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ABSTRACT

We tested whether genetic polymorphisms affect activity of the dipeptide transporter PEPT1,
which mediates bioavailability of peptidomimetic drugs. All 23 exons and adjoining intronic
sections of PEPT1 (SLC15A1) were sequenced in 247 individuals of various ethnic origins
(Coriell collection). Of 38 single nucleotide polymorphisms (SNPs), 21 occurred in intronic and
non-coding regions, and 17 in exonic coding region, of which 9 were nonsynonymous. Eight
nonsynonymous variants were cloned into expression vectors and functionally characterized after
transient transfection into Cos7 and CHO cells. None of the variants had altered transport activity
for various ligands, supporting previous results, except for the new, low frequency PEPT1-F28Y.
This variant displayed significantly reduced cephalexin uptake attributable to increased K,
Altered pH-dependence of substrate transport suggested a role for F28Y in H'-driven
translocation. Haplotype analysis revealed significant differences among ethnic populations. To
search for cis-acting polymorphisms affecting transcription and mRNA processing, we measured
allelic PEPT1 mRNA expression in human intestinal biopsy samples, using a frequent marker
SNP in exon 17. Of 24 heterozygous samples, significant differences in allelic mRNA levels of 20-
30% were observed in 7 tissues. However, the small difference suggests that cis-acting
regulatory factors have only limited effects on transporter activity. We also measured the relative
formation of a splice variant (PEPT1-RF). PEPT1-RF mRNA levels ranged from 2 to 44% of total
PEPT1-related mRNA, with potential consequences for drug absorption. Together with previous
results, this study reveals a relatively low level of genetic variability, in polymorphisms affecting

both protein function and gene regulation.
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INTRODUCTION

Endogenous peptides with regulatory functions serve as hormones, neuropeptides or
neurotransmitters, and cytokines, stimulating interest in their therapeutic use. Moreover, small
peptides represent an important nutritional source of amino acids. Membrane transporters such
as the proton-coupled oligopeptide transporters, PEPT1 and PEPT2 (SLC15A1 and SLC15A2),
facilitate absorption and distribution of small peptides (2-3 residues) and polar peptoid drugs that
would otherwise not cross lipid membranes. The intestinal PEPT1 transporter is involved in
carrier-mediated uptake of peptide-like drugs such as cephalexin, ACE-inhibitors, and 5'-amino
acid esters of the antiviral nucleosides, acyclovir, AZT, and ganciclovir (Ganapathy et al., 1995;
Han et al., 1998). Bioavailablility of the prodrug L-valacyclovir (VAC) is substantially increased by
PEPT1 transport activity.

Response to drug therapy varies in-between patients, in part because of genetic differences
among individuals. Polymorphisms of drug receptors, metabolizing enzymes, and transporters
each can affect therapeutic efficacy (Licinio and Wong, 2002). While the effect of genetic variants
has been well documented for drug metabolizing enzymes, drug transporters have been less
thoroughly studied (Dai and Sadee, 2005). Yet, recent results demonstrate a pervasive role for
genetic variants of several membrane transporters, such as MDR1 (Hoffmeyer et al., 2000). For
the PEPT1 substrate VAC, a significantly larger interindividual than intraindividual variability in
intestinal absorption suggests the presence of genetic factors, potentially involving PEPT1 (Phan
et al., 2003). In a previous sequencing study of PEPT1 involving 44 ethnically diverse individuals,
13 SNPs had been located in the coding region of PEPT1 (Zhang et al., 2004). Functional
characterizations of the nine non-synonymous SNPs revealed that only one rare variant had
reduced transport activity as a result of reduced protein expression. The UCSF Membrane
Transporter Group had also performed a more extensive sequence analysis of PEPT1, of which
the results are publicly available (http://pharmacogenetics.ucsf.edu/setl/index.htmi#SLC15A1).
We had independently prepared mutant PEPT1 plasmids for functional in vitro analysis based on

these more extensive sequence data, and have now confirmed and extended the functional
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analysis of PEPT1 variants. Moreover, we have sequenced not only PEPT1 coding regions but
also adjoining intronic regions which may be subject to alternative splicing. The large sample size
also permits detailed analysis of haplotype structures and ethnic distributions of the main alleles
and haplotypes.

Genomic surveys have revealed that regulatory polymorphisms acting in cis (i.e., on the
transcription of the gene they are located in) represent a main source of human phenotypic
variability (Rockman and Wray, 2002; Johnson et al., 2005). Moreover, polymorphisms in
transcribed regions of a gene can affect mRNA processing and turnover (Johnson et al., 2005).
Hoffmeyer et al. (Hoffmeyer et al., 2000) for instance observed that a synonymous SNP in
ABCBL1 correlates with expression levels and in vivo activity of the protein product of ABCB1. We
have now demonstrated that this SNP (C3435T) alters mRNA turnover, because of changes in
MRNA folding (Wang et al., 2005). Nearly half of all human genes are alternatively spliced
(Modrek and Lee, 2002), which can be subject to genetic variations. Yet a majority of these cis-
acting polymorphisms has yet to be discovered. We use here a quantitative analysis of each of
two PEPT1 alleles in small intestines, the main site of expression, as an integrative measure of all
cis-acting polymorphisms affecting gene regulation and mRNA processing, as previously shown
for PEPT2 (Pinsonneault et al., 2004). Any significant differences in allelic ratios between
genomic DNA and mRNA (measured as cDNA) reveals the presence of allelic expression
imbalance (AEl) (Yan et al.,, 2002) and hence the presence of cis-acting factors. Moreover, we
have measured the relative formation of a splice variant, PEPT1-RF (Urtti et al., 2001),previously
shown in vitro to regulate H*-dependent PEPT1 transport (Saito et al., 1997). Taken together, this
study provides a quantitative assessment of genetic variability of PEPT1, providing details on a
new but rare functional variant in the coding region, while showing that genetic factors overall
appear to play only a small role in determining interindividual variability in PEPT1 transporter

activity in intestines.
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MATERIAL AND METHODS

Material

Cephalexin, Leu-Ala, enalapril maleate, bovine serum albumin (BSA), 2-(N-morpholino)
ethanesulfonic acid (MES), N-[2-hydroxyethyl]piperazine-N"-[2-ethanesulfonate] (HEPES),
glycylsarcosine (Gly-Sar), and glycylproline (Gly-Pro) were purchased from Sigma (St. Louis,
MO). VAC was a gift from Dr. G. Amidon, University of Michigan. [**C]-Gly-Sar (specific activity
49.94 mCi mmol) and [*H]-Mannitol (specific activity 20 Ci mmol) were from NEN (Boston, MA,
USA). Media for CHO and Cos7 cell culture were from Cell Culture Facility at UCSF (San
Francisco, CA), and for HEK 293 cells from Life Technologies (Hgje Taastrup, Denmark). Alexa
488-conjugated goat anti-rabbit IgG, alexa 488-conjugated phalloidin, and propidium iodide were
from Molecular Probes (Eugene, OR, USA). Rabbit-anti-PEPT1, raised against a peptide
corresponding to the last 15 carboxy-terminal amino acid residues of the human peptide
transporter PEPT1, was used as previously described (Nielsen et al., 2001). Other chemicals

were either analytical or HPLC grade.

Genotyping and variant construction.

Primers for exons and adjoining intron regions (ca. 50 bp) for PEPT1 (NCBI reference sequence:
NM_005073) were designed using the Virtual Genome center website at
http://alces.med.umn.edu/VGC.html and ordered from Operon (Alameda, CA). A collection of 247
ethnically identified genomic DNA samples were obtained from the Coriell Institute of Medicine
and used to screen for PEPT1 variants. PCR was performed in split 20 yL reactions using
TaqGold on the GeneAmp 9700 thermocycler from PE. One of three PCR protocols was chosen
based on an optimization performed prior to amplifying all 247 samples, adding glycerol or DMSO
or both to a reaction for optimization of product yield. PCR products were tested by agarose gel
electrophoresis (2%, 150V, 35 minutes). Three reaction products were pooled for dHPLC analysis
on a Varian HPLC with Varian Helix columns. Amplicon sequences were analyzed with a dHPLC

melt program (http://insertion.stanford.edu/melt.html) to establish optimal dHPLC conditions. If a
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sample scored positive, the three individual amplicons were treated with 2 units SAP and Exol
(from USB) and sequenced using ABI BigDye v2, cleaned with 96-well gel filtration blocks from
Edge BioSystems, and run on the ABI 3700 DNA Analyzer. In the following cases, dHPLC was
skipped and all samples were individually sequenced: a. A known SNP exists with an allelic
frequency greater than 33%. b. dHPLC revealed a common polymorphism. ¢. dHPLC results
were not scoreable. d. An additive such as DMSO or glycerol was used in PCR. Sequences were
scored with Sequencher v4. All singleton SNPs were verified with an independent PCR reaction

followed by and sequencing.

Haplotype analysis

Haplotype were determined using the PHASE algorithm. The method regards the unknown
haplotypes as unobserved random quantities and aims to evaluate their conditional distribution in

light of the genotype data (Stephens et al., 2001).

Cell culture and transfection

Monkey Cos7, Chinese hamster ovary cells (CHO), and human embryonic kidney cells (HEK
293) were obtained from American Type Culture Collection. Cos7 cells were grown in DME
H16/F-12 medium with NEAA (1:1) containing 10% fetal bovine serum and penicillin (100
units/mL) and streptomycin (100 pg/mL) at 37 ° C in a humidified atmosphere with 5% CO,. CHO
cells were grown in F-12 medium with NEAA containing 10 % fetal bovine serum under the same
conditions as Cos7 cells. Cos7 and CHO cells were plated in 12-well plates at 3.5 x 10° cells/well
and cultured for 24 h. The medium was replaced by a mixture of 3 pg plasmid (pcDNA 3.1
containing wild-type PEPT1 or its variants or no insert) and 3 pL LipoFectamine 2000 (Invitrogen,
CA) in 200 pL OptiMem. The cells were incubated for 6 hours at 37 ° C, and after centrifugation
the supernatant was replaced with fresh medium. HEK 293 cells were grown at 37 °C, in an
atmosphere of 5 % CO, and 90 % relative humidity in standard growth media: Modified Eagle’s
Medium (MEM) supplemented with 10 % fetal bovine serum, 1mM sodium pyruvate, 1 % NEAA,
2 mM L-glutamine, 100 U-ml? penicillin and 100 Mg-ml'l streptomycin. Cells were seeded at a

density of 8x10” cells - cm™ onto polylysine-coated polycarbonate wells with a growth area of 3.8
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cm’. HEK 293 were transfected once they reached approximately 50 % confluency using Jet-PElI
(Qbiogene, Carlsbab, CA) according to the manufactures protocol. pcDNA 3.1 plasmid-constructs
were transiently transfected into HEK 293 cells using Jet-PEI. 24h after transfection, the cell

monolayers were used for experiments.

Uptake studies in cell culture

Uptake studies: In Cos7 and CHO cells uptake studies were performed 24 hours after
transfection. Cells were washed twice at 37 °C with Krebs’ phosphate buffer (1 mM CaCl,, 1 mM,
MgCl,, 150 mM NacCl, 3 mM KCI, 1 mM NaH,PO,, 5 mM MES and 5 mM Glucose, pH 6.0), and
washing buffer was replaced with buffer containing 1.44 uM cephalexin. HEK 293 cells were
placed on a shaking plate, pre-heated to 37 °C (SWIP, EB) and allowed to equilibrate for 15 min
in HBSS pH 7.4 buffer solution. Uptake of [**C]-Gly-Sar and of [*H]-mannitol was measured in
Hanks Balanced Salt solution (HBSS) supplemented with 0.05% BSA and buffered with 10 mM
HEPES to the appropriate pH value. The experiment was started by adding fresh buffer
containing Gly-Sar (20-5000 uM) and 0.5 pCi [**C]-Gly-Sar per well. 0.5 pCi [*H]-mannitol per well
was added to the solution as a marker of extracellular space. The uptake of Gly-Sar in transiently
transfected cells was linear for 5 to 15 min, depending on the cells used. Uptake experiments
were terminated after 5 to 15 minutes by removing the uptake medium, followed by three washes
of the monolayers with ice-cold HBSS. The cells were detached from the well with 0.1% TritonX
in phosphate buffered saline. Samples were divided for protein analysis, and radioactivity
determinations using liquid scintillation counting. Experiments were performed using 4-9
individual transfections.

Inhibition studies: For inhibition studies in Cos7 and CHO cells, the 0.5 pCi [**C]-Gly-Sar was
incubated together with increasing concentrations of the test compound (0.1 pM-10° uM for Gly-
Sar and Leu-Ala, 0.1 - 5 x 10° uM for enalapril maleate, 0.1 - 10° uM for VAC). After 60 min drug
solution was removed and cells were washed twice with chilled buffer. To each well 0.5 mL Milli-
Q water was added and cells were incubated on a shaker for 2 hours and harvested by aspirating

4 times with a syringe. 20 uL was removed from the suspension for protein concentration














































































































