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Molecular Cloning, In Vitro Expression, and Functional
Characterization of an Ovine Gastrointestinal
Peptide Transporter (oPepT1)

Y uanXiang Pan

(Abstract)

We reported the primary structure, tissue distribution, and in vitro functional
characterization of a peptide transporter, oPepT1, from ovine intestine. The ovine
intestinal oPepT1 cDNA was 2,829 bp long encoding a protein of 707 amino acid residues
with an estimated molecular size of 79 kDa, and apl of 6.57. The cDNA contained a 79-
bp 5 untrandated sequence and a 630-bp 3' untranslated sequence. The proposed
oPepT1 protein was 77.9, 81.3, and 82.6 percent identical to PepT1 from rabbit, rat, and
human, respectively. High stringency northern blot analysis demonstrated that oPepT1is
expressed strongly in the small intestine, at lower levels in the omasum, and at much lower
levelsin the rumen, but is not expressed in liver and kidney. The presence of the peptide
transporter in the forestomach at such levels could provide amino acid nitrogen for the
ruminant in anutritionally significant manner. Transport function of oPepT1 was assessed
by expressing oPepT1 in Xenopus oocytes using a two-electrode voltage-clamp technique.
Overdll, the in vitro transport characteristics of oPepT1 expressed in oocytes were similar
to those of PepT1 from other species. The transport process is electrogenic and pH-

dependent, but independent of Na', CI", and C&®*. It displayed a broad substrate



specificity that transported neutral and charged dipeptides and tripeptides. All dipeptides
and tripeptides examined evoked inward currents in a saturable manner, with an affinity
constant (Kt) ranging from 20 mM to .6 mM for dipeptides and .15 to 3.0 mM for
tripeptides. No responses were detected from tetrapeptides or free amino acids.
Although many of the properties displayed by oPepT1 were similar to those of PepT1
from other species, some differences were noted. First, the isoelectric point of oPepT1
was lower than that of others, but the oPepT1 protein appeared to have the same
biological activity asthat of others at a physiological pH. Second, more potential
phosphorylation sites for protein kinases were present in oPepT1. Third, compared with
PepT1 from other species, o0PepT1 has more negatively charged amino acids at its C-

terminus.
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Chapter | Introduction

Chapter I
Introduction

In the decade of the 1990s, the application of molecular biotechnology to nutrition
and pharmacology research has provided fascinating information on peptide transport
processes. The cloning and characterization of both intestinal (PepT1) and rena (PepT2)
peptide transporters from different species have had major impacts on the understanding
of peptide transport in mammalian species (Fei et a., 1994; Liang et a., 1995; Saito et al.,
1995; Miyamoto et al., 1996). The unique structural and functional features shared by
these peptide transporter proteins have attracted considerable interest from researchers to
examine these systems. Most of the studies have been focused on peptide absorption in
the gastrointestina tract, kidney (Daniel, 1996), liver, and skeletal muscle in human and
laboratory animals (Lelbach and Ganapathy, 1996). The low affinity peptide transporter,
PepT1l, ismainly expressed in the small intestine with little expression occurring in liver
and kidney (Fei et a., 1994; Liang et a., 1995; Miyamoto et al., 1996). The high affinity
peptide transporter, PepT2, is mainly expressed in kidney (Saito et a., 1996). The generdl
structures of the peptide transporter proteins PepT1 and PepT2 are similar in that they
both contain 12 transmembrane domains and a large extracellular loop between
transmembrane domains 9 and 10 (Fei et al., 1994; Meredith and Boyd, 1995). The amino
acid sequences of the 12 transmembrane domains are highly conserved (85% identity),
whereas the sequences of the extracellular loops are less conserved (35% identity; Danidl,
1996). These peptide transporters appear to be able to recognize most dipeptide and

tripeptide substrates, as well as some pharmacologically active compounds including the

1
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b-lactam antibiotics, angiotensin-converting enzyme (ACE) inhibitors, and the antitumor
agent, bestatin (Leibach and Ganapathy, 1996). More recent research in tissues such as
the brain, lung, liver, and pancreas expressing peptide transporter mRNA suggest that
peptide transport may be a more wide-spread phenomenon in animals. Therefore, the
overall physiological importance of peptide transport in animals remains to be
investigated.

Although peptide transport is an important physiological process that occursin
tissues of animals (Matthews, 1991), little research has been conducted to identify the
system(s) responsible for the absorption of peptides in domestic animals. Early studies
from our laboratory indicated that peptides might be absorbed from the ruminant
gastrointestinal tract (Koeln et al., 1993) and recent reports demonstrate the existence and
tissue distribution of a peptide transporter(s) in sheep, cows, pigs, and chickens
(Matthews et a., 1996; Pan et al., 1997; Chen et a., 1999). Expression of mRNA in
Xenopus oocytes showed that the mRNA present in sheep omasal epithelia tissue was
capable of transporting di- to tetrapeptides. Although the size of the MRNA varied among
species, the mMRNA was present in the small intestine of al animals examined and the
omasal and ruminal epithelium of sheep and cows. These results suggest that peptide
absorption may be nutritionally important in the ruminant as well as other domestic
animals.

Studying the structure, function, capacity, and regulation of the peptide transporter
protein(s) in ruminants should not only provide us knowledge of the transport system in

these animals, but should also help us understand the role that peptides may play as
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sources of amino acids. This knowledge should enhance our ability to manage animal
diets for better performance without causing significant nitrogen imbalance. The main
objective of this study was to clone and express the ovine peptide transporter and to

characterize the function of this transporter in vitro by expression in Xenopus oocytes.
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Chapter 11

Review of Literature

Absorption of small peptides makes a significant contribution to meeting protein
requirements in animals (Matthews, 1991; Adibi, 1997). cDNA for rabbit (Fel, et a.,
1994), human (Liang, et a., 1995) and rat (Saito et al., 1995) intestinal peptide
transporters have been cloned. Asindicated by functiona studies, this cDNA directed
proton-coupled absorption of dipeptides and tripeptides, as well as absorption of a number
of important clinical drugs, such as b-lactam antibiotics. Therefore, a thorough
investigation of peptide transporters has both therapeutic and nutritional applications. The
purpose of thisreview isto describe current information related to the transport of small
peptides and the application of knowledge from these studies to a better understanding of
the nutritional physiology of animals.

Peptide Transporters and the POT Family

Traditionally, it was believed that proteins and peptides had to be broken down to
single amino acids in order to be absorbed into cellsin animals. The existence of peptide
transport has been documented for years (Matthews, 1991) and the existence of specific
carriers for the peptide transport process was proposed more than two decades ago
(Matthews and Adibi, 1976). The recent cloning of several cDNA in different species has

led to the identification of specific peptide transporters, which are membrane proteins
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responsible for selective trand ocation of small peptides across the cell membrane in all
Species.

Transporters are a group of membrane proteins responsible for the movement of a
large range of substrates across biological membranes into cells. These substrates, in both
prokaryotes and eukaryotes, include osmolytes, sugars, amino acids, peptides,
neurotransmitters, and drugs. Many transporters have been cloned, sequenced, and
functionally expressed in expression systems. Peptide transport across membranes, as a
mechanism for acquiring necessary carbon and nitrogen, has been well studied in bacteria
(Ameset al., 1990). The ATP-binding cassette (ABC) transporter family is a system
found to be involved in the peptide transport processes in bacteria (Tam and Saier, 1993).
These transporters utilize ATP directly as the driving force to move substrates across the
cell membrane against a concentration gradient. A typical ABC transporter has two
nucleotide-binding domains that interact with ATP. A particular ABC transporter accepts
only anarrow range of substrates. For instance, some of them transport only dipeptides,
some of them transport only tripeptides, and some others recognize larger peptides.

Unlike the ABC transporters, the peptide transporter systems in animals belong to
the proton-coupled oligopeptide transporter (POT) family (Paulsen et a., 1994). The
POT family members do not have the nucleotide-binding domains that are needed for ATP
binding and hydrolysis. The transmembrane proton gradient generated by the Na™-H"
exchanger is the driving force for the POT transporters (Figure 2.1). Since the first

discovery of the POT family, known members of this family have increased considerably,
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Figure 2.1. A cellular model coupling the peptide transporter and the Na'-H™ exchanger
(Daniel, 1996).
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and now includes members from bacteria, yeast, plants, and animals. The phylogenetic
tree for the POT family shows that the sizes of the POT transporter members correlate
with their phylogenetic origin (Saier et al., 1999). The transportersin animals have 707 to
786 amino acid residues, the transporters in yeast and plants have 585 to 623 amino acid
residues, and the transporters in bacteria have 463 to 500 amino acid residues (Table 2.1).
In contrast to the ABC transporters, al of the POT transporters can transport a wide
range of dipeptides, tripeptides, and some tetrapeptides, regardless of their MW,
composition, hydrophobicity, or charge.
Cloning Methods and Structures of Peptide Transporters

Cloning by Functional Expression. Cloning by functional expression is a method
that uses Xenopus laevis oocytes for expression of CRNA encoding different genes from
various sources. The value of Xenopus laevis first became apparent when Gurdon et al.
(1971) discovered that the oocyte constitutes an efficient system for trandating foreign
messenger RNA. The Xenopus oocyte is acell speciaized for the production and storage
of proteinsfor later use during embryogenesis. Xenopus oocytes at stage V have the
complete machinery to trandlate exogenous RNA faithfully. The most important aspect is
that the oocyte expression system can make posttrandational modifications, which
preserves the native biological activities of the expressed proteins. Based on the above
features, the oocyte expression system has been widely used for functional studies of
expressed proteins. To use the system for cloning, MRNA from tissues is isolated and
size-fractionated. Injection of pooled MRNA and functional assays narrow down the

target MRNA to a particular pool. Using this smaller mRNA pool, asmaller cDNA
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Table 2.1. The Proton-dependent oligopeptide transporter (POT) family.

Name Protein Size (AA)  Phylum Reference

Rabbit PepT1 707 Animal Fei et al., 1994
Human PepT1 708 Animal Liang et a., 1995
Rat PepT1 710 Animal Saito et a., 1995
Rabbit PepT2 729 Animal Boll et a., 1996
Human PepT2 729 Animal Liuet al., 1996

Rat PepT2 729 Animal Saito et al., 1996
OPT1 737 Animd Young et a., 1995
KE47 783 Animal Jack et a., 1996
CG82 786 Animal lan et al., 1995
PTR2-A 585 Plant Garg et ., 1994
PTR2-B 610 Plant Nusinew et a., 1996
NTR1 584 Plant Frommer et a., 1994
RCH2 589 Plant Hutchinson et a., 1996
CHL1 590 Plant Steiner et a., 1994
PTR2 601 Y east Perry et a., 1994
PTR2p 623 Y east Mann et a., 1996
YJDL 485 Bacterium Maedaet al., 1995
YHIP 4389 Bacterium Hamaet al., 1994
DTPT 463 Bacterium Hagting et a., 1994
F493 493 Bacterium Hasanetad., 1994




Chapter Il Review of Literature

library can then be constructed. The reduced size of the expression cDNA library aidsin
the successful isolation of the target cDNA by subsequently screening the library using
functional assays. Information of nucleotide or amino acid sequence of the target geneis
not required in this approach. Therefore, this method can be applied to clone any gene as
long as the gene encodes a protein that has a functional assay (Daniel, 1996).

Fel et al. (1994) used expression cloning to clone the first peptide transporter from
rabbit intestine (PepT1). Rabbit PepT1 wasisolated by screening a size-selected rabbit
intestinal cDNA library (2.4 to 4.4 kb) for the uptake of the [**C]-labelled dipeptide, Gly-
Sar. The cDNA (2,746 bp) isolated by functiona screening had one consensus
polyadenylation site (AATAAA) that was 15 nucleotides upstream from the poly (A) tail,
and an open reading frame from 31 to 2,151 nt that encodes a 707-amino-acid protein.
Boll et a. used the same strategy to clone rabbit PepT1 (1994) and PepT?2 (1996). For
PepT1 cloning, injection of size-fractionated poly(A)” RNA from rabbit intestine into
oocytes increased peptidomimetic (cefadroxil) uptake activity about 8-foldina2.2t0 5.0
kb fraction (Boll et al., 1994). An expression library (2.2 to 5.0 kb) was constructed and
screened to obtain the single clone. The cDNA clone was 2,756 bp long and the amino
acid sequence represented a protein of 707 amino acids. Thiswas identical to the PepT1
cloned by Fel et a. (1994) with differencesonly inthe 5 and 3' untrandlated regions (Ball
et a., 1994). For PepT2 cloning, size-fractionated poly(A)* RNA from rabbit kidney
cortex were injected and the transport activity was identified in the 3.0 to 5.0 kb fractions.

This fraction was used for construction of a cDNA library. The cDNA clone isolated by
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functional screening was 4,265 bp long and the gene product was a protein of 729 amino
acids (Boll et a., 1996).

Cloning by Homologous Screening. Transporters sharing similar functions, such
as driving force, electrogenic nature, and substrate specificity, show similar amino acid and
nucleotide sequences. Human intestinal PepT1 and renal PepT?2, and rat intestinal PepT1
were all cloned by using heterologous probes (Daniel, 1996). The amino acid sequences
of the mammalian peptide transporters have much higher homology in the first five
transmembrane domains compared with other regions, so cDNA probes are al generated
from these regions for screening. Liang et al. (1995) used a.6 kb EcoR | fragment from
the5 end of the rabbit PepT1 as a probe to screen a human ileal cDNA library under
medium stringency conditions. Four positive clones were isolated. The longest insert was
acDNA that had 2,263 bp with an open reading frame of 2,124 bp encoding a protein of
708 amino acids. To clone human PepT2, a human kidney | gt10 cDNA library was
screened by plague hybridization under low stringency conditions. The probe was a 560
bp Afl 111 and Hind 111 fragment excised from the 5 end of rabbit PepT1 cDNA. The full-
length PepT2 cDNA was 2,685 bp long with an open reading frame of 2,187 bp encoding
aprotein of 729 amino acids (Liu et a., 1995).

Degenerate oligonucleotides and RT-PCR can also be used to generate probes for
screening cDNA libraries. To clonerat PepT1 (Saito et al., 1995) and PepT2 (Saito et dl.,
1996), degenerate oligonucleotides were designed based on the cDNA information of
rabbit PepT1. The oligonucleotide primers corresponded to amino acid sequencesin

transmembrane domain 1 (aa 17 to 22) and domain 4 (aa 138 to 143). Therat intestine or

10
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kidney mRNA was reverse transcribed (RT) into cDNA and the cDNA was used as a
template for subsequent PCR to generate a DNA fragment for screening the rat kidney
| gt22A cDNA library. Theisolated rat PepT1 cDNA consisted of 2,921 bp and encoded
aprotein of 710 amino acids (Saito et al., 1995). Another study from the same lab
isolated two PCR products using degenerate primers (Saito et al., 1996). One product
was identical to the previous study (Saito et al., 1995) that showed 80% nucleotide
identity and another showed 60% nucleotide identity to rabbit PepT1. Using these RT-
PCR products as probes to screen the rat kidney | gt22A cDNA library, 3-kb and 4-kb
clones were obtained and designated as rat PepT1 and PepT2, respectively. This 3-kb
PepT1 wasidentical to the rat PepT1 cDNA in the previous study (Saito et a., 1995).
Therat PepT2 cDNA contained 3,938 bp and encoded a protein of 729 amino acids.
Cloning by Complementation. Cloning by complementation is atechnique that has
been used to clone peptide transporters in bacteria (Hagting et a., 1994). A host bacterial
strain defective in peptide transport isisolated. This strain cannot grow in a medium that
provides the required amino acid only in the form of a peptide. A bacteria cDNA or
genomic DNA library that contains the target peptide transporter cDNA is then introduced
into the deficient host strain by transformation. The transformants are screened on the
selective medium to test whether the introduced gene has corrected the deficient function
of the host strain. The transformants that are able to survive on a medium containing the
required amino acid in peptide form contain the target peptide transporter gene and

therefore can be isolated.

11
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The di- and tripeptide transporter (DtpT) of Lactococcus lactis was identified and
cloned by complementation of a dipeptide transport-deficient and proline-dependent
Escherichia coli strain. L. lactis chromosomal DNA was partially digested and ligated
into the expression vector, pTAQI. The newly created plasmid DNA contained different
L. lactis genomic DNA fragments. These plasmids were then used to transform the E.
coli strain E1772, which is a peptide transport-deficient strain. Transformed E1772 were
plated on a selective medium containing Pro-Gly as the sole source of proline. Only those
bacteria that were functionally complemented by the peptide transporter gene of L. lactis
would survive on the medium. The cloned DtpT gene was 3.5 kb and encoded a protein
of 463 amino acids (Hagting et al., 1994).

Structures of Peptide Transporters in Mammals. PepT1 and PepT2 are two
distinct peptide transporters that are expressed mainly in the intestine and kidney,
respectively. Rabbit PepT1 was the first cloned mammalian peptide transporter cDNA
(Fel et al., 1994). ThiscDNA was 2.7 kb and encoded a protein of 707 amino acid
residues with an estimated molecular size of 79 kDaand a pl of 7.47. The proposed
protein has 12 transmembrane domains that span the plasma membrane. The hydropathy
plot using Kyte-Dooalittle (1982) methods predicted that the protein had a large 200-amino
acid, hydrophilic, extracellular loop between transmembrane domains 9 and 10, and a
smal 56-amino acid, hydrophilic, intracellular loop between transmembrane domains 6 and
7. The amino acid sequence also indicated that there were three potential N-linked
glycosylation sites (N 50, N 439, and N 513), one protein kinase C (PKC)

phosphorylation site (S 357), and one cAMP-dependent protein kinase (PKA)

12



Chapter Il Review of Literature

phosphorylation site (T 362; Figure 2.2a). Based on the sequence from rabbit PepT1,
human (hPepT1; Liang et al., 1995; Mackenzie et a., 1996) and rat (Saito et al., 1995)
were cloned. The proposed human and rat PepT1 structural features were similar to
rabbit PepT1 and are presented in Table 2.2 and Figure 2.2.

The human PepT2 cDNA was 2,685 bp long encoding a protein of 729 amino
acids with an estimated molecular size of 82 kDaand apl of 8.26 (Liu et a., 1995). The
proposed protein of human PepT2 also had 12 transmembrane spanning domains. The
predicted protein structure has a 165-amino acid hydrophilic extracellular loop between
transmembrane domains 9 and 10, and two short 53- to 57-amino acid hydrophilic
intracellular loops between transmembrane domains 6 and 7, and 10 and 11. The amino
acid sequence a so indicates that there are three potential N-linked glycosylation sites (N
435, N 472, and N 528), five potential PKC phosphorylation sites (S 262, S 376, S607, S
640, and S 724), and one PKA phosphorylation site (S 34) (Figure 2.3a). Compared to
human PepT2 and other PepT1, the rabbit (Boll et al., 1996) and rat PepT2 (Saito et dl.,
1996) cDNA were longer, but the encoded proteins are the same size as human PepT2.
The proposed rabbit and rat PepT2 structural features are similar to human PepT2 and are
presented in Table 2.2 and Figure 2.3.

PepT1 and PepT2 are very similar in their structures. The proposed proteins all
have 12 transmembrane domains that span the plasma membrane. The predicted proteins
all have along hydrophilic extracellular loop between transmembrane domains 9 and 10,
and a short hydrophilic intracellular loop between transmembrane domains6 and 7. The

amino acid sequences also indicate that there are some potential N-linked glycosylation

13
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peptide transporters.
Transporter  cDNA Protein Structural Features Ref.
Rabbit 2.7kb 707 aa 12 Transmembrane domains Fei et al.,
PepT1 MW 79 kDa  N-glycosylation sites: 3 (N 50, N 439, and N 513) 1994
pl 7.47 PKC sites: 1 (S 357)
PKA sites: 1 (T 362)
Human 3.1kb 708 aa, 12 Transmembrane domains Liang et
PepT1 MW 79 kDa  N-glycosylation sites: 7 (N 50, N 404, N 408, N 409, N al., 1995
pl 8.58 509, N 514, and N 562)
PKC sites: 2 (S 357, and S 704)
PKA sites: none
Rat PepT1 3.0kb 710 aa, 12 Transmembrane domains Saito et d.,
MW 79 kDa  N-glycosylation sites: 5 (N 415, N 439, N 510, N 532, 1995;
pl 7.39 and N 539) Miyamoto
PKC sites: 1 (S 357) et al, 1996
PKA sites: 1 (T 362)
Human 2.7kb 729 aa 12 Transmembrane domains Liuetal.,
PepT2 MW 82kDa  N-glycosylation sites: 3 (N 435, N 472, and N 528) 1995
pl 8.26 PKC sites: 5 (S 262, S 376, S607, S 640, and S 724)
PKA sites: 1 (S 34)
Rabbit 4.2 kb 729 aa 12 Transmembrane domains Boll et a.,
PepT2 MW 82kDa  N-glycosylation sites: 5 (N 435, N 472, N 508, N 528, 1996
pl 7.39 and N 587)
PKC sites: 4 (S264, S376, S640, T 724)
PKA sites: none
Rat PepT2 3.9kb 729 aa 12 Transmembrane domains Saito et d.,
MW 82 Kda  N-glycosylation sites: 4 (N 435, N 448, N 528, and N 1996
pl 7.99 587)
PKC sites: 3(S376, S640, and T 708)
PKA sites: none
HPT1 3.3kb 832 aa 1 Transmembrane domains Dantzig et
MW 92 kDa  Others unknown al., 1994
pl unknown
PTH1 2.7kb 572 aa 12 Transmembrane domains Y amashita
MW 65 kDa  N-glycosylation sites: 4 (N 134, N 141, N 220, and N et al., 1997
pl unknown 435)

PKC sites: 11 (T 250, T 266, S 271, S 279, S 289, S 293,

S297,S301, T 307, S400, and S 482)
PKA sites: none
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Figure 2.2. Proposed structures of rabbit (&), human (b), and rat (c) PepT1 proteins.
TM: transmembrane domain; PKA: cAMP-dependent protein kinase site; PKC: protein
kinase C site; N-glycosylation site labeled as (+¢).
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Figure 2.3. Proposed structures of human (@), rabbit (b), and (c) rabbit PepT2 proteins.
TM: transmembrane domain; PKA: cAMP-dependent protein kinase site; PKC: protein
kinase C site; N-glycosylation site labeled as (3f¢).
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sites and some potentia protein kinase phosphorylation sites. All PepT1 proteins are
highly homol ogous among themselves (77% to 83%) and all PepT2 proteins are highly
homologous among themselves (76% to 83%). But these are two distinctly different
transporters. The similarity of amino acid sequence between the two groupsisonly 30 to
50% and their affinities for peptide substrates are different. PepT1 isalow-affinity
transporter, whereas PepT2 is a high-affinity transporter. A more detailed discussion of
the transport characteristics of these proteins will be presented later in this chapter.

In 1994, a unique peptide transporter, HPT1, was cloned from a Caco-2 cdll
CDNA library (Dantzig et a., 1994). The cloned cDNA was 3,345 bp long encoding a
protein of 832 amino acid residues with an estimated molecular size of 92 kDa. After
transfection of HPT1 cDNA into CHO cells, a pH-dependent transport activity for
cephalexin and dipeptides in the transfected cells was detected. Amino acid sequence
comparisons of HPT-1 with other peptide transporter members showed no homology with
any of the known peptide transporters. Although HPT-1 was 20 to 30% identical to
members of the cadherin superfamily of Ca?*-dependent, cell-cell adhesion proteins, HPT-
1 lacked a cytoplasmic domain that was required for the cadherin cell-cell adhesion
function. The presence of a single transmembrane domain in HPT-1 may indicate that
HPT-1 is either the first member of a new class of peptide transporters (Figure 2.43;
Daniel, 1996) or it isjust apart of a peptide transporter.

Y amashita et al. (1997) reported the cloning of a peptide/histidine transporter

(PHT1) from arat brain cDNA library using a 55-nt sequence homologous to rabbit
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Figure 2.4. New class of peptide transporter: structures of HPT-1 (a) and PHT1 (b)
proteins. TM: transmembrane domain; PKA: cAMP-dependent protein kinase site; PKC:
protein kinase C site; N-glycosylation site labeled as (31¢).
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PepT1 as a probe under medium stringency conditions. The cloned PHT1 cDNA was
2,751 bp long encoding a protein of 572 amino acid residues with an estimated molecular
mass of 64.9 kDa. The predicted protein had 12 transmembrane domains, but only had a
short hydrophilic intracellular loop between transmembrane domains 6 and 7 and did not
contain the large hydrophilic extracellular loop between transmembrane domains 9 and 10.
The amino acid sequence of rat PHT1 indicated that there were four potential N-linked
glycosylation sites (N 134, N 141, N 220, and N 435), eleven potential PKC
phosphorylation sites (T 250, T 266, S 271, S 279, S289, S293, S297, S 301, T 307, S
400, and S 482), but no site for PKA phosphorylation (Figure 2.4b). The amino acid
sequence of PHT1 showed only low similarity with other mammalian peptide transporters
(32% similarity and 17% identity with PepT1, 27% similarity and 12% identity with
PepT2, and 15% similarity with HPT-1), but showed 50% similarity and 29% identity with
the histidine transport protein (NTR1), a peptide transporter from the plant Arabidopsis
thaliana. Despite the low similarity of PHT1 to other mammalian peptide transporters,
PHT1 did transport the dipeptide carnosine as well as the free amino acid histidinein a
proton-dependent manner. Interestingly, Wang et a. (1998) screened arat brain cDNA
library using the human PepT2 cDNA as the probe and only a cDNA that isidentical to
the already cloned rat PepT2 wasisolated from rat brain. Therefore, PHT1 is probably the
first member of anew class of peptide transporters in mammals.

By photoaffinity labeling with [*H]-cephalexin and photoreactive b-lactam
antibiotics and dipeptides, Kramer et a. (1998) identified a 127-kDa protein that was a

component of the H*/oligopeptide transport system in rabbit small intestine brush border

21



Chapter Il Review of Literature

membrane vesicles (BBMV). Peptide transport was found in al segments of the small
intestine with the specific labeled protein. By enzymatic deglycosylation of the 127-kDa
protein with endoglucosidase F and N-glycanase, two fragments of 116 kDa and 95 kDa
were obtained, whereas with endoglucosidase H, only one fragment of 116 kDa was
found. Thisindicated that the 127-kDa protein is a microheterogeneous glycoprotein. It
was also found that the solubilized and purified 127-kDa protein showed sucrase and
isomaltase activities. With polyclonal antibodies raised against the purified 127-kDa
protein, coprecipitation of sucrase activity and the photolabeled 127-kDa beta-lactam
antibiotic binding protein occurred. Target size analysis showed a functional molecular
mass of 165 kDa for photoaffinity labeling of the 127-kDa protein. These findings
suggested that there was a homo- or heterodimeric functional structure of the 127-kDa
protein in the brush-border membrane, and that the H/oligopeptide binding protein of 127
kDawas closely associated with the sucrase/isomaltase complex in the enterocyte brush-
border membrane.

In conclusion, PepT1 and PepT?2 have been cloned by functional expression and
homol ogous screening in rabbit, rat and human. PepT1 and PepT2 are very smilar in their
structures in that they have 12 transmembrane domains and along extracellular loop.
HPT1 and PHT1 are two peptide transporters that are different from both PepT1 and
PepT2.

Expression of Peptide Transporter mRNA and Proteins
Expression of peptide transporters among various tissues has been studied by

northern blot analysis using specific radiolabeled DNA probes. Using afull-length PepT1
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cDNA asthe probe for northern blot analysis, Fei et a. (1994) found a2.9 kb mRNA
expressed at high levelsin the small intestine of the rabbit, at much lower levelsin the liver
and kidney, and only trace amounts in the brain. No mRNA was detected in the colon,
skeletal muscle, heart, spleen, or lung. Human PepT1 mRNA was 3.3 kb, and the
majority of this PepT1 mRNA was expressed in the small intestine as well asin Caco-2
cells, an intestinal epithelium derived cell line (Liang et al., 1995). Human PepT1 mRNA
was aso found in kidney, placenta, liver, and pancreas, but not in muscle, brain, or heart.
In rats, the MRNA for PepT1 was 2.9 to 3.0 kb (Saito et al., 1995; Miyamoto et al.,
1996). The mgority of this MRNA was expressed in the small intestine and only trace
amounts were found in kidney cortex. PepT1 was not detectable in liver.

The tissue-pattern of expression of peptide transporter PepT2 mRNA is different.
Using the full-length cDNA of PepT2 for northern blot analysisin the rat, a4-kb mRNA
was expressed mainly in the kidney medulla and at lower levelsin the kidney cortex (Saito
et a., 1996). The mRNA was aso found in brain, lung, and spleen, but was not detectable
in the heart, liver, or small intestine. In the rabbit, a4.8-kb PepT2 mRNA was found in
the kidney cortex aswell asin brain, lung, liver, and heart when a complementary RNA
fragment (1.24 kb) synthesized from PepT2 cDNA was used as the probe for northern
blot analysis (Boll et al., 1996). PepT2 mRNA in human tissues was not detectable by
northern blot analysis (Liu et a., 1995). Only after using RT-PCR, was the PepT2 mRNA
detected in human kidney and small intestine (Liu et al., 1995). The differencesin
northern blot analysis of the expression of peptide transporter MRNA may be due to

differences in protocols employed by different researchers, which could result in different
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sengitivities in northern blot analysis. The variations could also be due to differencesin the
levels and patterns of peptide transporter MRNA expression in different species.

The expression of the peptide transporters among various tissues has also been
studied by in situ hybridization using a specific radiolabeled DNA probe. Freeman et al.
(1995a) studied cellular expression of PepT1 mRNA aong the rabbit gastrointestinal tract
using in situ hybridization. Anti-sense oligonucleotides, synthesized according to the
published sequence of PepT1, were radiolabeled and used as probes for in situ
hybridization. The autoradiographs showed that the mRNA was expressed al along the
small intestine and decreased dramatically in the colon. Results also demonstrated that the
expression was restricted to only the epithelia surface of the small intestine and there was
Nno expression in deeper tissues, such as the lamina propria, muscularis mucosa, or serosa.
PepT1 mRNA was not expressed at detectable levels in the stomach, sacculus rotundus, or
cecum. These data are consistent with the results from northern blot analysis of rabbit
intestine (Fel et a., 1994). Along the crypt-villus axisin the entire small intestine, the
MRNA was expressed only at or above the crypt-villus junction with the maxima
expression occurring at about 100 to 200 nm above the junction. The mRNA was not
expressed at al in the lower to mid crypt in the entire small intestine. The expression
pattern of PepT1 mMRNA in the small intestine and aong the crypt-villus axis was amost
identical with those of villus-specific proteins, such as the plasma membrane CaZ* pump
(PMCAL, Freeman et al., 1993) and Na'-glucose cotransporter (SGLT1; Freeman et al.,
1995h), both of which have been well studied. The near-identical expression patterns

suggested that some common transcription factors might be involved that act on promoter
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regions of genes expressed specificaly in the villus (Freeman, 1993). A more recent study
was conducted by Smith et a. (1998) to evaluate the mMRNA expression of rat PepT1 and
PepT2inrat kidney. With RT-PCR and in situ hybridization of rat kidney sections, they
found that PepT1 mRNA was expressed specifically in early parts of the proximal tubule,
whereas PepT2 mRNA was expressed mainly in latter parts of the proximal tubule. All
other segments along the nephron showed no expression of PepT1 or PepT2 mRNA. This
finding isin conflict with the proposed mechanism (Brandsch et al., 1995; Leibach and
Ganapathy, 1996) which isthat peptides are immediately reabsorbed in proximal regions
by a high-affinity/low-capacity transporter (PepT?2), whereas hydrolyzed peptides passing
down the tubule are reabsorbed in distal parts of the nephron by alow-affinity/high-
capacity transporter (PepT1).

Despite the significant progress in peptide transporter research, few studies have
focused on peptide transporter distribution and localization at the level of protein
expression. With rabbit antiserum raised against a synthetic peptide corresponding to the
carboxyl-terminal amino acids of rat PepT1, PepT1 protein was detected by western blot
analysis in brush border membranes prepared from rat small intestine and kidney cortex
(Saito et al., 1995). The protein had an apparent molecular mass of 75 kDa. Ogihara et
al. (1996) investigated the localization of the transporter protein in the rat digestive tract.
A rabbit anti-PepT1 antibody was developed according to the carboxyl-termina amino
acids of rat PepT1 and used to examine the PepT1 protein. Positive immunofluorescence
staining for PepT1 indicated the presence of the protein in the small intestine, located

mainly on the brush border membrane of the cell. PepT1 was not detected in the
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esophagus, stomach, colon, or rectum. The differentiated absorptive epithelia cellsin the
villi had high expression of PepT1 protein, whereas crypt and goblet cells showed little or
no expression. These data were also in agreement with that of in situ hybridization
(Freeman et d., 1995a). Therefore, mMRNA expression and protein expression were
coincident.

Shen et d. (1999) used both northern blot analysis and immunol ocalization to
study the expression of both PepT1 and PepT2 mRNA and protein in rat kidney.
Northern blot analyses were performed using two cDNA fragments (547 bp of PepT1 or
561 bp of PepT?2) as probes, which corresponded to the partial sequences in the large
extracellular loop between transmembrane domains 9 and 10. The results from the
northern blots showed that rat PepT1 mRNA was expressed in the superficial cortex and,
a lower levels, in the middle cortex, but not at al in the deep cortex, medulla, or papilla
Rat PepT2 mRNA was expressed in the deep cortex and outer medulla, but not in the
superficial cortex, inner medulla, or papilla. For immunaoblotting and immunol ocalization
studies, the antisera were generated either against rat PepT1 or PepT2 synthetic peptides
corresponding to the carboxyl-terminal region sequences or against fusion proteins
containing the sequences in the large extracellular loop between transmembrane domains 9
and 10. Both antisera showed similar patterns with immunoblotting, but antiserum
generated against synthetic peptides from the carboxyl-terminal region had much better
staining in immunolocalization studies. The protein had an apparent molecular mass of 90
and 85 kDafor rat PepT1 and rat PepT2 from the western blots, respectively. The data

were consistent with their predicted molecular weight based on the cDNA clones and
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putative glycosylation sites (Miyamoto et a., 1996; Saito et a., 1995 and 1996).
Immunolocalization experiments indicated that rat PepT1 proteins were expressed in the
convoluted segments of the proximal tubule, whereas PepT?2 proteins were restricted to
expression in the straight segments. All other nephron segments were negative for PepT1
or PepT2. Thisfinding confirmed the previous studies using RT-PCR and in situ
hybridization to evaluate the expression of PepT1 and PepT2 mRNA in rat kidney (Smith
et a., 1998). These studies demonstrated that peptides were reabsorbed sequentialy in
proximal regions of the nephron, first by PepT1, alow-affinity/high-capacity transporter,
and then by PepT2, a high-affinity/low-capacity transporter. These data also confirm that
PepT1 and PepT2 mRNA and protein expression are parald in rat kidney.

In conclusion, the MRNA expression of PepT1 and PepT2 among various tissues
in rabbit, rat and human has a so been studied by both northern blot analysis and in situ
hybridization. PepT1 is mainly an intestinal peptide transporter, whereas PepT2 is mainly
arenal peptide transporter. Immunolocalization of PepT1 and PepT?2 proteins confirms
that their mMRNA and protein expression are coincident.

Regulation of Peptide Transporters

Although the biochemical properties of peptide transporters, such as kinetics,
substrate specificity, and stereoselectivity have been studied and reported thoroughly
(Leibach and Ganapathy, 1996), very little is known about the molecular mechanisms that
regulate peptide transporter function and the mechanisms by which peptide transporters
recognize substrates. The function of peptide transporters can be affected by factors that

influence protein structure, localization on the membrane, and substrate binding sites.
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Because of the experimental difficulty inisolating, purifying, and crystallizing membrane
proteins, very little information is available about the structure-function relationship of
peptide transporters. A number of factors that can influence peptide transporter activity
are described below.

Protein Kinases. Transporters are known to contain consensus sites for
phosphorylation by protein kinases (Wright et al., 1992). Protein kinases have been
shown to either directly or indirectly regulate the activity of transport proteins (Newton
and Johnson, 1998). Direct regulations occur through phosphorylation of the transport
proteins, which may change the kinetics of the transporter, such as maximum velocity
(Vmax), SUbstrate affinity (Ky), or turnover number of the transporter. The transport
activity of the glutamate cotransporter (GLT-1) was increased by PKC (Rothman, 1994).
Mutation of the serine residue that forms part of the consensus phosphorylation site of
PKC (Ser-113) eliminated the response to phorbol esters, a PKC activator (Casado et al.,
1993). These results demonstrate that the regulation of transporter functions can occur by
direct phosphorylation of the protein.

Transport proteins, like all other membrane proteins, are cotrandationally inserted
into the endoplasmic reticulum during protein synthesis and processed through the Golgi
apparatus (Rothman and Orci, 1992). Vesicles are formed in the Golgi apparatus to
deliver the proteins to the plasma membrane, where the vesicles fuse with the plasma
membrane and result in increases in the number of transporters. Transport proteins can
also be selectively retrieved from the plasma membrane by endocytosis (Rothman, 1994).

Protein kinases may, therefore, also indirectly regulate transport activity by regulating the
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ddlivery or retrieval of membrane proteins from the plasma membrane. A study by
Brandsch et al. (1994) showed that a proton-dependent peptide transport system
expressed in human Caco-2 cells was regulated by PKC. When the cells were treated with
phorbol esters, which activate PKC, the transport function was significantly inhibited.
Further kinetic analysis showed that the inhibition was due to a decrease in the maximal
transport rate (Vma) Of the transporter whereas the apparent affinity (K.) was unchanged.
In the porcine rena cell line LLC-PK1, transport of dipeptide, Phe-Ala, by PepT2 was
decreased by 30 percent when PKC was activated, whereas transport was increased by 60
percent when cells were pre-incubated with PKC inhibitors (Wenzel et al., 1999).

In some cases, it was shown that protein kinases also regulated levels of the
transporter mMRNA through post-transcriptional regulation of messenger RNA stability. In
the renal epithelia cell line LLC-PK1 cells, activation of PKA increased the half-life of the
glucose transporter SGLT1 mRNA (Peng and Lever, 1995), whereas PKC activation
decreased SGLT1 expression by destablization of the mRNA (Hediger and Rhoads, 1994).
Muller et a. (1996) also reported that an increase in the intracellular level of CAMPin
Caco-2 cellsthat expressed PepT1 resulted in a decrease in the ability of these cellsto
uptake Gly-Sar by 50%. Since CAMP can activate protein kinase C and A in the CAMP
pathway, this provides additional evidence that protein kinases C and A are involved in the
regulation of peptide transport.

Glycosylation. There are anumber of potential N-glycosylation sitesin peptide
transporters (Fei et a., 1994; Liang et ., 1995; Miyamoto et a., 1996). The presence of

N-glycosylation sitesin all the transporters cloned so far suggests that glycosylation must
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play an important role in the function of these proteins. The effect of the disruption of the
putative glycosylation sites by site-directed mutagenesis suggested that the carbohydrate
moiety of the glycine transporter GLY T1 was necessary for the proper trafficking of the
transporter protein to the plasma membrane (Olivares et a., 1995). Moreover, the
removal of oligosaccharides by enzymatic methods from a purified glycine transporter
affected its transport activity (Nunez and Aragon, 1994). However, the functions of the
N-glycosylation sites predicted for the peptide transporters have not been tested.

Histidine. Histidyl residues are critical in severa proton-coupled transporter
systems because of their ability to act as a proton donor or an acceptor. To study the
effects of histidyl residues on endogenous peptide transporter activity, Brandsch et al.
(1997) examined the uptake of radiolabeled Gly-Sar after treatment of both Caco-2 cells
(expressing PepT1) and SKPT cells (expressing PepT?2) with diethyl pyrocarbonate
(DEPC). DEPC can chemically modify the histidyl residues, making them incapable of
acting as a proton donor or acceptor. Uptake of radiolabeled Gly-Sar by DEPC-treated
Caco-2 and SKPT cells was significantly decreased as compared with the control cells.
DEPC treatment only decreased the V o Of Gly-Sar uptake. It had no effect on K.

Fe et a. (1997) used site-directed mutagenesis to identify the function of three
conserved histidyl residues in both human PepT1 (His-57, His-121, and His-260) and
human PepT2 (His-87, His-142, and His-278). Site-directed mutagenesis changed a
histidine codon (CAT or CAC) to an asparagine (AAT or AAC) or glutamine codon
(CAA) in both human PepT1 and human PepT2. The mutants were expressed in both

Xenopus oocytes and HeL a cells. Transport activity in both oocytes and Hel a cells was
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examined by the measurement of Gly-Sar uptake. Results showed that mutation of His-
121 and His-260 in PepT1, and His-142 and His-278 in PepT2 had no effect on the uptake
of Gly-Sar compared with wild type, whereas the His-57-mutated PepT1 and His-87-
mutated PepT2 failed to show any uptake of the substrate. Therefore, His-57 in PepT1
and His-87 in PepT2 are critical histidyl residues necessary for the uptake function of the
peptide transporters. However, Terada et al. (1996) previously reported that His-57 and
His-121, which are located in the transmembrane domains 2 and 4, respectively, of rat
PepT1, were both involved in substrate binding and were both necessary for the activity of
the transporter. The reason for this discrepancy regarding the role of His-121 in rat and
human PepT 1 remains unknown. Other studies support Terada' s conclusion (1996) that at
least two histidyl residues are involved in peptide transport activity. Steel et al. (1997)
reported that, in human PepT1, one histidyl residue was needed as a cation site for proton
coupling and another histidyl residue, located next to the substrate-binding site, was
required for determining differently charged dipeptide-H™ flux coupling ratios.

To clarify the mechanismsinvolved in the interaction of the substrates with the
essential histidyl residues of PepT1 and PepT2, Terada et al. (1998) examined the
interaction of dipeptides and b-lactam antibiotics with the histidyl residues of rat PepT1
and PepT2. PepT1 and PepT2 were transfected into the renal epithelial cell line LLC-PK ;.
DEPC abolished the uptake of Gly-Sar by bothtransfectants. Using an excess of dipeptide
or aminocephal osporin, the DEPC-induced inhibition of Gly-Sar uptake was decreased.
However, anionic cephal osporins without an a-amino group or bestatin with ab-amino

group, did not attenuate the DEPC-induced inhibition of Gly-Sar uptake. Various charged
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dipeptides prevented the DEPC inactivation of PepT1, which suggests that the failure of
anionic cephal osporins without an a-amino group to prevent the DEPC inhibition was not
dueto their ionic charge. These data suggested that the histidyl residue located in the
recognition site was involvedin the binding site of the a-amino group of the dipeptides
and aminocephal osporins. Because only the unprotonated imidazole ring reacts with
DEPC, the imidazole group of the histidine residue located at the recognition site was
protonated by the a-amino group of the dipeptides and aminocephal osporins, but not by
the peptide-like drugs that did not have an a-amino group. The a-amino group of the
substrates might interact withthe imidazole ring of the histidine residue of peptide
transportersby proton binding. These results were observedfor PepT1 and PepT2ina
similar manner, which suggests that the histidyl residue plays the same role in both
transporters.

Tyrosine. Tyrosineis another critical amino acid residue present in peptide
transporters. Conserved tyrosines have been proposed to beinvolved in Na*, ClI~, and
substrate recognition (Pantanowitz et al., 1993; Bismuth, et al., 1997). Yeung et al.
(1998) studied the role of tyrosine 167 (Y-167) in peptide transport function by site-
directed mutagenesis and dipeptide uptake studies. A computer model of the arrangement
of the transmembrane domains identified this particular amino acid to be conserved in the
peptide transporters from bacteria, plant, and human. The hPepT1 mutations were
generated by changing hPepT1 at tyrosine 167 into alanine (Y 167A), phenylaanine
(Y167F), serine (Y 167S), or histidine (Y167H). Gly-Sar uptakein cells transently

transfected with Y 167A-hPepT1 was inhibited completely. However, western blot
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anaysis and cell surface expression by immunofluorescence microscopy showed that the
level of Y167A-hPepT1 expression was similar to those of the wild type. Therefore, the
mutation affected peptide transport function, but not the steady-state protein level or
trafficking of the transporter to the plasma membrane. Moreover, Gly-Sar uptake in cells
transfected with Y167F-, Y 167S-, or Y 167H-hPepT1 was also inhibited completely. All
these findings demonstrate that Y-167 plays an essential role in hPepT1 function.

Substrate-Binding Domain. Recently, Doring et a. (1997) performed a functional
analysis of peptide transport by using a chimeric transporter obtained from the intestinal
and renal isoforms. The chimeric peptide transporter (CH1Pep) was constructed in such a
way that the amino terminus (residues 1-401) was from PepT2, while the carboxyl
terminus (402-707) was from PepT1. The function of CH1Pep was studied in oocytes.
Results showed that CH1Pep had all the functional characteristics of PepT2 including high
affinity, substrate specificity, and dependence on pH. Thisindicated that the amino
terminus determined the phenotype of PepT2. To identify the substrate-binding domainin
PepT1 and PepT2 that is responsible for the differing affinities, Fel et al. (1998)
constructed a series of PepT1-PepT2 chimeras using an in vivo restriction site-
independent procedure. The kinetic data for seven different chimeras were compared with
those of wild type PepT1 and PepT2. Analysis of these chimeras revealed that the region
including the transmembrane domains 7, 8 and 9 of the transporters was the putative
substrate-binding site in both PepT1 and PepT2.

Zinc. Using renal brush border membrane vesicles (BBMV), Daniel and Adibi

(1995) investigated the role of zinc in the process of peptide transport. Zinc is an essential
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trace element that has many fundamental roles in determining the structural motif that
regulates the activity of an enzyme. The results of this study showed that incubation of
BBMV with zinc sulfate increased the uptake of Gly-GlIn, Leu-Tyr, and cephaexin by
twofold without changing the diffusion rate of the substrates. Zinc had no effect on the
uptake of either GIn or glucose by BBMV. Therefore, zinc might have a selective effect
on peptide transport.

Trauma. It was observed that, when amino acids were introduced into the gut
lumen as dipeptides and tripeptides, they were absorbed more rapidly than as a mixture of
free amino acids (Adibi and Kim, 1981). Compared with amino acid transport, peptide
transport in the intestine is relatively resistant to starvation, intestinal diseases, protein-
caloricmalnutrition, and vitamin deficiency (Grimble and Silk, 1989). To investigate the
molecular mechanisms of the resistance of the intestina peptide transport system to tissue
damage, Tanaka et al. (1998) studied the effects of injury induced by the antitumor drug 5-
fluorouracil on expressionand transport activity of PepT1inrat intestine. Their data
confirmed that the intestinal peptide transport activity was not affected by tissue damage
because the levels of PepT1 remained unaffected while the levels of amino acid, glucose,
and phosphate transporter were markedly decreased in 5-fluorouracil-treated animals.
This resistance might be dueto arelative increase in PepT1 synthesis rather than to a
changein its kinetic properties.

Dietary Regulation. Intestina peptide transport activity varies significantly in
response to changes in different factors (Buddington and Diamond, 1989). Dietary

regulation is oneof the most important factors for intestina peptide transport (Ferraris et
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al., 1988; Ferraris and Diamond, 1989). There is strong evidence from experimental
models that dietary protein is aregulator of peptide transport activity (Erickson et al.,
1995). The effect of different dietary protein levels on the expression of PepT1 was
studied by examining MRNA expression along the longitudina axis of the rat small
intestine. Northern blot analysis of mRNA from the intestine of rats on a normal diet
(17% casein) showed that MRNA for PepT1 was relatively evenly distributed along the
longitudinal axis of the small intestine. Changing the diet from low (4% casein) to high
(50% gelatin) protein resulted in a 1.5- to 2-fold increase in the PepT1 mMRNA level in the
middle and distal small intestine. Therefore, dietary protein levels might have a regulatory
effect on the expression of the peptide transporters, at least asindicated by the relative
abundance of their mRNA.

The response of the level of human PepT1 expression to dipeptide substrates was
investigated in the Caco-2 human intestinal cell line (Walker et ., 1998). After
incubating Caco-2 cdlsfor 3 d in a peptide-containing medium (Gly-GIn), V. for uptake
of Gly-Sar was increased 1.6-fold. Northern blot analysis of mRNA from Caco-2 cells
showed that the increase in substrate transport was accompanied by a parallel increase of
1.9-fold in human PepT1 mRNA. The haf-life of human PepT1 mRNA was also
increased from 8.9 hto 12.5 h. Human PepT1 protein was also located using an anti-
human-PepT1 antibody. PepT1 proteins were increased 1.7-fold due to the peptide-
containing medium. This study indicated that a peptide substrate directly upregulated the
expression of human PepT1 by both enhancing mRNA stability and increasing

transcription rate. The regulation was independent of hormonal or neural control.
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By using specific antibodies and a cDNA probe for rat PepT1, Shiraga et al. (1999)
analyzed the dietary regulation of thistransporter in the rat small intestine. The promoter
of the rat PepT1 gene was identified to be within —3.1 kb from the transcription start site.
Interestingly, an amino acid-responsiveelement (AARE) was present in the region from —
277 to —271 of the promoter. A seriesof 5’ -deleted fragments including —3.1 kb, -1.6 kb,
-912 bp, -351 bp, - 171 bp, -97 bp, -50 bp —27 bp, and —13 bp were inserted into a
plasmid containing the luciferase gene. Effects of these mutations on amino acid and
dipeptideinduction of luciferase activity were assayed in transently transfected cells. The
luciferase activities of clone-351 responded to particular amino acids (phenylaanine,
arginine, and lysine) and dipeptides (Gly-Sar, Gly-Phe, Lys-Phe, and Asp-Lys). These
results suggested that the up-regulation of peptide transport activity by dietary protein was
caused by selective amino acids and dipeptides in thediet activating transcription of the
PepT1 gene.

Sigma Receptor Ligand. Sigma binding sites are distributed in the brain,
peripheral tissues, and in various neuronal and non-neuronal cell lines, and evidence
suggests arole for sigma sites in maintenance of cell function (Vilner et al. 1995a, 1995b).
Pentazocine is a selective sigmaligand. Fujitaet a. (1999) investigated the effects of
pentazocine on the uptake of Gly-Sar in the human intestina cell line Caco-2 expressing
PepT1. Caco-2 cellswere treated with different concentrations of pentazocine and semi-
quantitative RT-PCR revealed that treatment of pentazocine increased PepT1 mRNA in
Caco-2 cellsin a concentration-dependent manner. The activity of PepT1 was assessed by

measuring the uptake of Gly-Sar in the presence of aH" gradient. Results showed that
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pentazocine increased the uptake of Gly-Sar in Caco-2 cells mediated by PepTlina
concentration- and time-dependent manner. Kinetic analyses indicated that pentazocine
increased the maximal velocity for Gly-Sar uptake in Caco-2 cells without affecting the
affinity constant. These dataindicated that pentazocine could up-regulate PepT1 in Caco-
2 cells by increasing the levels of PepT1 mRNA, which could cause an increase in the
density of the transporter protein in the cell membrane.

Neural Regulation. Intestinal absorption of b-lactam antibiotics, such as cefixime
and cephalexin, has been shown to proceed through the dipeptidecarrier system
(Ganapathy et a., 1995). Nifedipine, an L-typecacium channel blocker, has been
reported to enhance the absorption of cefixime invivo but not in vitro. Neural
mechanismsmight be involved in the effect of nifedipine (Harcouet et al., 1997). Berlioz
et a. (1999) examined the involvement of the nervous system on theintestinal absorption
of cephalexin, atest molecule that is only carried by peptide transporters. A single-pass
jgunal perfusion technique was used in rats. Nifedipineincreased the plasma cephaexin
levelsin treated rats approximately twofold versus controls. Nifedipine aso increased the
cephaexin level approximately twofold in portal plasmaand increased urinary excretion of
cephalexin, which indicated that nifedipine effectively increased cephaexin intestinal
absorption. Perfusing high concentrationsof dipeptides in the jgjunal lumen reduced
cephalexin absorption and inhibited the enhancement of cephal exin absorption produced by
nifedipine. Atropine, capsaicin, clonidine, and isoproterenol enhanced cephalexin
absorption by the same magnitude as nifedipine, whereas hexamethonium and lidocaine

inhibited the effect of nifedipine. Therefore, complex neural networks were regulating the
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function of the intestinal peptide transporter. Sympathetic noradrenergic fibers, intestinal
sensory neurons, and nicotinic synapses might al be involvedin the increase of cephaexin
absorption induced by nifedipine.

In conclusion, the function of peptide transporters can be affected by many factors
including protein kinases, glycosylation, histidine, tyrosine, substrate-binding domain, zinc,
trauma, diet, sigma receptor ligand, and neurons.

Functional Characteristics of Peptide Transporters

Stoichiometry and Proton-Dependence of Peptide Transporters. Peptide
transporters are dependent on the presence of protons for transport activity. Four
hydrolysis-resistant dipeptides (Phe-Ala, Phe-Glu, Phe-GIn, and Phe-Lys) were used to
investigate the effects of net charge on transmural dipeptide transport by isolated jgjunal
loops of rat small intestine (Lister et al., 1997). At aluminal pH of 7.4, dipeptides with a
net charge of -1 (Phe-Glu) and +1 (Phe-Lys) were transported at substantially slower rates
than neutral Phe-Alaand Phe-GIn. At apH of 6.8, transmural transport of Phe-Alaand
Phe-GIn was increased by 61% and 49%, respectively. The lower pH increased the rate
for negatively charged Phe-Glu by 306% and decreased the rate for positively charged
Phe-Lys by 46%. Increasing lumina pH to 8.0 inhibited Phe-Ala transport by 60%,
whereas Phe-Lys transport was increased 60%. The transport rate for Phe-Glu or Phe-
GIn was not reported at pH 8.0. These results demonstrate that the transport of neutral
and negatively charged peptidesis linked to the cotransport of protons, whereas that of

the positively charged peptide is not.
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Brandisch et a. (1997) studied the effect of protons on the affinity and V s of
Gly-Sar uptake by Caco-2 (PepT1) and SKPT cells (PepT2). Uptake of Gly-Sar was
measured over a concentration range in both cells at an outside pH of either 6.0 or 7.0. In
Caco-2 célls, the K; was 1.0 mM at pH 6.0 and 1.2 mM at pH 7.0. However, the V n. was
13.7 + .3 nmolx10 min*xmg™ of protein at pH 6.0 and 5.8 + .3 Nmolx10 min™xmg™ of
protein at pH 7.0. Similar results were obtained with SKPT cells. In both cell types,
protons affected only Vma but did not affect the affinity of the transporters for the
substrates.

Stedl et al. (1997) expressed PepT1 in Xenopus oocytes to study the stoichiometry
and pH dependency of PepT1. They observed areduction of the pH inside the cell when
differently charged peptides (Gly-Glu, Gly-Leu, and Gly-Lys) were transported,
suggesting the movement of protons. After calculating the rate at which different
dipeptides induced intracellular acidification and the rate of the uptake of peptides and the
related charge influxes, the authors suggested a proton-peptide coupling ratio of 1:1, 2:1,
and 1:1 for neutra, acidic, and basic dipeptides, respectively. The results aso indicated
that at apH of 5.51t0 6.0, PepT1 favored substrates as neutral and acidic forms.

The stoichiometry of peptide transport in rat renal BBMV was variable and
depended on the net charge carried by the substrate. The proton-peptide coupling ratio
for anionic (Phe-Glu), neutral (Phe-Ala) and cationic (Phe-Lys) dipeptides was reported to
be 2:1, 1:1, and 0:1 respectively (Temple et a., 1995). The stoichiometry for neutral
(Gly-Ala), and anionic (Gly-Glu) dipeptides has been confirmed in PepT 1-expressing

Xenopus oocytes (Stedl et a., 1997). However, Temple (1998) found that the transport
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of the cationic peptide (Gly-Lys) was pH-dependent with a coupling ratio of 1:1. The
transport of both the anionic dipeptides Phe-Glu and the cationic dipeptides Phe-Lysin
rena BBMV was inhibited by both enalapril and captopril (angiotensin-converting enzyme
inhibitors) providing evidence that, in this system, both of these charged peptides are
transport by PepT1. Enalapril and captopril are not substrates for PepT2 (Boll et al.,
1996). Therefore, the reason for the observed difference has yet to be determined, but
does not appear to be due to the transport of Phe-Lys by PepT2 inrenal BBMV.

The binding and dissociation of ions near the extracellular surface of the human
PepT1 is thought to evoke a pre-steady-state current that results in a conformational
change and leads to a trandocation of the charged empty carrier (Mackenzie et al., 1996).
However, results from Nussberger et al. (1997) indicated a symmetry of H* binding in
response to either intra- or extracellular acidification, which suggested that PepT1 has
only one proton binding site that can be accessed from either side of the membrane.

For PepT2, inward currents were qualitatively and quantitatively similar regardless
of the net charge of the substrate at a given pH, which indicated the possibility of a
variable flux-coupling ratio for H*/H;O"-dependent peptide transport. Amasheh et al.
(1997b) showed, for PepT2, that the characteristics of both peptide and proton interaction
with the transporter were nearly independent of the net charge of peptides. In the case of
PepT1, mainly (or only) the zwitterionic substrate species of a charged peptide was
transported by a 1:1 flux-coupling ratio. In the case of PepT2, kinetic analysis of proton-
dependent inward currents at saturating substrate concentrations did not provide any

evidence for aHill coefficient significantly greater than 1 for any of the substrates. This
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suggested that there were no multiple H* binding sites with different affinities, which
favored the hypothesis of a fixed coupling ratio for transport of the substrate species
carrying no net charge. Thereis evidence that other solute transporters also have the
capability to transport anionic as well as cationic substrates electrogenically with smilar
kinetics. In the case of PepT2, the weak pH dependence of dipeptide affinities might be
due to the high substrate affinities. Even low concentrations of the zwitterionic form of a
substrate might quickly cause saturation of binding sites. Therefore, transport rates might
be dependent only on membrane potential and proton binding.

Chen et al. (1999a) reported their kinetic analysisof the rat kidney high-affinity
peptide transporter PepT2 expressed in Xenopus oocytes. Using simultaneous radioactive
uptakeand current measurements under voltage-clamp conditions, the chargeto substrate
uptake ratio was found to be close to two for both Phe-Ala (neutral) and Phe-Glu
(anionic). Thisindicated that the H™:substrate stoichiometry was 2:1 and 3:1 for neutral
and anionicdipeptides, respectively. The higher stoichiometry for anionic peptides
suggested that they were transported in the protonated form. For cationic peptide Phe-
Lys, the charge to uptake ratio was 2.4:1. This suggested that Phe-Lys was transported
across the membranevia PepT2 either in its deprotonated (neutral) or its positively
charged form with an average stoichiometry of 1.4:1. These findings led to the conclusion
that PepT?2 coupled transport of one peptide moleculeto two H*. Thisisin contrast to the
low-affinity transporter PepT1 that couples transport of one peptide to one H'.
Meanwhile, Fei et a. (1999) studied the interaction of rat PepT2 with neutral, anionic, and

cationic dipeptides using both electrophysiological and radioactive uptake methods. Phe-
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GIn (neutral), Phe-Glu (anionic), and Phe-Lys (cationic) were chosen as representative
peptide substrates. All three peptides induced H*-dependent inward currentsin Xenopus
laevis oocytes expressing rat PepT2. The H':peptide stoichiometry was 1:1 in each case.
A simultaneous measurement of radiolabeled peptide influx and charge transfer in the
same oocyte indicated that the transfer of one net positive charge into the oocyte coupled
with the transfer of one peptide molecule in each case irrespective of the charged nature of
the peptide. This suggested that the zwitterionic peptides were preferentially recognized
by PepT?2 as transportable substrates and that the proton:peptide stoichiometry was 1:1
for the transport process. The reason for the observed differences between these two
studies has yet to be determined.

Substrate Specificity of Peptide Transporters. Transport studies have shown that
cloned peptide transporters are capable of taking up a broad range of di- and tripeptides
and peptidomimetics. At apH of 7.5, two charged dipeptides (Phe-Glu, -1, and Phe-Lys,
+1) were transported slower than the neutral dipeptides (Phe-Gln and Phe-Ald). At apH
of 6.8, transport rate for the negatively charged Phe-Glu and the neutral peptides (Phe-Gin
and Phe-Ala) increased, whereas transport rate for the positively charged Phe-Lys
decreased. Increasing the pH to 8.0 inhibited the uptake of the neutral peptide Phe-Ala,
but increased the uptake for Phe-Lys (Lister et al., 1997). These results suggested that the
peptide transporter preferred neutral substrates compared with charged peptides under
physiologica pH conditions.

Substrate specificity of rabbit PepT1 was examined in Xenopus oocytes injected

with rabbit PepT1 cRNA (Amasheh, et a. 1997b). The uptake of differently charged
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substrates was determined by measuring the inhibition of [*H]-Phe-Ala uptake upon
addition of substrates at apH of 8.0, 7.4, 6.5, or 5.5. Greater inhibition means more
absorption of the unlabled substrate by the transporter. The glycyl peptides studied
included Gly-GIn (zwitterionic), Gly-Asp (anionic), and Gly-Lys (cationic). At each pH,
Gly-GlIn strongly inhibited the uptake of [*H]-Phe-Ala. The Gly-Asp inhibited the uptake
of [*H]-Phe-Alaat apH of 7.4 or lower. Gly-Lysinhibited uptake only when the pH was
at or higher than 6.5. These results suggest that, under physiological conditions, the
affinity of PepT1 for the zwitterionic or anionic substrates is greater than for cationic
substrates.

Results from the examination of the transport of the anionic cefixime and
zwitterionic cefadroxil in Xenopus oocytes expressing rabbit PepT1 and in Caco-2 cells
have been reported (Wenzel et al., 1996). In both oocytes and Caco-2 cells, zwitterionic
cefadroxil was transported more rapidly at a pH equal to or higher than 6.0. The anionic
cefixime was absorbed more efficiently when the pH was equal to or lower than 6.0
(Wenzel et a., 1996). The authors calculated the percentage of the charged or
zwitterionic forms of the substrates at each pH. For instance, the relative proportion of
the neutral form of cefixime increased as the pH was lowered below 6.0. These results
again indicate that the zwitterionic form of the substrate is preferred by the peptide
transporters under physiological conditions.

In astudy conducted by Ganapathy et a. (1997), the anionic peptidomimetics
cephal osporins (cefixime, ceftibuten, and cefdinir) were used as substrates to study

substrate interactions with PepT1 and PepT2. At pH of 6.0, cefixime and ceftibuten are
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dianionic, and cefdinir is monoanionic. The human intestinal cell line, Caco-2, which only
expresses PepT1 (Ganapathy et al., 1995) and rat kidney cell line, SKPT, which only
expresses PepT2 (Brandsch et al., 1995) were used. Uptake of [**C]-Gly-Sar in both cell
lines was inhibited significantly by cephaosporinsin the order of ceftibuten > cefixime >
cefdinir. The same results were obtained when PepT1 and PepT2 were expressed in Hela
cells. In asubsequent study, Xenopus laevis oocytes were injected with PepT1 mRNA.
Oocytes incubated with the negatively charged ceftibuten at pH 7.5 showed a small
outward current. At apH of 6.0, addition of ceftibuten (dianionic) to the buffer induced a
huge inward current. These results provide further evidence that the zwitterion is the
preferred form.

Functions of Peptide Transporters. The function of the peptide transporter in
different tissues is under intensive investigation. The different expression patterns of
PepT1 and PepT2 among tissues actualy reflect their functionsin animals. The
expression of PepT1 in the small intestine and the kidney of animalsis of nutritional and
pharmacol ogical importance. The transport of peptides not only contributes to the body
nitrogen needs (Matthews, 1991), but also participates in the absorption of many
therapeutically active peptides, including peptide-like antibiotics, anti-cancer drugs (Inui et
a., 1992), and angiotensin-converting enzyme inhibitors (Swaan et a., 1995). It might
also serve as a pathway for the absorption of some metals that are required by the animal
(Tacnet et al., 1993) and reabsorption of peptides in the kidney (Smith et al., 1998).
Bockman et al. (1997) showed for the first time that an H*/peptide cotransporter was

located in nuclel of vascular smooth muscle cells and Schwann cells and in lysosomes of
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the exocrine pancreas. It islikely that the transporter moved small peptides from the
lysosome to the cytoplasm following intralysosomal protein degradation. The function of
the transporter in the nucleus remains unclear. Peptide signaling molecules may be
transmitted between the nucleus and cytoplasm using a peptide transporter.

Although PepT2 is mainly expressed in the kidney and is responsible for
reabsorption of peptide forms of amino nitrogen (Daniel and Herget, 1997), PepT2 isaso
expressed in the brain (Boll et d., 1996; Saito et al., 1996). A new study using
nonisotopic in situ hybridization was performed to analyze the distribution of PepT?2
MRNA inrat brain, retina and peripheral ganglia (Berger and Hediger, 1999). The results
showed that PepT2 was expressed in rat brain by astrocytes, ependymal cells,
subependymal cells, and the epithelial cells of the choroid plexus. PepT2 mRNA was also
expressed by retinal Muller cells and periphera satellite cells. The expression levels of
PepT?2 were below average in distinct areas in the ventral forebrain compared to
astrocytes. Other glia cells or neurons did not express PepT2. These results suggested
that it is astrocytes that remove small peptides from the extracellular fluid. It was also
shown that PepT2 was expressed in astroglia-rich primary cultures and that this might be
responsible for the uptake of Cys-Gly in the cultures (Dringen et al., 1998). The peptide
transporter, PHT1, was aso isolated from rat brain. PHT1 was expressed in both neurons
and glia cdlsin in situ hybridization studies (Yamashita et al., 1997), and it likely also
participates in the removal of small peptides.

Traditionally, it was believed that only free amino acids entered the portal blood

from intestinal epithelid cells(Matthews, 1991). However, recent studies demonstrated
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that ~50% of circulating plasma amino acids were peptide bound, and the majority were in
the form of di- and tripeptides (Seal and Parker, 1996), suggesting the existenceof a
basolateral peptide transporter in the small intestine. Terada et al. (1999) used Gly-Sar to
examine the transport system of the basolateral peptide transporter in Caco-2 cells. The
apical PepT1 and basolateral peptide transporter in human intestinal Caco-2 cells were
functionally compared by characterization of [**C]-Gly-Sar transport. The Gly-Sar uptake
viathebasolateral peptide transporter was less sensitive to medium pH and was not
transported against a concentration gradient as was uptake via PepT1. Comparisonof the
inhibition constant values of various b-lactam antibioticsfor PepT1 and the basolateral
peptide transporter suggested that PepT1 had a higher substrate affinity than the
basolateral peptide transporter. DEPC, a histidineresidue modifier, inhibited Gly-Sar
uptake by both transporters, and the inhibitory effect wasgreater on PepT1 than the
basolateral peptide transporter. These findings suggest that a different peptide transporter
is expressed at the basolateral membranesof Caco-2 cells and that PepT1 and the
basolateral peptide transporter cooperate in the efficient transepithelia transport of small
peptides and peptide-likesubstrates.

In conclusion, PepT1 and PepT2 are proton-dependent peptide transporters.
PepT1 couples transport of one peptide to one H*, whereas PepT2 couples transport of
one peptide moleculeto two H*. However, both PepT1 and PepT2 prefer the zwitterionic
form of the substrate under physiological conditions. The expression of PepT1 in the

small intestine and PepT2 in the kidney is of nutritional and pharmacological importance.
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Recognition Patterns of Substrate by Peptide Transporters

Peptide transporters can recognize a broad range of natural substrates for the
maintenance of protein nutrition (Matthews, 1991). To understand the structure-function
relationships and the specificities of the peptide transporters, different forms of peptide-
like substrates were used to investigate how peptide transporters recognize different
substrates. These studies using peptide-like substrates to examine transport capabilities of
peptide transporters have provided some valuable information to help us understand how
peptide transporters function.

Beta-Lactam Antibiotics. The structure of most of the b-lactam antibiotics
resembl es the backbone of tripeptides with the second peptide bond incorporated into a
lactam ring (Figure 2.5). The peptide substrates of the peptide transport system and
cephalexin share certain structural features such as a peptide bond with an a-amino group
and atermina carboxylic acid group. This structural similarity is apparently the basis for
the molecular mimicry, enabling the peptide transporters to accept cephaexin as a
substrate. The two organs, the small intestine and the kidney, in which the peptide
transporters are primarily expressed, play an important role in the therapeutic efficacy of
b-lactam antibiotics. The intestinal peptide transport system is responsible for the
absorption of these orally administrated drugs. The renal peptide transport system, which
functions in the reabsorption of these drugs from the glomerular filtrate, enhances the half-
life of these drugs in the circulation. Therefore, detailed studies on the interaction of b-
lactam antibiotics with the peptide transporters in these two organs are vital to the

understanding of the pharmacodynamics of these drugs.
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Ganapathy et al. (1995) examined the differences in the recognition of b-lactam
antibiotics by the intestinal and renal peptide transporters, PepT1 and PepT2. PepT1 was
studied in the human intestinal cell line Caco-2, which expresses PepT1 but not PepT?2.
PepT?2 was studied in the rat proximal tubule cell line SKPT, which expresses PepT2 but
not PepT1. The substrate recognition pattern of PepT1 and PepT2 was studied with
cefadroxil (a cephalosporin) and cyclacillin (a penicillin) as model substrates for the
peptide transporters that were constitutively expressed in Caco-2 cells (PepT1) and SKPT
cells (PepT?2). Cyclacillin was ninefold more potent than cefadroxil in competing with
Gly-Sar for uptake by PepT1, whereas, cefadroxil was 13-fold more potent than cyclacillin
in competing with the dipeptide for uptake by PepT2. The substrate recognition pattern
of PepT1 and PepT2 was also studied using cloned human peptide transporters
functionally expressed in HeLa cells. Expression of PepT1 or PepT2 in HeLacellswas
found to induce H*-coupled cephalexin uptake in these cells. Similarly, the peptide uptake
induced by PepT1 cDNA in Hel a cells was inhibited more potently by cyclacillin than by
cefadroxil, and the peptide uptake induced by PepT2 cDNA in HelLa cells was inhibited
more potently by cefadroxil than by cyclacillin. Thus, the recognition of b-lactam
antibiotics as substrates between the intestinal and renal peptide transporters was markedly
different.

To investigate whether multiple peptide transporters mediate absorption of b-
lactams carrying different charges (the anionic cefixime and the zwitterionic cefadroxil) at
physiological pH, Wenzel et al. (1996) used Caco-2 cells and Xenopus laevis oocytes

expressing thecloned rabbit PepT1. Both cefixime and cefadroxil were takenup into both

48



Chapter Il Review of Literature

PEMICILLIN
A= CHy
CHy
03 & EoaH

R1
AMPICILLIN @‘ﬁ'"_
CYCLACILLIN Q—

Py

CEPHALOSPORIN

A 1= CONH
F P
COOM

A1

R2

CEPHALEXIN @-—?H— EHy—
MHy

CEFADROXIL HD-@—?H— a4y —
NH,

CEPHRADINE U“‘F“_ B
Mk

HgM
CEFTIBUTEN " i: o
==

HgM
CEFIXIME ‘f:lalc—

: Ghig==CH—
= O =D = CO0H

Figure. 2.5. Chemical structures of some b-lactam antibiotics (Ganapathy et al., 1995).
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Caco-2 cells and oocytes expressing PepT1 in a pH-dependent and saturable transport
manner. Mutua inhibition suggested that acidic and zwitterionic substrates might share a
common transporter. Cefixime and cefadroxil caused a significant decline in intracellular
pH because of proton coupled substrate influx. Uptake of cefixime and cefadroxil into
oocytes expressing PepT1 was e ectrogenic, which indicated that transport of both
cefixime and cefadroxil was associated with movement of net positivecharge. Compared
to cefadroxil uptake, amore acidic pH was required for cefixime uptake in both cell
systems, and intracellular acidification was faster. Thisindicated that cefixime was taken
up only in itsnonionized form with an additional proton being cotransported. Thus, a
single peptide transport system can mediate electrogenic uptake of the neutral form of all
b-lactam antibioticsinto intestinal epithelial cells.

Teradaet a. (1997) compared the recognition of b-lactam antibiotics by LLC-PK;
cells stably transfected with PepT1 or PepT2 cDNA. Cyclacillin and ceftibuten (Figure
2.5) showed inhibitory effects on the Gly-Sar uptakein the PepT1-expressing cells. Other
b-lactams, such as cephalexin, cefadroxil, and cephradine (Figure 2.5), inhibited modestly
the PepT1-mediated Gly-Sar uptake. All b-lactams, except for ceftibuten, showed much
more potent inhibition of Gly-Sar uptake by PepT2 than by PepT1. Comparison of the
inhibition constant values between cefadroxil and cephalexin indicated that the hydroxyl
group at the NH,-termina phenyl ring increased affinity for both PepT1 and PepT2.
Therefore, PepT2 had a much higher affinity for b-lactam antibiotics having an a-amino
group than PepT1, and substitutes at the NH,-terminal side chain of these drugs were

involved in the recognition by both peptide transporters. These findings were similar to
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those reported for thehuman PepT1 and PepT2, suggesting the differential recognition of
b-lactam antibiotics (Ganapathy et al., 1995). By evauating the inhibitory potencies of
the antibioticsagainst Gly-Sar transport, the interactions of b-lactam antibiotics with
peptide transporters in rat rena brush-border membranes were examined (Takahashi et al.,
1998). Western blot analysis showed that PepT1 and PepT2 with apparent molecular
masses of 75 and 105 kDa, respectively, were expressed in the renal brush-border
membranes. Two transport systems with high affinity (K., of 50 uM) and low affinity (Ky,
of 1.2 mM) appeared to mediate Gly-Sar uptake. The inhibition constants of the
antibiotics for Gly-Sar uptake were more closely correlated with those in LLC-PK; cells
stably transfected with rat PepT2 rather than PepT1 cDNA. The b-lactam antibiotics with
an a-amino group showed trans-stimulation effectson Gly-Sar uptake. Thisindicated that
these amino-b-lactam antibioticsand Gly-Sar shared a common peptide transporter. The
antibiotics lacking an a-amino group failed to show the trans-stimulation effect. The
amino-b-lactam antibiotics were shown to interact predominantly with PepT2 localized in
the brush-border membranes of rat kidney.

ACE Inhibitor. The angiotensin converting enzyme (ACE) inhibitors (Figure 2.6)
captopril and enalapril, but not lisinopril, were substrates for the intestinal peptide
transporter PepT1 (Ball, et a., 1994). However, the rena peptide transporter PepT2 was
more selective. Substrates lacking an a-amino group (captopril and enaapril) appeared to
not be transported by PepT2 (Boll et a., 1996). Akarawut et al. (1998) subsequently
reported that quinapril was capable of non-competitively inhibiting the uptake of Gly-Sar

by PepT2 in rabbit renal BBMV. Because of the close structural smilarity between
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quinapril and enalapril, Lin et al. (1999) examined the inhibitory potential of enalapril and
other ACE inhibitors on Gly-Sar transport, and its mechanism of inhibition. Their kinetic
analysis demonstrated that enalapril inhibited the uptake in a competive manner (K; = 6
mM). Fosinopril and zofenopril had the greatest inhibitory potency, whereas the other
ACE inhibitors showed low-affinity interaction with PepT2. Overal, the inhibitory
potency of tested ACE inhibitors was as follows: fosinopril > zofenopril > ramipril »
quinapril > quinaprilat > enalapril > captopril > lisinopril > enalaprilat. 1n the absence of
enalapril, quinaprilat, and quinapril, ACE inhibitor affinity for PepT2 had avery strong
correlation with the lipophilicity of the drugs (r = .98, p < .001). For al ACE inhibitors,
the correlation was still strong (r = .94, p < .001).

Valacyclovir. Vaacyclovir isa prodrug of acyclovir that does not contain a
peptide bond in its structure (Figure 2.6). Acyclovir is used to treat avariety of vird
infections including cytomegalovirus infections, an AIDS opportunistic infection
(Beauchamp et al., 1992). Valacyclovir is derived from acyclovir by esterifying valine to
the hydroxyl group of acyclovir. Itsbioavailability isthree to five times higher than that
of acyclovirin humans. Studies characterizing the intestinal absorption mechanisms of
valacyclovir suggest the involvement of multiple transporters, including the peptide
transporter (Sinko and Balimane, 1998). Ganapathy et al. (1998) studied the interaction
of valacyclovir with the peptide transporters in the human intestinal cell line Caco-2 and
the rat kidney proximal tubular cell line SKPT that differentially express peptide
transporters PepT1 and PepT2. The activity of the peptide transporters was examined by

measuring the uptake of radiolabeled Gly-Sar in the presence of aH" gradient.
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Valacyclovir inhibited the uptake of Gly-Sar with an inhibition constant (K;) of .49 + .04
mM in Caco-2 cellsand .17 £ .01 mM in SKPT cellsin a competitive manner. Acyclovir,
however, did not interact with the peptide transporters. Similar results were obtained with
heterologously expressed human PepT1 and rat PepT2. It was concluded that
valacyclovir was a substrate for the peptide transporters PepT1 and PepT2 and that a
peptide bond was not a prerequisite for recognition as a substrate by the peptide
transporters.

Guo et a. (1999) characterized the interaction of valacyclovir and hPepT1 using
Chinese hamster ovary (CHO) cells that overexpressed the hPepT1 gene. Valacyclovir
uptake was significantly greater in CHO cdlls transfected with hPepT1 than in cells
transfected with only the vector. The optimum pH for valacyclovir uptake was pH 7.5.
Proton cotransport was not observedin hPepT1/CHO cells, consistent with previous
resultsin tissues and Caco-2 cells (Ganapathy et d., 1998). A very smilar K, value was
obtained in hPepT1/CHO cdlls and inrat and rabbit tissues and Caco-2 cells, indicating
that hPepT 1 dominated the intestinal transport of valacyclovir in vitro. Vaacyclovir
uptake was al'so markedly inhibited by various dipeptides and b-lactamantibiotics. These
findings confirmed that valacyclovir was a substrate for the human PepT1 in hPepT1/CHO
cells. Althoughtransport was pH dependent, proton cotransport was not necessary.

Using stable transfectants, Sawada et a. (1999) examined the transport
mechanisms of the L-amino acid ester compounds with rat PepT1 and PepT2 using stable
transfectants. Valacyclovir, competitively inhibited [**C]-Gly-Sar uptake in the LL C-PK;-

rPEPT1 and LLC-PK;-rPEPT2 cells, respectively. The inhibition constants (K;) of
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valacyclovir were 2.7 and .22 mM for rPepT1 and rPepT2, respectively. These results
indicated that rPepT2 had higher affinity for valacyclovir. L-Vaine methyl ester (Val-
OMe) competitively inhibited [**C]-Gly-Sar uptake. K; values of 3.6 and .83 mM for
rPepT1 and rPepT2, respectively, indicated that Va-OMe was also a high-affinity
substrate for rPepT2. Val-OMe showed the most potent inhibitory effect among the
severa L-amino acid methyl esters examined. These results suggested that L-vainecould
be a desirable L-amino acid for the esterification of poorly permeabledrugs to enhance
their oral bioavailability to intestina PepT1.

Delta-Aminolevulinic Acid. Delta-aminolevulinic acid (ALA) is the precursor of
porphyrin synthesis and has been recently used in vitro and in clinical studiesin the
treatment of various tumors. Doring et al. (1998a) demonstrated that ALA used the
intestinal and renal apical peptidetransporters for entering into epithelial cells. Kinetics
and characteristics of ALA transport were determined in Xenopus laevis oocytes and
Pichia pastoris yeast cells expressing either PepT1 or PepT2. By using radiolabeled ALA
and electrophysiological techniquesin these heterologous expression systems, it was
shown that PepT1 and PepT2 translocate [*H]-ALA by saturable and pH-dependent
transport mechanisms. Di-/tripeptides and ALA, but not GABA or related amino acids,
also competed at the same substrate-binding site of the transporters. Reverse
transcriptase-PCR analysis using specific primers for PepT1 and PepT2 in rabbit tissues
demonstrated that the PepT2 mRNA was expressed in avariety of other tissues including
lung, brain, and mammary gland, which had been shown to accumulate ALA. This

indicated that these tissuescould take up ALA through peptide transporters, providing the
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endogenous photosensitizers for efficient treatment. Also for the first time, this study
showed that a molecule not possessing a peptide bond was transported as a high affinity
substrate by both epithelial peptide transporters. However, a structurally related anal ogue,
g-aminobutyric acid, which had a shorter backbonethan ALA, was not transported by
PepT1 and PepT2. Thisindicated that four or more carbon units in thebackbone of the
substrates between the amino- and carboxy-terminal groups for the substrates were needed
for transport. This corresponded to the backbonelength in normal dipeptides. The
peptide bond in a dipeptide could be replaced by a ketomethylenefunction, as present in
ALA, without loss of substrate affinity for the peptide transporter by use of arphamenins
(Danidl and Adibi, 1994). Similarly, arphamenin A was aso shown to serve as a substrate
for PepT1in human Caco-2 cells (Enjoh et a., 1996). Therefore, transport of ALA by
PepT1 and PepT2indicated that, besides the amino and carboxy groups, the carbonyl
function at the g-carbon of ALA was sufficient for recognition as a substrate. This carbon
corresponds to the position of the carbonyl function in anormal dipeptide. The side chains
presentin normal dipeptides might not be important for theinteraction with the substrate-
binding sites.

Amino Acid Aryl Amides. Transport of amino acid aryl amides by PepT1 was
studied in Caco-2 cells and in Xenopus oocytes expressing human PepT1 (Borner et al.,
1998). In Caco-2 cells, Ala-4-nitroanilide, Phe-4-nitroanilide and Ala-4-phenylanilide
were accepted as substrates with equal or higher affinity than natural Ala-containing
dipeptides. Ala-anilide, Ala-7-amido-4-methylcoumarin, Ala-4-chloroanilide and Ala-4-

methylanilide were also recognized by PepT1 as substrates with lower affinity than natural
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Ala-containing dipeptides. In contrast, alanine, Ala-amide, Phe-amide, Ala-methyl ester,
Ala-4-nitrobenzyl ester and Ala-methylamide were not recognized as substrates by PepT1.
In oocytes, transport of Ala-4-nitroanilide, Ala-7-amido-4-methylcoumarin, Ala-4-
methylanilide and Ala-anilide was associated with transfer of positive charge and the
currents were saturable with respect to substrate concentration. The data suggested that
PepT 1 accepted amino acid aryl amides as substrates with different affinity constants.

Dopa-Derivative. Dopaisametabolite that is structurally similar to the amino
acid phenylaanine, and is normally absorbed from the small intestine by amino acid
transporters. L-Dopa (L-3,4-dihydroxyphenylaanine) is effective for treatment of
Parkinson’'s disease. However, because of instability and low permesation rate, the
bioavailability of L-Dopaisvery low. Inrat intestinal BBMV, a dipeptide-mimetic, a-
methyldopa-Phe, was recognized and transported by the peptide transporter (Tsuji et a.,
1990). Another peptidyl-mimetic, phenylglycine-a-methyldopa was al so recognized and
taken up in rat intestinal BBMV (Wang et a., 1996). Based on these findings, Tamai et
al. (1998) used Caco-2 cells and Xenopus oocytes expressing human PepT1 to determine
whether PepT1 could be used to improve dopa absorption. The dipeptidyl-mimetic
derivative of dopa, dopa-Phe, inhibited the uptake of Gly-Sar by Caco-2, but did not
inhibit the uptake of dopa. 1n oocytes expressing PepT 1, it was confirmed that dopa-Phe
was transported by PepT1. The amount of dopa-Phe crossing the Caco-2 cell monolayer
was 40-fold greater than that of dopa.

N-Acetyl Aspartyl Glutamate. N-acetyl aspartyl glutamate (NAAG), a dipeptide

derivative, is present in high concentrations in the mammalian brain. This peptide has been
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suggested to function as a neurotransmitter (Moffett et al., 1990). Wang et a (1998)
reported the functional characteristics of PepT2 expressed in the two mammalian cell
lines, HeL.a (a human cervical epithelial cell line) and SK-N-SH (a human neuroblastoma
cell line), aswell asin Xenopus oocytes. Normally, PepT2 exhibited much higher affinity
(micromolar range) for its substrates than did PepT1 (Ramamoorthy et a., 1995). The
results demonstrated that NAAG was a substrate for PepT2, which was aso expressed in
the brain. However, the K; for NAAG with PepT2 was in the low millimolar range, which
indicated that theblocking of the a-amino group by acetylation might reduce theaffinity.
Nonetheless, the observed values may be physiologicaly relevant. NAAG is present in the
mammalian nervous system at very high concentrations (Fuhrman et al., 1994). The
concentration of NAAG was in the range .2-4.5 mM in different regions of thenervous
system. Another interesting finding with respect to the interaction of NAAG (net charge,
—3) and the other three peptides (net charges, —1, +1, and 0) with PepT2 was that the
transport process induced insde-negative currents irrespective of the net charge of the
peptide. However, the proton-to-peptide stoichiometry was still 1:1 in all cases.
Amasheh et al. (1997b) reported smilar findings for PepT2 cloned from rabbit kidney. A
simple transport model assigning the charge trand ocation during the transport cycle solely
to the movement of the peptide substrateand proton could not explain the observed
findings. PepT1 was known to contain essential histidyl residues (Terada et a., 1996; Fei
et a., 1997) that could exist either in a protonated form or in a nonprotonated form in the
pH range 5.0-7.0, depending on the microenvironment of the involved histidyl residue.

Similarly, PepT2 also possessed essential histidyl residues that were obligatory for the
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transport function (Fei et a., 1997). Nussberger et a. (1997) proposed a model for the
operational mechanism of PepT1. This model predicted the trandocation of proton and
peptideand the association of the transport process with inward negative currents
irrespective of the net charge of the translocated peptidesubstrate. This model suggests
the involvement of differently charged amino acids in the substrate-binding site of the
PepT1protein.

Substrate Structure Requirements for Peptide Transporters. Considering the wide
distribution of peptide transporters throughout nature and their nutritional as well as
pharmacological importance, identification of the minimal structural requirements of
substratesaffecting their affinity and capacity for transport would greatly advance our
understanding of peptide transporters. Understanding the substrate structure requirement
isvery important in the design of new specific substrates for the peptide transporters.
Swaan and Tukker (1997) tried to use computer-aided conformational analysisto
characterize the recognition site of PepT1 based on studies of substrates with rigid
backbones. Conformational analysis and calculations were used to determine the lowest
energy conformation of transporter substrates, as well as the conformations of compounds
that displayed common recognition site geometry, such asinhibitors, and inactive
structural analogs. Substrate groups were classified into three interaction classes:
substrates that were transferred across the membrane by transporters, inhibitors that
showed affinity for the peptide transporter but were not transferred across the membrane,
and other compounds that contained the recognition site geometry but showed no affinity

for the carrier. The analysisindicated that there were three ways to diminish or abolish the

59



Chapter Il Review of Literature

affinity of substrates for the peptide transporter: introduction of a second negative group
into the substrates, esterification of the free carboxyl group of the substrates, or use of
either side chains with a positively charged nitrogen function or groups capable of
hydrogen bond formation to block the free carboxylic acid.

Based on data derived from competition studies in renal BBMV, Daniel and
Herget (1997) proposed a simplified model of substrate requirements for PepT2 (Figure
2.7). Inthismodel, PepT2 showed stereoselectivity that preferred all substrates built with
L-enantiomers of amino acids. For high substrate affinity, a high hydrophobicity of side
chains was required. Peptide bonds in the substrates could also be replaced without loss
of binding affinity. Ketomethylene functions in the region of the first peptide bond or a
cyclization in the region of the second bond could be used to replace peptide bonds. For
example, replacing arigid lactam ring structure has no effect on the capability and high
affinity of avariety of b—actam antibiotics interacting with the binding sites.

Using comparative molecular field analysis (CoMFA), a three-dimensiond
approach towards building quantitative structure-activity relationships, Swaan et al.
(1998) examined the relationship between chemical structure (steric and electrostatic
fields) and affinity for PepT1. Variousbiologica activity parameters (Kt, Jnax, Pc) and
molecular descriptors (CoMFA fields, isobutylalcohol/water distribution coefficients) were
examined. The results indicated that carrier permeability (P, calculated as the ratio of Ky),
and the maximal carrier flux (Jna), Were sensitive to composition, size and hydrophobicity
of the substrates. The best model obtained predicted a high correlation between carrier

permeability (P;) and the steric (76.3% contribution) and electrostatic (23.7%
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Figure 2.7. Proposed structura requirements for substrate recognition by PepT2.
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substrate-binding sites of PepT2 (Daniel and Herget 1997).
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contribution) molecular fields with a correlation coefficient of .754. The model fit the
experimental data with a correlation coefficient of .993 and a standard error of .041.
These results could lead to a better understanding of the molecular requirements for
optimal substrate-carrier interactions with the intestinal peptide transporter. This method
offered a useful tool for designing new structures with affinity for PepT1.

It has been shown that 4-aminophenylacetic acid (4-APAA), a peptide mimic
lacking a peptide bond, interacted with a proton-coupled oligopeptide transporter using a
number of different experimental approaches. In addition to inhibiting transport of labeled
peptides, these studies showed that 4-APAA is sdlf-trandlocated (Temple et al. 1998).
Transport of 4-APAA across the rat intact intestine was stimulated 18-fold by lumina
acidification to pH 6.8 in enterocytesisolated from mouse small intestine. The
intracellular pH was reduced on addition of 4-APAA, as shown with the pH indicator,
carboxy-SNARF. Peptide transport was trans-stimulated by 4-APAA in brush-border
membrane vesicles isolated fromrat renal cortex. In Xenopus oocytes expressing PepT1,
4-APAA produced trans-stimulation of radiolabeled peptide efflux, and as determined by
HPLC, 4-APAA was a substrate for transocation by thistransporter. These results with
4-APAA showed that the presence of a peptide bond is not a requirement for translocation
through PepT1. Interestingly, Meredith et al., (1998) reported that 4-aminomethylbenzoic
acid (4-AMBA) competitively inhibited peptide influx in both Xenopus oocytes expressing
rabbit PepT1 and through PepT1 in rat rena brush border membrane vesicles. 4-AMBA
isamolecule that mimics the spatial configuration of dipeptides and is structurally similar

to 4-APAA. However, 4-AMBA was not translocated through PepT1 as measured by
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direct HPLC analysisin oocytes expressing PepT1. 4-AMBA aso failed to trans-
stimulate labelled peptide efflux through PepT1 in oocytes and in renal membrane vesicles.
In oocytes expressing PepT 1, efflux experiments were carried out with and without
externa peptide substrates as a function of 4-AMBA concentrations. \When there was no
peptide present, increasing 4-AMBA concentration had no effect on the efflux rate. The
inhibitory ability of 4-AMBA was reduced with an increase in peptide concentration. This
suggested that the substrate and inhibitor competitively bound at the same site. Therefore,
4-AMBA was the first molecule reported to be a non-translocated competitive inhibitor of
peptide transport and thus might be particularly useful as an experimental tool.

Snyder et al., (1997) prepared 47 analogs of loracarbef and cephalexin to evaluate
the structural features necessary for uptake by this peptide transporter. Loracarbef and
cephalexin are derivatives of two b-lactams that contain a phenylglycine side chain.
Analogs modified with a cyclopropyl or atrifluoromethyl group at the 3 position of
cephaexin and loracarbef inhibited cephalexin uptake. Compounds with lipophilic groups
on the primary amine of the side chain inhibited cephalexin uptake, retained activity
against gram-positive bacteria but lost activity against gram-negative bacteria. Analogs
lacking an aromatic ring in the side chain inhibited cephalexin uptake, but lost all
antibacteria activity. Although the transporter preferentially transported the L
stereoisomer, these analogs lacked antibacteria activity and were hydrolyzed
intracellularly in Caco-2 cells. Substitution of the phenylglycyl side chain with a
phenylacetyl side chain did not change the results. Thus, the phenylglycyl side chain is not

absolutely required for uptake.
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Both cis andtrans conformers can be found in peptides and proteins due tothe
partial double bond character of the peptide bond. Whether peptide transporters are able
to differentiate between cis andtrans conformers of di- and tripeptides has not yet been
shown. However, Danidl et al. (1992) had proposed that isomerization at the peptide
bond might be responsible for the measured 4- to 12-fold lower affinities of Gly-Pro and
Gly-Sar, compared with Gly-Gly and Gly-Ala at the renal peptide transporter. To study
the structural requirements for substrates, Bransdsch et al. (1998) investigated the
influence of the substrate backbone dynamics caused by peptide bond cis/trans
isomerization on the intestinal peptide transport. Using Alay [CS-N]-Pro as a substrate
in their investigation, the first direct evidence was provided for the conformational
specificity of peptidetransport. Alay [CS-N]-Proisamodified dipeptide derivative
where the peptide bond was replaced by the isosteric thioxo peptidebond. The Ala-Pro
derivative, Alay [CS-N]-Pro, existed as a mixtureof cis and trans conformation in
agueous solution and was characterized by alow cis/trans isomerization rate. Alay [CS-
N]-Pro was recognized by PepT1 with high affinity. In solution with 96% trans
conformation, the K; value of Alary [CS-N]-Profor the inhibition of the uptake of
radiolabeled Gly-Sarin Caco-2 cellswas .30 + .02 mM. In contrast, in solution with 62%
trans conformer, the K; value was increased to .51 + .02 mM. Therefore, only the trans
conformer interacted with the transport system. Uptake of Alay [CS-N]-Pro was also
studied by analyzing the intracellular content of Caco-2 cells following transport, as well
as the composition of the extracellular medium using capillary electrophoresis. The

percentage of trans conformer was 62% in the uptake medium, which increased to 92%
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inside the cells. Thiswasthe first direct evidence that a H*/peptide cotransport system
selectively bound and transported thetrans conformer of a peptide derivative.

PepT1, like its nonmammalian counterparts, transports aimost all possible
dipeptides, tripeptides, and numerous peptidomimetics. Free amino acids appear not to be
accepted as substrates. Although transport of peptides and peptidomimetics occursin a
stereospecific manner (Wenzel et a., 1995), the transporter discriminates possible
substrates only by differences in affinity for binding and maximal transport capacity.
Because the w-amino fatty acids (W-AFA) represent simple structures, a modeling of their
possible conformations could be performed (Doring et a. 1998b). Usingthe w-AFA in
combination with the modeling of these novel substratesthat possessed only two
functional groups and a hydrocarbon backbone, Doring et al. were able to define the
minimal molecular requirementsfor substrate transport by PepT1. The capability of
PepT1 for transport of w-AFA was demonstrated in two different expression systems by
using aradiolabeledw-AFA aswell as by measuring substrate-induced inward currentsin
voltage clamped Xenopus oocytes expressing PepT1. By employing computational
analysis of possible substrate conformationsin combination with transport assays using
transgenic yeast cellsand Xenopus laevis oocytes expressing PepT1, the minimal structural
requirements for substrate binding and transport were determined. Based on a series of
medium chain fatty acids bearing an aminogroup as a head group (w-amino fatty acids, w-
AFA), transport by PepT1 required, as a minimum, the twoionized head groups separated
by at least four methylene groups. Also, a distance of greater than 500 pm but less than

630 pm between the two charged centers (carboxylic carbon and amino nitrogen) was
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needed for substrate to be recognized and transported. Additional groups inthe w-AFA
backbone that provide more hydrogen bonding sites seemed to increase substrate affinity,
but were not essential. Removal of either the amino group or the carboxyl group in w-
AFA maintained the affinity of the substrate for interaction with the transporter but
abolishedthe capability for electrogenic transport.

In conclusion, the b-lactam antibiotics with an a-amino group are preferred by
both PepT1 and PepT2. The lipophilicity of the ACE inhibitors has a strong correlation
with affinity for PepT2. A peptide bond is not required for the transport by both PepT1
and PepT1, but four or more carbon units in thebackbone of the substrates between the
amino- and carboxy-terminal groups are needed for transport. PepT1 can selectively bind
and transport thetrans conformer of a peptide derivative.

Summary

The expansion of molecular biotechnology to nutrition and pharmacology research
has led to the identification of a class of peptide transporters. Cloning and in vitro
expression of these transporters have revealed the molecular structures and mechanisms of
action of these peptide transporters. This review has concentrated on recent efforts to
characterize the peptide transporters and their functions. Expression of transporter
MRNA and transporter functional characteristics are two well-studied aspects. PepT1 and
PepT?2 are very similar in their structures that have 12 transmembrane domains and along
extracellular loop. HPT1 and PHT1 are two peptide transporters that are different from
both PepT1 and PepT2. PepT1lismainly an intestina peptide transporter, whereas PepT2

ismainly arena peptide transporter. Immunolocalization of PepT1 and PepT2 proteins
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confirms that their mRNA and protein expression are coincident. More recent studies
have focused on regulation of peptide transporters and recognition patterns of substrates
by peptide transporters. The function of peptide transporters can be affected by many
factors, such as protein kinases, glycosylation, histidine and tyrosine residues, substrate-
binding domain, zinc, trauma, diet, sigma receptor ligand, and neurons. PepT1 and PepT2
are proton-dependent peptide transporters. PepT1 couples transport of one peptide to
one H*, whereas PepT2 couples transport of one peptide moleculeto two H*. However,
both PepT1 and PepT2 prefer the zwitterionic form of the substrate under physiological
conditions. A peptide bond is not required for the transport by both PepT1 and PepT2,
but four or more carbon units in thebackbone of the substrates between the amino- and
carboxy-terminal groups are needed for transport. PepT1 can selectively bind and
transport thetrans conformer of a peptide derivative.

Most of the information that has been obtained regarding the ability of tissuesto
transport peptides has been in laboratory animals. The relative contribution of peptide
transport may vary among animals because of the differencesin their physiological
conditions and metabolic status. Overal, little is known about the magnitude of peptide
absorption and the metabolic significance of this phenomenon in domestic animals.
Therefore, further studies on the identification of peptide transporters in different tissues

and animals are needed in order for usto fully understand this absorption phenomenon.
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Chapter 111
Objectives

In recent years, the utilization of peptides as sources of amino acids and nitrogen
has been recognized to be an important biological processin living species from micro-
organismsto animals and plants (Payne and Smith, 1994; Meredith and Boyd, 1995).
Much information has been obtained regarding the ability of the intestine (Leibach and
Ganapathy, 1996) and tissues such asliver (Lochs et a., 1986), kidney (Daniel and
Herget, 1997), and skeletal muscle (Roth et a., 1988) to use peptides. Overdl, littleis
known about the magnitude of peptide absorption and the metabolic significance of this
phenomenon in ruminants. Using an expression system, the data from injection of
poly(A)* RNA isolated from omasal epitheliainto Xenopus laevis oocytes (Matthews et
al., 1996; Pan et a., 1997) indicated that mRNA encoding a transport protein(s) that is
capable of dipeptide absorption exists in sheep omasal epithelium. However, the four-
strata structure of all forestomach epithelia makes it difficult to purify and further
characterize the transporter protein(s) using conventional procedures. With the success of
cloning techniques in other species, the identification and characterization of peptide
transporter protein(s) in ruminants becomes possible. Therefore, the objectives of this
research were:

l. To obtain afull-length ovine peptide transporter cDNA by constructing

and screening a cDNA library from sheep gastrointestinal epithelial tissues
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with a 446-bp RT-PCR fragment cloned from sheep omasal epithelial total
RNA (Chen et d., 1999b) as the probe.

To determine the sequence of the peptide transporter cONA and compare
the structural features with peptide transporters from other species.

To characterize the function of the sheep peptide transporter expressed in

Xenopus oocytes following injection of in vitro synthesized cRNA.

To survey the distribution of the peptide transporter mMRNA in sheep using

the full-length cDNA as the probe.
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Chapter IV

Molecular Cloning, In Vitro Expression, and Functional Characterization of an

Ovine Gastrointestinal Peptide Transporter (oPepT1)

Abstract

We report the primary structure, tissue distribution, and in vitro functiona
characterization of a peptide transporter, oPepT1, from ovine intestine. The ovine
intestinal oPepT1 cDNA is 2,829 bp long encoding a protein of 707 amino acid residues
with an estimated molecular size of 79 kDa, and apl of 6.57. The cDNA contains a 79-bp
5'- untrandlated sequence and a 630-bp 3'- untrandlated sequence. The proposed oPepT1
proteinis 77.9, 81.3, and 82.6 percent identical to PepT1 from rabbit, rat, and human,
respectively. High stringency northern blot analysis demonstrated that oPepT1 is
expressed strongly in the small intestine, at lower levels in the omasum, and at much lower
levelsin the rumen, but is not expressed in liver and kidney. The presence of the peptide
transporter in the forestomach at such levels could provide amino acid nitrogen for the
ruminant in anutritionally significant manner. Transport function of oPepT1 was assessed
by expressing oPepT1 in Xenopus oocytes using a two-electrode voltage-clamp technique.
Overadll, the in vitro transport characteristics of oPepT1 expressed in oocytes are similar to

those of PepT1 from other species. The transport process is el ectrogenic and pH-
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dependent, but independent of Na', CI", and Ca®*. It displays a broad substrate specificity
that transported neutral and charged dipeptides and tripeptides. All dipeptides and
tripeptides examined evoked inward currents in a saturable manner, with an affinity
constant (K¢) ranging from 20 mM to .6 mM for dipeptides and .15 to 3.0 mM for
tripeptides. No responses were detected from tetrapeptides or free amino acids.

Although many of the properties displayed by oPepT1 were similar to those of PepT1
from other species, some differences were noted. First, the isoelectric point of oPepT1is
lower than that of others, but the oPepT1 protein appears to have the same biological
activity asthat of others at a physiological pH. Second, more potential phosphorylation
sites for protein kinases exist in oPepT1. Third, compared with PepT1 from other species,

oPepT1 has more negatively charged amino acids at its C-terminus.

Key Words: Ovine, Peptide, Transport, Molecular cloning, Expression, Characterization
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Introduction

The cloning and characterization of peptide transporters from different species has
provided valuable information about peptide transport in mammalian species (Fei et a.,
1994; Liang et a., 1995; Saito et al., 1995; Miyamoto et al., 1996). The unique structural
and functional features shared by these peptide transporter proteins have attracted
considerable attention from researchers to examine these systems. Most of the studies
have been focused on peptide absorption in the gastrointestinal tract, kidney (Danidl,
1996), liver, and skeletal muscle in human and laboratory animals (Leibach and
Ganapathy, 1996). The peptide transporter, PepT1, ismainly expressed in the small
intestine with little expression occurring in liver and kidney (Fei et a., 1994; Liang et d.,
1995; Miyamoto et a., 1996). Another peptide transporter, PepT2, is mainly expressed in
kidney (Saito et al., 1996). The genera structures of PepT1 and PepT2 proteins are
similar in that they both contain 12 transmembrane domains and a large extracellular loop
between transmembrane domains 9 and 10 (Fel et al., 1994; Meredith and Boyd, 1995).
The amino acid sequences of the 12 transmembrane domains are highly conserved (85%
identity), whereas the sequences of the extracellular loop are less conserved (35% identity;
Daniel, 1996). These peptide transporters appear to be able to recognize most dipeptide
and tripeptide substrates, as well as some pharmacologically active compounds including
b-lactam antibiotics, angiotensin-converting enzyme (ACE) inhibitors, and the antitumor
agent, bestatin (Leibach and Ganapathy, 1996).

Peptide transport is an important physiological process that occurs in tissues of

animals (Matthews, 1991). However, little research has been conducted to identify the
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system(s) responsible for the absorption of peptidesin domestic animals. Early studies
from our laboratory indicated that peptides might be absorbed from the ruminant
gastrointestinal tract (Koeln and Webb, 1982) and recent reports demonstrate the
existence and tissue distribution of a peptide transporter(s) in sheep, cows, pigs, and
chickens (Matthews et al., 1996; Pan et al., 1997; Chen et al., 1999). Expression of
MRNA in Xenopus oocytes showed that the mRNA present in sheep omasal epithelial
tissue was capable of transporting di- to tetrapeptides. Although the size of the mMRNA
varied among species, the MRNA was present in the small intestine of all animals
examined and the omasal and ruminal epithelium of sheep and cows. These results
suggest that peptide absorption may be nutritionally important in the ruminant as well as
other domestic animals.

Studying the structure, function, capacity, and regulation of the peptide transporter
protein(s) in ruminants should not only provide us knowledge of the transport system in
these animals, but should also help us understand the role that peptides may play as
sources of amino acids. This knowledge should enhance our ability to manage animal
diets for better performance without causing any nitrogen imbalance. The purpose of this
study was to clone and express the ovine peptide transporter and to characterize the

function of this transporter in vitro by expressing its cRNA in Xenopus oocytes.
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Materials and Methods

Materials. All chemicals, substrates, and reagents were of either molecular
biology or cell culture tested chemical grades. The ZAP Express cDNA synthes's system
and ZAP Express cDNA Gigapack 111 cloning kit were purchased from Stratagene (La
Jolla, CA). Restriction enzymes were from New England BioL abs (Beverly, MA).
Magna Nylon transfer membranes were purchased from Micron Separation, Inc. (MSI,
Westboro, MA). The RNA transcription kit, MM ESSAGE mMMACHINE, for synthesis of
cRNA was obtained from Ambion (Austin, TX). Xenopus laevis frogs were purchased
from Nasco (Fort Atkinson, WI) or Xenopus One (Ann Arbor, Ml). Collagenase A was
purchased from Boehringer Mannheim Corporation (Indianapolis, IN). Streptomycin,
penicillin, diethyl pyrocarbonate, and eighteen peptides (dipeptides to tetrapeptides), were
purchased from Sigma Chemical Co. (St. Louis, MO). All peptides tested are listed in
Table 4.4.

Extraction and Purification of Poly(A)+ RNA from Animal Tissue. A
modification (Matthews et a., 1996) of the method of Puissant and Houdebine (1990) was
used to extract total RNA from tissues of crossbred sheep (average BW 60 kg). Briefly,
tissues were collected and homogenized (10 cm diameter probe, PT 10/35 polytron,
Brinkman Instrument, Wesburg, NY) in 50 mL polypropylene tubes containing 4 M
guanidine thiocyanate, 25 mM sodium citrate, pH 7.0, 100 mM b-mercaptoethanol, and
.5% N-laurylsarcosinate. Homogenates were then pooled into 250 mL centrifuge bottles

and 2 M acetic acid (pH 4.1), water-saturated phenol (pH 4.2, Amresco, Solon, OH), and

74



Chapter IV Cloning, Expression, and Characterization

water-saturated chloroform were sequentially added to centrifuge bottles and the contents
were mixed well after each addition. After standing for 40-min in an ice-bath at 4°C, the
mixture was centrifuged at 12,000~ g at 4°C for 20 min. The resulting supernatants were
transferred to new bottles and RNA was precipitated by addition of an equal volume of
isopropanol followed by storage at -20°C for 12 to 16 h. After centrifugation for 20 min
at 4,000 " g at 4°C, the pellets were washed in 4 M LiCl and centrifuged at 4,000~ g at
room temperature (~21°C) for 20 min. The RNA pellets were pooled again in 10 mM
TrisHCI (pH 7.6), 1 mM EDTA, .5% sodium lauryl sulfate (SDS), and an equal volume of
chloroform was added. The solutions were transferred to two 30 mL Corex tubes and
were then centrifuged at 12,000~ g at 4°C for 20 min. The supernatants containing total
RNA were transferred to new tubes and stored at -80°C in the presence of .2 M sodium
acetate (pH 5.0) and isopropanol. When needed, RNA was collected by centrifugation at
12,000~ g at 4°C for 20 min, washed in 70% ethanol, and suspended in diethyl
pyrocarbonate (DEPC)-treated water. The absorbance was measured at both 260 and
280 nm (Model U-2000, Spectrophotometer, Hitachi Instrument Inc, Japan) to check
RNA concentration and purity. The integrity of total RNA was examined by denaturing
1% agarose-formaldehyde gel electrophoresis and visuaization using ethidium bromide
staining.

Poly(A)" RNA was purified from total RNA by chromatography on oligo(dT)
cellulose following established procedures (Sambrook et al., 1989). Briefly, total RNA

was recovered by centrifugation at 12,000~ g at 20°C for 30 min, and was then dissolved
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in DEPC-treated water and quantified at both 260 and 280 nm. Typically, 200 mg of
oligo(dT) cellulose (Type 7, Phamacia Biotech, Piscataway, NJ) was used to make one
large column (Type QS-GS, Isolab, Inc., Akron, OH), with avolume of ~1 mL. The
column was prepared by washing sequentially with 1.5 mL of .1 N NaOH, 1.5 mL of
DEPC-treated water, and 4.5 mL of column loading buffer (20 mM Tris-HCI, pH 7.6, 1
mM EDTA, .5M NaCl, and .1% N-laurylsarcosinate) until the pH was less than 8.0.
Approximately 10 mg of total RNA were loaded on the column. After washing the
column with column loading buffer to eliminate nonspecific binding, elution buffer (10 mM
Tris-HCI, pH 7.6, and 1 mM EDTA) was added to elute the poly(A)" RNA from the
column. Normally, a second round of chromatography was performed on a column which
contained 80 mg of oligo(dT) cellulose to further purify the poly(A)" RNA. For both
rounds, the final RNA eluate was precipitated with an equal volume of isopropanol at -
80°C in the presence of .2 M sodium acetate in a 1.5 mL ultracentrifuge tube. To recover
the poly(A)" RNA, the precipitate was centrifuged (Model Optima TL, Beckman
Instruments, Inc., Palo Alto, CA) at 80,000~ g at 4°C for 30 min.

Construction of a Directional Ovine cDNA Library. A cDNA library was
constructed using poly(A)" RNA isolated from sheep omasal or jejunal tissue according to
the manufacturer’ s protocol with minor modifications. The ZAP Express cDNA synthesis
system was employed for this purpose. This system was chosen because the cDNA inserts
could be directionally cloned into the ZAP Express vector so that the inserts were under
the control of the T3 promoter in the vector. This feature was essential for functional

expression of the cloned cDNA using the Xenopus laevis expression system. In the first
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strand synthesis reaction, a 50-nucleotide primer (linker-primer, 5 — GAG AGA GAG

AGA GAGAGA GAACTAGTCTCGAGTTTTTITTTITTTTTTTTT —3') with
poly(dT) and a Xho | sitewas used. The poly(dT) region bound to the 3' poly(A) tail of
the poly(A)" RNA template, and MMLV-RT was used to synthesize the first-strand
cDNA. Briefly, ina 1.5 mL RNase-free microcentrifuge tube were added 5 ni. of 10°
first strand buffer, 3 L first-strand methyl nucleotide mixture, 2 ni of linker-primer (1.4
ng/mL), 1 nL of RNase inhibitor, and 27.5 nlL. of DEPC-treated water. This combination
was then mixed well. Five micrograms of poly(A)" RNA were added to bring the volume
to 48.5 nL. After incubation at room temperature for 10 min to allow the primer to
anneal to the template, 1.5 nL. of MMLV-RT (50 U/nl) were added to make the fina
volume of 50 L and incubated at 37°C for 1 h. After a 1-h incubation, the reaction tube
was placed on ice and second strand synthesis was started by adding 20 ni. of 10~ second
strand buffer, 6 mL of second-strand dNTP mixture, 111 nL of sterile distilled water, 2 L
of RNase H (1.5 U/nL), and 11 nL. of DNA polymerase | (9 U/nmL) and followed by
incubation at 16°C for 2.5 h. The water bath was checked during incubation to make sure
the temperature stayed below 16°C. After second strand synthesis, the tube was
immediately put onice and 23 L of blunting dNTP mix and 2 niL of cloned Pfu DNA
polymerase (2.5 U/nl.) were added to blunt the cDNA termini at 72°C for 30 min. The
template was purified by phenol/chloroform extraction and ethanol precipitation according
to standard procedures. The tube was centrifuged at 12, 000~ g for 1 h at 4°C, and the

pellet was resuspended in 9 nl. of EcoR | adapters (5 —OH-AAT TCG GCA CGA G —
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3') and incubated at 4°C for at least 30 min. Addition of 1 nL of 10" ligase buffer, 1 ni
of 10 mM rATP, and 1 nL. of T4 DNA ligase (4 U/nL) were followed by incubation at
4°Cfor 2d. After theligase was heat inactivated in a 70°C water bath for 30 min, 1 ni.
of 10~ ligase buffer, 1 nlL. of 10 mM rATP, 6 L of sterile water, and 1 L of T,
polynucleotide kinase (10 U/n) were added to the tube to phosphorylate the adapter
ends for 30 min at 37°C. The kinase was then heat inactivated for 30 min at 70°C.
Twenty-eight L. of Xho | buffer supplement and 3 L. of Xho | (40 U/nL) were added to
the tube and the tube was incubated for 1.5 h at 37°C. The Xho | digestion removed the
EcoR | adapter from the 3' end of the cDNA to generate double-stranded cDNA with
EcoR | and Xho | termini for unidirectional cloning.

Prior to ligation to the ZAP Express vector, cDNA was size-fractionated by gel
filtration chromatography (spin column with Sephacryl S-400HR). Only the fractions
containing cDNA of asize larger than .5 kb were used for library construction. The
cDNA was then ligated into the EcoR 1/Xho I-digested ZAP Express vector by mixing 2.5
L of resuspended cDNA (~100 ng, quantitated by ethidium bromide plate assay), .5 niL
of 10~ ligase buffer, .5 mL of 10 MM rATP (pH7.5), 1 nL of the ZAP Express vector (1
nmg/mL), and .5 L of T, DNA ligase and incubation at 4°C for 2 d. Vector-ligated cDNA
was packaged with Gigapack 111 Gold packaging extract according to the manufacturer’s
packaging protocol. The packaging extract (25 nl) was quickly thawed by holding the
tube between the fingers and 2.5 ni. of the vector-ligated cDNA (0.5 ng) were added

immediately to the packaging extract. After incubating the tube at room temperature
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(~21°C) for 2 h, 500 L. of SM buffer and 20 L of chloroform were added to the tube.
The supernatant containing the phage was titered and then introduced into the Escherichia
coli strain XL1-Blue MRF'. To plate the packaged phage, 2 ni of the supernatant were
mixed with 200 mL of XL1-Blue MRF cells (ODgg Of .5) at 37°C for 15 min to allow the
phage to attach to the cell before plating onto NZY agar plates. The primary library
packaged in vitro by packaging extract was very unstable; therefore, the library was plated
out immediately on a series of large 150 mm NZY agar plates to perform plaque lifts for
screening of the library.

Screening of the cDNA Library. Postive clones were identified by plaque
hybridization of the cDNA library transferred from NZY agar platesto MSI Magnanylon
transfer membranes by plaque lifts according to the manufacturer’s protocol. For the
primary screening, the library was divided into ten pools of about 50,000 plaques each.
The cDNA probe used for screening was a 446-bp fragment cloned from sheep omasal
epithelia total RNA by RT-PCR (Chen et a., 1999b). The cDNA probe was labeled with
[a-*P] dATP (ICN Pharmaceutical, Costa Mesa, CA) by nick trandation using DNA
polymerase I/DNase | (Life Technologies, Gaithersburg, MD) and purified by Sephadex
G-25 spin column chromatography. Hybridization was carried out for 16 h at 42°Cina
solution containing 50% formamide, 5~ Denhardt’s solution (5~ Denhardt’s=.1%
Ficoll, .1% polyvinylpyrrolidone, and .1% BSA), 6 © sdline-sodium phosphate-EDTA
(SSPE, 1~ SSPE =.15M NaCl, 10 mM NaH,PO,, and 1 mM EDTA), .5% SDS and 10

ng/mL denatured salmon sperm DNA. Post-hybridization washing was done under high-
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stringency conditions, which involved washing twicein 5" SSC, .5% SDS at room
temperature for 15 min, twicein 1”~ SSC, .5% SDS at 37°C for 15 min, and twicein .1’
SSC, 1% SDS at 65°C for 15 min. Positive clones were identified after primary screening.
Secondary, tertiary and quaternary screenings were performed with the same conditions.
On the autoradiographs from the final screening, 100% of the plagues showed positive
hybridization, which confirmed the purity of the phage.

Excision of the Phagemid from the ZAP Express Vector. The ZAP Express vector
is designed to have the f1 bacteriophage “origin of replication” subcloned into the vector.
The ZAP Express vector contains all sequences of the pBK-CMV phagemid vector
containing the insert cDNA, and the site of initiation and the site of termination for DNA
synthesis that are recognized by the helper proteins from M 13 phage. The helper proteins
make a circular DNA molecule containing the pBK-CMV vector between the initiator and
terminator when a strain of E. coli isinfected with both the lambda vector and the M13
helper phage. When using the ZAP Express vector for sequencing or transcription, in vivo
excision was performed on the isolates to obtain the insert-containing the pBK-CMV
phagemid vector. Briefly, a positive plague identified after screening of the cDNA library
was cored from the agar plate and transferred to a 1.5 mL microcentrifuge tube with 500
nmL SM buffer and 20 L chloroform to release the phage particles overnight at 4°C. Ina
14 mL polypropylene tube, 250 nlL of the phage stock (containing 1 x 10° phage particles)
were mixed with 200 niL of XL1-Blue MRF cells (ODgqo of 1.0) and 1 ni of the ExAssist
helper phage (1 x 10° pfu/nL). After the tube was incubated at 37°C for 15 min, 3 mL of

NZY broth were added and the tube was incubated for 3 h at 37°C with shaking. Then
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the tube was heated at 65°C for 20 min and was centrifuged at 1,000~ g for 15 min. The
supernatant was decanted into a 14 mL sterile polypropylene tube and this stock contained
the excised pBK-CMV phagemid vector packaged as phage particles. To plate the
excised phagemids, 200 ni of freshly grown XLOLR cells (ODggo = 1.0) were mixed with
10 nlL of the phage supernatant in a 14 mL polypropylene tube and the tube was incubated
at 37°C for 15 min without shaking. Then, 300 ni. of NZY broth were added to the tube
and the tube was incubated at 37°C for an additional 45 min. After incubation, 200 L of
the cell mixture were plated on LB-kanamycin (50 ng/mL) agar plates and the plates were
incubated overnight at 37°C. Colonies appearing on the plate after incubation contained
the pBK-CMYV phagemid vector with the cloned DNA insert. To maintain the pPBK-CMV
phagemid, the colony was streaked on a new LB-kanamycin agar plate.

Sequencing of the Full-Length cDNA Insert. The pBK-CMV phagemid was
selected from LB-kanamycin agar plates, cultured in a 200-mL LB-medium overnight, and
purified by cesium chloride density gradients. Sequencing by the dideoxynuclectide chain
termination method was performed manually using a Sequenase version 2.0 DNA
sequencing kit (U. S. Biochemical Corp., Cleveland, OH). Both sense and antisense
strands of the cDNA were sequenced by primer walking. Internal regions of the cDNA
were sequenced using 17- to 19-mer primers. Sequencing reactions were run on 7%
polyacrylamide gels. Analysis of nucleotide and amino acid sequence was performed
using Lasergene, a sequence analysis software from DNAStar, Inc (Madison, WI). Data

base searches were done using the GenBank™ Program BLAST (Benson et al., 1996).
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Northern Analysis. Tissue distribution of oPepT1 mRNA transcripts was
determined by northern blot. Poly(A)" RNA wasisolated and purified as described above
from sheep tissues (liver, kidney, omasum, rumen, abomasum, duodenum, jgjunum, ileum,
cecum, colon, longissimus muscle, and semitendinous muscle). Poly(A)" RNA samples
(10 ng) from these tissues were denatured and size-fractionated on a 1% agarose gel
containing 2.2 M formaldehyde and stained with ethidium bromide. The size of the
MRNA bands was determined by an RNA ladder (.24 to 9.5 kb; Life Technologies,
Gaithersburg, MD). The size-fractionated RNA was then transferred onto a nylon
membrane (M SI, Westboro, MA) by capillary transfer overnight and cross-linked with UV
light for 30 s. The blot was probed with the full-length sheep PepT1 cDNA. The probe
was labeled with [a-*?P]-dATP (ICN Pharmaceutical, Costa Mesa, CA) by nick translation
using DNA polymerase I/DNase | (Life Technologies, Gaithersburg, MD) and purified by
Sephadex G-25 spin column chromatography. The blot was prehybridized for 1to 2 h at
42°C in hybridization solution containing 50% deionized formamide, 5° Denhardt’s
solution, 6~ SSPE, .2% SDS, and 10 ng/mL yeast tRNA. The blot was hybridized and
washed under high stringency conditions according to the manufacturer’s protocol. Blots
were hybridized overnight at 42°C for 16 to 18 h and washed twice with5” SSPE, .5%
SDS at room temperature for 30 min, twice with 1~ SSPE, .5% SDS at 42°C for 30 min,
and twicewith .1~ SSPE, .1% SDS at 65°C for 30 min. The blot was then exposed to
Kodak XAR-5 film with an intensifying screen at —-80°C.

In Vitro Transcription of cRNA. Sense cRNA was synthesized using the RNA

transcription kit, MM ESSAGE mMACHINE, according to the manufacturer’ s protocol.
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Phagemid containing the cDNA insert were linearized using Sma | which cleaves distal to
the Ts promoter and after the cDNA insert. A typical digestion reaction would use 20 ng
of phagemid DNA with 10 L. of 10~ NEB buffer 4, 1 nL. of Sma | (40 U/nL, New
England Biolabs, Beverly, MA), and water to bring the final volume to 100 nL.. After
restriction enzyme digestion at room temperature (~21°C) for 2 h, the template was
purified by phenol/chloroform extraction and ethanol precipitation according to standard
procedures, and dissolved in water at a concentration of .5 ng/nL. The transcription
reaction was mixed in order with 2 mL. of 10~ transcription buffer, 10 mL of 2~
ribonucleotide mix, 2 mL of cDNA template (.5 ng/ni), 2 L of 10~ enzyme mix, and
RNase-free water to bring the final volume to 20 nl. and then incubated at 37°C for 2 hin
a cabinet incubator to prevent condensation. The cDNA insert was transcribed in vitro by
T3 RNA polymerase in the presence of an RNA cap analog (both in enzyme mix).
Template DNA was removed by adding 1 nl. of RNase-free DNase | (2 U/nl.) to the
reaction. The reaction was stopped by adding 115 nl. of RNase-free water and 15 L of
ammonium acetate. The resultant cRNA was purified by multiple extractions with
phenol/chloroform (1:1) and precipitated with ethanol. The cRNA was recovered by
centrifugation at 12,000~ g at 4°C for 30 min and resuspended in nuclease-free water at a
concentration of 1 ng/mL and stored frozen at -80°C in aliquots. Concentration was
determined by UV spectrophotometry and the integrity of the cRNA verified by
denaturing 1% agarose-formaldehyde gel e ectrophoresis and visualization using ethidium

bromide staining.
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Antisense cRNA was synthesized according to the protocol of Alting-Mees et al.
(1992). Phagemid containing the cDNA insert was linearized using Sal |1, which cleaves
distal to the T; promoter and after the cDNA insert. A typical digestion reaction would
use 20 g of phagemid DNA with 1 L of 100~ BSA (1 ng/mL), 10 ni of 10~ NEB
buffer for Sal I, 1 nL of Sal | (50 U/nL, New England Biolabs, Beverly, MA), and water
to bring the final volume to 100 .. After restriction enzyme digestion at 37°C for 3 h,
the template was purified by phenol/chloroform (1:1) extraction and ethanol precipitation
according to standard procedures, and dissolved in water at a concentration of .5 ng/ni.
Thetypical transcription reaction used 1 ng of Sal I-digested DNA template in a nuclease-
free 1.5 mL microfuge tube with 4 . of 2.5 mM rNTPs, 1 nL of .75 M dithiothreitol, 1
L of RNasin (40 U/nL, Promega, Madison WI), 5l of 5° transcription buffer (200
mM Tris, 40 mM MgCl,, 10 mM spermidine, 250mM NaCl), 1 nl. T7 RNA polymerase
(20 U/m, Promega, Madison WI), and RNase-free water to bring the final volume to 25
nmL. The reaction was incubated at 37°C for 2 h in a cabinet incubator to prevent
condensation. Template DNA was removed by adding 1 nl. of RNase-free DNase | (2
U/n) to the reaction and the reaction was incubated an additional 15 min at 37°C. The
resultant cRNA was purified by multiple extractions with phenol/chloroform (1:1) and
precipitated by the addition of .1 vol of 3 M sodium acetate (pH 5.2) and 2.5 vol of 100%
ethanol. The cRNA was recovered by centrifugation at 12,000 " g at 4°C for 30 min and
resuspended in nuclease-free water at a concentration of 1 ng/nL and stored frozen at -

80°C in adiquots. The cRNA concentration was determined by UV spectrophotometry,
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and the integrity of the cRNA was verified by denaturing 1% agarose-formaldehyde gel
electrophoresis and visudization using ethidium bromide staining.

Oocyte Preparation and Microinjection. Female Xenopus laevis frogs were kept
in water tanks at 15 to 16°C in de-chlorinated water on an 8 h light and 16 h dark cycle
and fed at least two times a week with a complete diet (Frog Brittle, Nasco, Fort
Atkinson, WI). To obtain oocytes, mature frogs were anesthetized by immersioninice
water supplemented with .15% ethyl-m-aminobenzoate (M S222 from Sigma) as described
by Goldin (1992). A small incision was made in the lower abdominal quadrant and a few
lobules of ovarian tissue, containing up to 500 oocytes, were removed and placed in Ca?*-
free medium (in mM: 96 NaCl, 2 KCl, 1 MgCl,, 5 HEPES titrated with NaOH to pH 7.5).
The wound was closed in two layers and the frog was allowed to recover from the
anesthesiain a separate tank containing .01% penicillin-G in water overnight, then it was
returned to the colony.

The ovarian material was separated into pieces and treated at room temperature
(~21°C) with Collagenase A at a concentration of 2 mg/mL in Ca®*-free medium for about
40 min. Oocytes at stagesV or VI (1 to 1.2 mm in diameter) were collected after the
surrounding follicle tissue layers were peeled off with watch-maker’s forceps (Size 5,
George Tiemann and Company, Plainfield, NY). Defolliculated oocytes were stored again
for at least 1 hin Ca?*-free medium. After washing, oocytes were incubated at 18°C in a
culture solution (in mM: 96 NaCl, 2 KCI, 1 MgCl,, 1.8 CaCl,, 5 HEPES titrated with
NaOH to pH 7.5) supplemented with 2.5 mM sodium pyruvate, 100 units/mL penicillin-G,

and 100 ng/mL streptomycin to recover overnight before injection.
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Only healthy oocytes with a resting membrane potential (V,,) more negative than -
30 mV one day after removal of follicle tissue were used for injection. The oocytes were
placed in injection buffer (in mM: 96 NaCl, 2 KCI, 1 MgCl,, 1.8 CaCl, 5 HEPES titrated
with NaOH to pH 7.5) in atissue culture dish under a stereomicroscope. Before injection,
cRNA samples were heated at 65°C for 2 min. Using a microinjection system (Matthews
et a., 1996a), 50 ng of either sense cRNA or antisense cCRNA were injected into each
oocyte in the vegetal pole, near the polar interface. Antisense cRNA solution was used as
acontrol. The injected oocytes were returned to the culture solution and then incubated
at 18°C for 1to 7 d. The culture solution was changed daily and damaged oocytes, as
indicated by misshapen and ruptured oocytes, were discarded.

Electrophysiology. The two-electrode voltage-clamp technique (TEVC) was used
to characterize the induced peptide transport activity in oocytes injected with sense cRNA
or antisense cRNA. All responses were monitored by a two-electrode voltage-clamp
amplifier (TEV-200, Dagan Corporation, Minneapolis, MN), and analyzed by a MacL ab
(AD Instruments, Milford, MA), which is an analog-digital converter and software system
that uses an Apple Macintosh computer for performing data acquisition (Soderlund et al.,
1989). In this technique, the membrane potential of the oocytes was clamped at .60 mV.
Under voltage-clamp conditions, command potentials were controlled by the Macintosh
computer via Chart (version 3.0), a software product from AD Instruments (Milford,
MA). One electrode was used to monitor the real time membrane potential and the

second electrode was used to pass current into the oocyte so that the membrane potential
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stayed at -60 mV by utilizing a feedback circuit. The quantity of current passing through
the second electrode was used as a measure of peptide transport activity.

Normally, electrophysiologica measurements in sense-cRNA- or antisense-CRNA-
injected oocytes were carried out 4 to 7 d after injection. Conventiona microelectrodes
were pulled from borosilicate glass filament tubing of 1.0 mm outer diameter and .6 mm
inner diameter (World Precision Instruments, Inc., Sarasota, FL) using a horizontal puller
(Stoelting, model APP-1, Wooddale, IL). Microelectrodes were filled with 2 M KCl to
yield atip resstance of 5to 10 MW. A single oocyte was placed in a recording chamber
(200 L) in the presence of measurement buffer (in mM: 96 NaCl, 2 KCl, 1 MgCl,, 1.8
CaCl,, 5 HEPEYS) at pH 5.5. Oocytes were maintained in this pH 5.5 buffer for at least 10
min before impalement. Oocytes were aways impaled to enable measurement of the
resting V, before the current electrode was inserted. This was followed by a 10-min
period for stabilization before the start of the experiment. In all cases, the electrodes were
inserted into the dark, animal pole for better visualization of the two electrodes. Although
oocyte resting V, was found to range from —20 to —70 mV, it was relatively constant for
al oocytes from the same frog. Only oocytes at stage V with aresting V,, more negative
than -30 mV were used in the experiments.

All peptide substrate solutions were prepared by dissolving the peptidesin the
appropriate measurement buffer. Changesin pH of the solutions resulting from dissolving
peptides were adjusted with NaOH or HCI. An oocyte was perfused continuously with
measurement buffer with or without peptide at arate of 1.2 mL/min using a gravity feed

perfusion system (Model BP4, Ala Scientific Instruments, Inc., Westburg, NY). The
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oocytes were thoroughly washed with fresh buffer before exposure to the next testing
substrates, and several consecutive treatments were applied to the same oocytes. Under
these conditions, oocytes could be kept under voltage clamp for periods aslong as 2 h.
The experiments were repeated in at least five independent oocytes for data anaysis. All
experiments were performed at room temperature (~21°C).

Computational Analysis. A hydrophobicity plot of oPepT1 was constructed
according to the Kyte-Dooalittle (1982) hydropathy analysis using awindow of 21 amino
acid residues viathe TMpred service program from European Molecular Biology
Network. The TMpred program makes a prediction of membrane-spanning regions and
their orientation. The algorithm is based on the statistical analysis of TMbase, a database
of naturally occuring transmembrane proteins (Hofmann and Stoffel., 1993).

Protein phosphorylation/dephosphorylation sites of oPepT1 were predicted based
on the consensus amino acid sequences as substrate specificity determinants for protein
kinases and phosphatases (Kennelly and Krebs, 1991). The consensus amino acid
sequences for cAM P-dependent protein kinase (CAMP-PK or PKA) site prediction are R-
R/IK-X-SIT, R-X-S/T, or R-X-S/T. The consensus amino acid sequences for protein
kinase C (PKC) site prediction are (R/K 1.3, X2.0)-S/T-(X2.0, RIK1.3), S/T-(X2.0, RIK1:3), Or
(R/IK 1.3, X20)-S/T. The consensus amino acid sequence for N-linked glycosylation site
prediction is N-X-T/S (X=any amino acid).

Calculations and Statistics. The kinetic parameters, the Michaelis-Menten
constant, K;, and the maximal velocity, |, and al other calculations (linear as well as

nonlinear regression analysis) were performed by using PRISM (GraphPAD, LA, CA).
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The experiments were generally carried out with five to six oocytes from at least two
batches of oocytes, and results are presented as the mean £ SEM. Comparative analysis
of transport parameters for the different substrates was performed in the same batch of
oocytes.

Data were evaluated using one way analysis of variance (ANOVA) for the
significance of differences. Data were aso analyzed by regression analysis to investigate
the form of the relationship between transport affinity constant and peptide characteristics.

The REG procedure of SAS (1989) was used in this study for regression analysis.
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Results

Molecular Cloning of the oPepT1 cDNA

Isolation of the Full-Length cDNA from a Sheep cDNA Library. Earlier studies
from our laboratory have demonstrated the presence of a poly(A)” RNA that encodes for a
peptide transporter(s) in sheep intestina and forestomach epithelium (Matthews et al.,
1996; Pan et al., 1997; Chen et al., 1999b). Therefore, with the intention to clone this
transporter from sheep tissues, two ovine cDNA libraries were constructed separately with
poly(A)" RNA from sheep omasal and jejuna epithelia. The first omasal cDNA library
was very unstable. When the library was plated out 6 d after packaging, the titer of the
primary library was only 2 x 10° pfu. This low titer cDNA library was amplified to 1.2 x
10° pfu and screened with a 446-bp fragment cloned from sheep omasal epithelid total
RNA by RT-PCR (Chen et al., 1999b). Ten potential positive plagues were detected after
the primary screening, but they all were negative after the secondary screening.

A sheep jgjunal cDNA library was made next and plated out immediately after
packaging to perform plague lifts for screening of the library. Screening of the jgjunal
primary cDNA library (6.1 x 10" pfu) using the same 446-bp fragment cloned from sheep
omasal epithelia as the probe led to the identification of 300 potential positive clones.
Among these 300 positive clones identified in the primary screening, 20 clones were
picked and rescreened under the same conditions. Twelve clones were still positive after
the secondary screening and were carried on to the tertiary screening. Ten clones were

still positive after the tertiary screening and the quaternary screening further purified 10
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positive clones obtained in the tertiary screening. On the quaternary autoradiographs,
100% of the plagues showed positive hybridization, which confirmed the purity of the
phage.

All of these positive phage from the jgjunal cDNA library were excised in vitro
using the single-clone excision protocol to isolate the pBK-CMV vector DNA containing
the cDNA inserts. Single colonies containing pBK-CMV phagemids were selected from
L B-kanamycin agar plates and cultured in 200-mL LB-medium overnight. The phagemid
was purified by cesium chloride density gradients. The cloned inserts were excised by
digestion with EcoR I/Xho | restriction enzymes and the sizes of the inserts were analyzed
on 1% agarose gels. Double digestion of the pBK-CMV DNA with EcoR | and Xho |
yielded three fragments, one 4.5 kb fragment, one 2.2 kb fragment, and one .1 to .6 kb
fragment (Figure 4.1A). When the cDNA library was constructed, the cDNA was ligated
into EcoR 1/Xho I-digested ZAP Express vector. Therefore, the EcoR 1/Xho | digestion
pattern combined with other digestion indicated that there was only one internal EcoR |
site in the cDNA insert and no internal Xho | site in the cDNA insert. Southern blot
analysis using the same cDNA probe (446 bp) confirmed that both the 2.2 kb fragment
and the .1 to .6 kb fragments can hybridize to the probe (Figure 4.1B). Restriction
enzyme digestion showed that the cDNA inserts had no internal sitesfor BamH I, Not I,
Sal I, Sma |, and Xba I, only one internal site for Sac | and Pst I, and 2 internal sites for
Kpn I. Using the data provided by agarose gel electrophoresis, restriction maps for the
cDNA inserts were constructed (Figure 4.1C). Partial sequence analysis of both 5" and 3

ends of all positive clones indicated that these clones were cDNAs with different sizes
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resulting from truncations of the 5" end (Figure 4.1D). Two of these clones, designated as
0PepT1-38 and oPepT 1-39, were approximately 2.8 kb long, and they were chosen for
further sequence and structure analysis. Both sense and antisense strands of the cDNA
were sequenced by primer walking. Internal regions of the cDNA were sequenced using
17- to 19-mer primers (Figure 4.2).

Structural Features of the Ovine Intestinal PepT1 cDNA. The ovine intestinal
0PepT1-39 cDNA is 2,829 bp long with an open reading frame of 2,121 bp (from
nucleotides 80 to 2,201, Figure 4.3). The open reading frame is flanked by a 79 bp
5UTR and a630 bp 3 UTR. Theinitiation codon is consistent with the Kozak
consensus sequence, GCCGCCAGCATGG (Kozak, 1987). At the 3' end, the cDNA has
apolyadenylation signal (AATAAA) 12 nt preceding the polyA tail. The encoded protein
is predicted to have 707 amino acids. The amino acid sequence of oPepT1-39 isgivenin
(Figure 4.3). The predicted molecular mass of the protein is 78 kDa and the isoelectric
point (pl) is 6.57. The sequence of oPepT1-38 cDNA indicates that this cDNA is40 bp
shorter than oPepT1-39 cDNA (Figure 4.3). Comparison of amino acid sequence of
oPepT1-38 and 39 showed that these two cDNA encode the same protein. However,
their nucleic acid sequences match 99.8% with differences at 5 positions (Figure 4.3).
Compared with the oPepT 1-39 sequence, the oPepT1-38 has a G instead of A at position
121 (TTG® TTA, Leu), an A instead of G at position 253 (ACG ® ACA, Thr),aG
instead of T at position 400 (ACT ® ACG, Thr), aG instead of A at position 448 (GCA

® GCG, Ala), andaC instead of T at position 1960 (GTT ® GTC, Val). All these
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substitutions did not result in a change in the encoded amino acids. Further study is
needed to confirm whether thisis a cloning artifact or real polymorphisms.

Hydrophobicity analysis using the algorithm of Kyte and Doolittle (1982) and with
19 to 21 amino acid residues per membrane spanning domain indicated that the ovine
PepT1 has 12 putative transmembrane domains (TM) like human rabbit and rat PepT1
(Figure 4.4). The model also shows that both the amino terminus and the carboxyl
terminus are on the cytoplasmic side of the membrane (Figure 4.5). The model predicts a
long extracellular loop (200 amino acids) between transmembrane domains 9 and 10,
which contains five potential N-linked glycosylation sites at positions Asn 404 (N-N-S),
Asn 434 (N-L-S), Asn 438 (N-I-S), Asn 508 (N-V-S), and Asn 513 (N-A-S). Thereis
also an additional putative N-linked glycosylation site at position Asn 117 (N-1-S) in the
short extracellular loop between transmembrane domains 3 and 4. The predicted protein
also contains four potential sites for protein kinase C-dependent (PKC) phosphorylation in
putative intracellular loops between transmembrane domains 6 and 7 (Ser 252, S-K-K; Ser
266, S-E-K), 8 and 9 (Ser 357, S-L-K), and 10 and 11 (Ser 611, S'N-M-K). The
predicted protein aso contains three potential sites for cAMP-dependent protein kinase
(PKA) phosphorylation in putative intracellular |oops between transmembrane domains 6
and 7 (Ser 249, R-1-S; Ser 275, R-L-I-S), and between transmembrane domains 8 and 9
(Thr 362, K-M-T).

Tissue Distributions of oPepT1 mRNA. The tissue distribution of oPepT1 mRNA
transcripts was examined by northern blot analysis of poly(A)" RNA isolated from several

sheep tissues, with the full-length oPepT1 as the probe. A 2.8 kb poly(A)* RNA was
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detected from rumen, omasum, and small intestine tissues (Figure 4.6). Among these
tissues, poly(A)" RNA from the omasal and duodenal tissues showed less hybridization
with the probe than poly(A)" RNA from the jgjunal and iled tissues. The rumina poly(A)”
RNA showed only minimal hybridization indicating that this mRNA is present in low
abundance in ruminal epithelium. The poly(A)* RNA from other tissues, including the
liver, kidney, abomasum, cecum, colon, longissimus muscle, and semitendinous muscle,
showed no detectable hybridization with the probe in this study at both high and low
stringency.
Functional Expression and Characterization

Preliminary Experiments. To demonstrate that the ovine PepT1 (oPepT1-39)
cDNA cloned from the sheep jejunal cDNA library encodes a functional peptide
transporter, oPepT1-39 cRNA was synthesized using the RNA transcription Kit,
MMESSAGE mMACHINE. Oocytes were injected with 50 ng of oPepT1-39 cRNA or
with antisense (control) and incubated for 4 d at 18°C. The expression of the peptide
transporter was monitored 4 d after injection by measuring the inward current of oocytes
using the two-€lectrode voltage-clamp technique when oocytes were clamped to —-60 mV
and perfused with 1 mM dipeptide Gly-Sar at pH 5.5 (Figure 4.7). Inward currents were
detected in oPepT 1-injected oocytes when Gly-Sar was perfused. Control oocytes (water
injected) did not show any response in current to perfusion with the substrate Gly-Sar.
The results confirmed the functionality of oPepT1.

To determine the optimal amount of cRNA and optimal time of cRNA expression

to conduct experiments, oocytes were injected with sense or antisense (control) oPepT1
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cRNA at different concentrations (25ng, 50ng, 100ng, 150ng) and then incubated for a
varying number of days. The inward current induced in both sense and antisense cRNA-
injected oocytes was measured. The inward current induced in sense cRNA-injected
oocytes increased over atime period of 4 d after which there was arelatively steady
response through d 7 (Figure 4.8). On the contrary, the inward current in antisense cRNA
injected oocytes was not detectable over the time period of 7 d. Oocytes injected with 25
ng and 50 ng sense cRNA had higher levels of inward current than oocytes injected with
100 ng and 150 ng sense cRNA. Also mortality of oocytes injected with 100 ng and 150
ng cRNA was higher than that of oocytes injected with 25ng and 50 ng cRNA. Therefore,
50 ng of cRNA was chosen for al oocyte expression experiments.

Influence of lons on the Transport Process. To determine the influence of
different ions on peptide transport, oocytes were injected with 50 ng of oPepT1 sense
CcRNA or antisense cRNA and incubated for 4to 7 d at 18°C. The inward currents of
oocytes were measured using the two-electrode voltage-clamp technique when oocytes
were clamped to -60 mV and perfused with 1 mM dipeptide Gly-Sar in standard
measurement buffer (in mM: 96 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,, 5 HEPES) at pH 5.0,
pH 5.5, pH 6.0, pH 6.5, and pH 7.0 (Figure 4.9). Control oocytes (antisense cRNA
injected) did not show any response to perfusion with the substrate. Inward currents
detected in sense oPepT1 cRNA-injected oocytes when 1 mM Gly-Sar was perfused were
41+4nA atpH5.0,43+£5nAatpH 55,42+4nA at pH 6.0,32+5nA at pH 6.5, 20 +

6 nA at pH 7.0. Therefore, in an environment with alower H* concentration (pH 6.5 and
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pH 7.0), the inward currents that indicated peptide transport in oocytes was lower (P <
0.01) compared with the presence of a higher H* concentration at pH 5.0, 5.5 and 6.0.

Na'-free and ClI"-free buffers were prepared by replacing 96 mM NaCl with choline
chloride, or sodium gluconate, and Ca*-free buffer was prepared by replacing 1.8 mM
CaCl, with choline chloride in standard measurement buffer, respectively. Substitution of
ions did not have any effect on peptide transport activity of oPepT1 at any pH (Figure
4.9). Theinward currentsin the standard measurement buffer induced by oPepT1 at pH
5.0 to pH 6.0 (42 + 4 nA) were similar to the values obtained in the absence of Na™ (42 +
4nA), Cl (41 £5nA), or Ca* (42 £ 3nA). Similar profiles of theinward currents at pH
6.5 and 7.0 were obtained in al four solutions, which showed that the inward currents that
were indicative of peptide transport into oocytes decreased (P < 0.01) compared with pH
5.0, 5.5 and 6.0, but there was no significant difference among solutions. Therefore, the
data indicated that peptide transport activity of oPepT1 was driven by an inwardly
directed H* gradient and was independent of Na', Cl°, or Ca®".

Current Responses to Substrates Carrying Different Net Charges. Current
responses to the presence of peptides carrying different net charges were recorded in
oocytes injected with 50 ng of oPepT1 sense cCRNA or antisense cRNA. Oocytes were
incubated for 4 to 7 d at 18°C after injection. Oocytes were clamped to —60 mV using the
two-éelectrode voltage-clamp technique and perfused with 10 mM (saturating substrate
concentrations) dipeptides (Gly-Sar, Met-Met, Glu-Glu, or Lys-Lys) in standard
measurement buffer at pH 5.0, pH 5.5, pH 6.0, pH 6.5, and pH 7.0 (Figure 4.10). Control

oocytes (antisense cRNA injected) did not show any response to perfusion with any

96



Chapter IV Cloning, Expression, and Characterization

substrate. Currents generated in sense cRNA-injected oocytes by 10 mM zwitterionic and
anionic substrates Gly-Sar, Met-Met, and Glu-Glu increased as buffer pH decreased from
7.0 (Gly-Sar, 20 £ 5 nA; Glu-Glu, 15 £ 4 nA; Met-Met, 10 £ 6 nA;) to 5.0 (Gly-Sar, 42 +
4 nA; Glu-Glu, 45 + 6 nA; Met-Met, 40 + 5nA). The cationic peptide, Lys-Lys, evoked
the highest inward currents at pH 7.0 (35 £ 5 nA), but currents were reduced by amost
50% at pH 5.0 (15 + 4 nA). Thus, the inward current values for sense cRNA-injected
oocytes are differentially affected by charged peptides at different pH.

Inward Currents in Oocytes Clamped to Different Membrane Potentials. The
effects of different membrane potentials to the current responses were determined in
cRNA-injected oocytes. Oocytes were injected with 50 ng of oPepT1 sense cRNA or
antisense cRNA and incubated for 4 to 7 d at 18°C. Oocytes were then clamped to
different command potentials using the two-electrode voltage-clamp technique and
perfused with 1 mM dipeptides (Gly-Sar, Met-Met, Glu-Glu, or Lys-Lys) in standard
measurement buffer at pH 5.5. Control oocytes (antisense cRNA injected) did not show
any response to perfusion with the substrate. Asshown in Figure 4.11A, when the
membrane potential was clamped to 40 mV, -60 mV, —-80 mV, or —100 mV, currents (1)
evoked by different peptides were ailmost identical.

Currents in Response to Combined Dipeptide Perfusion. To determine whether
peptide-evoked inward currents were generated by the same substrate binding site on
oPepT 1, oocytes were injected with 50 ng of oPepT1 sense cRNA and were then clamped
to —60 mV using the two-electrode voltage-clamp technique and perfused with 5 mM

dipeptides Met-Met, Glu-Glu, and Lys-Lys in standard measurement buffer at pH 5.5.
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The three peptides at 5 mM evoked similar currents (40 = 6 nA) at pH 5.5. Perfusion of
all three peptides alone, or together, or addition of one peptide to ongoing perfusion of
any other peptide did not show any additional responses to the inward current. For
instance, evoked current by perfusion of 5 MM Met-Met was not affected when Glu-Glu,
or Lys-Lyswas added in the perfusion (Figure 4.11B).

Current Responses as a Function of Substrates and Their Concentrations. In
order to determine kinetic features of oPepT1, current responses for the different peptides
or amino acids at different substrate concentrations were recorded in oocytes injected with
50 ng of oPepT1 sense cRNA or antisense cRNA and incubated for 4 to 7 d at 18°C.
Oocytes were clamped to —-60 mV using the two-electrode voltage-clamp technique and
perfused with 0.01, 0.05, 0.25, 0.5, 1.0, 2.5, and 5.0 mM di-, tri-, or tetrapeptides in
standard measurement buffer at pH 5.5. Control oocytes (antisense cRNA injected) did
not show any response to perfusion with the substrate. Perfusion of 1 mM of the amino
acids, Gly, Met, Glu, or Lys, aso did not show any response. All di- and tripeptides
examined were able to evoke inward currents in a saturable manner (Figure 4.12),
resulting in an affinity constant (K;) range of 20 nM to .61 mM for dipeptides and .15 to
3.0 mM for tripeptides. No responses were detected from tetrapeptides in this perfusion
study (Table 4.1). All peptides examined congtitute a variety of substrates differing from
their molecular weight, electrical charge, and hydrophobicity. However, for al peptides,
no correlation was found between affinity constant and MW or net charge or
hydrophobicity. Therefore, oPepT1 seems to be able to transport peptides regardless of

their MW, net charge, or hydrophobicity. For five N-terminus methionine-containing
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dipeptides, no correlation was found between affinity constant and the nature of the C
termina amino acid. The dipeptides, Leu-Va and Va-Leu, had similar affinity constants
suggesting that they were recognized by oPepT1 in asimilar manner. However,

tripeptides with a more positive hydrophobic value had alower affinity constant value.

99



Chapter IV Cloning, Expression, and Characterization

Discussion

In recent years, several members belonging to the peptide transporter systems of
the proton-coupled oligopeptide transporter (POT) family have been cloned and
characterized. The first member to be cloned was PepT1 from rabbit, human and rat,
which is expressed primarily in the small intestine (Fei et d., 1994; Liang et d., 1995;
Saito et al., 1995; Miyamoto et al., 1996). Subsequently, human, rabbit and rat PepT?2
were cloned, which are expressed mainly in the kidney and brain (Liu et d., 1995; Boll et
al., 1996; Saito et al., 1996). Recently, Yamashita et al. (1997) reported the cloning of a
brain peptide/histidine transporter (PHT1) from rat brain, which probably represents a new
family of mammalian peptide transporters. Here, we report the cloning and
characterization of the first intestina peptide transporter from ruminant animals.
Functional expression in Xenopus laevis oocytes and tissue distribution of the transporter
are also reported.

PepT1 from Sheep Belongs to the POT Family. In the present study, a peptide
transporter cDNA, oPepT1, was cloned from sheep small intestine. The full-length
intestinal oPepT1 cDNA is 2,829 bp long with an open reading frame of 2,121 bp. The
open reading frameisflanked by a79 bp 5-UTR and a630 bp 3'-UTR. All previoudy
cloned PepT1 cDNA have approximately the same size open reading frames as observed
with the sheep (rabbit 2,121 bp; human 2,124 bp; rat 2,130 bp). The sizes of their 5’- and
3 -UTR are dightly different. The sizesof the5 UTR for rabbit, human, and rat are 31,
57, and 52 bp, respectively. All these cDNA contain an initiation codon consistent with

the Kozak consensus sequence. The sizes of the 3' UTR for rabbit, human, and rat are
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595, 976, and 848 bp, respectively (Fei et a., 1994; Liang et a., 1995; Miyamoto €t al.,
1996). The DNA sequence similarity in this region islow compared to the coding region.
The overall DNA sequence identity of oPepT1 to rabbit, human, and rat PepT1is 76, 70,
and 58 percent, respectively, whereas identity in the coding region is 80, 83, and 79
percent, respectively. The DNA sequence identity of the oPepT1 3' UTR compared to
rabbit, human, and rat PepT1isonly 52, 44, and 18 percent, respectively.

One mechanism for modification of transport activity occurs through regulation of
the cellular content of transporter protein by alteration of transcript stability. The5'- and
3'-UTR are responsible for the stability of the transcript (Henize, 1991). Regulated
MRNA decay has been shown to play an important role in control of post-transcriptional
gene expression (Sachs, 1993). Recent work from several labs has focused on sequence
motifs within the 3-UTR of the glucose transporter (GLUT1) mRNA that serve as
destabilizing or stabilizing elements (Chen and Pekala, 1999). Thereis no information
available at the present on how the stability of peptide transportersis affected by their 5'-
and 3'-UTR sequences. However, it isinteresting to note that, both human and rat PepT1
have longer 3'-UTR (976 and 848 nt) and these cause greater inducible currents when
expressed in vitro in Xenopus oocytes than do rabbit or sheep PepT1 which have shorter
3'-UTR (595 and 630 nt).

The oPepT 1-encoded protein is predicted to be composed of 707 amino acids with
a predicted molecular mass of 79 kDa and an isoelectric point (pl) of 6.57. All cloned
PepT1 including oPepT1 have 12 putative transmembrane domains based on

hydrophobicity analysis (Figure 4.4). Depending on the program and plotting parameters
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used in each case, there are dight variations in the predicted location of the different
membrane domains, but 12 transmembrane-domain seem to be the common structure in
the POT family (Saier, 1994). The model also shows that both the amino and the carboxyl
termini are on the cytoplasmic side of the membrane. The model predicts along
extracellular loop (~200 amino acids) between transmembrane domains 9 and 10. There
are also anumber of potential N-glycosylation sites and some protein kinase recognition
sites (Fei et al., 1994, Liang et a., 1995; Miyamoto et a., 1996). The presence of N-
glycosylation sitesin al the transporters cloned so far suggests that glycosylation must
play an important role in the function of these proteins. The effect of the disruption of the
putative glycosylation sites by site-directed mutagenesis suggested that the carbohydrate
moiety of the glycine transporter, GLY T1, was necessary for the proper trafficking of the
protein to the plasma membrane (Olivares et a., 1995). Moreover, the removal of
oligosaccharides by enzymatic methods from a purified glycine transporter affected
transport activity (Nunez and Aragon, 1994).

A comparison (Corpet, 1988) of the amino acid sequence of oPepT1 with the
published models of several cloned transporters indicated that oPepT1 showed significant
similarity to al known PepT1. Alignment results showed that the predicted amino acid
sequence of oPepT1 was 83, 81, and 78 percent identical to human, rat, and rabbit PepT1,
respectively (Figure. 4.13). Alignment results also showed that the predicted amino acid
sequence of oPepT1 was only 30, 27, and 25 percent identical to human, rat, and rabbit
PepT2, respectively (data not shown). Thereis no significant similarity between oPepT1

protein and the HPT1 protein (21 % identity; Dantzig et al., 1994) or the PTH-1 protein
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(Yamashitaet a., 1997). The sequences of oPepT1 and other PepT1 proteins were most
conserved in the regions corresponding to the putative 12 transmembrane domains (Table
4.2).

Histidyl residues are known to be essential for the catalytic function of the proton-
dependent peptide transporters (Fei et al., 1997). There are three conserved histidyl
residues in both human PepT1 (His-57, His-121, and His-260) and human PepT2 (His-87,
His-142, and His-278). Site-directed mutageness studies indicated that His-57 in PepT1
and His-87 in PepT2 are the most critical histidyl residues for transport function. The
predicted amino acid sequence of oPepT1 showed that His-57 and His 121 are located in
the second and fourth transmembrane domains. These two His residues are near the
extracellular surface, which are smilar topological positionsin other PepT1 proteins. His-
260 was aso present in oPepT1 in the large intracellular loop between transmembrane
domains 6 and 7. All the structural features indicated that oPepT1, like other PepT1,
belongs to the POT family.

Expression of oPepT1 mRNA. The oPepT1 transcript appeared to be expressed
predominantly in the small intestine and to a lesser extent in the omasum and much lessin
the rumen as determined by northern blot analysis. The expression pattern of poly(A)*
RNA in these tissues appears to be consistent with those from a previous study in our
laboratory (Chen et al. 1999b). The small intestine appears to be the primary site of
expression of oPepT1 mRNA transcripts. This pattern isin agreement with the studies
that the mgjor site of absorption of protein digestion products (e.g., amino acids) isthe

small intestine in ruminant animals (Phillips et a., 1979; Wilson and Webb, 1990). In
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addition to the small intestine, the rumen and omasum are recognized for their absorptive
activity of large quantities of volatile fatty acids and ammonia. The hybridization of the
probe with mRNA from the omasal tissue was much stronger than that with mRNA from
ruminal tissue. This suggests that the omasum has higher absorptive activity of peptides
than the rumen if the presence of MRNA isindicative of expression of the transport
protein. Although the expression of oPepT1 mRNA is lower in the omasum and rumen
compared with the small intestine, the oPepT1 protein certainly could contribute to the
absorption of small peptides in the forestomach of sheep. Matthews (1991) also reported
that compared to the ruminal epithelium, more dipeptides were absorbed and transferred
by the omasal epithelium. Previous reports from our lab showed that rat myogenic cells
(C,Cy2) and ovine myogenic satellite cells can utilize exogenous methionine-containing
peptides as sources of methionine for protein synthesis, and in some cases, the peptides
were better than methionine (Pan et a., 1996; Pan and Webb, 1998). We were unable to
detect any hybridization under high or medium stringency conditionsin mRNA from
longissmus muscle or semitendinous muscle. The possible presence of one or more
peptide transport protein(s) in muscle cells other than oPepT1, or that cultured cells can
utilize peptides via mechanisms other than peptide transporters cannot be discounted.
Other studies reported the presence of PepT1 mRNA in the liver and kidney of the rabhbit,
rat, and human (Fel et a., 1994; Liang et al., 1995; Miyamoto et a., 1996). In the present
study, the hybridization of the full-length oPepT1 cDNA probe to mRNA from liver and
kidney was not detected. This may indicate a different pattern of expression for the

peptide transporter mRNA in ruminant animals.
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Structural Differences Between oPepT1 and Other PepT1. Despite the smilarity
of oPepT1 to other PepT1, there are some noticeable differences. First, the isoelectric
point (pl) of oPepT1 (6.57) islower than that of others (rat PepT1, pl 7.39; rabbit PepT1,
pl 7.47; human PepT1, pl 8.58). There may be a physiological reason for this difference.
In the intestines, bicarbonate is the principle buffer that is secreted by mucosal cells
throughout the small and large intestinal tract and is also provided in pancreatic and biliary
secretions (Caple and Heath, 1975). The bicarbonate provided in pancreatic and biliary
secretions is to neutralize stomach acid and to provide a more favorable intestina pH for
enzymatic breakdown of feed components and absorption of nutrients. The pH of the
unstirred water layer in the intestinal lumen of monogastric animalsis 5.5t0 6.0
(Ganapathy and Leibach, 1983). In ruminants, pancreatic and biliary secretions appear
inadequate to handle the acid load delivered from the stomach to the small intestine.
Bicarbonate concentration in sheep pancreatic secretionsis 15 to 30 meg/L (Taylor, 1962)
compared to 120 to 130 meg/L in human pancreatic secretions and 150 meg/L in dog
pancreatic secretions (Oser, 1965). Also, pancreatic secretory rate is.0067 mL kg™ min™
in sheep compared to .08 mL kg™ min™ in dog. Thus, both bicarbonate content in
pancreatic secretions and pancreatic secretory rate in sheep are considerably lower than in
dogs, and this may result in alesser capacity for neutralization of stomach acid in sheep
compared with dogs. The pH of the duodenum and upper jejunum in sheep is rather
acidic ranging from 2.5 to 4.5 and it is not until the lower jgjunum that the intestinal pH
reaches near 6 (Ben Ghedaliaet a., 1974). However, thetitration curves (Figure. 4.14) of

al PepT1 proteins show that at pH 4.5 to 5.0, oPepT1 has the same charge as other
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PepT1 at pH 5.5 to 6.0, which means that under physiological conditions, oPepT1 protein
may have the same functional conformation as other PepT1 proteins.

Second, significant differences exist in the phosphorylation sites for protein
kinases. The predicted oPepT1 protein contains four potential sites for protein kinase C-
dependent (PKC) phosphorylation in the putative intracellular 10ops between
transmembrane domains 6 and 7, 8 and 9, and 10 and 11 (Figure 4.5). The predicted
oPepT1 protein aso contains three potential sites for cAMP-dependent protein kinase
(PKA) phosphorylation in putative intracellular |oops between transmembrane domains 6
and 7, and 8 and 9 (Figure 4.5). Rabbit PepT1 has only one PKC phosphorylation site,
and one PKA phosphorylation site (Fei et al., 1995; Table 4.3). Human PepT1 has two
PK C phosphorylation sites, but no site for PKA phosphorylation (Liang et a., 1995; Table
4.3). Rat PepT1 has one PKC phosphorylation site, and one PKA phosphorylation site
(Miyamoto et al., 1996; Table 4.3). With reference to phosphorylation sites, oPepT1
appears to be more like PepT2. Human PepT?2 has five PKC phosphorylation sites, and
one PKA phosphorylation site (Liu et al., 1995; Table 4.3). Rabbit PepT2 has four PKC
phosphorylation sites, but no site for PKA phosphorylation (Boll et al., 1996; Table 4.3).
Rat PepT2 has three PKC phosphorylation sites, but no site for PKA phosphorylation
(Saito et al., 1996; Table 4.3). The PTH-1 protein isolated from rat brain has as many as
11 PKC phosphorylation sites (Yamashita et a., 1997).

Protein kinases in different cells are involved with a number of cellular reactions,
indicating that they play a key role in many aspects of cellular growth and metabolism.

Protein kinases have also been shown to either directly or indirectly regulate the activity of
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transport proteins (Newton, 1998). Direct regulation occurs through phosphorylation of
the transport proteins, which may change the kinetics of the transporter, such as maximum
velocity (Vma), Substrate affinity (Ky), or turnover rate of the transporter. The transport
activity of the glutamate cotransporter, GLT-1, was increased by PKC (Rothman, 1994).
Mutation of the serine residue that forms part of the consensus phosphorylation site of
PKC (Ser-113) eliminated the response to phorbol esters, a PKC activator (Casado et al.,
1993). These results suggest that the regulation of transporter functions occurred by
direct phosphorylation of the protein.

Like al other membrane proteins, transport proteins are cotrandationally inserted
into the endoplasmic reticulum during protein synthesis and processed through the Golgi
apparatus (Rothman and Orci, 1992). Vesicles are formed in the Golgi apparatus to
deliver the proteins to the plasma membrane, where the vesicles fuse with the plasma
membrane and result in increases in the number of transporters. Transport proteins can
also be selectively retrieved from the plasma membrane by endocytosis (Rothman, 1994).
Protein kinases may, therefore, also indirectly regulate transport activity by regulating the
delivery or retrieval of membrane proteins from the plasma membrane. Results from a
study of Brandsch et al. (1994) showed that a H'-dependent peptide transport system
expressed in human Caco-2 cells was regulated by PKC. When the cells were treated with
phorbol esters, which activate PKC, transport function was significantly inhibited. Further
kinetic analysis showed that the inhibition was due to a decrease in the maximal transport

rate (Vma) Of the transporter, whereas the apparent affinity (K;) was unchanged.
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Therefore, it seems reasonable to speculate at this juncture that oPepT1 may be regulated
by protein kinases.

Analysis of charge distribution shows that oPepT1 has a negatively charged cluster
from 672 to 691 (VNPAEIE AQFDEDD KEDDLE). Compared with PepT1 from other
species, oPepT1 has more negatively charged amino acids in this cluster (Figure 4.15).

No information is available at the moment as to how the negatively charged cluster at the
C-termina end of the peptide transporter affects the function of the transport system.
Functional analysis of a chimeric peptide transporter derived from PepT1 and PepT?2
showed that the large extracellular loop and the C-terminal end were not responsible for
the kinetic characteristics of the transport system (Doring et a., 1997). Itislikely that this
region isimportant for the peptide transporter protein trafficking inside the cells or for
regulating the transport function because of the potential PKC site located at the C-
terminus. Thus, the negatively charged C-terminal end may aso change oPepT 1 transport
activity by altering the rate of oPepT1 protein insertion into the plasma membrane, which
would ultimately change the expression level of the protein.

Comparison of Functional Characteristics Between oPepT1 and Other PepT1.
The expression of oPepT1 by Xenopus oocytes from cRNA took approximately 3 d to be
detected and expression increased until d 4, after which it plateaued. Thisisin agreement
with other studies from our laboratory (Matthews et al., 1996) and other reports
(Miyamoto et al., 1991; Saito et a., 1993). Protein synthes's, processing, delivery, and
fusion with plasma membranes required approximately 3 d in oocytes. The capacity of

oocytes to trandate injected cCRNA has been reported to have a clear dose-response
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relationship between expression and the amount of message injected (Boll et al., 1996).
The expression was almost linearly propotional to the amount injected up to 10 ng of
CcRNA, and plateaued at 25 ng. When large amounts of CRNA were injected into oocytes
in our study, there was no longer an increase in expression. Oocytes injected with 25 ng
and 50 ng sense cRNA had higher levels of inward current than oocytes injected with 100
ng and 150 ng sense cRNA. Oocytes injected with 50 ng sense cCRNA had a better overall
expression compared with oocytes injected with 25 ng sense cRNA. One explanation for
this saturation is that oocytes possess afinite trandational capacity that can only provide
for the trandation of alimited number of messages and any injected message exceeding
this number will not be trandated. The foreign nucleic acid may simply interfere with the
normal cycle of oocytes and may interrupt their normal functions. Therefore, injections of
50 ng cRNA seems to be optimal conditions for routine work on expression of cRNA.
The influence of different ions on peptide transport in oPepT 1-injected oocytes
indicated peptide transport activity of oPepT1 was driven by an inwardly directed H*
gradient and was independent of Na', CI", or Ca®*. These data agree with other reports
that aH" gradient is critical for the transport process but Na', Cl", and K* are not (Fei et
a., 1994; Mackenzie et a., 1996). Proton-dependence is the most important feature of
the POT transporter family (Leibach and Ganapathy, 1996). Thisfeatureis
physiologicaly relevant because there always is an inwardly directed proton gradient
across the membrane of intestinal cells at physiological pH in al species. In the canine
rena cell line, MDCK cells, transport activity of a PepT1-like transporter was affected by

Ca”* and calmodulin-dependent processes (Brandsch, et al., 1995). Transport of
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dipeptidesin the porcine cell line, LLC-PK1 cells, by PepT2 was also shown to be altered
by C&*, but not through a calmodulin-specific pathway (Wenzel et al., 1999).

The pH had a dramatic effect on the transport process of charged peptides.
Current responses were observed in oocytes expressing oPepT1 for saturating
concentration (10 mM) of Gly-Sar, Met-Met, Glu-Glu, and Lys-Lys at different pH
ranging from 5.0 to 7.0. Zwitterionic and anionic substrates (Gly-Sar, Met-Met, and Glu-
Glu) were transported via oPepT1 with a pH optimum of 5.0, whereas for the cationic
substrate, Lys-Lys, the pH optimum was 7.0. However, at pH 5.5, Lys-Lys still caused
inward currents. This finding shows that at physiological pH in the intestine, which is
approximately pH 4.5 to 5.0 for ruminant animals, oPepT1 is capable of transporting al
peptide substrates, regardiess of their charges. But zwitterionic and anionic peptides are
probably transported faster than cationic peptides. These data agree with a published
report indicating that at physiologica pH (5.5 to 6.0), rabbit PepT1 preferred neutral and
acidic peptides as its substrates (Stedl et a., 1997). In their studies, the pH dependence of
the current evoked by Gly-Leu, Gly-Glu, Gly-Lys, and Ala-Lys was markedly different.
Their highest currents were observed at pH values of 5.0, 5.0, 6.5, and 6.0 for Gly-Leu,
Gly-Glu, Gly-Lys, and Ala-Lys, respectively, and lowest currents were recorded at pH
values of 7.0, 7.0, 5.0, and 5.0 for Gly-Leu, Gly-Glu, Gly-Lys, and Ala-Lys, respectively.
Amasheh et al. (1997a) also reported, at pH 5.5 to 6.0 for human and rabbit PepT1,
currents evoked by anionic and zwitterionic peptides Glu-Glu, Gly-Asp, and Gly-Gln were
greater than that at any other pH (6.5 to 8.0), and also greater than currents evoked by the

cationic peptide, Gly-Lys. The dicationic peptide Lys-Lys did not cause any detectable
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currents at pH 5.5, which indicated at physiological pH, human and rabbit PepT1 did not
transport dicationic peptides. Transport of charged peptides mediated by PepT2 had a
different pattern when transported at different pH (Wang et a., 1998). Although the net
charge of the three dipeptides, Ala-Va, AlaGlu, and Ala-Lys, was different, the
relationship between inward current and external pH was similar in al three cases. They
found transport of all three peptides, indicated by inward currents, was greatest at pH 5.0,
but smallest at pH 6.0.

For oPepT 1, we aso observed that combined perfusion of saturating
concentrations of the dipeptides, Met-Met, Glu-Glu, and Lys-Lys, had no additive
responses compared with perfusion of these peptides alone. Thisindicated that al
peptides were interacting at one common binding site on the transporter. Using seven
chimeric peptide transporters of human PepT1 and rat PepT2, Fei et a. (1998) identified
one putative substrate binding site in the peptide transporter which was located in the
region comprised of transmembrane domains 7, 8 and 9. Another study by Doring et a.
(1997) suggested that the large extracellular loop between transmembrane domains 9 and
10 was not amajor determinant of the affinity constant for PepT1 and PepT2. The finding
that the brain peptide/histidine transporter, PHT-1, which lacks the large extracellular
loop, transports histidine (Yamashita et a., 1997) raises the question of the function of the
loop. What would happen if the loop were removed from the protein? Further studies are
needed to determine whether the loop is the real determinant of protein tertiary

conformation that controls access to substrates.
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When the voltage dependence of peptide transport by oPepT 1was examined, we
observed that peptide transport, as indicated by substrate-evoked inward currents, was
almost completely independent of voltage in the range —100 to —40 mV. Although Fei et
al. (1994) reported that Gly-Sar transport by rabbit PepT1 was independent of voltage,
other studies showed that peptide transport by PepT1 was voltage-dependent. Boll et al.
(1994) and Mackenzie et al. (1996b) found transport of both Gly-Sar and cefadroxil via
PepT1 was electrogenic. Evoked currents were voltage-dependent over the range tested
(-150 to +50 mV). Itisnot clear why there are different results from the present study,
the study of Fel et a. (1994), and those of Ball et al. (1994) and Mackenzie et a. (1996).
In both the present study and the study of Fei et a. (1994), currents generated by
substrates were considerably smaller than those observed by Boll et al. (1994) and
Mackenzie et al. (1996), which could make it difficult to detect any changes in the evoked
current.

We found that al 14 dipeptides and tripeptides transported by oocytes expressing
oPepT1 obeyed Michaelis-Menten-type kinetics (Figure 4.12). An affinity constant, K, of
0.40 mM for Gly-Sar has been reported in our laboratory using poly(A)” RNA-injected
oocytes (Matthews et al., 1996). The K; of cloned oPepT1 for Gly-Sar in the present
study was .61 mM at -60 mV at pH 5.5, which is similar to the previous report and to the
K for human PepT1 (.7 mM at -50 mV, at pH 5.5), and somewhat lower than the K of
1.9 mM (at -60mV, pH 5.5) for rabbit PepT1 (Mackenzie et al., 1996b; Fei et a., 1994).
In contrast, human PepT2 had a K, of 70 nM for Gly-Sar (Ramamoorthy et al., 1995).

PepT1isgenerdly categorized as a low-affinity transport system. Fei et a. (1994)
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reported that K of rabbit PepT1 for Gly-Leu, AlaAsp, Gly-Sar, Gly-Gly, and Gly-Gly-
Gly were 81 mM, 143 nM, 1.9 mM, 2.5 mM, and 5.1 mM, respectively. Stedl et al. (1997)
observed that the K, of rabbit PepT1 for Gly-Leu, AlaAsp, Gly-Glu, AlaLys, Phe-Glu,
Gly-Sar, Gly-Lys, Gly-Gly, and Gly-Gly-Gly were 80 niM, 140 niM, 220 nivi, 300 iV, .94
mM, 1.9 mM, 2.4 mM, 2.5 mM, 5.1 mM, respectively. Apparently, the K; of PepT1 hasa
wide range from 80 nM to 5.1 mM. PepT2 is categorized as a high-affinity transport
system with K; generally 40 times less than PepT1 (Boll et al., 1996). They reported that
the apparent K, of rabbit PepT2 was £ 50 mM, whereas the apparent K, of rabbit PepT1
was3 1 mM. Chen et a. (1999a) reported that K, of rat PepT2 for Gly-Leu, Gly-Glu,
Phe-Glu, Gly-Lys, Phe-Ala, and Phe-Lyswas 4.4 niM, 16 nM, 48 nM, 51 nM, 75 nM, and
135 M, respectively. Apparently, the K; of PepT2 has a narrower range (4.4 mM to 135
nM) at low micromolar concentration for all dipeptidestested. A K, range of 20 nM to
.61 mM for dipeptides and .15 to 3.0 mM for tripeptides was observed in the present
study. The relatively wide range of affinities for the magjority of peptides suggests that
oPepT1isaso alow-affinity transporter, just like PepT1 from other species. Larger
peptides (Met-Gly-Met-Met, Pro-Phe-Gly-Lys, Va-Gly-Asp-Glu, and Val-Gly-Ser-Glu)
and free amino acids (Gly, Met, Glu, and Lys) were not recognized as substrates for
oPepT1.

We reported previously that poly(A)" RNA from sheep omasal epithelium could
induce expression of a peptide transport protein(s) in oocytes (Pan et a., 1997). In that
study, the tetrapeptides (Met-Gly-Met-Met, Va-Gly-Asp-Glu, and Va-Gly-Ser-Glu) were

reported to cause depolarization of the oocytes, which indicated that those substrates were
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being transported, whereas Pro-Phe-Gly-Lys did not. However, in oocytes expressing
cloned oPepT1, we did not detect any transport of tetrapeptides. There are severd
possibilities for the differences. First, the previous study used poly(A)" RNA from sheep
omasal epithelium for expression. It is possible that the peptide transporter in sheep
omasum is dightly different from intestinal oPepT1, which could cause the changes of
transporter substrate specificity. Research has shown substitution mutations of amino
acids at some positionsin the protein could alter the specificity of the protein, and
substitutions appeared to increase the conformational flexibility of the catalytic region,
thereby allowing access of the bulkier side chain of the substrates (Guillaume et al.,
1997). Second, there might be a peptide transporter(s) present in sheep omasum other
than oPepT1 that could be responsible for transporting tetrapeptides. The two primers for
PCR amplification of the probe were TGG CTG GG(G/A) AAGTTCAAGACand CTT
CTT GTA CAT (C/T)CC ACT GC (Chen et a., 1999b), which were designed to
correspond to nucleotides 259 to 278 and 686 to 705 in rabbit PepT1 (Fei et a., 1994).
Therefore, the probe we used to screen the cDNA library did not allow us to detect the
presence of peptide transporters other than PepT 1-like transporters. Lastly, because
poly(A)" RNA from sheep omasal epithelium included all messages encoding transporters,
it is possible that the oocytes used in the previous study also expressed amino acid
transporters. Free amino acids because of the impurity or degradation of tetrapeptide
solutions could aso cause depolarization, which would result in false readings of peptide
transport. At this moment, the real reason for the difference between the present study

and the previous one is uncertain.
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In summary, we have cloned an ovine intestinal peptide transporter, oPepT1, from
sheep intestine that encodes for a 707-amino acid protein with a molecular mass of 79 kDa
and 12 transmembrane domains. oPepT1 shows high homology to PepT1 from other
species. High stringency northern blot analysis demonstrated that oPepT1 is strongly
expressed in small intestine, and at lower levels in omasum and much lower in rumen, but
not in liver and kidney. The presence of the peptide transporter in the forestomach at such
levels may contribute to the provisioning of amino acid nitrogen for ruminantsin a
nutritionally significant manner. Our studies demonstrate that oPepT1 has been
functionally expressed in Xenopus oocytes. Characterization of oPepT1 shows that
oPepT1 accepts avariety of dipeptides and tripeptides as its substrates, regardless of their
physicochemical characteristics, but not tetrapeptides or free amino acids. A K; range of
20 MM to .61 mM for dipeptides and .15 to 3.0 mM for tripeptides were observed in this
study. The transport process is electrogenic and independent of Na', Cl", and Ca™".
Although many of the properties displayed by oPepT1 are similar to those of PepT1 from
other species, we have identified some important differences. First, the isoelectric point of
oPepT1islower than that of others, but the oPepT1 protein seems to have the same
functional conformation as that of others at physiological pH based on their titration
curves. Second, more phosphorylation sites for protein kinases exist in oPepT1, which
may mean that oPepT1 islikely regulated by protein kinases in a more complex manner.
Third, compared with PepT1 from other species, oPepT1 has more negatively charged

amino acids at its C-terminus. The effect of this on its function is unclear at the moment.
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Implications

Thisisthefirst report of acloned peptide transporter in ruminant animals. The
structural information will help researchers to develop antibodies in the future in order to
study the localization of the peptide transporter in sheep, which should provide valuable
information for evaluating the role of peptide transport in sheep. Also more potential
protein kinase phosphorylation sites and N-glycosylation sites were reveaded in this study.
If this proves to be true, then an important regulation method of the peptide transporter
may have been identified. The information from the in vitro characterization of this
peptide transporter will help in the formulation of better animal diets to improve efficiency

and performance.
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Table 4.1. Kinetics of oPepT1 in oocytes injected with oPepT1 cRNA.

Substrate MW  Charge®  Hydrophobicity” K (mM) Ve (NA)
Dipeptide
Glu-Glu 270 negative  -7.0 .029 51
Gly-Sar 164 neutral - .8 .607 50
Leu-Vd 230 neutral 8.0 164 39
Lys-Lys 342 positive  -7.8 .020 33
Met-Glu 278 negative  -1.6 .048 43
Met-Gly 206 neutral 15 184 44
Met-Leu 262 neutral 5.7 073 37
Met-Lys 323 positive  -2.0 450 37
Met-Met 280 neutral 3.8 .027 41
Va-Leu 266 neutral 8.0 143 38
Tripeptide
Leu-Gly-Gly 245 neutral 3.0 647 42
LysTrp-Lys 460 positive -8.7 3.02 48
Met-Leu-Phe 409 neutral 8.5 15 38
Thr-Ser-Lys 334 positive  -54 .68 33
TetraPeptide
Met-Gly-Met-Met 468 neutral 5.3
Pro-Phe-Gly-Lys 501 positive -3.1 No response
Va-Gly-Asp-Glu 472 negative  -3.2
Val-Gly-Ser-Glu 444 negative - .5

& Charge: calculated at pH 5.5.

® Hydrophobicity: calculated as the average of the value of the constituent amino acids
according to Kyte and Doolittle (1982).
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Table 4.2. Comparison result of amino acid sequences of transmembrane domains (TM)
of sheep (oPepT1), human (hPepT1l), rat, and rabbit PepT1.

T™1

TM2

TM3

oPepT1
hPepTl
r at

r abbi t

PKSCFGYPLSIFFIVVNEFC
SHSFFGYPLSIFFIVVNEFC
SRGCFGYPLSIFFIVVNEFC
SLSCFGYPLSIFFIVVNEFC

IYHTFVALCYLTPILGALI
IYHTFVALCYLTPILGALI
IYHTFVALCYLTPILGALI
IYHTFVALCYLTPILGALI

TIVSLSIVYTIGQWI AV
TIVSLSIVYTIGQAVTSV
TIVSLSIVYTIGQAVI SV
TIVW.SIVYTIGQAVTSL

TM4

TM5

TM6

oPepT1
hPepTl
rat

r abbi t

SVHVALSM GLVLIALGTGG
PVHWLSLI GLALIALGTGG
PLHVALSM GLALIALGTGG
PVHVAVCM GLLLIALGTGG

FFSIFYLAINAGSLLSTIITP
FFSIFYLAINAGSLLSTIITP
FFSIFYLAINAGSLLSTIITP
FFSIFYLAINAGSLLSTIITP

PLAFGVPAALMAVSLI VFVI GS
PLAFGVPAALMAVALI VFVLGS
PLAFGVPAALMAVALI VFVLGS
PLAFGI PAI LMAVSLI VFI | GS

T™7

TM8

TM9

oPepT1
hPepTl
rat

r abbi t

| KWTRVMFLY IPLPMFWALF
| KWTRVMFLY IPLPMFWALF
I KI MTKVMFLY I PLPMFWALF
| KWTRVLFLY IPLPMFWALF

VNAILITVWMWPI VDAVVYPLI
VNAILIVI WPI FDAVLYPLI
VNAILIVI WPI VDAVVYPLI
VNTILII | LVPI MDAVVYPLI

TVGMFLASMAFVAAAL VQVDI
AVGMVLASVAFVVAAI VQVEI
TVGMFLASMAFVVAAI VQVEI
TI GMFLASMAFVAAAI LQVEL

TM10

TM11

TM12

oPepT1
hPepTl
rat

r abbi t

IPQYFLLTCGEVVFSI TGLEF
IPQYFLLTCGEVVFSVTGLEF
IPQYFLLTCGEVVFSVTGLEF
IPQYFLI TSGEVVFSI TGLEF

VLQAGWLLTVAVGNIIVLIVA
VLQAGWLLTVAVGNIIVLIVA
VLQAGWLLTVAI GNITTVLIVA
VLQAGWLLTVAVGNIIVLIVA

AEYVLFAALLLWVCI IFAI MA
AEYI LFAALLLWCVIFAI MA
AEYVLFASLLLWVCI IFAI MA
AEYI LFAALLLWCVIFAI MA
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Table 4.3. Comparison of Amino Acid Sequences and Protein Characteristics of oPepT1
to Other Mammalian Peptide Transporters.

Transporter cDNA Size Tissue Distribution  Protein Topology Ref.
(kb)
oPepT1 2.8 Omasum 707 aa 12T™M The present
Rumen MW 79 kDa N-glycosylation sites: 6 study
Small intestine pl 6.57 PKC sites: 4
PKA sites: 3
Rabbit PepT1 2.7 Liver 707 aa 12T™M Fei et al., 1994
Kidney MW 79 kDa N-glycosylation sites: 3
Small intestine pl 7.47 PKC sites: 1
PKA sites: 1
Human PepT1 3.1 Liver 708 aa, 12T™M Liang et a.,
Kidney MW 79 kDa N-glycosylation sites: 7 1995
Small intestine pl 8.58 PKC sites: 2
Placenta PKA sites: none
Pancreas
Rat PepT1 30 Kidney 710 aa, 12T™M Saito et al.,
Small intestine MW 79 kDa N-glycosylation sites: 5 1995;
pl 7.39 PKC sites: 1 Miyamoto et al,
PKA sites: 1 1996
Human PepT2 2.7 Kdey 729 aa 12T™M Liuetal., 1995
Small intestine MW 82 kDa N-glycosylation sites: 3
pl 8.26 PKC sites: 5
PKA sites: 1
Rabbit PepT2 4.2 Kidney 729 aa 12T™M Boll et al.,
Brain MW 82 kDa N-glycosylation sites: 5 1996
Lung pl 7.39 PKC sites: 4
Liver PKA sites: none
Heart
Rat PepT2 39 Kidney 729 aa 12T™M Saito et al.,
Brain MW 82 Kda N-glycosylation sites: 4 1996
Lung pl 7.99 PKC sites: 3
Spleen PKA sites: none
HPT1 3.3 Caco-2 cells 832 aa 1T™M Dantzig et d.,
MW 92 kDa others unknown 1994
pl unknown
PTH1 2.7 Brain 572 aa 12T™M Y amashita et
Eye MW 65 kDa N-glycosylation sites: 4 a., 1997
pl unknown PKC sites: 11

PKA sites: none
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* Start of clone oPepT1-38
GAAACAACATCTTTAGCACGGAT TCCTCCCACCTGGACT CCTCGCTCECCAGT CGCAGGG

— AGCCCTCGGAGCCGCCAGCAT GEGAAT GTCCGT GCCGAAGAGCTGCTTCGGT TACCCCT T

M GMSYV P KSCFGYPL

G
AAGCATCTTCTTCATCGT GGTCAATGAGT TCTGCGAAAGGT TCTCTTACTATGGAATGAG
Ss!I FFI1I VVNEFICEWRFSYYGMR

AGCACTCCTGATCCTGTACTTCCAACGT TTCCT GGECT GGAACGACAACCT GEECACCEC
A LL I LYFQRFUL GWNUDNILGT A
A
CATCTATCACACGT TCGT CGCCCTGTGCTACCT GACGCCCATCCTCGGAGCTCTCATCGC
I YHTFV AL CYL TPI L GA L I A

CGACTCCTGCCTGEEEAAGT TCAAGACGATCGTGTCECTGT CCATCGTCTACACCATTGG
DS WL GKFKTI VSL SI VYTI G
G
GCAGGTAGI CATCGCTGTGAGCTCAATTAATGACCT CACTGACT TCAACCATGATGGAAC
QVVI AV S SI NDLTWDUZFNMHUDGT
G

CCCAAACAATATTTCTGTGCACGT GGCACTCTCCATGAT TGECCTGGT CCTGATAGCTCT
P NNI S VHVALSMI GL VL I AL

GGGTACCGGAGCGATAAAGCCT TACGT GT CTGCATTTGECCGAGAT CAGT TTGAAGAGSEG
G T 6GGI K P CVSAF GGDIOQTFEE G

CCAGGAAAAGCAAAGGAACAGATTTTTTTCCATCTTTTATTTGGECCATTAATGCTGGAAG
Q E K QRNREFEFFSI FYL Al NAGS

TTTGCTTTCTACTATCATCACCCCCATGCT CAGAGT TCAGGTATGCGGAATTCACAGT AA
L L sTI I TP MLRYVQVCSGI H S K

GCAAGCTTGT TACCCCCTGECCT TTGEEGT TCCTGCTGCACTCATGECTGTATCTCTGAT
QA CYPL AFGVPAALMAVYVSL

CGTGI TTGTICATTGGCAGT GGAAT GTACAAGAAGGT CCAGCCCCAGGEGTAACATCATGTIC
VF VI 6GS GMY KKV QP QGNI MS

TAAAGT TGCCAGGT GCATTGGEGT TTGCCATCAAAAAT AGGAT TAGCCAT CGGAGT AAGAA
K VvV ARCI GFAI KNRI S HIR S K K

ATTTCCTAAGAGCGAGCACT GECT GGACT GGGECTAGCGAGAAATAT GATGAGCGECTCAT
F P K REHWLDWASEIKYDERIL

CTCTCAAATTAAGATGGT TACAAGGGTGATGT TCCTGTACATTCCTCTCCCCATGTITCTG
S QI K M VTRVMFLY Il PL P MFW

GGCCTTGT TTGATCAGCAGEECT CCAGGT GGACACT GCAAGCAACGACCATGAGT GGGAA
AL FDQQGSRWTLOQATTMS GK

GATTGGAATCAT TGAAAT CCAGCCGCGAT CAGAT GCAGACGGT GAACGCCATCCTGATCGT
I 1 I EI QP D QMOQTVNAI L I V

CGTCATGGTCCCCATCGTGGATGCCGTGGTATATCCTCTGATCGCAAAGT GTGGT TTAAA
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vV MV PI VDAVVYPLI A KZCOCGLN

TTTCACCTCCCTGAAGAAGATGACCGT CAECATGI TTCTGECCTCCATGECTTTCGTGEC
F T SL KKMTWVGMFLASMATFVA

AGCTGCCATCGT GCAGGT GGACAT TGACAAAACT CTGCCCGT CTTCCCCAAAGGAAATGA
AAAl VvV OQVDI DKTULUPVF P K GNE

AGTCCAAATCAAAGT CCTGAATATAGGAAATAATAGCATGACCGT GTCTTTTCCCGGAAC
vV QI K VL NI GNNZSMTV S F P GT

GACAGTGACATGTGACCAGATGT CTCAAACAAACGCGATTTCTGACT TTCAACGT AGACAA
T v T CDOQQMSQTNGZFULTFNVDN

CCTAAGTATAAACATTTCTTCTACTGGAACACCAGT CACTCCAGTAACTCATAACTTTGA
L SI NI S S TGTWPV TPV THNTFE

GI'CCGECCATCGCCATACCCT TCTCGT CTGEECCCCAAGT AACTACCAAGT GGTAAAAGA
S GHRHTL LV WAPSNYQV YV KD

TGGECCT TAACCAGAAGCCAGAAAAAGCGAGAAATCGAATCAGATTCGT TAATCCTTTTGG
G L NQKWPEIKGRNGI RFVNAFG

CGAGAGCT TCGECGT CACAAT GGATGGCGAAGT TTACAACAATGTCTCCGGT CACAATGC
E S F GV TMDA GEVYNNVSGHNA

CAGTGAATATCTTTTTTTCTCTTCTGECGT AAAGAGCT TCACAATAAACT CACCAGAGAT
S EYLFFSS GV KSFTI NSPE

TTCACAACAGT GTGAAAAACAGT TCAAAACATCCTACCTTGAATTTGGTAGTGCGI TTAC
S Q Q CEKQF KT SYLEFGSAFT

CTATGTAATCAGCAGAAAGAGT GACGGT TGCCCCGAACCAAAGATTTTCGAAGACATCTC
Y vI S RKSDSGCUPEWPIKI F EDI S

CCCCAACACAGT CAGCATGECTCTGCAGATCCCCCAGTACT TCCTCCTCACCT GT GECGA
P NTV SMAL QI P QY FL L T C G E

GGTGGTCTTCTCCATCACCGECCTGCGAGT TCTCCTATTCTCAGGCTCCTTCCAACATGAA

VVFSI T GLEFSYSQAPSNMK
C

GICGGTACT TCAGGCAGGATGECT GT TGACCGT GECCGT TGECAACATCATCGTGCTTAT

S VL QAGWL L TVAVGNI I VLI

TGTGECAGGAGCAGECCAGT TCAGT GAACAGT GEECCGAGTACGT TCTGTTTGCGECATT
V AGA GQF S EQWAEYVL FAAL

GCTTCTGGTCGICTGCATAATATTTGCCATCATGECTCGATTCTATACGTATGT CAACCC
L L vvcCclIl I FAI MARFYTYVNFP

CGCAGAGATTGAAGCT CAGT TTGAT GAGGAT GACAAGGAGGAT GACCT GGAAAAGAGT AA
A EI E A QF DEDDIKEDU DT LE K SN

CCCATACGCCAAGCTGGACT TCGT CTCACAGACACAAAT GT GAAT GT CAGGAAGCAAGCG
P Y AKLDZFVS QT QM *

GACGCCGEEEECT GEECCAGEGET GTGCCCAGEEGET CTGT CCCAT GEEEECAGGACACTCTGT
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2281 - TGGGIGECCTCTGATGECGAAGACT TCAGAACT GTGGACCAAACCAAGACACCTCGCTTTC - 2340

2341 - TCAGCAGCCGGCAATGAACCTGAAACTCCAAAAGACGTCCTTTTGITTGITTGITTTTAG - 2400

2401 - AGAAGICTTATTTAAAGCGCACACACACGCACACGCACACACATGCACACACACACACTT - 2460

2461 - TTATAAGAGICCATACTCTGCCTGAACTCCTTTTCCTAACACACAAATAAAGTITATTTTG — 2520
2521 - GACTAACTTGAATTTTTGAAATGGT GGCCAAGCTCCATACGTGCATTCGCACACTCTGIG — 2580
2581 - CAAACAATGITAAAGGAGGCAAAAAGTGAATGGT TGEECCTTTTGAATAGTACGTGITCA — 2640
2641 - TAATAAGGACCGCECTGGTATTAACTGATAACTCTACCTTCTGITTTTAGITCTGITTTTC — 2700

2701 - CATTCCCTACCTCTTTGIAAATTATGGATTAACCT TTGAAAAACCACTCAGGTAAAGGCA — 2760
2761 - AGITCATGATTTTTGGAGICTCAACGGTATGAAATABACTCTCATTCTCAAGAAAAAAAAA - 2820

2821 - AAAAAAAAA - 2829

Figure. 4.3. Nucleotide (upper row) and deduced amino acid (lower row) sequences of
sheep oPepT1-39 cDNA. Differencesin oPepT1-38 are indicated above the
corresponding nucleotide sequence of oPepT1-39. The predicted 12 transmembrane
domains are underlined. The polyadenylation signal is boxed.
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Figure. 4.4. Comparison of deduced amino acid hydrophobicity plot of human (A), rabbit
(B), rat (C), and sheep (D) PepT1. TM: transmembrane domain as indicated by peaksin
the plot.
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Figure 4.5. Membrane model of oPepT1. Potential N-linked glycosylation sites are
indicated by the symbol (+f¢). Potentia protein kinase C phosphorylation sites (PKC) and
protein kinase A phosphorylation sites (PKA) are also indicated.
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e * «2.8 kb

Figure 4.6. Northern blot analysis of oPepT1 mRNA in sheep tissues. Tissue-specific
expression of the mRNA corresponding to oPepT 1 was examined by high stringency northern
analysis using full-length oPepT1 as the probe. Each lane contained 10 ng of poly(A)” RNA,
and lanes 1 to 12 represent the liver, kidney, semitendinosus muscle, longissmus muscle,
omasum, rumen, abomasum, duodenum, jejunum, ileum, cecum, colon, respectively.
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Figure 4.7. Voltage clamp technique (a, adapted from Masu et al., 1987) and a representative
recording trace of oPepT1 (b). Vc: Command potentia; V.. membrane potentid; I,: current.
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Figure 4.8. Dependence of peptide transport on the expression time and the amount of injected
cRNA. Current responsesin oocytes injected with different amounts of oPepT1 cRNA (25 ng,
50 ng, 100ng, and 150 ng) were recorded when perfused with 1 mM Gly-Sar at pH 5.5.

130



Current (nA)

Chapter IV Cloning, Expression, and Characterization

50 1

40

30 -

20

10 -

pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.0

BNa+Cl- BNa+ free OcCl- free OCa2+ free

Figure 4.9. Influence of ions on current responses in oocytes injected with oPepT1 cRNA
when perfused with 1 mM Gly-Sar at different pH (5.0, 5.5, 6.0, 6.5 and 7.0).
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Figure 4.10. Influence of net charge of substrates on current responses in oocytes injected
with oPepT1 cRNA when perfused with 5 mM Gly-Sar, Met-Met, Glu-Glu, Lys-Lys at
different pH.
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recorded at pH 5.5 using two electrode voltage clamp.
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Figure. 4.11. The effects of different membrane potentials (A) and combined dipeptide
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Figure 4.12. Saturation curve of all peptide substrates examined in the kinetic study.
Oocytes were clamped to —60 mV using the two-electrode voltage-clamp technique and
perfused with .01, .05, .25, .5, 1.0, 2.5, and 5.0 mM di- to tetrapeptides in standard
measurement buffer at pH 5.5.
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Figure. 4.13. Comparison of deduced amino acid sequences of sheep (0PepT1-39), human
(hPepT1), rat, and rabbit PepT1. The predicted 12 transmembrane domains are underlined.
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Figure. 4.15. Charge distributional analysis of PepT1 protein sequences was evaluated by
SAPS (Brendel et al., 1992). The predicted 12 transmembrane domains are underlined.
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Chapter V
Epilogue
The cloning and in vitro expression of oPepT1 in Xenopus oocytes in the present
study provide primary information on the molecular structure and basic functions of this
peptide transporter. These data make it possible to further understand the role of peptide
transport in sheep. Traditionally, it was believed that only free amino acids entered the
portal blood from intestinal epithelia cells(Matthews, 1991). However, recent studies
demonstrated that ~50% of circulating plasma amino acids were peptide bound, and the
majority were inthe form of di- and tripeptides (Seal and Parker, 1991). This suggests
that the existenceof a basolateral peptide transporter in the small intestine. The research
datafrom our laboratory suggest that peptide transport occurs in the ruminant
forestomach and intestine (Matthews et al., 1996; Pan et a., 1997; Chen et al., 1999).
However, because of controversia data regarding portal flux of peptidesin ruminants
(Koeln et a., 1993; Seal and Parker, 1996; Backwell et al., 1997), it became important to
demonstrate the presence, cellular membrane location, and surface expression of a peptide
trangporter protein in sheep. An understanding of the distribution of the peptide
transporter protein in the gastrointestinal tract of sheep is now emerging.
Anti-PepT 1 antibodies have been successfully developed against synthetic peptides
corresponding to the C-terminal 15 amino acids of the peptide transporter (Saito et .,

1995; Ogiharaet al., 1996). The C-termini were selected not only because of the
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complete lack of homology between PepT1 and PepT2 inthis region but aso the lack of
homology among species. Polyclonal antibodieswere also generated against fusion
proteins containing the largeextracellular loop of the peptide transporter (Shen et d.,
1999), since there was little amino acid identity among peptide transporters in this region.
Although similar results were observed with antiseraprepared from fusion proteins
compared with C-termina synthetic peptides, the signals were muchweaker with antisera
prepared from fusion proteins. Therefore, the C-termina 15 amino acids (SNPY A
KLDFV SQTQM, amino acids 693-707) of oPepT1 likely can be used to develop anti-
oPepT1 antibodies. The cellular localization of oPEPT1 proteins can then be further
investigated by immunofluorescence using affinity-purified antibodies. Definitive evidence
will be provided regarding the distribution of oPepT1 proteinsin sheep tissues. They will
provide yet further information regarding the physiological and pharmacological
significance of this transporter in sheep. These are critical datafor protein absorption in
the sheep forestomach. Although our data continue to support the existence of a peptide
transporter in the sheep forestomach and possible involvement of the forestomach in the
appearance of peptidesin porta flux, we have not shown evidence of the site of peptide
transporter function in the four-layed forestomach cell strata. Therefore, the cloning of
oPepT1 in the present study should greatly facilitate these future studies.

We found that al dipeptides and tripeptides transported by oPepT1 in Xenopus
oocytes obeyed Michaelis-Menten-type kinetics. The estimated K; values for peptides
range from 20 nM to 3 mM. One of the controversial issues regarding peptide transport is

that the difference in substrate recognition and affinity might exist among different
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experimental models. Therefore, the data from Xenopus oocytes might not reflect the real
situation in animals. Comparison of the apparent affinity constants in different expression
systemsislisted in Table 5.1. Some dipeptides (Gly-Sar and Phe-Ala) and
peptidomimetics (cefadroxil, ceftibuten, cephradine, and cyclacillin) have been examined in
multiple experimental models. Generally, in the same expression system, the apparent K,
value of one certain substrate uptake by the PepT 1-expressing model is 10 times or more
lower than that by the PepT2-expressing model. However, the apparent K; value of most
of the substrates studied in different systems seems consistent in different experimental
models. In fact, most of the key functional features, including the ionic dependence,
proton to peptide stoichiometry, substrate specificity, substrate affinities, are found to be
similar for peptide transporters expressed in different systems. Some small variations are
probably due to peptide transporters in different species rather than the expression
systems. This suggests that the expression models in which they are heterologously
expressed may not affect the functional characteristics of peptide transporters. Expression
of oPepT1 in amammalian cdll line should be able to confirm the data from the present
study.

We cannot preclude the possibility of the existence of any other peptide transporter
in sheep. The cloning of oPepT1 may help us identify more peptide transporters.
Y amashita et al. (1997) reported the cloning of a brain peptide/histidine transporter
(PHT1) from rat brain cDNA library using a 55-bp fragment homologous to rabbit PepT1
under medium stringency conditions. Interestingly, the amino acid sequence of PHT1

showed only low similarity with other mammalian peptide transporters (32% similarity and
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17% identity with PepT1, 27% similarity and 12% identity with PepT?2), but PHT1 did
transport the dipeptide carnosine in a proton-dependent manner. Therefore, we may
employ the same method to design some short primers based on the oPepT 1 sequence and
screening the ovine cDNA library with these short primers may isolate new peptide
transporters.

Little is known about the regulation of peptide transporters, even though they
contain potential target sites for phosphorylation by protein kinases. To answer the
guestion about the role of protein kinases in the regulation of oPepT1, we can employ the
oocyte expression system to express different isoforms of oPepT1. Different oPepT1
isoforms will be constructed using site-directed mutagenesis to alter the number of
potential target sites for phosphorylation by protein kinases. The cytoplasmic loops of
oPepT1 which are located between transmembrane domains 6 and 7, and 8 and 9 and
include amost al the consensus sites for protein kinases, will be the primary target region
for site-directed mutagenesis. The electrophysiological methods provide sensitive assays
for both the kinetics and number of transporters in the plasma membrane. The mgjor
advantages are that these parameters can be determined in asingle cell before and after
activation of protein kinases. Standard protocols can be used to activate PKA and PKC in
oocytes (Corey et a., 1994). Phorbol esters have been used to activate PKC (Zhu et dl.,
1997) and 8-Br-cAMP has been used to activate PKA (Blumenthal and Kaczmarek.

1992) in oocytes expressing cloned membrane proteins. These activators can rapidly, and
reversibly, modulate the functional expression of oPepT1 in oocytes. Changes in transport

rate can be recorded after adding the membrane permeable protein kinase activators to the
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bath. Therefore, the effect of a protein kinase depending on the transporter and the
isoform being expressed can be revealed. These data should be valuable if we decide to
alter the peptide transport process in sheep.

The selective expression of oPepT1 in different tissues suggests that
characterization of the gene encoding this peptide transporter may provide insight into
regulatory elements responsible for tissue-specific gene expression and potentia
regulatory factors. An ovine genomic library can be constructed and screened with the
oPepT1 cDNA to identify the gene. Construction of reporter gene plasmids containing
various 5'-flanking region of the oPepT1 gene can be transfected into a cell line, such as
Hel.a, CHO, or Caco-2, and the mechanism of transcriptional activation of oPepT1 gene
by different factors can then be investigated. Once the gene isidentified, knocking out the
gene may help usto finaly understand the important role of peptide transportersin
animals.

In summary, we have cloned the first peptide transporter, oPepT1, in ruminants.
The tissue distribution and characterization of oPepT1 in vitro has demonstrated both
similarities and differences of oPepT1 to PepT1 from other species. These data should

facilitate future research on peptide transport in sheep.
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Table5.1. Comparison of the apparent K in different experimental models.

Substrate Expression system Transporter Kt Reference
Ala-Asp Xenopus oocytes PepT1 143 nM, pH 5.5 Fei etal., 1994
Xenopus oocytes PepT1 140 M, pH 5.5 Steel et al., 1997
AlaLys Xenopus oocytes PepT1 .30 mM, pH 5.5 Steel et al., 1997
Gly-Asp Xenopus oocytes PepT1 .14 mM, pH 5.5 Amesheh et al., 1997a
Xenopus oocytes PepT2 4.4nM, pH 6.5 Amesheh et al., 1997b
Gly-GIn Xenopus oocytes PepT1 .14 mM, pH 5.5 Amesheh et al., 1997a
Xenopus oocytes PepT2 7.6 M, pH 6.5 Amesheh et al., 1997b
Xenopus oocytes PepT2 16 MM, pH 6.5 Chen et al., 1999a
Gly-Glu Xenopus oocytes PepT1 .22 mM, pH 5.5 Steel et al., 1997
Gly-Gly Xenopus oocytes PepT1 25mM, pH 5.5 Fei etal., 1994
Xenopus oocytes PepT1 25mM, pH 5.5 Steel et al., 1997
Gly-Leu Xenopus oocytes PepT1 81 nM, pH 5.5 Fei etal., 1994
Xenopus oocytes PepT1 80 nM, pH 5.5 Steel et al., 1997
Xenopus oocytes PepT2 4nM, pH 6.0 Chen et al., 1999a
Gly-Lys Xenopus oocytes PepT1 29mM, pH 5.5 Amesheh et al., 1997a
Xenopus oocytes PepT1 2.4mM, pH 5.5 Steel et al., 1997
Xenopus oocytes PepT2 86 nM, pH 5.5 Amesheh et al., 1997b
Xenopus oocytes PepT2 51nM, pH 5.5 Chen et al., 1999a
Gly-Sar Xenopus oocytes PepT1 1.9mM, pH 5.5 Fei etal., 1994
Xenopus oocytes PepT1 0.7mM, pH 5.5 Mackenzie et al., 1996
Xenopus oocytes PepT1 1.7 mM, pH 5.5 Fei et al., 1998
Xenopus oocytes PepT2 70 nM, pH 5.5 Fei et a., 1998
Xenopus oocytes PepT2 50 nM, pH 5.5 Ramamoorthy et al., 1995
BBMV PepT1 1.2mM, pH 5.5 Takahashi et al., 1998
BBMV PepT2 50 MM, pH 5.5 Takahashi et al., 1998
Caco-2 PepT1 1.0 mM, pH 6.0 Brandsch et al., 1997
Caco-2 PepT1 5mM, pH 5.5 Ganapathy et al., 1998
Caco-2 PepT1 2.1 mM, pH 6.0 Hanet al., 1998
Caco-2 PepT2 67 M, pH 6.0 Ganapathy et al., 1998
SKPT PepT2 67 M, pH 6.0 Brandsch et al., 1995
SKPT PepT2 481M. pH 6.0 Ganapathy et al., 1995
SKPT PepT2 74 M, pH 6.0 Brandsch et al., 1997
SKPT PepT2 75 . oH 6.0 Ganapathy et al., 1997
LLC-PK; PepT1 11 ml\}l pH 60 Teradaet al., 1997
LLC-PK; PepT2 1 mM 'pH 60’ Teradaet al., 1997
Hela PepT1 '3 mM' pH 5'5 Liang et al., 1995
Hela PepT1 '19 mh)l pH ;55 Steel et al., 1997
Hela PepT2 3'5 oyl ! H 60’ Steel et al., 1997
SK-N-SH PepT2 s P 6. Wang et al., 1998
84 MM, pH 6.0
Phe-Ala Xenopus oocytes PepT1 1.2mM, pH 5.5 Amesheh et al., 1997
Xenopus oocytes PepT1 1.2mM, pH 5.5 Doring et a., 1997
Xenopus oocytes PepT2 51 nM, pH 6.0 Doring et al., 1997
Xenopus oocytes PepT2 75 nM, pH 6.0 Chen et al., 1999a
LLC-PK; PepT2 22 nM, pH 6.0 Wengzel et al., 1998;
LLC PK; PepT2 22 nM, pH 6.0 Wengzel et al., 1999
Phe-Glu Xenopus oocytes PepT1 .94 mM, pH 5.5 Steel et al., 1997
Xenopus oocytes PepT2 48 nM, pH 6.0 Chenet al., 1999a
Phe-Lys Xenopus oocytes PepT2 135 M, pH 6.0 Chenet al., 1999a
Gly-Gly-Gly Xenopus oocytes PepT1 51mM, pH 5.5 Fei etal., 1994
Xenopus oocytes PepT1 51mM, pH 5.5 Steel et al., 1997
Cefadroxil Xenopus oocytes PepT1 1.1 mM, pH 5.5 Boll et a., 1994
Xenopus oocytes PepT2 26 nM, pH 6.0 Boll et al., 1996
Caco-2 PepT1 5.1 mM, pH 6.0 Ganapathy et a., 1995
HelLa PepT1 .87 mM, pH 5.5 Ganapathy et a., 1997
HelLa PepT2 66 MM, pH 6.0 Ganapathy et al., 1997
SKPT PepT2 66 MM, pH 6.0 Ganapathy et al., 1995
Ceftibuten Xenopus oocytes PepT1 9 mM, pH 6.0 Saito et al., 1995
Caco-2 PepT1 .9mM, pH 6.0 Matsumoto et al., 1994
Cephalexin Xenopus oocytes PepT1 42mM, pH 5.5 Fei etal., 1994
SKPT PepT2 49 M, pH 6.0 Ganapathy et al., 1995
Cephradine Xenopus oocytes PepT1 124 mM, pH 6.0 Saito et al., 1995
Caco-2 PepT1 8.3mM, pH 6.0 Inui et a., 1992b
Cyclacillin Xenopus oocytes PepT1 137 mM, pH 5.5 Fei etal., 1994
Caco-2 PepT1 .6 mM, pH 6.0 Ganapathy et al., 1995
HelLa PepT1 .35mM, pH 5.5 Ganapathy et al., 1997
Hela PepT2 50 MM, pH 6.0 Ganapathy et al., 1997
SKPT PepT2 39 MM, pH 6.0 Ganapathy et al., 1995
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