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The peptide transporter PEPT2 mediates the cellular uptake of di- and tripeptides and selected drugs by
proton-substrate cotransport across the plasma membrane. PEPT2 was functionally identified initially in the
apical membrane of renal tubular cells but was later shown to be expressed in other tissues also. To investigate
the physiological importance of PEPT2 and for a detailed analysis of the protein expression sites, we generated
a Pept2 knockout mouse line in which the Pept2 gene was disrupted by insertion of a �-galactosidase gene under
the control of the PEPT2 promoter. The Pept2�/� mice showed no obvious phenotypic abnormalities but also
no adaptive upregulation in the expression level of related genes in the kidney. The importance of PEPT2 in
the reabsorption of filtered dipeptides was demonstrated in knockout animals by significantly reduced renal
accumulation of a fluorophore-labeled and a radiolabeled dipeptide after in vivo administration of the tracers.
This indicates that PEPT2 is the main system responsible for tubular reabsorption of peptide-bound amino
acids, although this does not lead to major changes in renal excretion of protein or free amino acids.

Cellular uptake of amino acids in peptide-bound form is a
biological phenomenon found throughout nature. The mem-
brane proteins responsible for uptake of di- and tripeptides
have been grouped into the peptide transporter (PTR) family
of proton-dependent peptide transporters (28). A common
feature of this family is that the carriers couple substrate move-
ment across the membrane to movement of protons down an
inwardly directed electrochemical proton gradient, allowing
transport of peptides against a substrate gradient.

The mammalian members of the PTR family are divided
into two subfamilies, represented by the peptide transporters
PEPT1 (SLC15A1) and PEPT2 (SLC15A2) and the peptide/
histidine transporters PHT1 and PHT2. Not much is known
about the latter except that they are able to transport di- and
tripeptides and the amino acid histidine. PHT1 was exclusively
found in brain and eye (30), although another study suggested
its presence in other tissues, including the kidney (2). PHT2
has so far only been localized in the lymphatic system (22).
Both proteins are presumably lysosomal transporters. Much
more information is available on PEPT1 and PEPT2 (for re-
views, see references 7, 17, and 20). These two peptide trans-
porters possess the capability for sequence-independent but
stereoselective transport of all possible di- and tripeptides,
including the differently charged species.

Mammalian peptide transporters also have pharmacological
importance, based on their ability to transport a large variety of
drugs, including angiotensin-converting enzyme inhibitors and

�-lactam antibiotics (for reviews, see references 13 and 20).
PEPT1 is a low-affinity transporter type with apparent affinities
in the millimolar range, and PEPT2 is a high-affinity carrier
with apparent affinities in the micromolar range for the same
substrates. Both are found mainly in apical membranes of
epithelial cells. PEPT1 is highly expressed in the small intes-
tine, with lower expression levels in the kidney and bile duct
epithelium. PEPT2 has a wider distribution within the organ-
ism, with predominant expression in the kidney but also in the
nervous system, lung, and mammary gland.

The main physiological role of the peptide transporter
PEPT1 is the absorption of bulk quantities of amino acids in
their peptide-bound form in the small intestine. The physio-
logical importance of the peptide transporter PEPT2 is less
well defined due to its wide distribution in the organism and
the lack of knowledge on di- and tripeptide concentrations in
the different compartments within the organism. In the kidney,
the two peptide transporters display a regional distribution
along the nephron (26). Both PEPT1 and PEPT2 could con-
tribute to tubular peptide reabsorption and overall amino acid
homeostasis along with several amino acid transporters also
located in the apical membrane of tubular cells (for reviews,
see references 1 and 18). PEPT1 is found in the proximal
tubule in segment S1, whereas PEPT2 is located in the proxi-
mal tubule in segments S2 and S3 (26). This sequential local-
ization of the two different transport systems probably allows
efficient reabsorption of di- and tripeptides, avoiding their loss
into urine and thereby contributing to amino acid conserva-
tion.

Based on our analysis of the mouse Pept2 gene structure and
sequence (21), we generated a knockout mouse line that lacks
a functional PEPT2 protein, which allows determination of the
physiological role of this carrier in various tissues and verifi-
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cation of its proposed role in the kidney. The Pept2�/� mice
are healthy and fertile, but after administration of tracer dipep-
tides in vivo, the knockout animals display a drastically reduced
accumulation of the hydrolysis-resistant dipeptides in the kid-
ney, confirming the predominant role of PEPT2 in renal reab-
sorption of peptide-bound amino acids.

MATERIALS AND METHODS

Animals. Mice were housed and handled according to the German guidelines,
and the studies were approved by the state ethics committee. The animals used
in all experiments were Pept2�/�, Pept2�/�, or wild-type mice with the same
mixed genetic background (C57BL/6 and 129/Sv), between 6 and 16 weeks old.
Animals were kept in a temperature-controlled environment with a 12-h light/
12-h dark cycle. They received a standard diet (1324; Altromin) and water ad
libitum.

Construction of targeting vector. The clone RCPIP711F17603Q3 was identi-
fied to contain the mouse Pept2 gene, as described previously (21). After diges-
tion with SacI, a 4.6-kb fragment containing the first exon was subcloned into
pCRII (Invitrogen). After insertion of a BamHI restriction site in the Pept2 ATG
start site, the bacterial �-galactosidase gene was cloned in frame by ligating the
lacZ cassette obtained after digestion of pGT4.5A (3). The 5� arm comprised a
2.7-kb fragment of the promoter region and the noncoding part of exon 1. The
pKSloxPNT vector created by W. Wurst (GSF, Neuherberg, Germany) contains
a selectable thymidine kinase gene and a neomycin resistance gene flanked by
loxP sites. A 1.8-kb fragment containing intron 1 was inserted in a modified
pKSloxPNT vector (with an additional XhoI restriction site). Finally, the 5� arm
with the lacZ cassette was inserted in this plasmid. In all cases, the orientation
and sequence were verified by restriction analysis and sequencing.

Targeting of Pept2 locus and generation of Pept2 knockout mice. A total of 40
�g of the linearized targeting vector was electroporated into 7 � 106 129/Sv
embryonic stem (ES) cells. Stable clones were grown under double selection by
using 200 �g of G418 per ml (Gibco) and 2 �M ganciclovir (Cytovene) (29).
Stable cell lines were tested for homologous recombination by Southern blot
analysis by using a 5� internal and a 3� external probe. The positive clones were
further tested by PCR analysis with the external 5� primer M2g-3270 (5�-GTTC
TGCTCCATTGATTGTC-3�) and the internal primer lacZ.1-R (5�-GTTCAAC
CACCGCACGATAG-3�). Three different ES cells from correctly targeted
clones were injected into C57BL/6 blastocytes and implanted into pseudopreg-
nant CD1 female mice. Chimeric males were mated to C57BL/6 females, and the
offspring animals were genotyped by Southern blot analysis. Homozygous ani-
mals were generated by matings between heterozygotes. Homozygous males
were mated with Cre recombinase-transgenic females (24).

Northern blot analysis. Total RNA from the kidney was isolated with RNAwiz
(Ambion) following the supplier’s protocol. Ten micrograms of RNA was sep-
arated by electrophoresis on a 1% agarose gel and transferred to a positively
charged membrane (Hybond N; AP Biotech). The blot was hybridized with a
PEPT2 or PHT1 [�-32P]dATP (ICN)-radiolabeled cDNA for 1 h in Express Hyb
solution (Clontech) at 68°C, followed by a high-stringency wash. After stripping
for demonstration of RNA loading, the blot was hybridized with a glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) cDNA probe.

Western blot analysis. Brush border membrane vesicles from mouse and rat
kidneys were prepared by the Mg2�/EGTA method as described previously (5).
A total of 100 �g of membrane proteins were separated by sodium dodecyl
sulfate–10% polyacrylamide gel electrophoresis (SDS–10% PAGE), followed by
transfer to a polyvinylidene difluoride membrane with a semidry blotter (Bio-
Rad). After blocking, the blot was immunostained with the PEPT2/CT (6)
antibody diluted 1:2,000 or an anti-PEPT1 antibody (14) diluted 1:100. After
washing with Tris-buffered saline, the blots were incubated with a horseradish
peroxidase-conjugated anti-rabbit immunoglobulin G antibody (1:1,000; Di-
anova) and detected by 3-amine-9-ethylcarbazole staining.

�-Galactosidase staining. Kidneys were removed from Pept2�/� mice, fixed,
and subjected to �-galactosidase staining (9). Tissues were embedded in paraffin,
and 5-�m sections were analyzed. The sections were observed under the micro-
scope (Leica Microsystems). All images were generated with Adobe Photoshop
6.0.

Uptake studies. Experiments were done in parallel for Pept2�/� and Pept2�/�

littermates of the same gender and approximately the same body weight. At 5
min after intravenous application of 100 �l of a 100 �M solution of the dipeptide
conjugate D-alanyl-L-lysine-N�-7-amino-4-methylcoumarin-3-acetic acid (D-Ala-
Lys-AMCA) (6), the mice were anesthetized and transcardially perfused for 15
min with 4% paraformaldehyde in buffer 1 (100 mM sucrose, 100 mM NaCl, 10

mM HEPES, pH 7.4) and washed for 5 min with buffer 1. The kidneys were
processed for embedding in paraffin wax, and 10-�m sections were analyzed by
confocal laser scanning microscopy (model TCS SP2; Leica).

Further uptake experiments were done by intraperitoneal administration of
0.5 �Ci of the radiolabeled dipeptide D-[3H]Phe-Ala per g of body weight with a
specific activity of 9 Ci/mmol (BioTrend). After 2 h, the animals were killed, and
the kidneys were removed and weighed. The kidneys were homogenized by
incubation overnight with 500 �l of Soluene-350 (Packard) at 50°C, and the
radioactivity in the homogenates was measured by scintillation counting (Micro-
BetaTriLux; Perkin Elmer). The results are presented as the mean 	 standard
deviation of three experiments. As a reduction in accumulation was expected, a
one-tailed unpaired Student’s t test was used to analyze the significance of the
differences of the means.

Analysis of urine samples. For the collection of urine, 12- to 16-week-old mice
were placed in metabolic cages for 24 h and deprived of food but given access to
water. The containers for the collection of urine were cooled, and 10 �l of a 10%
thymol solution in isopropanol was added as a preservative. For each mouse,
three to five 24-h urine samples were collected, stored at �20°C, and pooled
before analysis. For each sex and genotype, urine from 9 to 11 mice was collected
and analyzed. Creatinine was determined by Sigma diagnostic kit procedure no.
555 according to the manufacturer’s instructions. Urinary protein content was
determined by the Bio-Rad protein assay, following the supplier’s instructions,
with bovine serum albumin as the standard. After deproteinization of the urine
samples with sulfosalicylic acid, the amino acids were determined by ion-ex-
change chromatography on an Eppendorf Biotronic LC 3000 amino acid ana-
lyzer. All data are presented as means 	 standard deviation. A two-tailed
unpaired Student’s t test was used to analyze the significance of the differences
of the means. Statistical analysis was performed with SPSS 11.

RESULTS

Targeted disruption of Pept2 gene and phenotypic analysis.
The mouse Pept2 gene was disrupted by replacing the coding
region of exon 1 with the �-galactosidase gene via homologous
recombination in ES cells (Fig. 1A). Correct targeting of the
Pept2 locus was determined by Southern blot (Fig. 1B), and
further PCR analysis confirmed the correct recombination in
four ES clones. Chimeric mice were generated from ES cells
and mated with C57BL/6 mice, resulting in germ line trans-
mission, which was proven by Southern blot analysis (Fig. 1C).
Homozygous mice, generated by mating heterozygote mice,
were mated with Cre recombinase-transgenic mice to remove
the neo cassette, which has been described to be a possible
disturbing factor for the phenotype. The removal of the neo
cassette was proven by Southern blot analysis (Fig. 1C).

Deleted Pept2 locus is a null allele. To verify that the tar-
geting event resulted in a Pept2 null mutation, the lack of
expression of PEPT2 mRNA and protein was determined.
Northern blot and Western blot analysis showed that neither
the PEPT2 mRNA (Fig. 2A) nor the PEPT2 protein was
present in the mutant mice (Fig. 2B). We also investigated
whether an upregulation in the expression level of the other
mammalian PTR family members was detectable as a compen-
satory response to the Pept2 gene disruption. The peptide
transporter PEPT1 showed the same protein expression level
in the kidneys of knockout and wild-type mice (Fig. 2C). Sim-
ilarly, no increase in the mRNA level of the peptide/histidine
transporter PHT1 was detectable (Fig. 2D), and we were not
able to detect the peptide/histidine transporter PHT2 mRNA
in the kidney by Northern blot analysis (data not shown).

Pept2 knockout mouse as a tool to study expression of
PEPT2. The insertion of the �-galactosidase gene in the open
reading frame under the control of the Pept2 promoter allowed
us to investigate the cellular expression of �-galactosidase
which would translate into sites of PEPT2 expression in wild-
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type animals by lacZ staining. In the kidney, �-galactosidase
staining showed the expression of PEPT2 in the outer but not
the inner stripe of the outer medulla, which included the med-
ullary rays protruding into the deeper cortical regions (Fig.
2E). This expression pattern correlates with findings from pre-
vious immunolocalization studies of PEPT2 in the kidney (26).
Higher magnification demonstrated strong staining of the
proximal tubule (Fig. 2F).

Accumulation of dipeptides in the kidney is reduced in
Pept2�/� mice. To validate the loss of function of PEPT2-
mediated transport function in the kidneys of Pept2 knockout
mice, we performed two sets of experiments. As shown in Fig.
3A, after intravenous administration of the fluorophore-con-
jugated dipeptide substrate D-Ala-Lys-AMCA, we detected a
drastically reduced accumulation of fluorescence in the knock-
out animals compared to the wild-type mice. Only in the outer
cortex was a weak fluorescence detectable. In the wild-type
mice, the fluorescence was restricted to the outer medulla and
some regions of the cortex but absent in the inner medulla
(data not shown). This distribution correlates well with the
presence of the peptide transporters in the proximal tubule, as
found in immunolocalization studies. Moreover, in accordance
with previous studies that have shown that the renal tubule is
the only tissue capable of accumulating short-chain peptides
after their intravenous administration (for reviews, see refer-
ences 1 and 4), no fluorescence from D-Ala-Lys-AMCA could
be detected in any of the other tissues examined (data not
shown).

The second approach to determine the effects of the loss of
PEPT2 function on renal peptide transport was based on
the accumulation of the radiolabeled dipeptide D-[3H]Phe-Ala
in the kidney after its intraperitoneal administration. As
shown in Fig. 3B, the accumulation of this dipeptide in kidney
tissues of the knockout animals was significantly reduced. Only
35% of the amount of radiolabeled dipeptide found in wild-
type animals could be detected in the kidneys of the Pept2�/�

mice.
No significant alteration in protein and free amino acid

levels in urine after disruption of Pept2. Urine samples were
collected during a 24-h fasting period. As shown in Table 1, the
volume of urine excreted per day by the Pept2�/� mice was not
statistically different from that by the Pept2�/� mice. Urine
creatinine levels as well as the total protein-to-creatinine ratio
did not differ significantly among the different genotypes. As
PEPT2 is responsible for the tubular reabsorption of filtered
di- and tripeptides, we also analyzed whether the impaired
renal reabsorption in Pept2�/� mice causes changes in the
excretion rate of free amino acids compared to those in wild-
type mice. Table 1 gives values for all proteinogenic amino
acids that could be quantified reliably by high-pressure liquid
chromatography analysis. Although there was clearly a ten-
dency towards higher values in the ratios of almost all amino
acids to creatinine in Pept2�/� mice compared to wild-type
animals, only the ratio for leucine reached the level of signif-
icance in the case of male Pept2�/� mice (P 
 0.029).

FIG. 1. Targeted disruption of the mouse Pept2 gene. (A) Schematic representation of the genomic Pept2 locus, the targeting construct, and
the different mutated alleles. Homologous recombination of the targeting vector introduces the lacZ gene downstream of the Pept2 promoter,
deleting the coding region of the first exon and the loxP-flanked neo gene. Cre-mediated recombination in vivo produces the excision of the
neomycin resistance gene. Black boxes represent the coding exons, whereas the shaded box represents the noncoding region of exon 1. loxP sites
are indicated as solid triangles. Dashed lines show regions of identity between the locus and the targeting vector. Grey bars indicate the 5� internal
and 3� external probes used for the detection of the targeted allele by Southern blot analysis. tk, selectable thymidine kinase gene. B, BamHI; E,
EcoRI; Sc, SacI; Xh, XhoI. (B) Southern blot analysis of genomic DNA from targeted ES cells. After digestion with EcoRI and probing with the
5� internal probe, a 6.5-kb restriction fragment is diagnostic for the mutated allele (�/�), in contrast to the 3.5-kb fragment generated from the
wild-type allele (�/�) (left). With the 3� external probe and after digestion with BamHI, a 12-kb fragment indicates the mutated allele, whereas
a fragment greater than 20 kb represents the wild-type allele (right). (C) Southern blot analysis of genomic DNA from mouse tail biopsy samples
by digestion with EcoRI and hybridization with the 5� probe (left). After in vivo Cre recombination digestion with BamHI and hybridization with
the 3� probe, a 10-kb instead of a 12-kb fragment indicates the excision of the neo gene in the mutant allele (right).
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DISCUSSION

To assess the physiological role of the high-affinity-type pep-
tide transporter PEPT2, we generated a Pept2 knockout mouse
line, disrupting the Pept2 gene by replacing the coding region
of the first exon with the �-galactosidase gene. These mice
allowed us to study the phenotypic consequences of the lack of
the PEPT2 protein and the expression of the Pept2 gene in
tissues and cells by staining for lacZ. The validity of the lacZ-
mediated detection of gene expression sites was demonstrated
by the good correlation of the expression data obtained based
on �-galactosidase gene activity and previously performed im-
munolocalization studies. Following the submission of our
manuscript, a similar mouse line lacking the Pept2 gene was
reported, showing that the lack of PEPT2 markedly reduced
the transport of a model dipeptide in the choroid plexus epi-
thelium without other physiological impairments (27).

In view of renal handling of peptides, it is generally accepted
that the peptide transporters PEPT1 and PEPT2 contribute to
amino acid homeostasis in the organism along with several
classes of amino acid transporters that are also located in the
apical membrane of tubular cells (for reviews, see references 1

and 18). Di- and tripeptides are delivered to PEPT1 and
PEPT2 in renal epithelial cells either by surface hydrolysis of
larger oligopeptides or by glomerular filtration. Data from
animal studies suggest that up to 50% of circulating plasma
amino acids might be peptide bound and that 25 to 50% could
be di- and tripeptides (8, 25). However, the composition of this
di- and tripeptide fraction circulating in plasma or provided in
the filtrate is not known. Only a very few individual di- and
tripeptides have been identified in plasma, and their concen-
trations appear to vary between 0.1 nM and around 50 �M (16,
19, 31). In this concentration range, PEPT2, based on its ap-
parent high affinity, most probably plays the predominant role
in the reabsorption of these peptides.

By the administration of two hydrolysis-resistant model
dipeptides in vivo, we demonstrated that the lack of PEPT2
impairs their tubular uptake. The fluorophore-conjugated
dipeptide D-Ala-Lys-AMCA has been shown to be transported
by both mammalian peptide transporters (6, 11). Intravenous
administration of this tracer with a calculated blood concen-
tration of 5 �M showed that PEPT2 plays the predominant
role in its renal reabsorption. In Pept2 knockout animals no
fluorescence was detectable in the regions where PEPT2 is
normally expressed. Moreover, almost no fluorescence could
be detected in the outer cortex, known as the site of PEPT1
expression. The 3H-labeled dipeptide D-Phe-Ala is frequently
used as a model substrate, with an apparent Km of 1.1 mM for
PEPT1 and an apparent Km of 143 �M for PEPT2 (6). Al-
though its affinity for PEPT2 is fairly low, PEPT2 is obviously
more important than PEPT1, as the reduction in the renal
accumulation of D-Phe-Ala after intraperitoneal administra-
tion was reduced to 35% of that in control animals. These
observations demonstrate for the first time in vivo that PEPT2

FIG. 2. Mutated Pept2 allele is a null allele, and no compensatory
upregulation is found in related genes. (A) Northern blot analysis with
RNA isolated from the kidneys of wild-type (�/�) and Pept2 knockout
(�/�) mice. The 4-kb fragment corresponding to the PEPT2 mRNA
was not detectable in the RNA from the Pept2 knockout mice. The blot
was stripped and rehybridized with a glyceraldehyde-3-phosphate de-
hydrogenase probe as a loading and quality control (1.2-kb fragment).
(B) Western blot analysis showing the absence of the PEPT2 protein in
the kidney. The 100-kDa protein corresponding to the PEPT2 protein
was not detectable in the knockout mice. The blot was probed with an
antibody directed against actin as a quality and quantity control (42-
kDa fragment). (C) Western blot analysis showing no increase in the
PEPT1 protein level in the kidney. No differences were detected in the
intensity of the 75-kDa band, which corresponds to the PEPT1 protein.
The blot was probed with an antibody directed against actin as a
quality and quantity control (42-kDa fragment). (D) Northern blot
analysis showing no increase in the PHT1 mRNA level in the kidney.
No differences were detected in the intensity of the 2.9-kb band which
corresponds to the PHT1 RNA. The blot was striped and rehybridized
with a glyceraldehyde-3-phosphate dehydrogenase probe as a loading
and quality control (1.2-kb fragment). (E) Tissue overview after LacZ
staining of kidney from adult Pept2�/� mice and slices (F). Bar, 80 �m.

FIG. 3. Reduced renal accumulation of a fluorophore-conjugated
dipeptide (A) and a radiolabeled-dipeptide (B) in Pept2 knockout
mice. (A) In kidney slices obtained from wild-type (�/�) mice after
intravenous injection of D-Ala-Lys-AMCA, fluorescence was detect-
able in selected tubular structures of the cortex and outer medulla,
whereas in slices from the Pept2 knockout (�/�) mice, only very weak
fluorescence was detectable in the outer cortex. Bottom, light micros-
copy pictures of the corresponding kidney sections. Bar, 80 �m. (B) In
kidney homogenates prepared from Pept2 knockout mice (�/�) and
wild-type animals (�/�), accumulation of radioactivity after intraperi-
toneal administration of D-[3H]Phe-Ala was significantly (*, P � 0.05)
reduced.
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plays the predominant role in renal peptide reabsorption, as
suggested by studies with renal brush border membrane vesi-
cles (15).

The renal zonation and the different affinities and transport
capacities of the two transporters in concert may allow maxi-
mal reabsorption capacity and highest efficiency for conserva-
tion of peptide-bound amino acids. The low-affinity, high-ca-
pacity PEPT1 system may handle a higher peptide load,
whereas the high-affinity, low-capacity PEPT2 system domi-
nates at physiological substrate concentrations and was shown
here to be the prime transport pathway for this concentration
of tracer peptides. These findings are of importance for the
metabolism of biologically active di- and tripeptides and the
pharmacokinetics of drugs and prodrugs of which renal reab-
sorption by the peptide transporters alters their kinetics (for
reviews, see references 13 and 20).

What are the consequences of impaired renal reabsorption
of peptide-bound amino acids in animals lacking a PEPT2
protein? We analyzed the urinary excretion of amino acids,
total protein, and creatinine in the knockout mice in compar-
ison to the wild-type and heterozygous mice and observed no
significant alterations between the genotypes. Although there
was clearly a tendency for an increased amino acid-to-creati-
nine ratio for most of the free amino acids analyzed (for ex-
ample, glycine and leucine excretion rates were 35% and 31%
higher), significance was only reached in the case of leucine.
Therefore, renal excretion of amino acids and amino acid
nitrogen is only modestly altered by the lack of PEPT2. This
may be due to further hydrolysis of the peptides not taken up
by PEPT2 by brush border membrane-bound peptidases (12,
23) to free amino acids, which in turn could be taken up by the
various amino acid transporters present in the brush border
membranes of renal epithelial cells (for a review, see reference
18). By that route, enhanced absorption of free amino acids
would compensate for the lack of peptide transport, and the
amount of free amino acids found in urine would not neces-
sarily be increased while maintaining renal amino nitrogen
reabsorption.

In conclusion, the disruption of the peptide transporter
PEPT2 in mice demonstrates in vivo its importance in the renal
reabsorption processes involved in clearance of di- and tripep-
tides and pharmacologically relevant peptidomimetic drugs.
Moreover, the insertion of the �-galactosidase gene under the
control of the Pept2 promoter in the Pept2 knockout mouse
line confirmed its zonal expression in the kidney. Although the
contribution of PEPT2 to peptide transport in the choroid
plexus epithelium has also recently been demonstrated in mice
lacking the gene, the overall nutritional and pharmacological
role of the PEPT2 carrier protein remains to be determined.
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