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Summary. Membrane transport of L-proline has received considerable
attention in basic and pharmaceutical research recently. Of the most
recently cloned members of the solute carrier family, two are “proline
transporters”. The amino acid transporter PAT1, expressed in intestine,
kidney, brain and other organs, mediates the uptake of proline and deri-
vatives in a pH gradient-dependent manner. The Na*-dependent proline
transporter SIT1, cloned in 2005, exhibits the properties of the long-sought
classical IMINO system. Proline-containing peptides are of interest for
several reasons. Many biologically important peptide sequences contain
highly conserved proline residues. Xaa-Pro peptides are very often resis-
tant to enzymatic hydrolysis and display, in contrast to Pro-Xaa peptides, a
high affinity to the H' /peptide cotransporter PEPT1 which is expressed in
intestinal, renal, lung and biliary duct epithelial cells. Furthermore, several
orally available drugs are recognized by PEPT1 as Xaa-Pro analogues due
to their sterical resemblance to small peptides.
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Introduction

The end products of intestinal protein digestion are a
mixture of free amino acids and small peptides contacting
the physical and enzymatic barrier of the small intestinal
epithelium (Fig. 1). The epithelial cells are connected by
“tight junctions’’, which restrict passage of these nutrients
via the paracellular route. These cells possess specific
transport systems mediating uptake of their substrates
across the apical membranes. Until the 1970s it was gen-
erally believed that all proteins are digested to their con-
stituent amino acids and that only the amino acids are
absorbed (for review see Matthews, 1975). This dogma
was based on the fast discovery of many different amino

acid transporters at the time (for review see Christensen
1984, 1989). In addition, new technologies allowing quan-
tification of amino acids but not peptides in body fluids
were introduced in the 1950s. In the sixties and seventies
several authors were able to demonstrate the appearance
of hydrolysis-resistant dipeptides at the serosal side of the
intestinal and also the renal epithelium. The uptake was
saturable, i.e. carrier mediated, and occurred against a
concentration gradient, i.e. it was an active process. The
exploitation of intestinal and renal brush-border mem-
brane vesicle technique has made it possible to resolve
the long-standing argument over the energy source for
active peptide transport (Ganapathy and Leibach, 1983).
Intestinal and renal dipeptide uptake is driven by an inside
directed H" gradient rather than by a Na* gradient which
is required for uptake of glucose, many amino acids and
vitamins. Hence, the view that secondary active transport
processes in animal cells are strictly Na*-coupled was
challenged for the first time by this discovery.

Today we know that at the intestinal epithelium, amino
acids released during protein digestion and amino acids
which are free diet constituents such as taurine are ab-
sorbed into enterocytes by at least nine group-specific
amino acid transport systems (Ganapathy et al., 1994,
2001; Palacin et al., 1998; Steffansen et al., 2004) (Fig. 1).
In the renal nephron, such transporters are responsible
for the reabsorption of amino acids which originate
primarily from peptide hydrolysis at the renal epithelium
and from the primary filtrate. Di- and tripeptides are
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Fig. 1. Protein digestion and absorption of amino acids and peptides at
the intestinal epithelium

transported by the H' /peptide cotransporters PEPTI
(peptide transporter 1), which is present both in intestine
and kidney, and by PEPT?2 (peptide transporter 2) which is
expressed in kidneys but not the intestine. Cytosolic
peptidases rapidly hydrolyze most of the di- and tripep-
tides entering the cells and generate free amino acids
(Ganapathy et al., 1994). Inside the cells, the amino acids
are either used for cell metabolism or undergo basolateral
efflux (Fig. 1). The basolateral cell membranes possess
group-specific amino acid transport systems which are
responsible for the exit of amino acids from the cell into
the circulation and/or uptake of amino acids from extra-
cellular submucosal fluids into the cells (Palacin et al.,
1998; Ganapathy et al., 2001). Peptides which are resis-
tant to cytosolic peptidases may be transported intact
across the basolateral membrane of intestinal and renal
cells by peptide transport systems that have been charac-
terized so far only on a functional level (Fig. 1, Terada
et al., 1999, 2000). For example, there was evidence early
on for the appearance of intact peptides containing proline
and hydroxyproline in the blood. It is generally assumed,
however, that the transport of intact peptides across the
intestinal epithelium to the blood contributes very little to
the total protein absorptive process (Ganapathy et al.,
1994; Daniel, 2004).

Epithelial transport of proline, either as free amino
acid or in peptide form, is currently receiving consider-
able attention in basic and pharmaceutical research. The
amino acid carriers most relevant for proline absorption,
the Proton-coupled Amino acid Transporter PAT1 (or
LYAAT1) and the Sodium/Imino-acid Transporter SIT1
(or IMINOB) have been cloned as recently as 2002 and
2005, respectively (Sagne et al., 2001; Boll et al., 2002;
Chen et al., 2003; Takanaga et al., 2005b; Kowalczuk
et al., 2005). With regard to peptide transporters, several
reports focusing particularly on transport of proline-con-

taining peptides and derivatives by PEPT1 and PEPT2
have been published recently. This interest is stimulated
by specific chemical, physiological, pathological and
biopharmaceutical aspects of proline. There are reports
on a possible neuromodulatory role for L-proline and
proline-dipeptide derivatives, e.g. effects on food intake
(Ortiz et al., 1989), behavioral effects, (Kow and Pfaff,
1991) and modulation of excitatory neurotransmission
(Langen et al., 2005). Many biologically important pep-
tide sequences contain highly conserved proline residues
(Vanhoof et al., 1995). Prolyl peptide bonds, generally
resistant to the action of proteases and peptidases, are the
preferred sites of hydrolysis by dipeptidylpeptidase IV
(DP 1V; for review see Fleischer, 1995). The resulting
Xaa-Pro peptides display a high affinity to PEPT1 and
PEPT2. Using Xaa-Pro dipeptides and derivatives it
was possible to demonstrate experimentally the absolute
conformational specificity of the H' /peptide cotrans-
porter PEPT1 for the trans peptide bond conformation
(Brandsch et al., 1998, 1999; Bailey et al., 2005). In larger
peptides and proteins, cis-tfrans isomerizations are consid-
ered a ‘“‘molecular switch”. For example, in the neuro-
transmitter-gated ion channel 5-hydoxytryptamine type 3
receptor, a single proline provides the switch that inter-
converts the open and closed states (Lummis et al., 2005).
Peptidyl-prolyl cis-trans isomerases catalyze the slow cis-
trans isomerization of proline peptide (Xaa-Pro) bonds,
thereby accelerating the rate-limiting steps in protein fold-
ing (Fischer et al., 1989).

From a biopharmaceutical point of view, proline trans-
porters are very relevant members of the solute carrier
families. It has already been shown that PAT1 is able to
transport pharmacologically active proline and GABA
derivatives (Boll et al., 2002; Anderson et al., 2004;
Metzner et al., 2004). As far as peptide transporters are
concerned, several orally available angiotensin converting
enzyme (ACE) inhibitors derived from Xaa-Pro peptides
are recognized by PEPT1 and PEPT2 because of their
sterical resemblance to small peptides (Lin et al., 1999;
Moore et al., 2000; Shu et al., 2001).

There is at least one possible pathological implication
of proline transport, namely the human disease iminogly-
cinuria. This disease is characterized by a reduced reab-
sorption of L-proline, glycine and hydroxyproline in the
kidney. It was speculated early on that renal imino acid
and glycine membrane transporters are affected in this
disease either directly, due to defects of the imino trans-
port system(s) or indirectly, for example by defective reg-
ulation of the transport process (Goodman et al., 1967;
Law and Sardharwalla, 1978).
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Transport of L-proline by the H*/amino acid
cotransporters PAT1 and PAT2

PAT expression and transport mechanism

The proton-coupled amino acid transporters (PAT) consti-
tute the recently identified SLC36 family of mammalian
membrane transporters (Hediger, 2004). The first member
was cloned as the lysosomal amino acid transporter 1
(LYAAT1) from rat brain (Sagne et al., 2001). Subse-
quently, mPAT1 (SLC36Al, orthologous to LYAAT)
and mPAT?2 (SLC36A2) were identified from mouse intes-
tine and embryonic tissue by sequence similarity to amino
acid/auxin permease family members of lower eukaryotes
(Boll et al., 2002, 2004). The functional characterization
was carried out by flux studies and electrophysiology
after expression in Xenopus laevis oocytes. With regard
to pH dependence and substrate specificity these systems
showed striking similarity to a transporter functionally
described at renal and intestinal cells ten years earlier
(Roigaard-Petersen et al., 1989, 1990; Thwaites et al.,
1993a, b; Ranaldi et al., 1994). The mRNA of mouse
PAT1 is highly expressed in small intestine, colon, kidney
and brain but also in lung, liver and spleen (Boll et al.,
2002). The mPAT2-mRNA is mainly found in heart and
lung. Significant expression was also observed in kidney,
testes, liver and spleen. In mouse brain, mPAT?2 is expressed
in neurons with a different subcellular localization than
the lysosomal mPAT1: mPAT?2 is found in the endoplasmic
reticulum and recycling endosomes of neuronal cell
bodies but not in lysosomes (Rubio-Aliaga et al., 2004).

PAT1 has been demonstrated unequivocally, both mi-
croscopically and functionally, in epithelial cell mem-
branes. Chen et al. (2003) have cloned the human PAT1
from the intestinal cell line Caco-2, and have compre-
hensively described the protein structure, substrate speci-
ficity and functional parameters of this system in human
retinal pigment epithelium (HRPE-) cells. Most impor-
tantly, immunolocalization studies revealed the expression
of hPAT1 exclusively at the apical cell membrane of
Caco-2 cells. With regard to the expression pattern of
PAT1 in human tissues, the hPAT1-mRNA was found in
small intestine and with lower expression levels also in
brain, colon, liver, lung, placenta and testis (Chen et al.,
2003; Boll et al., 2003b; Anderson et al., 2004).

PAT proteins mediate electrogenic uphill transport of
their substrates into the cells. The transport is energized
by a transmembrane electrochemical H* gradient directed
from outside to inside (Boll et al., 2002; Chen et al., 2003;
Anderson et al., 2004; Metzner et al., 2004; Fig. 2). At the
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Fig. 2. Proline uptake at a renal or intestinal epithelial cell and its
relationship to ion gradients

polarized epithelia of intestine and kidney, this H* gradi-
ent is known as the ‘““‘acidic microclimate. According to
Daniel et al. (1989), at the rat intestinal brush border
in vivo, the microclimate pH is about 6.7 in the upper
parts of the villi. This H" gradient is established and
maintained by the activity of the apical Na®/H" anti-
porter NHE3 (Anderson and Thwaites, 2005). The driving
force for the Na™ /H" antiporter is the inwardly directed
Na' gradient established by the Nat /K*-ATPase located
at the basolateral membrane of polarized epithelial cells
(Fig. 2). Since the Nat/K*t-ATPase is a primary-active
carrier and the Na®/H" antiporter a secondary active
system, PAT1 is called a tertiary active transport system.

The human PAT1 is the major transport system that
mediates the concentrative (uphill) uptake of L-proline
into Caco-2 cells. It should be noted that a pioneering
study has previously described a Ht-coupled, Na*t-inde-
pendent L-proline transport in Caco-2 cells (Thwaites
et al., 1993b). Many other reports have since been pub-
lished on the pH gradient-dependent amino acid uptake in
Caco-2 cells (Thwaites et al., 1993a, 1995a, 2000). The
relevance of these reports was not appreciated until the
system was successfully cloned from Caco-2 cells (Chen
et al., 2003). In contrast to the current understanding, an
earlier report by Nicklin et al. (1992) described the uptake
of L-[*H]proline in Caco-2 cells as being Na*-dependent.
These authors were however the first to report the stimu-
lation of L-proline uptake at Caco-2 cells by an outside
acidic pH typical for PAT1. The controversy over the
modulation of L-proline transport by pH and Na™ contin-
ued with Thwaites et al. (1993b) suggesting a H™ /proline
cotransport in Caco-2 cells while Berger et al. (2000)
failed to show an effect of an acidic pH on L-[*H]proline
flux into the same cell type. These authors however
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demonstrated a strong Nat dependence for transport. In
our studies (Metzner et al., 2004), we did not observe the
Na* dependence of L-[*H]proline uptake described by
Nicklin et al. (1992) or Berger et al. (2000), but confirmed
the results obtained by Thwaites and coworkers (1993b).
Uptake of both L-[*H]proline and [*H]glycine in Caco-2
cells was Na'-independent but strongly H'-dependent.
The saturable L-proline uptake was mediated by a single
transport system (hPAT1) with an affinity constant (K,) of
2.0+ 0.2mM. We found no functional evidence for a
second proline uptake system in these cells (Metzner
et al., 2004). The issue was re-evaluated in great detail
by Chen et al. (2003) and Anderson et al. (2004). In these
studies it was shown very convincingly that only hPAT is
responsible for L-proline uptake in Caco-2 cells. Compar-
ison of the data with numerous previous reports on epithe-
lial L-proline transport led the authors to conclude that the
“H" /amino acid transporter 1 is the imino acid carrier”
(Anderson et al., 2004) referring to the classic Na'-
dependent imino acid transporter functionally identified
in the 1960s. The question still remains as to why studies
by Nicklin et al. (1992) and by Berger et al. (2000) found
a Na' dependence for proline uptake in Caco-2 cells
whilst others could only identify the pH gradient as the
driving force. The reasons for these differences may be
reflected in the different culture and/or uptake conditions
rather than to differences in Caco-2 subclones used by
the different groups. Anderson et al. (Anderson et al.,
2004; Anderson and Thwaites, 2005) provided strong
evidence for a cooperative functional relationship be-
tween H*-coupled amino acid transport via PAT1 and the
Nat /H"-exchanger-3. Since the H" gradient ultimately
relies on the inside directed Na™ gradient (Fig. 2), experi-
mental sodium depletion will eventually lead to break-
down of the H" gradient (Anderson and Thwaites,
2005) and thus alter transport. These authors demon-
strated that over short uptake time periods, the transport
of B-alanine (another PAT1 substrate) was not signifi-
cantly dependent on the presence of sodium in the uptake
buffer (Anderson et al., 2004). After 90 min, however,
the Na™-dependent component represented 75% of total
B-alanine uptake. This led the authors to conclude that
there may be an indirect Na™ dependency for transporter
activity and this may explain the apparent Na* depen-
dence of the imino acid carrier in studies in mammalian
intestinal cells. This model by Anderson et al. (2004) was
recently challenged by Takanaga et al. (2005b) by cloning
the mammalian Na'-dependent proline transporter SIT1
which is strongly expressed in rat intestine (see below).
The cloning of this protein raises another question which

might be relevant to the controversy discussed above.
Both PAT1 and SIT1 may be expressed by intestinal and
renal epithelial cells from several species. However, it is
not known whether or under what conditions SIT1 might
be expressed in addition to PAT1 in the apical membrane
of Caco-2 cells. In our studies we found no functional
evidence for the expression of SIT1 (Metzner et al., 2004)
but detected mRNA expression for both hSIT1 and hPAT1
in these cells (unpublished results).

Another potential explanation for the conflicting results
on the Nat dependence of proline uptake in Caco-2 cells
could be different culture conditions. The different studies
reviewed to date appeared to have cultured Caco-2 cells in
different ways with respect to cell supports, seeding den-
sity and culture time (Nicklin et al., 1992; Thwaites et al.,
1993b; Berger et al., 2000; Metzner et al., 2004; Anderson
et al., 2004) and it is not known whether the monolayers
used in uptake or flux experiments were confluent in all
cases. In experiments where sub-confluent cells are used,
the lack of a tight junction between the cells may expose
the basolateral membranes to radiolabeled proline. At
these membranes, Na*-dependent amino acid transporters
will recognize proline as a substrate (see below).

Substrate specificity of PATI and PAT2

The primary substrates of PAT1 are amino acids such as
glycine, L-proline and L-alanine (for review see Boll et al.,
2004). PAT1 seems to prefer small, unbranched, neutral
amino and imino acids. Other substrates are y-amino-
butyric acid (GABA), 3-amino-1-propanesulfonic acid,
D-serine, B-alanine and taurine (Thwaites et al., 1993a, b,
2000; Boll et al., 2002; Chen et al., 2003; Metzner et al.,
2004; Table 1). Structures of representative PAT1 sub-
strates are shown in Fig. 3. The system is not stereoselec-
tive: PAT1 was shown to translocate D-amino acids such
as D-serine, D-proline and D-cycloserine with affinity
constants similar or lower than those of the L-isomers
(Ranaldi et al., 1994; Thwaites et al., 1995a; Boll et al.,
2002; Chen et al., 2003). Boll et al. (2003a) showed that
the critical recognition criteria of mPAT1 substrates are
the backbone charge distance and the side chain size,
whereas substitutions at the amino group are well toler-
ated. Recent data by our group support the concept that a
primary or secondary amino group of either small alipha-
tic or heterocyclic amino acids is essential for high affi-
nity (Metzner et al., 2004, 2000, this issue). The carrier
accepts the 4- and 6-membered rings of proline deriva-
tives as substrates as long as the compound is not decar-
boxylated (piperidine). Examples with comparatively high
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Table 1. Comparison of the amino acid transporters PAT1 and SIT1

Protein name PAT1
Alias LYAAT1
SLC family (Human gene name) SLC36A1
Human gene locus 5q33.1
Mechanism H"-dependent
Na*-independent
Substrates Gly, L-Pro, D-Pro, GABA, L-Ala,

Taurine, LACA
K values for L-proline uptake
2.0 + 0.2mM (Caco-2 cells®)

K; of LACA 1.8 & 0.1 mM (Caco-2 cells®)

2.8 + 0.1 mM (mouse PAT1 in X. laevis oocytes™)

SIT1
IMINO®
SLC6A20
3p21.6
Na™-dependent
Cl™ -stimulated
H*-independent
L-Pro, Pipecolic acid, Sarcosine, LACA
(but not GABA, Taurine, L-Ala, D-Pro, Gly)
0.17 £ 0.05mM (rat SIT1 in X. laevis oocytesb)
0.25 4 0.12mM (OK cells®)
0.55 £ 0.15mM (OK cells®)

2 Boll et al. (2002)

" Takanaga et al. (2005b)
¢ Metzner et al. (2004)

4 Ristic et al. (2006)

¢ own unpublished data
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Fig. 3. Structural formulae of representative hPAT1 substrates

affinity are L-azetidine-2-carboxylic acid (LACA) and
L- or D-pipecolic acid (Metzner et al., 2004). The carboxy
group seems to be important for a high affinity substrate-
carrier interaction but it can be replaced by a sulfonyl
group. The sulfur-containing amino acid thiaproline rep-
resents a hPAT1 substrate with comparably high affinity.
Removing the carboxy group as in thiazolidine diminishes
the affinity (Metzner et al., 2004).

It should be noted that measurement of L-[3H]pr01ine or
[*H]glycine uptake into cells in the presence of unlabeled
test compounds allows only the estimation of their potency
to inhibit reference substrate uptake. A significant inhibition

by a given compound does not allow the conclusion that the
effective compound is indeed translocated by the system
across the cell membrane. On the other hand, by recording
electrophysiological signals it is not possible to find sub-
strates that are transported in an electroneutral mode nor is
it possible to identify inhibitors. Such an electroneutral
transport mode of both mPAT1 and mPAT2 has been
demonstrated for short-chain fatty acids such as acetate,
propionate and butyrate (Foltz et al., 2004a). Effective
hPAT 1-inhibitors have been found recently among amino
acids and biogenic amines (Metzner et al., 2005): L-Tryp-
tophan, tryptamine and serotonin are recognized by hPAT1
with affinities similar or even higher than those of the
prototype substrates. L-Proline on the other hand did not
inhibit L-[*H]tryptophan influx. This result allowed the
conclusion that L-tryptophan is not transported by hPAT1,
not even in an electroneutral manner. Investigation of mem-
brane potential effects at Caco-2 cells and inward currents
in Xenopus laevis oocytes expressing mPAT1 revealed that
L-tryptophan, indole-3-propionic acid, 5-hydroxy-L-trypto-
phan, tryptamine and serotonin are not transported by
PAT1. They strongly reduced, however, the glycine-induced
inward directed current in oocytes.

The structural requirements for mPAT?2 substrates are
similar to those reported for mPAT1 (Boll et al., 2002;
Foltz et al., 2004b). For high affinity binding, however,
mPAT?2 requires the amino group to be located in an
a-position, tolerates only one methyl function attached
to the amino group and is highly selective for the L-enan-
tiomers. In contrast to mPAT1, mPAT?2 does not transport
taurine or GABA. Kennedy et al. (2005) studied the sub-
strate specificity of rat PAT2 and demonstrated that at an
extracellular pH of 5.5 and under Na't-free conditions,
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proline uptake was saturable with a Michaelis-Menten
constant (K,,) of 172 uM. This result confirmed that, com-
pared to PAT1, PAT?2 is the high-affinity transporter. The
major restrictions on transport are the side chain size and
the backbone length.

Transport of pharmacologically active proline
derivatives by PATI and PAT2

A very promising approach for the delivery of drugs across
epithelial barriers is the exploitation of physiological
transport systems. Accordingly, the substrate specificity
of carriers, the design of prodrug substrates, the pharmaco-
genetics relevant to drug transporters and the elucidation of
membrane carrier protein structures gained enormous inter-
est in recent years. Well known examples are the drug
and prodrug transport via peptide transporters (Daniel
and Adibi, 1993; Ganapathy et al., 1998; Bretschneider
et al., 1999; see below), the intestinal transport of cationic
drugs by the organic cation transporters (Koepsell et al.,
2003; Miiller et al., 2005) and the therapeutically relevant
activity of efflux systems such as the P-glycoprotein.

It is assumed that PAT1 can be used as a new drug
delivery route. First, PAT1, but not PAT2, is expressed
at epithelial cell membranes. Second, it has been shown
early on that PAT1 accepts pharmacologically active
amino acids and derivatives such as D-serine, GABA
and the antituberculotic agent D-cycloserine as substrates
(Ranaldi et al., 1994; Thwaites et al., 1995a; Boll et al.,
2002; Chen et al., 2003). We have recently reported that
hPAT1 transports numerous therapeutically relevant L-
proline derivatives such as 3,4-dehydro-D,L-proline, cis-
4-hydroxy-L-proline, LACA and other structures (Metzner
et al., 2004; Fig. 3). Such compounds prevent procollagen
from folding into a stable triple-helical conformation
thereby reducing excessive deposition of collagen in
fibrotic processes and the growth of tumors (Takeuchi
and Prockop, 1969; Uitto et al., 1984; Ciardiello et al.,
1988). Kennedy et al. (2005) has reported that mPAT?2 is
able to transport LACA and cycloserine.

It would be interesting to investigate whether cis and
trans-4-fluoro-L-proline represent hPAT1 substrates. In
this regard, it has been reported that cis-4-['*F]fluoro-L-
proline, which is used for PET scanning, may be trans-
ported in F98 rat glioma cells in a Na*-dependent manner
by the amino acid transport system A (Langen et al.,
2002). Very recently the authors demonstrated the stereo-
selective transport of D-proline and the D-isomer of cis-4-
['®F]fluoro-proline at the blood—brain barrier (Langen
et al., 2005). As another example, Zhao et al. synthesized

new GABA uptake inhibitors that were derived from pro-
line and pyrrolidine-2-acetic acid (Zhao et al., 2005).
These compounds should be tested with respects to their
oral availability and their interaction with hPAT1.

Transport of L-proline by the Na*/imino
acid cotransporter SIT1

SIT1 expression and transport mechanism

An issue, which was frequently discussed in the past was
the driving force of L-proline uptake at the renal and
intestinal epithelium (Munck, 1966, 1984; Morikawa
and Tada, 1967; Hammerman and Sacktor, 1977; Hayashi
et al., 1980; Stevens et al., 1982; Stevens and Wright,
1985; Davies et al., 1987; Vilella et al.,, 1989; Munck
and Munck, 1992; Munck et al., 1994; Urdaneta et al.,
1998; Nicklin et al., 1992; Thwaites et al., 1993b;
Ingrosso et al., 2000). A key question in the debate is
whether proline transport is energized by a proton or by
a sodium gradient. As discussed above, the H'-dependent
system PAT1 is considered a major route for proline
uptake. Interestingly, the phenomenon that proline uptake
into animal cells can be driven by a H™ gradient was
already known from studies in protozoa including the
parasite Leishmania donovani (Zilberstein and Dwyer,
1985). All along, however, it was clear that this system
cannot be identical to the classical IMINO system that had
been extensively described on a functional level. There is
some confusion in the literature, which is partially due to
species specific variants of proline transport: proline
uptake at the rat intestine differs distinctly from proline
transport in rabbit intestine (Anderson et al., 2004). More-
over, the term imino transporter is being used in different
context. Therefore, Anderson et al. (2004) emphatically
suggested that ‘““the rat imino acid carrier should be
renamed rPAT1 to help reduce further confusion with
the IMINO carrier, which is clearly a different entity™.
This classical IMINO carrier is defined as the Na*-
dependent proline transport activity that is resistant to
inhibition by alanine (Stevens et al., 1982; Stevens and
Wright, 1985; Takanaga et al., 2005b). Just one year ago
this system was cloned almost simultaneously by two
groups. Takanaga et al. (2005b) cloned and charac-
terized rat SLC6A20 and introduced the acronym SIT1;
Kowalczuk et al. (2005) cloned mouse SLC6A20 from
kidney and designated the protein IMINO®,
SIT1/IMINO® is a member of the Nat- and Cl -
dependent neurotransmitter transporter family SLC6.
Proline transport in Xenopus laevis oocytes expressing
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rSIT1 was Na't-dependent, Cl™-stimulated and voltage-
dependent (Takanaga et al., 2005b) (Fig. 2). Li", but
not H*, could substitute for Na™. rSIT1-mRNA is found
in epithelial cells of the whole intestinal tract, in kidney
tubule S 3 segments, choroid plexus, microglia and
meninges of the brain and in the ovary (Takanaga et al.,
2005b). Kowalczuk et al. (2005) showed expression of
mouse IMINO® in brain, kidney, small intestine, thymus,
spleen and lung. Romeo et al. (2006) recently studied the
tissue distribution of mouse SLC6 amino acid transporters
in great detail. Quantitative real-time RT-PCR showed
that the mRNA of mSIT1 is abundant in kidney and
elevated in small intestine. Importantly, using different
experimental approaches, the authors show that mSIT1
localizes to the brush border membrane of proximal kid-
ney tubule and the intestinal epithelium.

Substrate specificity of SITI

When expressed in Xenopus laevis oocytes, rat SIT1
mediated the uptake of L-proline, pipecolate and N-
methylated amino acids such as MeAIB and sarcosine
(Takanaga et al., 2005b). The affinity constant (Kqs) of
proline uptake was 0.2 mM. Hence, this carrier displays
an approximately ten-fold higher affinity for L-proline
than PAT1 (Table 1). The N-methylated derivatives
evoked large currents in rSIT1-expressing oocytes but
they interacted with rSIT1 with much lower apparent affi-
nity than L-proline. Hydroxy-L-proline was also a strong
inhibitor of proline uptake but evoked only a small current
which may suggest that this derivative is a non-trans-
ported high-affinity inhibitor (Takanaga et al., 2005b).
rSIT1-mediated proline transport was insensitive to inhi-
bition by alanine or lysine. This is further evidence for
the identity of this system with the classical IMINO car-
rier. rSIT1 prefers L-proline over its D-stereoisomer
(Takanaga et al., 2005b) and is, in this regard, more selec-
tive than PAT1. Kowalczuk et al. (2005) reported a very
similar substrate specificity and stereoselectivity of this
carrier cloned from mouse kidney. The K 5 for L-proline
was 0.13mM. Pipecolic acid had the highest affinity.
Amino acids with secondary, tertiary or quaternary amine
groups were the preferred substrates of this transporter.
Phenylalanine, leucine, alanine and the amino acid analo-
gue aminobutyric acid induced smaller, but significant,
currents in Xenopus oocytes expressing mouse IMINO®
(Kowalczuk et al., 2005). Ristic et al. (2006) report that in
opossum kidney (OK) cells, SIT1 is not only an apical
imino acid transporter but also a Na*-dependent neutral
L-amino acid transporter, e.g. for isoleucine and phenyla-

lanine. This agrees with results obtained by Takanaga et al.
(2005b) and Kowalczuk et al. (2005) who found that
these amino acids induce small but significant currents in
Xenopus laevis oocytes expressing mouse IMINO® or rSIT1
or were modest inhibitors of proline uptake, respectively.

Compared to PAT1, the Na*-dependent proline trans-
porter displays rather limited substrate specificity. Alanine,
GABA, D-proline and several other PAT1 substrates are
not transported by SIT1. Substrates shared by PAT1 and
SIT1 are L-proline, pipecolic acid, sarcosine, MeAIB,
hydroxyl-L-proline and LACA. With regard to affinity,
SIT1 is the high-affinity transporter and PAT1 the low-
affinity transporter. Table 1 summarizes several relevant
parameters of SIT1 in comparison to PAT1.

As already stated above, one of the most interesting yet
unanswered (but suggested in Fig. 2) questions is that of a
possible simultaneous expression of PAT1 and SITI1 in
human intestine; hPAT1 as the low-affinity transporter
driven by a H* gradient and SIT1 as the high-affinity
transporter driven by a Na® gradient. It is tempting to
speculate that both transporters might be expressed at
the apical membrane of enterocytes but in different
regions of the gastrointestinal tract. In a very recent study,
Miyauchi et al. (2005) were able to discriminate between
PAT1 and system IMINO in the rabbit kindey: The
authors not only cloned and functionally characterized
the rabbit PAT1 after heterologous expression in mamma-
lian cells; they detected a transport system with identical
characteristics (rabbit PAT1) in renal brush-border mem-
brane vesicles. Most importantly, in the presence of Na™
and 10mM L-alanine, i.e. under conditions in which
PAT1 transport function is suppressed, a second proline
uptake system was detected. This system exhibited the
functional characteristics of the IMINO system. Thus,
the authors have demonstrated functional activity of both
rabbit PAT1 and rabbit SIT1 in the same tissue prepara-
tion (Miyauchi et al., 2005).

Since the human SIT1/IMINO® also functions as a
Na*-dependent proline transporter and is most likely
expressed in human kidney, the human SLC6A20 is pre-
sently under discussion as a candidate for further investi-
gation of iminoaciduria in man. Takanaga et al. (2005b)
found that mSIT1 was dramatically up-regulated in the
kidneys of 3-day-old mice, accounting for the known
maturation of proline reabsorption in the mouse. In other
studies, hPAT1 is believed to be the system which is
defective in patients with iminoglycinuria (Miyauchi
et al., 2005). Broer and coworkers (2006a) have already
established a complex model involving hPAT1, IMINO®
and the neutral amino acid transporter B’AT1 to explain
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the phenotype of this disease. Identification of the mole-
cular defect underlying iminoglycinuria should be one of
the priorities of further efforts in this area.

Other mammalian membrane transporters
for L-proline

L-Proline is also a substrate for system ATA2 (amino acid
transporter A2, SLC38A2), a subtype of amino acid trans-
port system A. The human ATA2, first cloned from the
cell line HepG2 (Hatanaka et al., 2000), consists of 506
amino acids and is ubiquitously expressed in human
tissues. The transporter is energized by a Nat gradient.
Competition experiments using radioactive labeled
MeAIB revealed that hATA2 is able to transport several
neutral amino acids such as alanine, glycine, serine, pro-
line, methionine, asparagine, glutamine, threonine and
leucine (Hatanaka et al., 2000). System A is involved in
efflux transport of L-proline across the blood brain barrier
(Takanaga et al., 2002). Additional evidence for proline
transport by system A was obtained in studies on proline
derivatives: In F98 rat glioma cells cis-4-['®F]fluoro-L-
proline is transported by system A in a Na't-dependent
manner (Langen et al., 2002). Interestingly, fibroblast cell
lines most sensitive to cis-4-hydroxy-L-proline are those
in which the activity of the A system is specifically
increased (Ciardiello et al., 1988).

Pinilla-Tenas et al. (2003) were first to report trans-
port of proline and hydroxyproline by system ASCT1
(SLC1A4). ASCT1 is a member of the glutamate trans-
porter superfamily and is characterized as a Nat-depen-
dent neutral amino-acid exchanger. The apparent affinity
constants are 704 pM for proline uptake and 33 uM for
hydroxyproline uptake. ASCT1 is very likely expressed at
the basolateral membranes of enterocytes (Ganapathy
et al., 2001; Pinilla-Tenas et al., 2003).

Proline is also transported by PROT (SLC6A7), another
member of the Nat- and Cl™-dependent neurotransmitter
transporter family (Chen et al., 2004). PROT is highly
specific for proline and is exclusively expressed in the
brain. Approximately 80% of PROT proteins are associated
with intracellular synaptic vesicle pools. The carrier does
not seem to be expressed at mammalian epithelia.

Similarly, a former orphan transporter (V7-3, SLC6A15
gene) of the SLC6 family has recently been characterized
as human brain specific Na*-coupled branched-chain
amino-acid transporter 1 (SBAT1, Takanaga et al., 2005a).
SBAT1 mediates transport of hydrophobic, zwitterionic
o-amino and imino acids with a preference for branched-
chain amino acids and methionine (Kqs5=80-160uM).

L-Proline is transported with an affinity constant of
0.38 = 0.02 mM. SBAT1 does not transport charged amino
acids, B-amino acids, glycine and GABA. SLC6A1S5 has
been cloned independently by Broer and coworkers from
mouse but termed B’AT2 (Broer et al., 2006b). Transport
of neutral amino acids via mBPAT2 is also Na*-
dependent, chloride-independent and electrogenic. Leu-
cine, isoleucine, valine, proline and methionine are recog-
nized with Kg 5 values in the 40 to 200 uM range, alanine,
glutamine and phenylalanine in the millimolar range.
RT-PCR experiments showed significant expression of
mBUAT2 only in brain, lung and kidney. Functionally,
BYAT2-like transport activity was detected in synap-
tosomes and cultured neurons (Broer et al., 2006b).
Transport function and subcellular distribution of this
transporter in kidney and lung have yet to be determined.
It should be noted that proline is also transported by the
amino acid transporter B’AT1 (SLC6A19) expressed at
the apical membrane of intestinal and renal epithelial cells
although with low affinity (Bohmer et al., 2005).

In addition to specific transport, simple diffusion of
proline across epithelial barriers might also play a signif-
icant role. Apical ion gradient-coupled transporters such
as PAT1 and SIT1/IMINO® accumulate their substrates in
the cell, i.e. they transport uphill. Compared to their con-
tribution, proline uptake by simple diffusion might be
negligible. Simple diffusion of proline along a downhill
concentration gradient may however be significant under
physiological conditions.

Transport of L-proline-containing peptides
by the H*/peptide cotransporters
PEPT1 and PEPT2

Expression, mechanism and specificity
of PEPTI and PEPT2

Early studies on peptide transport were often done by
feeding proteins to live animals and analyzing luminal
contents, tissues and blood. Perfusion experiments in vivo
and in situ, incubation of everted sacs and rings and the
Ussing chamber technique have been used for at least 50
years and are being used today. More advanced cell and
tissue preparations such as isolated cells, brush-border
membrane vesicles, cell lines, heterologously expressed
carriers in Xenopus laevis oocytes, mammalian cells or
Pichia pastoris combined with new analytical methods
such as voltage clamp made the molecular characteriza-
tion and localization of the H'/peptide cotransporters
PEPT1 and PEPT2 possible. From the beginning, the
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Fig. 4. Peptide transport by PEPT1 or PEPT2 at an intestinal or renal
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favorite substrates used in intestinal and renal peptide
transport studies were proline- and sarcosine-containing
dipeptides (Adibi and Soleimanpour, 1974; Addison et al.,
1975; Matthews, 1975; Ganapathy et al., 1980, 1981,
1984; Ganapathy and Leibach, 1983; Rajendran et al.,
1985). Gly-Sar is highly resistant to both plasma mem-
brane and intracellular dipeptidases (Brandsch et al.,
1997) and is available as a radiolabelled tracer with high
specific activity.

Using radiolabeled Gly-Pro as a substrate, the group of
F. H. Leibach discovered that the renal and intestinal
dipeptide uptake is driven by a H" gradient and that the
transport process is a symport (Ganapathy et al., 1981;
Ganapathy and Leibach, 1983). Figure 4 shows the model
of dipeptide uptake at a renal or intestinal epithelial cell as
established by these authors. The H' dependence of
intestinal and renal peptide transport has since been con-
firmed in different tissue preparations and in a variety of
animal species such as C. elegans, insects, lobster, eel and
other fishes, mouse, rat, rabbit and human. In 1994, the
rabbit intestinal H /di- and tripeptide transporter PEPT1
was finally cloned by the Xenopus laevis oocyte expres-
sion cloning method (Fei et al., 1994). Shortly thereafter,
the renal isoform PEPT2 was cloned and characterized
(Liu et al., 1995; Boll et al., 1996). In addition to intestine
and kidney, H*-coupled di- and tripeptide transport across
cell membranes by PEPT1 and PEPT2, respectively, has
been demonstrated in lung (for review see Groneberg
et al., 2004), extrahepatic biliary duct (Kniitter et al.,
2002), choroid plexus (Teuscher et al., 2000), mammary
gland and other tissues (Daniel et al., 1992; Brandsch
et al.,, 1995a, b; Ganapathy et al., 2001; Nielsen et al.,
2002; Daniel and Kottra, 2004; Steffansen et al., 2004).

PEPT1 and PEPT2 accept most (but not all, see below)
proteinogenic di- and tripeptides and many peptidomi-
metics as substrates. Free amino acids and larger peptides
are not transported. Studies on substrate specificity of
peptide transporters performed over the last 40 years
have now led to the apparent affinity constants of more
than 500 substrates being established. For PEPT1, a wide
range of substrate affinity constants with Kq 5 (K, K,;,, K})
values between 2uM and 30 mM has been determined.
The highest apparent affinity reported so far is that of the
inhibitor Lys[(Z)NO,]-Val with a K; of 2uM (Kniitter
et al., 2004). Most dipeptides made of gene-coded amino
acids display affinity or inhibition constants in the range
of 0.07 to 0.7mM. In our laboratory, we evaluate K;
values below 0.5 mM as high affinity, K; values between
0.5 and 5mM as medium affinity and K; values higher
5SmM as low affinity. Values above 15 mM we consider
with great caution (Brandsch et al., 2004). Using the
Caco-2 cell assays we determined a threshold value of
14mM for cephalosporins and penicillins with respect
to their oral availability and this correlates with their affi-
nity to PEPT1 (Bretschneider et al., 1999).

The substrate specificity of PEPT?2 is not identical but
very similar to that of PEPT1 (for review see Biegel et al.,
2006, this volume). For natural di- and tripeptides but not
for peptidomimetics, PEPT2 generally displays affinity
constants that are about 10fold lower than those at PEPT1.
Hence, compared to PEPT1, PEPT2 is called the high-
affinity peptide transporter. For PEPT2, we suggested
the following classification of substrates and/or inhi-
bitors: (i) K; values <0.1mM as high affinity, (ii)) K;
between 0.1 and 1mM as medium affinity and (iii)
K;>1mM as low affinity. Compounds with apparent affi-
nity constants above 5SmM should not be considered as
PEPT?2 ligands (Luckner and Brandsch, 2005).

It has to be kept in mind that affinity constants
obtained in competition assays using radiolabeled refer-
ence substrates give only information about the inter-
action of these compounds with the carrier protein, not
about actual translocation. However, for many repre-
sentative compounds actual translocation across mem-
branes by transporters has been shown, e.g., by electro-
physiological measurements. For a substrate transported
by PEPT1 and PEPT2 with high affinity we presently
consider the following structural features as essential:
(i) L-amino acids, (ii) an acidic or hydrophobic func-
tion at the C-terminus, (iii) a weakly basic group in
a-position at the N-terminus, (iv) a ketomethylene or
acid amide bond, (v) a trans conformation of peptide
bonds.
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This review is limited to proline-containing substrates
and derivatives. Recent detailed reviews available in the
literature on the topic of peptide transporters are by
Ganapathy et al. (1994, 2001), Adibi (1997a, b), Lee
(2000), Inui et al. (2000), Nielsen et al. (2002), Brandsch
and Brandsch (2003), Brandsch et al. (2004), Daniel and
Rubio-Aliaga (2003), Daniel (2004), Daniel and Kottra
(2004), Groneberg et al. (2004), Steffansen et al. (2004).

Transport of Xaa-Pro dipeptides by PEPTI and PEPT2

Proline-containing di- and tripeptides are continuously
generated by specific peptidases during proteolysis in
the intestinal and renal tubular lumen (Fig. 1). Dipepti-
dylpeptidase IV (DP IV, EC 3.4.14.5), which is highly
active at the renal and intestinal epithelium, releases
N-terminal dipeptides of the Xaa-Pro or Xaa-Ala type
from larger polypeptides in a sequential manner. These
peptides are then taken up into epithelial cells by PEPT1
and PEPT2, respectively (Fig. 1, Brandsch et al., 1995¢).
Several authors reported the appearance of intact peptides
containing proline (both Xaa-Pro and Pro-Xaa) and hy-
droxyproline in the blood (Prockop et al., 1962; Bronstein
et al., 1966).

The interplay between hydrolysis and absorption has
been studied in great detail by Morita et al. (1983). During
perfusion of rat intestine with the tetrapeptide Leu-Pro-
Gly-Gly, the amino acids leucine, proline and glycine
were absorbed at a significantly higher rate from the tetra-
peptide than from an equivalent amino acid mixture.
Within the lumen, Leu-Pro and Gly-Gly were the major
hydrolytic products. Using Gly-Pro-B-naphthylamide, a
specific DP IV substrate, the authors were able to show
that this enzyme is mainly localized to the brush border
membrane and that it is responsible for the hydrolysis of
the tetrapeptide into the two dipeptides Leu-Pro and Gly-
Gly (Morita et al., 1983). At the kidney epithelium, the
relation between hydrolysis and absorption of proline-
containing peptides has been investigated using B-caso-
morphin-5 (BCMS5: Tyr-Pro-Phe-Pro-Gly) (Miyamoto
et al., 1987). As a pentapeptide, BCMS5 is not transported
by PEPT1 or PEPT2 nor is it cleaved to any significant
extent by peptidases other than the DP IV. Miyamoto et al.
(1987) using brush-border membrane vesicles could show
that the pentapeptide was hydrolyzed by DP IV to di- and
tripeptides which were then transported into the vesicles
via the peptide transport system. This mechanism has
been confirmed very elegantly using a unique model,
the Fischer 344 rats from the Japanese Charles River
Inc. In contrast to the Charles River (U.S.A.) Fischer

344 rats, these rats are DP IV deficient (Tiruppathi et al.,
1990). Renal brush-border membrane vesicles of DP IV
negative rats failed to hydrolyze Tyr—Pro—[3H]Phe-Pro-Gly
and did not accumulate radiolabel from the parent peptide
(Tiruppathi et al., 1990). Urine analysis revealed that the
DPP IV-negative rats excreted proline- and hydroxy-
proline-containing peptides in significantly increased
amounts compared with control rats. These data provided
conclusive evidence for the obligatory role of DPP IV in
the renal handling of proline (and hydroxyproline)-con-
taining peptides (for review see Brandsch et al., 1995c).

Most Xaa-Pro dipeptides are high-affinity substrates for
the H' /peptide transporters PEPT1 and PEPT2. Consti-
tutively expressed PEPT1 in intestinal Caco-2 cells appar-
ently has K; values in the range of 0.15 mM (Ala-Pro) to
1.2mM (Pro-Pro) (Brandsch et al., 1999; Table 2). By
comparison, constitutively expressed PEPT2 in renal
SKPT-2 cells shows much lower values, having a K; of
0.02mM for Ala-Pro and 0.04 mM for Val-Pro.

We were able to experimentally show the conformer
specificity of PEPT1 using a novel Xaa-Pro derivative
(Brandsch et al., 1998). An Ala-Pro derivative was synthe-
sized by replacing the peptide bond with an isosteric
thioxo peptide bond. A striking feature of Ala-y[CS-N]-
Pro (Fig. 5) was that the compound had a trans peptide

Table 2. Examples for inhibition constants of Xaa-Pro and Pro-Xaa
dipeptides and derivatives substrates of hPEPT1

Dipeptide /Derivative K; (mM) Trans content (%)
H-Ala-Pro-OH 0.15 +0.02 64+ 1
H-Leu-Pro-OH 0.18 +0.01 60 £ 1
H-Glu-Pro-OH 0.26 + 0.01 55+1
H-Gly-Pro-OH 0.30 +0.02 52+2
H-Arg-Pro-OH 0.39 +0.05 70 £2
H-Tyr-Pro-OH 0.53 +0.03 30+ 1
H-Trp-Pro-OH 0.54 +0.08 24+ 1
H-Pro-Pro-OH 1.2+0.1 51+2
H-Sar-Pro-OH 25+0.1 62+2
H-Ala-D-Pro-OH 15+£2

H-Ile-pyrrolidide >20

H-Ile-thiazolidide 63+ 1.6

H-Ala-Pip-OH 0.06 + 0.01 58+3
H-Ala-y[CS-N]-Pro-OH 0.30 +0.02 62+ 1
H-Pro-Leu-OH 0.47 +0.04

H-Pro-Tyr-OH 0.73 £0.02
H-Pro-Phe-OH 1.9+0.1

H-Pro-Arg-OH 25=£0.1

H-Pro-Ala-OH 9.5+ 04

H-Pro-Glu-OH 20+ 1

H-Pro-Gly-OH 22+2

K; values + SE derived from inhibition of [14C]Gly—Sar uptake in Caco-2
cells and % trans conformers in cis/trans equilibrium are from Brandsch
et al. (1999)
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Fig. 5. Structure and cis/trans isomerization of Ala-[CS-N]-Pro

bond content of 96% with only 4% in the cis conforma-
tion when dissolved in an uptake buffer (pH 6.0). Inter-
conversion of isomers proceeded slowly towards cis/trans
equilibrium (=62% trans, 38% cis). Although Ala-/[CS-
N]-Pro was recognized by PEPT1 with high affinity, only
the trans conformer interacted with this transporter. More-
over, in a second approach, actual trans conformer-speci-
fic uptake of Ala-y[CS-N]-Pro was demonstrated by ana-
lyzing the intracellular content of Caco-2 cells and the
extracellular medium during incubation using capillary
electrophoresis. This study provided first direct evidence
that a H' /peptide cotransport system selectively binds
and transports the trans conformer of a peptide derivative
(Brandsch et al., 1998; Bailey et al., 2005). The advantage
of Ala-y[CS-N]-Pro for such investigations was its suffi-
ciently low isomerization rate. In contrast, the cis/trans
interconversion of natural Xaa-Pro dipeptides occurs at
room temperature within seconds to minutes (Fischer,
1994; Ma et al., 1995). To show whether the phenomenon
of conformer specificity applies for natural Xaa-Pro di-
peptides as well, and to elucidate additional decisive
structural factors relevant for dipeptide-carrier interaction,
the affinity of short amide and imide derivatives for the
intestinal H /peptide symporter was investigated by mea-
suring their ability to inhibit ['*C]Gly-Sar transport at
PEPT1 (Brandsch et al., 1999). The K; values of Xaa-
Pro dipeptides in cis/trans equilibrium and those of the
corresponding Xaa-Ala dipeptides (all trans) were deter-
mined. With the exception of Pro-Ala, the affinity con-
stants of Xaa-Ala dipeptides were found to be lower than
those of the Xaa-Pro dipeptides. Analyzing the individual
peptide bond conformations of Xaa-Pro dipeptides, a
striking correlation between the cis/trans ratios (trans
contents 24-70%, Table 2) and the affinity constants
was observed. After correcting the K; values for the in-
competent cis isomers, the K; .o values of most Xaa-Pro
dipeptides were in a close range of 0.1 to 0.16 mM and
very similar to the K; values of the respective Xaa-Ala
dipeptides (range 0.08 to 0.16 mM). It was concluded that
PEPT1 accepts trans conformers of zwitterionic Xaa-Pro

dipeptides regardless of size, hydrophobicity and aromatic
nature of the N-terminal amino acid. Lower affinities of
Lys-Pro, Arg-Pro and Pro-Pro as well as Lys-Ala, Arg-Ala
and Pro-Ala indicate that additional factors such as charge
affect their binding at PEPT1. It should be noted that cis
conformers can be detected not only in aqueous solutions
of all Xaa-Pro dipeptides but also for derivatives such
as Ala-pipecolic acid, Sar-Pro and Xaa-Sar dipeptides
(Table 2, Brandsch et al., 1999). The conformer specificity
of PEPT1 for tripeptides has not yet been investigated.

Transport of Pro-Xaa dipeptides by PEPTI

Inoue et al. (2001) developed a highly sensitive and
reliable HPLC method for the determination of prolyl
dipeptides in serum. According to their measurements,
the concentrations of Pro-Hyp, Pro-Gly and Pro-Pro
in serum were 0.64 +0.35uM, 0.078 +0.047 uM and
0.022 £ 0.016 pM, respectively. The serum concentration
of free proline was 177 £43 uM (Inoue et al., 2001).
Much higher concentrations are expected at the intestinal
and renal brush border during protein hydrolysis. Several
authors have reported that dipeptides which have a methy-
lated amino nitrogen (e.g. Sar-Gly and Sar-Pro) or an
amino nitrogen as part of the imino ring (e.g. Pro-Gly
and Pro-Pro) have much lower apparent affinities than
Gly-Pro (Addison et al., 1975; Thwaites et al., 1994; Eddy
et al., 1995). We studied this phenomenon in detail in
competition assays using Caco-2 cells and ['*C]Gly-Sar
as a reference substrate (Brandsch et al., 1999, 2004).
Pro-Xaa dipeptides displayed K; values between 0.5 and
>20 mM, reflecting much lower and more diverse affinity
for PEPT1 than Xaa-Pro dipeptides (Table 2). For exam-
ple, Pro-Leu (0.5mM), Pro-Tyr (0.7mM), Pro-Pro
(1.2mM) and Pro-Phe (2 mM) represent effective inhibi-
tors of ['*C]Gly-Sar uptake but fall into the medium affi-
nity category (Brandsch et al., 1999). Pro-Ala, Pro-Asp,
Pro-Ser, Pro-Glu and Pro-Gly display very low affinity or
no affinity at all. It is concluded that the decisive factors
for binding of these dipeptides to PEPT1 are probably the
hydrophobicity of the C-terminal amino acid and the
rigidity of the structure. The latter conclusion is implied
by the result that the affinity of Pro-Pro is 8-fold higher
than that of Pro-Ala (Brandsch et al., 1999, 2004).

Development of the first non-transported,
high-affinity inhibitors of PEPTI1 and PEPT2

The first non-transported high-affinity peptide transporter
inhibitor was developed using Lys-Pro (Kniitter et al.,
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Lys[Z(NO,)]-Pro

2001; Theis et al., 2002). Adding the benzyloxycarbonyl
(Z)-group to the e-amino group of the Lys-residue turned
Lys-Pro from a normal PEPT1 substrate into a non-trans-
ported derivative with significantly higher affinity. Addi-
tion of the NO,-function in para position to the hydro-
phobic ring moiety enhances the affinity for binding of
the resulting Lys[Z(NO,)]-Pro (Fig. 6) to PEPT1 further
while maintaining its inability for electrogenic cotran-
sport. Lys[Z(NO,)]-Pro binds with high affinity to PEPT1
(Ki=5-10uM), competes with various dipeptides for
uptake into cells but is not transported. Synthesis and
functional analysis of Lys-Lys derivatives containing ben-
zyloxycarbonyl (Z) or 4-nitrobenzyloxycarbonyl (Z(NO,))
side chain protection groups provided a set of inhibitors
that reversibly inhibited the uptake of dipeptides by
PEPT2 with K| values as low as 10 & 1 nM (Theis et al.,
2002). This is the highest affinity of a PEPT?2 ligand ever
reported. Based on structure-function relationships it was
concluded that (i) the spatial location of the side chain
amino protecting group in a dipeptide containing a dia-
minocarbonic acid and (ii) its intramolecular distance
from the o-C-atom (Fig. 6) are key factors for the trans-
formation of a substrate into an inhibitor of PEPT2.

Transport of Xaa-Pro and Pro-Xaa derived
drugs by PEPTI and PEPT2

Besides B-lactam antibiotics, ACE inhibitors such as cap-
topril and enalapril are peptidomimetics that have been
intensely studied with regard to their interaction with
PEPT1 and PEPT2. Even so, the transport of these com-
pounds is still a matter of much controversy. For instance,
the affinity constants for enalapril reported in the litera-
ture range from 0.07mM to >20mM. Several authors

consider the orally-active ACE inhibitors captopril and
enalapril as PEPT1 substrates and itemize them as such
in their reviews. In a study using Caco-2 cells, transport of
captopril and enalapril maleate by PEPT1 was suggested
(Thwaites et al., 1995b). In contrast, Moore et al. (2000)
found no affinity of captopril, enalapril, enalaprilat and
lisinopril for PEPT1 (K;>20mM). This is in agreement
with results from our laboratory in Caco-2 cells where we
failed to show that captopril or enalapril acted either as
substrate or inhibitor of PEPT1. In these the affinity con-
stants for these compounds were >30mM and 12 mM,
respectively (Brandsch et al., 2004). Interestingly, Moore
et al. (2000) reported a comparably very low K; value of
110 pM for fosinopril.

In rabbit renal brush border membrane vesicles, an affi-
nity constant of 6 mM was determined for enalapril (Lin
et al., 1999). The values for fosinopril and zofenopril were
55 and 81 pM respectively. The authors report that the
affinity of ACE inhibitors for PEPT2 was strongly corre-
lated with their lipophilicity. The surprisingly high affinity
of fosinopril was confirmed in independent studies using
cell lines (Shu et al., 2001). In these studies, transport of
fosinopril in Caco-2 cells expressing PEPT1 (Ganapathy
et al., 1995) and in SKPT cells expressing PEPT2
(Brandsch et al., 1995a) produced K; values of 35.5 uM
and 29.6 uM respectively (Shu et al., 2001). Intracellular
accumulation of fosinopril was 3 to 4 times higher from
the apical side compared to uptake from the basolateral
side. In further experiments the authors could show
unequivocally that fosinopril was transported intact by
PEPT2 and PEPT1 by a proton-coupled, saturable pro-
cess. Quinapril is a noncompetitive, non-transported inhi-
bitor (Shu et al., 2001; Nielsen et al., 2002; Herrera-Ruiz
and Knipp, 2003).

A series of proline dipeptide derivatives were studied in
perfused rat intestinal segments by Bai et al. (1991). The
intestinal permeabilities of phenylpropionylproline, phe-
nylacetylproline, N-benzoylproline, and hippuric acid
were significantly reduced by coincubation with dipep-
tides and cephradine, suggesting that these dipeptide
analogues without an o-amino group are transported by
the peptide carrier. Ezra et al. (2000) studied the transport
of peptidyl-bisphosphonates. Transport of Pro-[*H]Phe-
[14C]pamidr0nate and Pro—[3H]Phe-[14C]alendronate in
an in situ single-pass perfusion study was inhibited by
Pro-Phe (for which we measured a K; value of 1.9 mM
at Caco-2 cells, Brandsch et al., 1999). The authors pos-
tulated that the oral absorption of bisphosphonates can be
improved when given as peptidyl prodrugs. Other Pro-
Xaa derivatives reported on in the literature are the orally
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active hydroxyprolylserine derivatives trans-4-L-hydroxy-
prolyl-L-serine (JBP923) and cyclo-trans-4-L-hydroxy-
prolyl-L-serine (JBP485) (Liu et al., 2000). JBP923 is
almost completely absorbed from the gastrointestinal
lumen. The result that the compound was able to inhibit
the H'-dependent transport of Gly-Sar in brush-border
membrane vesicles suggests the involvement of peptide
transporters (Liu et al., 2000).

Structural information about substrate-transporter-
interaction is highly relevant for a rational design of pep-
tidomimetic drugs, which may be administered orally
and/or which shall be reabsorbed very efficiently at the
renal epithelium. Recently, the most rigid dipeptide ana-
logue Ala-y/[CS-N]-Pro was used as template for the iden-
tification of pharmacophore features of PEPT1 substrates
(Gebauer et al., 2003; Biegel et al., 2005). The relation-
ship between the physico- and stereochemical properties
and the affinity for PEPT1 was investigated for 106 dipep-
tides, tripeptides, peptide derivatives and B-lactam anti-
biotics. 3D-QSAR studies using comparative molecular
field analysis (CoMFA) and comparative molecular simi-
larity indices analyses (CoMSIA) were performed. By
combining five CoMSIA contour maps, i.e. steric, electro-
static, hydrophobic/hydrophilic, hydrogen bond donor
and hydrogen bond acceptor, the recognition elements
of dipeptides, tripeptides and B-lactam antibiotics which
are favorable for binding to PEPT1 have been identified.
These 3D-QSAR models have now allowed us to predict
the affinity constants of new compounds (Gebauer et al.,
2003; Biegel et al., 2005).

Other mammalian membrane transporters
for L-proline-containing peptides

In addition to PEPT1 and PEPT2, the proton oligopeptide
cotransporter family (SLC15) also consists of the pepti-
de/histidine transporters, PHT1 and PHT?2, that have been
characterized, but in much less detail (Herrera-Ruiz and
Knipp, 2003; Daniel, 2004; Daniel and Kottra, 2004). In
1997, Yamashita et al. reported the cloning and functional
expression of PHT1 from rat brain. When expressed in
Xenopus laevis oocytes, PHT1 mediated H"-dependent
high-affinity uptake of histidine as well as di- and tripep-
tides. The system is also expressed in retina and placenta.
The protein sequence reveals very weak similarity with
PEPT1 and PEPT2 (32% and 27%, respectively). Rat
PHT2 encodes a protein of 582 amino acid residues show-
ing 49% identity with rat PHT1 (Sakata et al., 2001). It is
expressed mainly in spleen, thymus and lung. Neither
PHT1 nor PHT2 have been analyzed systematically with

respect to their substrate specificity (Daniel and Kottra,
2004). Very recently, however, the human PHT1 was
cloned and functionally characterized in COS-7 cells
(Bhardwaj et al., 2006). Surprisingly, uptake of Gly-Sar
by this transporter is almost negligible and is unaffected
by pH. Several other di- and tripeptides such as Gly-Leu
and Gly-Gly-Leu at a concentration of 1 mM were able to
inhibit hPHT1-mediated uptake of histidine by less than
50%. The study did not contain kinetic experiments which
would make it possible to assess the affinity of the
peptides. Since none of these studies included proline-
containing peptides, it is not known to the author whether
PHT1 and PHT?2 transport such compounds under physio-
logical conditions.

As stated above, a peptide transport function has been
found at the basolateral membranes of renal and intes-
tinal cells (Terada et al., 1999, 2000; Fig. 1). Uptake of
[14C]Gly-Sar across the basolateral membrane into
Caco-2 cells cultured on filters was less sensitive to extra-
cellular pH than uptake across the apical membrane by
PEPT1. Moreover, the uptake did not proceed against a
concentration gradient. These results suggest that the
basolateral system is a facilitative peptide transporter
whereas PEPT1 is an active transporter (Terada et al.,
1999). The same group also studied Gly-Sar uptake across
the basolateral membrane of renal MCDK cells cultured
on filters (Terada et al., 2000). Major differences in the
affinity to dipeptides and a different pH profile suggest
that intestinal and renal basolateral peptide transport is
mediated by different proteins. Again, it is not known
whether these peptide transport systems accept proline-
containing peptides as substrates.

Proline is also a conspicuous amino acid in substrates
of another peptide transporter referred to as Transporter
associated with Antigen Processing (TAP). This ATP-
dependent system is not expressed at epithelial cell mem-
branes but at the membrane of the endoplasmatic reticu-
lum. The peptides, which constitute TAP substrates, are
generated from endogenous proteins in the proteosomal
pathway. Human TAP preferentially recognizes peptides
8—16 residues in length (Uebel et al., 1997). They are
translocated by TAP into the ER lumen and assembled
with major histocompatibility complex class I molecules.
Using combinatorial peptide libraries, Uebel et al. ele-
gantly showed that proline is the most disfavored amino
acid in position two of the nonamer peptides tested for
recognition by TAP (Uebel et al., 1997). Since the major
contribution to binding strength is from the peptide back-
bone it might be speculated that conformational specifi-
city plays a role for TAP.
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Table 3. Tissue localization of cell membrane transporters for L-proline and L-proline-containing peptides

Protein Gene Localization

PAT1 SLC36A1 intestine (epithelial cells: apical membrane), brain (neurons: lysosomes), kidney, lung, liver, spleen

PAT2 SLC36A2 lung, kidney, heart, muscle, testes, liver, spleen, thymus, spinal cord, brain (neurons: endoplasmatic
reticulum, endosomes®)

SIT1, IMINO® SLC6A20 intestine, kidney (epithelial cells: apical membrane), brain (choroid plexus, microglia, meninges), ovary

ATA2 SLC38A2 widespread; at epithelial barriers predominantly at abluminal cell membranes

ASCT1 SLC1A4 widespread; at epithelial barriers predominantly at abluminal cell membranes

PROT SLC6A7 brain (glutamatergic neurons)

BCAT2, SBAT1 SLC6A1S5 brain (neurons: synaptosomes), lung, kidney

BPAT1® SLC6A19 intestine, kidney (epithelial cells: apical membrane)

PEPT1 SLCI5A1 intestine, kidney, extrahepatic biliary duct (epithelial cells: apical membrane)

PEPT2 SLC15A2 kidney; lung (bronchial epithelium: apical membrane), glia, choroid plexus (epithelial cells:

apical membrane); mammary gland

? Rubio-Aliaga et al. (2004)

® Low affinity for L-proline (Bohmer et al., 2005); for further details see Hediger (2004) or http: //www.bioparadigms.org/slc/menu.asp

Conclusions

At polarized epithelia, proline specific peptidases, proline
transporters and peptide transporters contribute in a com-
plex and fine-tuned interplay to membrane proline trans-
port. The mammalian tissues most thoroughly studied in
this respect are the epithelial barriers of kidney and intes-
tine. It has been well established that protein digestion
products are absorbed into intestinal cells predominantly
in the form of di- and tripeptides. Proline-containing di-
and tripeptides are generated mainly by dipeptidylpep-
tidase IV. Probably all Xaa-Pro dipeptides and some
Pro-Xaa dipeptides are taken up into the cells by the
H" /peptide cotransporters. The transport of Xaa-Pro
dipeptides is conformer specific for the trans peptide
bond. Free proline is absorbed from the lumen by the
H* /amino acid symporter PAT1 and/or the Na*t/imino
acid symporter SIT1.

Inside the cells, most Xaa-Pro and Pro-Xaa dipeptides
are hydrolyzed by the dipeptidases prolidase (EC
3.4.13.9) and prolinase (EC 3.4.13.8), respectively, to
their constituent amino acids. Administration of excess
amounts of proline-rich proteins or peptides will overload
degrading enzymes and lead to the appearance of signifi-
cant amounts of proline-containing peptides in the blood.
In all other cases, the individual amino acids are trans-
ported out of the cell via basolateral amino acid trans-
porters. Basolateral transport of proline is most likely
mediated by systems ATA2 and ASCTI1. Although to a
different degree, proline and proline-peptide transporters
accept derivatives with sterical resemblance to their nat-
ural ligands as substrates.

Table 3 summarizes the proline-transporting SLC mem-
bers known so far on a molecular level. In the near future

the remaining amino acid and peptide transporters will be
cloned and the substrates for the so-called orphan trans-
porters will be identified.

Acknowledgements

This work was supported by Deutsche Forschungsgemeinschaft grant
BR 1317/4-2 and by Land Sachsen-Anhalt grants 3505A/0403L and
PAXB3599HP/0105T.

References

Addison JM, Burston D, Dalrymple JA, Matthews DM, Payne JW,
Sleisenger MH, Wilkinson S (1975) A common mechanism for trans-
port of di- and tri-peptides by hamster jejunum in vitro. Clin Sci Mol
Med 49: 313-322

Adibi SA (1997a) Renal assimilation of oligopeptides: physiological
mechanisms and metabolic importance. Am J Physiol 272: E723-E736

Adibi SA (1997b) The oligopeptide transporter (Pept-1) in human intes-
tine: biology and function. Gastroenterology 113: 332-340

Adibi SA, Soleimanpour MR (1974) Functional characterization of
dipeptide transport system in human jejunum. J Clin Invest 53:
1368-1374

Anderson CM, Grenade DS, Boll M, Foltz M, Wake KA, Kennedy DJ,
Munck LK, Miyauchi S, Tayler PM, Campell FC, Munck BG, Daniel H,
Ganapathy V, Thwaites DT (2004) H* /amino acid transporter 1 (PAT1)
is the imino acid carrier: an intestinal nutrient/drug transporter in
human and rat. Gastroenterology 127: 1410-1422

Anderson CM, Thwaites DT (2005) Indirect regulation of the intestinal
H"-coupled amino acid transporter hPAT1 (SLC36A1). J Cell Physiol
204: 604-613

Bai PF, Subramanian P, Mosberg HI, Amidon GL (1991) Structural
requirements for the intestinal mucosal-cell peptide transporter: the
need for N-terminal o-amino group. Pharmacol Res 8: 593—-599

Bailey PD, Boyd CA, Collier ID, Kellett GL, Meredith D, Morgan KM,
Pettecrew R, Price RA (2005) Probing dipeptide trans/cis stereochem-
istry using pH control of thiopeptide analogues, and application to the
PepT1 transporter. Org Biomol Chem 3: 4038—-4039

Berger V, De Bremaeker N, Larondelle Y, Trouet A, Schneider Y-J (2000)
Transport mechanisms of the imino acid L-proline in the human
intestinal epithelial Caco-2 cell line. J Nutr 130: 2772-2779



Transport of L-proline, L-proline-containing peptides and related drugs 133

Bhardwaj RK, Herrera-Ruiz D, Eltoukhy N, Saad M, Knipp GT (2006)
The functional evaluation of human peptide/histidine transporter 1
(hPHT1) in transiently transfected COS-7 cells. Eur J Pharm Sci 27:
533-542

Biegel A, Gebauer S, Hartrodt B, Brandsch M, Neubert K, Thondorf I
(2005) Three-dimensional quantitative structure-activity relationship
analyses of B-lactam antibiotics and tripeptides as substrates of
the mammalian H* /peptide cotransporter PEPT1. J Med Chem 48:
4410-4419

Biegel A, Kaniitter I, Hartrodt B, Gebauer S, Theis S, Luckner P, Kottra G,
Rastetter M, Zebisch K, Thondorf I, Daniel H, Neubert K, Brandsch M
(2006) The renal type H' /peptide symporter PEPT2: structure-affinity
relationships. Amino Acids (in press)

Bohmer C, Broer A, Munzinger M, Kowalczuk S, Rasko JE, Lang F,
Broer S (2005) Characterization of mouse amino acid transporter
BPAT1 (SLC6A19). Biochem J 389: 745-751

Boll M, Daniel H, Gasnier B (2004) The SLC36 family: proton-coupled
transporters for the absorption of selected amino acids from extra-
cellular and intracellular proteolysis. Pflugers Arch 447: 776-779

Boll M, Foltz M, Anderson CM, Oechsler C, Kottra G, Thwaites DT,
Daniel H (2003a) Substrate recognition by the mammalian proton-
dependent amino acid transporter PAT1. Mol Membr Biol 20: 261-269

Boll M, Foltz M, Rubio-Aliaga I, Daniel H (2003b) A cluster of proto-
n/amino acid transporter genes in the human and mouse genomes.
Genomics 82: 47-56

Boll M, Foltz M, Rubio-Aliaga I, Kottra G, Daniel H (2002) Functional
characterization of two novel mammalian electrogenic proton-depen-
dent amino acid cotransporters. J Biol Chem 277: 22966-22973

Boll M, Herget M, Wagener M, Weber WM, Markovich D, Biber J, Clauss
W, Murer H, Daniel H (1996) Expression cloning and functional
characterization of the kidney cortex high-affinity proton-coupled
peptide transporter. Proc Natl Acad Sci USA 93: 284-289

Brandsch M, Brandsch C (2003) Intestinal transport of amino acids,
peptides and proteins. In: Souffrant WB, Metges CC (eds) Progress in
research on energy and protein metabolism. Wageningen Academic
Publishers, Netherlands, pp 667-680

Brandsch M, Brandsch C, Ganapathy ME, Chew CS, Ganapathy V,
Leibach FH (1997) Influence of proton and essential histidyl residues
on the transport kinetics of the H* /peptide cotransport systems in
intestine (PEPT 1) and kidney (PEPT 2). Biochim Biophys Acta 1324:
251-262

Brandsch M, Brandsch C, Prasad PD, Ganapathy V, Hopfer U, Leibach FH
(1995a) Identification of a renal cell line that constitutively expresses
the kidney-specific high-affinity H* /peptide cotransporter. FASEB J 9:
1489-1496

Brandsch M, Ganapathy V, Leibach FH (1995b) H* -peptide cotransport
in Madin-Darby canine kidney cells: expression and calmodulin-
dependent regulation. Am J Physiol 268: F391-F397

Brandsch M, Ganapathy V, Leibach FH (1995c¢) Role of dipeptidyl
peptidase IV (DP IV) in intestinal and renal absorption of peptides.
In: Fleischer B (ed) Dipeptidyl peptidase IV (CD26) in metabolism and
the immune response. Springer, Heidelberg, pp 111-129

Brandsch M, Kniitter I, Leibach FH (2004) The intestinal H™ /peptide
symporter PEPT1: structure-affinity relationships. Eur J Pharm Sci 21:
53-60

Brandsch M, Kniitter I, Thunecke F, Hartrodt B, Born I, Borner V,
Hirche F, Fischer G, Neubert K (1999) Decisive structural determinants
for the interaction of proline derivatives with the intestinal H" /peptide
symporter. Eur J Biochem 266: 502—508

Brandsch M, Thunecke F, Killertz G, Schutkowski M, Fischer G,
Neubert K (1998) Evidence for the absolute conformational specificity
of the intestinal H /peptide symporter, PEPT1. J Biol Chem 273:
3861-3864

Bretschneider B, Brandsch M, Neubert R (1999) Intestinal transport of
fB-lactam antibiotics: analysis of the affinity at the H* /peptide sym-

porter (PEPT1), the uptake into Caco-2 cell monolayers and the
transepithelial flux. Pharmacol Res 16: 55-61

Broer A, Cavanaugh JA, Rasko JE, Broer S (2006a) The molecular basis
of neutral aminoacidurias. Pflugers Arch 451: 511-517

Broer A, Tietze N, Kowalczuk S, Chubb S, Munzinger M, Bak LK, Broer S
(2006b) The orphan transporter v7-3 (SLC6A15) is a Na™-dependent
neutral amino acid transporter (BOATZ). Biochem J 393: 421-430

Bronstein HD, Haeffner LJ, Kowlessar OD (1966) The significance
of gelatin tolerance in malabsorptive states. Gastroenterology 50:
621-630

Chen NH, Reith ME, Quick MW (2004) Synaptic uptake and beyond: the
sodium- and chloride-dependent neurotransmitter transporter family
SLC6. Pflugers Arch 447: 519-531

Chen Z, Fei Y-J, Anderson CMH, Wake KA, Miyauchi S, Huang W,
Thwaites DT, Ganapathy V (2003) Structure, function and immuno-
localization of a proton-coupled amino acid transporter (hPAT1) in the
human intestinal cell line Caco-2. J Physiol 546: 349-361

Christensen HN (1984) Organic ion transport during seven decades. The
amino acids. Biochim Biophys Acta 779: 255-269

Christensen HN (1989) Distinguishing amino acid transport systems of a
given cell or tissue. Methods Enzymol 173: 576-616

Ciardiello F, Sanfilippo B, Yanagihara K, Kim N, Tortora G, Bassin RH,
Kidwell WR, Salomon DS (1988) Differential growth sensitivity to
4-cis-hydroxy-L-proline of transformed rodent cell lines. Cancer Res
48: 2483-2491

Daniel H (2004) Molecular and integrative physiology of intestinal
peptide transport. Annu Rev Physiol 66: 361-384

Daniel H, Adibi SA (1993) Transport of 8-lactam antibiotics in kidney
brush border membrane. Determinants of their affinity for the
oligopeptide/H* symporter. J Clin Invest 92: 2215-2223

Daniel H, Fett C, Kratz A (1989) Demonstration and modification of
intervillous pH profiles in rat small intestine in vitro. Am J Physiol 257:
G489-G495

Daniel H, Kottra G (2004) The proton oligopeptide cotransporter family
SLCIS5 in physiology and pharmacology. Pflugers Arch 447: 610-618

Daniel H, Morse EL, Adibi SA (1992) Determinants of substrate affinity
for the oligopeptide/H™ symporter in the renal brush border membrane.
J Biol Chem 267: 9565-9573

Daniel H, Rubio-Aliaga I (2003) An update on renal peptide transporters.
Am J Physiol Renal Physiol 284: F885-F892

Davies S, Maenz DD, Cheeseman CI (1987) A novel imino-acid carrier
in the enterocyte basolateral membrane. Biochim Biophys Acta 896:
247-255

Eddy EP, Wood C, Miller J, Wilson G, Hidalgo IJ (1995) A comparison of
the affinities of dipeptides and antibiotics for the di-/tripeptide trans-
porter in Caco-2 cells. Int J Pharmacol 115: 79-86

Ezra A, Hoffman A, Breuer E, Alferiev IS, Monkkonen J, El Hanany-
Rozen N, Weiss G, Stepensky D, Gati I, Cohen H, Tormalehto S,
Amidon GL, Golomb G (2000) A peptide prodrug approach for im-
proving bisphosphonate oral absorption. ] Med Chem 43: 3641-3652

Fei YJ, Kanai Y, Nussberger S, Ganapathy V, Leibach FH, Romero MF,
Singh SK, Boron WF, Hediger MA (1994) Expression cloning of
a mammalian proton-coupled oligopeptide transporter. Nature 368:
563-566

Fischer G (1994) About PPIases and their inhibitors. Angew Chem Int Ed
Engl 33: 1415-1436

Fischer G, Wittmann-Liebold B, Lang K, Kiethaber T, Schmid FX (1989)
Cyclophilin and peptidyl-prolyl cis-trans isomerase are probably iden-
tical proteins. Nature 337: 476-478

Fleischer B (ed) (1995) Dipeptidyl peptidase IV (CD26) in metabolism
and the immune response. Springer, Heidelberg

Foltz M, Boll M, Raschka L, Kottra G, Daniel H (2004a) A novel
bifunctionality: PAT1 and PAT2 mediate electrogenic proton/amino
acid and electroneutral proton/fatty acid symport. FASEB J 18:
1758-1760



134 M. Brandsch

Foltz M, Oechsler C, Boll M, Kottra G, Daniel H (2004b) Substrate
specificity and transport mode of the proton-dependent amino acid
transporter mPAT2. Eur J Biochem 271: 3340-3347

Ganapathy ME, Brandsch M, Prasad PD, Ganapathy V, Leibach FH
(1995) Differential recognition of B-lactam antibiotics by intestinal
and renal peptide transporters, PEPT 1 and PEPT 2. J Biol Chem 270:
25672-25677

Ganapathy ME, Huang W, Wang H, Ganapathy V, Leibach FH (1998)
Valacyclovir: a substrate for the intestinal and renal peptide transporters
PEPT1 and PEPT2. Biochem Biophys Res Commun 246: 470-475

Ganapathy V, Brandsch M, Leibach FH (1994) Intestinal transport of
amino acids and peptides. In: Johnson LR (ed) Physiology of the
gastrointestinal tract, 3rd ed. Raven Press, New York, pp 1773-1794

Ganapathy V, Burckhardt G, Leibach FH (1984) Characteristics of
glycylsarcosine transport in rabbit intestinal brush-border membrane
vesicles. J Biol Chem 259: 8954-8959

Ganapathy V, Ganapathy ME, Leibach FH (2001) Intestinal transport of
peptides and amino acids. In: Barrett KE, Donowitz M (eds) Current
topics in membranes, vol 50. Academic Press, San Diego, pp 379-412

Ganapathy V, Leibach FH (1983) Role of pH gradient and membrane
potential in dipeptide transport in intestinal and renal brush-border
membrane vesicles from the rabbit. Studies with L-carnosine and
glycyl-L-proline. J Biol Chem 258: 14189-14192

Ganapathy V, Mendicino J, Pashley DH, Leibach FH (1980) Carrier-
mediated transport of glycyl-L-proline in renal brush border vesicles.
Biochem Biophys Res Commun 97: 1133-1139

Ganapathy V, Mendicino JF, Leibach FH (1981) Transport of glycyl-L-
proline into intestinal and renal brush border vesicles from rabbit. J Biol
Chem 256: 118-124

Gebauer S, Kniitter I, Hartrodt B, Brandsch M, Neubert K, Thondorf I
(2003) Three-dimensional quantitative structure-activity relationship
analyses of peptide substrates of the mammalian H' /peptide cotran-
sporter PEPT1. J Med Chem 46: 5725-5734

Goodman SI, McIntyre CA Jr, O’Brien D (1967) Impaired intestinal
transport of proline in a patient with familial iminoaciduria. J Pediatr
71: 246-249

Groneberg DA, Fischer A, Chung KF, Daniel H (2004) Molecular
mechanisms of pulmonary peptidomimetic drug and peptide transport.
Am J Respir Cell Mol Biol 30: 251-260

Hammerman MR, Sacktor B (1977) Transport of amino acids in renal
brush border membrane vesicles. Uptake of L-proline. J Biol Chem
252: 591-595

Hatanaka T, Huang W, Wang H, Sugawara M, Prasad PD, Leibach FH,
Ganapathy V (2000) Primary structure, functional characteristics and
tissue expression pattern of human ATA2, a subtype of amino acid
transport system A. Biochim Biophys Acta 1467: 1-6

Hayashi K, Yamamoto SI, Ohe K, Miyoshi A, Kawasaki T (1980) Na*-
gradient-dependent transport of L-proline and analysis of its carrier
system in brush-border membrane vesicles of the guinea-pig ileum.
Biochim Biophys Acta 601: 654-663

Hediger MA [Special Editor] (2004) The ABC of solute transporters.
Pflugers Archiv 447 (5)

Herrera-Ruiz D, Knipp GT (2003) Current perspectives on established
and putative mammalian oligopeptide transporters. J Pharm Sci 92:
691-714

Ingrosso L, Marsigliante S, Zonno V, Storelli C, Vilella S (2000) An
L-proline-dependent proton flux is located at the apical membrane level
of the eel enterocytes. Am J Physiol 279: R1619-R1624

Inoue H, Iguch H, Kouno A, Tsuruta Y (2001) Fluorometric determination
of N-terminal prolyl dipeptides, proline and hydroxyproline in human
serum by pre-column high-performance liquid chromatography using
4-(5,6-dimethoxy-2-phthalimidinyl)-2-methoxyphenylsufonyl ~ chlor-
ide. J Chromatogr B Biomed Sci Appl 757: 369-373

Inui KI, Masuda S, Saito H (2000) Cellular and molecular aspects of drug
transport in the kidney. Kidney Int 58: 944-958

Kennedy DJ, Gatfield KM, Winpenny JP, Ganapathy V, Thwaites DT
(2005) Substrate specificity and functional characterisation of the
H* /amino acid transporter rat PAT2 (SLC36A2). Br J Pharmacol
144: 28-41

Kniitter I, Hartrodt B, Theis S, Foltz M, Rastetter M, Daniel H, Neubert K,
Brandsch M (2004) Analysis of the transport properties of side chain
modified dipeptides at the mammalian peptide transporter PEPT1. Eur
J Pharm Sci 21: 61-67

Kniitter I, Rubio-Aliaga I, Boll M, Hause G, Daniel H, Neubert K,
Brandsch M (2002) H"-peptide cotransport in the human bile duct
epithelium cell line SK-ChA-1. Am J Physiol 283: G222-G229

Kaniitter I, Theis S, Hartrodt B, Born I, Brandsch M, Daniel H, Neubert K
(2001) A novel inhibitor of the mammalian peptide transporter PEPT1.
Biochemistry 40: 4454—4458

Koepsell H, Schmitt BM, Gorboulev V (2003) Organic cation transpor-
ters. Rev Physiol Biochem Pharmacol 150: 36-90

Kow LM, Pfaff DW (1991) Cyclo(His-Pro) potentiates the reduction of
food intake induced by amphetamine, fenfluramine, or serotonin.
Pharmacol Biochem Behav 38: 365-369

Kowalczuk S, Broer A, Munzinger M, Tietze N, Klingel K, Broer S (2005)
Molecular cloning of the mouse IMINO system: an Na*- and CI™-
dependent proline transporter. Biochem J 386: 417-422

Langen KJ, Hamacher K, Bauer D, Broer S, Pauleit D, Herzog H, Floeth F,
Zilles K, Coenen HH (2005) Preferred stereoselective transport of
the D-isomer of cis—4—[18F]ﬂu0r0—pr01ine at the blood-brain barrier.
J Cereb Blood Flow Metab 25: 607-616

Langen K-J, Mihlensiepen H, Schmieder S, Hamacher K, Broer S,
Borner AR, Schneeweiss FHA, Coenen HH (2002) Transport of cis-
and trans-4-['®F]fluoro-L-proline in F98 glioma cells. Nucleic Med
Biol 29: 685-692

Law EA, Sardharwalla IB (1978) A new type of heterozygote of familial
renal iminoglycinuria. Monogr Hum Genet 9: 152-154

Lee VH (2000) Membrane transporters. Eur J Pharm Sci 11: S41-S50

Lin CJ, Akarawut W, Smith DE (1999) Competitive inhibition of
glycylsarcosine transport by enalapril in rabbit renal brush border
membrane vesicles: interaction of ACE inhibitors with high-affinity
H* /peptide symporter. Pharmacol Res 16: 609-615

Liu KX, Kato Y, Kaku TI, Santa T, Imai K, Yagi A, Ishizu T, Sugiyama Y
(2000) Hydroxyprolylserine derivatives JBP923 and JBP485 exhibit the
antihepatitis activities after gastrointestinal absorption in rats. J Phar-
macol Exp Ther 294: 510-515

Liu W, Liang R, Ramamoorthy S, Fei YJ, Ganapathy ME, Hediger MA,
Ganapathy V, Leibach FH (1995) Molecular cloning of PEPT 2, a new
member of the HT /peptide cotransporter family, from human kidney.
Biochim Biophys Acta 1235: 461-466

Luckner P, Brandsch M (2005) Interaction of 31 B-lactam antibiotics
with the H' /peptide symporter PEPT2: analysis of affinity constants
and comparison with PEPT1. Eur J Pharmacol Biopharmacol 59:
17-24

Lummis SC, Beene DL, Lee LW, Lester HA, Broadhurst RW, Dougherty
DA (2005) Cis-trans isomerization at a proline opens the pore of a
neurotransmitter-gated ion channel. Nature 438: 248-252

Ma S, Kalman F, Kalman A, Thunecke F, Horvath C (1995) Capillary zone
electrophoresis at subzero temperatures. I. Separation of the cis and
trans conformers of small peptides. J Chromatogr A 716: 167-182

Matthews DM (1975) Intestinal absorption of peptides. Physiol Rev 55:
537-608

Metzner L, Kalbitz J, Brandsch M (2004) Transport of pharmacologically
active proline derivatives by the human proton-coupled amino acid
transporter hPAT1. J Pharmacol Exp Ther 309: 28-35

Metzner L, Kottra G, Neubert K, Daniel H, Brandsch M (2005) Serotonin,
L-tryptophan, and tryptamine are effective inhibitors of the amino acid
transport system PAT1. FASEB J 19: 1468-1473

Metzner L, Neubert K, Brandsch M (2006) Substrate specificity of the
amino acid transporter PAT1. Amino Acids (in press)



Transport of L-proline, L-proline-containing peptides and related drugs 135

Miyamoto Y, Ganapathy V, Barlas A, Neubert K, Barth A, Leibach FH
(1987) Role of dipeptidyl peptidase IV in uptake of peptide
nitrogen from B-casomorphin in rabbit renal BBMV. Am J Physiol
252: F670-F677

Miyauchi S, Abbot EL, Zhuang L, Subramanian R, Ganapathy YV,
Thwaites DT (2005) Isolation and function of the amino acid trans-
porter PAT1 (slc36al) from rabbit and discrimination between transport
via PAT1 and system IMINO in renal brush-border membrane vesicles.
Mol Membr Biol 22: 549-559

Moore VA, Irwin WJ, Timmins P, Lambert PA, Chong S, Dando SA,
Morrison RA (2000) A rapid screening system to determine drug
affinities for the intestinal dipeptide transporter 2: affinities of ACE
inhibitors. Int J Pharmacol 210: 29-44

Morikawa T, Tada K (1967) A transport system common to imino acids
and glycine. Tohoku J Exp Med 93: 31-38

Morita A, Chung YC, Freeman HJ, Erickson RH, Sleisenger MH, Kim YS
(1983) Intestinal assimilation of a proline-containing tetrapeptide. Role
of a brush border membrane postproline dipeptidyl aminopeptidase I'V.
J Clin Invest 72: 610-616

Miiller J, Lips KS, Neubert RHH, Koepsell H, Brandsch M (2005) Drug
specificity and intestinal membrane localization of human organic
cation transporters (OCT). Biochem Pharmacol 70: 1851-1860

Munck BG (1966) Amino acid transport by the small intestine of the rat.
The existence and specificity of the transport mechanism of imino acids
and its relation to the transport of glycine. Biochim Biophys Acta 120:
97-103

Munck BG (1984) Imino acid transport across the brush-border
membrane of the guinea-pig small intestine. Biochim Biophys Acta
770: 35-39

Munck BG, Munck LK, Rasmussen SN, Polache A (1994) Specificity
of the imino acid carrier in rat small intestine. Am J Physiol 266:
R1154-R1161

Munck LK, Munck BG (1992) The rabbit jejunal ‘imino carrier’ and the
ileal ‘imino acid carrier’ describe the same epithelial function. Biochim
Biophys Acta 1116: 91-96

Nicklin PL, Irwin WJ, Hassan IF, Mackay M (1992) Proline uptake by
monolayers of human intestinal absorptive (Caco-2) cells in vitro.
Biochim Biophys Acta 1104: 283-292

Nielsen CU, Brodin B, Jorgensen FS, Frokjaer S, Steffansen B (2002)
Human peptide transporters: therapeutic applications. Expert Opin
Ther Patents 12: 1329-1350

Ortiz JG, Negron AE, Bruno MS (1989) High-affinity binding of proline
to mouse brain synaptic membranes. Neurochem Res 14: 139-142

Palacin M, Estevez R, Bertran J, Zorzano A (1998) Molecular biology of
mammalian plasma membrane amino acid transporters. Physiol Rev
78: 969-1054

Pinilla-Tenas J, Barber A, Lostao MP (2003) Transport of proline and
hydroxyproline by the neutral amino-acid exchanger ASCT1. ] Membr
Biol 195: 27-32

Prockop DJ, Keiser HR, Sjoerdsma A (1962) Gastrointestinal absorption
and renal excretion of hydroxyproline peptides. Lancet 15: 527-528

Rajendran VM, Ansari SA, Harig JM, Adams MB, Khan AH,
Ramaswamy K (1985) Transport of glycyl-L-proline by human intest-
inal brush border membrane vesicles. Gastroenterology 89: 1298—1304

Ranaldi G, Islam K, Sambuy Y (1994) D-cycloserine uses an active
transport mechanism in the human intestinal cell line Caco 2. Anti-
microb Agents Chemother 38: 1239-1245

Ristic Z, Camargo SM, Romeo E, Bodoy S, Bertran J, Palacin M,
Makrides V, Furrer EM, Verrey F (2006) Neutral amino acid transport
mediated by ortholog of imino acid transporter SIT1/SLC6A20 in
opossum kidney cells. Am J Physiol Renal Physiol 290: F880-F887

Roigaard-Petersen H, Jacobsen C, Jessen H, Mollerup S, Sheikh MI
(1989) Electrogenic uptake of D-imino acids by luminal membrane
vesicles from rabbit kidney proximal tubule. Biochim Biophys Acta
984: 231-237

Roigaard-Petersen H, Jessen H, Mollerup S, Jorgensen KE, Jacobsen C,
Sheikh MI (1990) Proton gradient-dependent renal transport of glycine:
evidence for vesicle studies. Am J Physiol 258: F388—F396

Romeo E, Dave MH, Bacic D, Ristic Z, Camargo SM, Loffing J,
Wagner CA, Verrey F (2006) Luminal kidney and intestine SLC6
amino acid transporters of B°AT-cluster and their tissue distribution
in Mus musculus. Am J Physiol Renal Physiol 290: F376-F383

Rubio-Aliaga I, Boll M, Vogt Weisenhorn DM, Foltz M, Kottra G,
Daniel H (2004) The proton/amino acid cotransporter PAT2 is
expressed in neurons with a different subcellular localization than
its paralog PAT1. J Biol Chem 279: 2754-2760

Sagne C, Agulhon C, Ravassard P, Darmon M, Hamon M, El Mestikawy
S, Gasnier B, Giros B (2001) Identification and characterization of a
lysosomal transporter for small neutral amino acids. Proc Natl Acad Sci
USA 98: 7206-7211

Sakata K, Yamashita T, Maeda M, Moriyama Y, Shimada S, Tohyama M
(2001) Cloning of a lymphatic peptide/histidine transporter. Biochem
J 356: 53-60

Shu C, Shen H, Hopfer U, Smith DE (2001) Mechanism of intestinal
absorption and renal reabsorption of an orally active ace inhibitor:
uptake and transport of fosinopril in cell cultures. Drug Metab Dispos
29: 1307-1315

Steffansen B, Nielsen CU, Brodin B, Eriksson AH, Andersen R, Frokjaer
S (2004) Intestinal solute carriers: an overview of trends and strategies
for improving oral drug absorption. Eur J Pharm Sci 21: 3-16

Stevens BR, Ross HJ, Wright EM (1982) Multiple transport pathways for
neutral amino acids in rabbit jejunal brush border vesicles. J] Membr
Biol 66: 213-225

Stevens BR, Wright EM (1985) Substrate specificity of the intestinal
brush-border proline/sodium (IMINO) transporter. ] Membr Biol 87:
27-34

Takanaga H, Mackenzie B, Peng JB, Hediger MA (2005a) Characteriza-
tion of a branched-chain amino-acid transporter SBAT1 (SLC6A15)
that is expressed in human brain. Biochem Biophys Res Commun 337:
892-900

Takanaga H, Mackenzie B, Suzuki Y, Hediger MA (2005b) Identification
of a mammalian proline transporter (SIT1, SLC6A20) with character-
istics of classical system IMINO. J Biol Chem 280: 8974-8984

Takanaga H, Tokuda N, Ohtsuki S, Hosoya K, Terasaki T (2002) ATA2 is
predominantly expressed as system A at the blood—brain barrier and
acts as brain-to-blood efflux transport for L-proline. Mol Pharmacol 61:
1289-1296

Takeuchi T, Prockop DJ (1969) Biosynthesis of abnormal collagens with
amino acid analogues. I. Incorporation of L-azetidine-2-carboxylic acid
and cis-4-fluoro-L-proline into protocollagen and collagen. Biochim
Biophys Acta 175: 142-155

Terada T, Sawada K, Ito T, Saito H, Hashimoto Y, Inui K (2000)
Functional expression of novel peptide transporter in renal basolateral
membranes. Am J Physiol Renal Physiol 279: F851-F857

Terada T, Sawada K, Saito H, Hashimoto Y, Inui K (1999) Functional
characteristics of basolateral peptide transporter in the human intestinal
cell line Caco-2. Am J Physiol 276: G1435-G1441

Teuscher NS, Novotny A, Keep RF, Smith DE (2000) Functional evidence
for presence of PEPT?2 in rat choroid plexus: studies with glycylsarco-
sine. J Pharmacol Exp Ther 294: 494-499

Theis S, Kniitter I, Hartrodt B, Brandsch M, Kottra G, Neubert K, Daniel
H (2002) Synthesis and characterization of high affinity inhibitors of the
H* /peptide transporter PEPT2. J Biol Chem 277: 72877292

Thwaites DT, Armstrong G, Hirst BH, Simmons NL (1995a) D-Cyclo-
serine transport in human intestinal epithelial (Caco-2) cells: mediation
by a H" -coupled amino acid transporter. Br J Pharmacol 115: 761-766

Thwaites DT, Basterfield L, McCleave PMJ, Carter SM, Simmons NL
(2000) Gamma-aminobutyric acid (GABA) transport across human
intestinal epithelial (Caco-2) cell monolayers. Br J Pharmacol 129:
457-464



136 M. Brandsch: Transport of L-proline, L-proline-containing peptides and related drugs

Thwaites DT, Cavet M, Hirst BH, Simmons NL (1995b) Angiotensin-
converting enzyme (ACE) inhibitor transport in human intestinal
epithelial (Caco-2) cells. Br J Pharmacol 114: 981-986

Thwaites DT, Hirst BH, Simmons NL (1994) Substrate specificity of the
di/tripeptide transporter in human intestinal epithelia (Caco-2): iden-
tification of substrates that undergo H'-coupled absorption. Br
J Pharmacol 113: 1050-1056

Thwaites DT, McEwan GTA, Brown CDA, Hirst BH, Simmons NL
(1993a) Na'-independent, H'-coupled transepithelial [-alanine
absorption by human intestinal Caco-2 cell monolayers. J Biol Chem
268: 18438-18441

Thwaites DT, McEwan GTA, Cook MJ, Hirst BH, Simmons NL (1993b)
H"-coupled (Na*-independent) proline transport in human intestinal
(Caco-2) epithelial cell monolayers. FEBS Lett 333: 78—82

Tiruppathi C, Miyamoto Y, Ganapathy V, Roesel RA, Whitford GM,
Leibach FH (1990) Hydrolysis and transport of proline-containing
peptides in renal brush-border membrane vesicles from dipeptidyl
peptidase IV-positive and dipeptidyl peptidase IV-negative rat strains.
J Biol Chem 265: 1476-1483

Uebel S, Kraas W, Kienle S, Wiesmiiller KH, Jung G, Tampe R
(1997) Recognition principle of the TAP transporter disclosed
by combinatorial peptide libraries. Proc Natl Acad Sci USA 94:
8976-8981

Uitto J, Ryhanen L, Tan EML, Oikarinen Al, Zaragoza EJ (1984)
Pharmacological inhibition of excessive collagen deposition in fibrotic
diseases. Fed Proc 43: 2815-2820

Urdaneta E, Barber A, Wright EM, Lostao MP (1998) Functional expres-
sion of the rabbit intestinal Na™/L-proline cotransporter (IMINO
system) in Xenopus laevis oocytes. J Physiol Biochem 54: 155-160

Vanhoof G, Goossens F, De Meester I, Hendriks D, Scharpe S (1995)
Proline motifs in peptides and their biological processing. FASEB J 9:
736-744

Vilella S, Cassano G, Storelli C (1989) How many Na*-dependent carriers
for L-alanine and L-proline in the eel intestine? Studies with brush-
border membrane vesicles. Biochim Biophys Acta 984: 188—192

Yamashita T, Shimada S, Guo W, Sato K, Kohmura E, Hayakawa T,
Takagi T, Tohyama M (1997) Cloning and functional expression of a
brain peptide/histidine transporter. J Biol Chem 272: 10205-10211

Zhao X, Hoesl CE, Hoefner GC, Wanner KT (2005) Synthesis and
biological evaluation of new GABA-uptake inhibitors derived from
proline and from pyrrolidine-2-acetic acid. Eur J Med Chem 40:
231-247

Zilberstein D, Dwyer DM (1985) Protonmotive force-driven active trans-
port of D-glucose and L-proline in the protozoan parasite Leishmania
donovani. Proc Natl Acad Sci USA 82: 1716-1720

Authors’ address: Matthias Brandsch, Membrane Transport Group, Bio-
zentrum of the Martin-Luther-University Halle-Wittenberg, Weinbergweg
22, D-06120 Halle, Germany,

Fax: +49-345-552-7258, E-mail:
halle.de

matthias.brandsch@biozentrum.uni-



