, whereas in the neurons, it is local-
ized mainly in the lysosomal membrane and to a smaller
extent in the plasma membrane. In the lysosomes, it exports
the products of proteolysis out of the lysosomes (23).
PAT2—The second member of the SLC36 family, PAT2,

has also been shown to be a sodium-independent proton-cou-
pled amino acid symporter, with a potential role in the myeli-
nation of neurons (3). The main substrates for PAT2 are the
small neutral amino acids glycine, alanine, and proline (17),
which have a higher affinity than for PAT1 (11, 14) (Table 1).
PAT2 has a narrower substrate specificity than PAT1 (26); for
example, although both �-amino and �-amino butyric acids
can inhibit PAT1, they have no effect on PAT2 (11).
PAT2 mRNA shows a high abundance in organs such as

the kidneys, lungs, and spinal cord and brain (14, 26). The
subcellular localization of PAT2 in vivo is still to be deter-
mined, but in HeLa cells, it does not localize to lysosomes but
seems to be expressed in the plasma membrane (23).
Amino Acid Transport Characteristics of hPAT4—Since its

identification at the gene level in 2004 along with SLC36A3
(hPAT3), the ubiquitously expressed fourth member of the
SLC36 gene family, SLC36A4 (hPAT4), has been an orphan
transporter with no known substrate. Here we show that
hPAT4 is a sodium-independent amino acid transporter, like
the other two characterized SLC36 family members, hPAT1
and hPAT2. The substrate characteristics of hPAT4 differ
subtly from the other studied isoforms in that the affinity for
proline is very high at 3.13 �M, whereas those for alanine and
glycine are much lower (1.48 and �5 mM, respectively) and in
that respect more like hPAT1/hPAT12. In addition, we show
that hPAT4 is also significantly inhibited by the amino acids
Ile, Met, Thr, Gln, and Cys (unlike hPAT1/hPAT2), and Trp
was notable for also having a very low Ki (1.72 �M) as com-
pared with that recorded for hPAT1 (4.7 mM (24)). Unlike for
PAT1/PAT2, Trp was transported by hPAT4, whereas Gly
was not a transported substrate (see Table 1 for a summary of
data).
One of the most noteworthy differences between hPAT4

and hPAT1/hPAT2 is that hPAT4 did not show a maximal
rate of transport of proline at acidic pH (pH 5.5) but rather at
pH 7.4. Although this could be explained by the hPAT4 pro-
tein being inhibited by extracellular protons (for example, the
amino acid transporter System A has been shown to be inhib-
ited by a fall in extracellular pH by Bevington et al. (27)),
taken together with the facts that transport appeared to be
electroneutral and non-concentrative, this suggests that pro-
line transport through hPAT4 is not proton-coupled or elec-
trogenic and is therefore via facilitated diffusion.
Recognition of Other Substrates by hPAT4—Of the other

substrates tested, no inhibition of proline uptake by hPAT4
was seen for GABA, �-aminolevulinic acid, or �-alanine, in
comparison with reports for PAT1 (3, 12, 17). The story for
PAT2 is more complex as there are differences between
mouse and rat PAT2; for example, only the former is inhib-
ited by GABA (11) and with very low affinity (Ki 30.9 mM

(17)). Similarly for �-alanine, the inhibitory effect was greater

FIGURE 7. hPAT4-mediated uptake of amino acids into Xenopus oocytes
(fmol/oocyte/h). *, p � 0.05 as compared with non-injected oocytes, n � 3
oocyte preparations.
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in mouse than rat PAT2, whereas sarcosine was shown to be a
good substrate for rat PAT2 (no data for mouse) (11).
For mouse and human PAT1, D-serine is a better substrate

than L-serine (3, 12); the same is true for mouse PAT2, but
not rat PAT2, for which D- and L-serine invoke equal currents
in two electrode voltage-clamped Xenopus oocytes (11). In
hPAT4, neither D-serine nor L-serine significantly inhibits
proline uptake (Fig. 7). D-Serine is of interest as it is given
orally (and has high bioavailability) for treatment of psychiat-
ric disorders such as schizophrenia (28), and hPAT1 may be
its route of intestinal uptake, being located in the apical mem-
brane of the enterocyte model cell line Caco-2 (3).
Is Amino Acid Transport the Only Role of hPAT4?—Of the

11 SLC36 homologue genes in Drosophila, two of these genes
have been shown to code for functional amino acid transport-
ers when expressed in Xenopus oocytes (29). CG1139 gave a
proton-coupled alanine transporter with kinetic properties
similar to hPAT1, whereas PATH had a low micromolar sub-
strate affinity and was not proton-coupled, remarkably similar
to hPAT4 as described here. In Drosophila, PATH regulates
growth through the target of rapamycin (TOR)/S6-kinase
pathway, and genetically removing path results in a small fly
(29). Although changes in intracellular amino acid concentra-
tions are well known to signal through this pathway (30), the
signaling through PATH was despite it being a low capacity
transporter that could mediate only a very small predicted
change in global intracellular amino acid concentration, sug-
gesting that it may be acting more as a sensor or a “transcep-
tor” (29). Intriguingly, hPAT4 can functionally replace PATH
in Drosophila, reversing the reduced growth phenotype (31),
suggesting that hPAT4 might also signal through to S6-ki-
nase. As for PATH, it seems likely that under many physiolog-
ical conditions, hPAT4 will always be saturated, and due to its
low capacity, its role as a bulk transporter is open to question.
Whether hPAT4 is a transceptor is an interesting and impor-
tant area of future research due to the implication of the
mammalian TOR/S6-kinase signaling pathway in diseases
such as cancer and diabetes (32).
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