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The mammalian peptide transporters PEPT1 and
PEPT2 are energized by a transmembrane electro-
chemical H* gradient and exhibit similar broad sub-
strate specificity. These transporters however differ in
their affinity for substrates, PEPT1 being a low-affinity
transporter and PEPT2 being a high-affinity trans-
porter. To identify the substrate binding domain in
PEPT1 and PEPT2 which is responsible for the dif-
fering affinities, we constructed a series of PEPT1-
PEPT2 and PEPT2-PEPTL1 chimeras using an in vivo
restriction site-independent procedure and deter-
mined their substrate affinities. A comparison of these
kinetic data for different chimeras with those of the
wild-type PEPT1 and PEPT2 in conjunction with the
specific structural PEPT1/PEPT2 crossover regions in
these chimeras has led to the identification of a puta-
tive substrate binding site, which is comprised of the
transmembrane domains 7, 8 and 9 of the transporters.
© 1998 Academic Press

Mammalian peptide transporters (PEPTSs) play an im-
portant role in the absorption and reclamation of small
peptides in the epithelial cells of intestinal tract and
kidney tubules (1-3). A comprehensive knowledge con-
cerning the structure and function of the PEPTs has
been obtained in recent years through biochemical and
molecular biological studies (4, 5). These studies have
led to the identification of two distinct peptide transport-
ers, PEPT1 and PEPT2, expressed in the intestine and
kidney (6-13). These transporters are unique in mam-
malian systems due to their dependence on a transmem-
brane H* gradient rather than a Na* gradient as the
driving force. In addition to their natural substrates,
the mammalian PEPTSs are also capable of transporting
several pharmacologically active compounds including
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B-lactam antibiotics, the antitumor agent bestatin, an-
giotensin converting enzyme inhibitors, and renin inhib-
itors (1-5). The potential for nutritional, clinical, and
therapeutic applications of the PEPTs necessitates a
clear understanding of the molecular aspects of the car-
rier proteins responsible for this process.

PEPT1 as well as PEPT2 possess 12 transmembrane
domains (TMD) and exhibit significant homology at the
level of amino acid sequence. The amino acid sequence
in the intra- or extracellular loops is more divergent
than that in the putative TMDs (4). Functionally,
PEPT1 and PEPT2 have very similar substrate speci-
ficity, recognizing a wide variety of di-, tri- and tetera-
peptides. However, Kinetic analysis has revealed that
PEPT1 and PEPT2 differ in their affinity for the pep-
tide substrates, the former being a low-affinity type
and the latter a high-affinity type. This difference in
the substrate affinity is likely to be a result of varia-
tions in the structure of the substrate binding domain
of the two transporters.

To identify the putative substrate binding domain in
PEPT1 and PEPT2, we generated a series of PEPT1-
PEPT2 and PEPT2-PEPT1 chimeras and analyzed
their substrate affinities. These studies have demon-
strated that the putative substrate binding domain in
PEPT1 as well as in PEPT2 lies in the region which is
comprised of the TMDs 7, 8, and 9.

MATERIALS AND METHODS

“Head-to-tail” tandem dimer construction containing both hPEPT1
and rPEPT2 cDNA inserts. We used an in vivo restriction site-
independent procedure to generate PEPT1-PEPT2 and PEPT2-
PEPT1 chimeras. This method was originally described for the con-
struction of adenylate cyclase chimeras (14) and subsequently ap-
plied successfully for the construction of chimeras of monoamine
transporters (15, 16). To prepare recipient plasmid DNA, the
hPEPT1 plasmid DNA (pBluescript-based) was double-digested with
unique cutters, Notl and Smal. The rPEPT2 plasmid DNA (pSPORT-
based), was also digested with the same restriction enzymes. The
Smal restriction site is located on the 5’-end within the vector
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(pPSPORT). Here, we took advantage of the differential distribution
of the restriction sites in the parental plasmid DNAs. The 3.9 kb Notl/
Smal donor fragment from rPEPT2 was gel-purified, and ligated to
the hPEPT1 recipient DNA fragment to create a T7-hPEPT1-rPEPT2
dimer in which the dimer insert is located downstream of the T7
promoter in the pBluescript vector. A similar procedure was used to
create another dimer (T7-rPEPT2-hPEPT1) of opposite orientation
with respect to hPEPT1 and rPEPT2 in the pBluescript vector. The
3.9 kb donor fragment from rPEPT2 was prepared by Sall and SnaBI
double-digestion; the recipient plasmid DNA was generated by Sal |
and Pmll double-digestion of plasmid hPEPT1. Both SnaBl and
Pml I are the blunt-end cutters and created compatible ends in the
donor and the recipient for ligation. Transformation and plasmid
isolation were performed according to a standard procedure (16).

Dimer linearization and transformation. A unique cutter, Smal,
located between hPEPT1 and rPEPT2 in the T7-hPEPT1-rPEPT2
dimer, was selected to linearize this construct. Similarly, a unique
cutter Pflll, located beteeen rPEPT2 and hPEPT1 in the T7-rPEPT2-
hPEPT1 dimer, was used to linearize this construct. Following the
linearization of the dimers, the DNA was dephosphorylated with calf
intestinal alkaline phosphatase (Promega, Madison, WI) to avoid re-
circularization in the subsequent transformation procedure. Maxi
DH10B competent cells (Gibco, BRL, Gaithersburg, MD) were used
as a host strain for the heat-shock transformation protocol. Bacteria
culture and plasmid DNA preparation followed a standard protocol
(16). Potential monomeric clones were selected by 0.8% agarose gel
electrophoresis and their sizes compared with a standard supercoiled
plasmid DNA ladder (Gibco, BRL, Gaithersburg, MD) electropho-
resed in parallel. Diagnostic restriction enzyme digestion was per-
formed to predict different switch points in the recombinant mono-
mers. The precise crossover points were confirmed by DNA sequenc-
ing performed in an automatic DNA sequencer (Applied Biosystems,
Foster City, CA).

Screening of the chimeric cDNA library. Potential monomeric
clones were screened for their transport activity in a vaccinia/T7
expression system as described previously (8, 9). In brief, subcon-
fluent HelLa cells were first infected with a recombinant (VTF;.3)
vaccinia virus encoding the T7 RNA polymerase and then transfected
with the monomer plasmid DNAs. After 8-10 hours post-transfection,
transport measurements were made with [2-**C]glycyl-[1-**C]-
sarcosine (Gly-Sar, specific radioactivity 109 mCi/mmol, Cambridge
Research Biochemicals, Wilmington, DE). The uptake medium was
25 mM Mes/Tris (pH 6.0) containing 140 mM NacCl, 5.4 mM KCI, 1.8
mM CacCl,, 0.8 mM MgSO, and 5 mM glucose. A negative control
(HeLa cells transfected with the pBluescript vector alone) and a posi-
tive control (HeLa cells transfected with pBluescript hPEPT1 cDNA)
were always included for comparison.

cRNA preparation and oocyte injection. In vitro transcription of
the chimeric plasmid DNA was performed after linearization of the
template DNA by a restriction endonuclease (Notl) digestion at a
downstream position from the 3’-end of the poly(A) tail. The tran-
scription was carried out using bacteriophage T7 RNA polymerase.
RNAase inhibitor and mRNA cap analog (7-methyldiguanosine tri-
phosphate [mG(5")ppp(5')G] were included. cRNA capping was
achieved simultaneously by including the mRNA cap analog (Ambion
Inc., Austin, TX). The DNA template in the reaction mixture was
removed by digestion with an RNase-free DNase following the in
vitro transcription. Final concentration of the synthetic cRNA was
adjusted based on quantification by UV spectrophotometry and the
integrity was verified by electrophoresis.

Oocytes, isolated from Xenopus laevis (Nasco, Fort Atkinson, WI),
were subjected to a partial digestion with collagenase A, 1.6 mg/mli
(Boehringer Mannheim, Indianapolis, IN), in a calcium-free buffer
for 30 minutes at room temperature, and manually defolliculated.
Defolliculated mature (stage V-VI) oocytes were selected and main-
tained at 18°C in modified Barth’'s medium with 10 pg/ul gentamicin
sulfate. Oocytes were injected 1 day after isolation with approximately
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50 ng of the cRNA derived from the plasmid DNA encoding the paren-
tal or chimeric peptide transporters, and incubated at 18°C until the
experiment was carried out as previously described (6, 17, 18).

Electrophysiologic studies. Conventional two-microelectrode volt-
age clamp (TEVC) method was used to study the kinetics of the
peptide transporters expressed in oocytes. The membrane potential
was clamped at —50 mV as previously described (6, 17, 18). Electro-
physiologic measurements were made 5-10 days after injection. A
standard transport assay buffer (100 mM NaCl-2 mM KCI-1 mM
MgCl,-1 mM CacCl,-3 mM HEPES-3 mM MES-3mM Tris, pH 5.5)
was used as the bath solution. The recording chamber was perifused
with the bath solution and the testing substrates, applied at the
desired concentration. Acquired data were fitted to the following
equation, | = 1,5(S)"[(Kos)" + (S)"], where I is the substrate-evoked
current, .« is the derived current maximum, [S] is the substrate
concentration applied, n is the Hill coefficient, and K5 is the Michae-
lis-Menten constant, or the substrate concentration at which current
is half-maximal (17, 18). Kinetic analyses were performed using the
software SigmaPlot (Jandel Scientific, San Rafael, CA). Substrates
were purchased from Sigma (St. Louis, MO).

To investigate the membrane potential dependence of the trans-
porter activity, step changes to the testing potentials (V;) from the
holding potential (Vy,) were achieved by a voltage clamp amplifier
(GeneClamp 500, Axon Instruments, CA) controlled by the Clampex
computer program of pCLAMP software version 6.0 (Axon Instru-
ments, CA), each for a duration of 100 ms (from +50 mV to —150
mV in 20 mV increments). First, the voltage-jumping protocol was
applied in a substrate-free solution, then after superfusing 2-5 min-
utes, with the test solutions. The substrate-induced current at each
test potential was taken as the difference between the steady-state
currents, recorded at the end of each voltage pulse, in the presence
and absence of the substrate. The current was low pass filtered at
500 Hz by a built-in Bessel filter in the amplifier, digitized at 50 us/
point, and were averaged from three sweeps (6, 17, 18).

RESULTS AND DISCUSSION

hPEPT1 exhibits robust activity in Xenopus leavis
oocytes as assessed by electrophysiologic approaches
(17, 18). hPEPT2 exhibits severalfold lower activity
in the same experimental system. However, rPEPT2
which we have recently cloned from rat brain has con-
siderably much higher activity than hPEPT2. There-
fore, we selected hPEPT1 and rPEPT2 for the genera-
tion of chimeras. Two chimeric cDNA libraries with
different configurations (T7-hPEPT1-rPEPT2 and T7-
rPEPT2-hPEPTL1) were established by transformation
of the competent cells (DH10B) with linearized paren-
tal dimers. Plasmid DNA was prepared from the
transformants. The potential in vivo monomerization
was determined by a rapid mini-gel electrophoresis
method using a supercoiled plasmid DNA standard as
a size marker. The in vivo monomer formation effi-
ciency ranged between 10 and 30% in different trans-
formation experiments. Approximately 30—40 mono-
mers from each chimeric cDNA library were selected
for assessment of transport function using the vac-
cinia/T7 expression system. Several clones were found
to exhibit transport activity. The crossover point be-
tween hPEPT1 and rPEPT2 in these functional chime-
ras was determined tentatively based upon their
unique restriction patterns in the diagnostic test. Fi-



Vol. 246, No. 1, 1998

Chimera HR3

Chimera HR1 Chimera HR4

Chimera HR2
Chimera HRS

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Chimera RH1

Chimera RH2

FIG. 1. Chimeric PEPTs composed of different domains derived from the parental hPEPT1 and rPEPT2.

nally, seven clones were selected, five with the T7-
hPEPT1-rPEPT2 configuration (designated as HR1,
HR2, HR3, HR4 and HR5) and two with the T7-
rPEPT2-hPEPT1 configuration (designated as RH1
and RH2) and each of theses clones possessed distinct
crossover points. These crossover regions were con-
firmed by DNA sequencing. Since the crossover re-
gions have a stretch of sequence that is identical to
the sequence of the particular regions in hPEPT1 and
rPEPT2, the exact crossover points could not be deter-
mined. Therefore, the crossover points are arbitrarily
assigned in the middle of the amino acid stretches,
which could be derived from either of the parental
clones (Fig. 1). The N-terminus of the chimeras HR1
through HR5 is composed of the first 11, 92, 6, 12 and
1 transmembrane domains (TMD) with the corre-
sponding intra- and extracellular loops between TMDs
derived from hPEPTL, respectively. The rest of TMD
and loops are derived from rPEPT2. The C-terminus
of the chimeras RH1 and RH2 possesses the last 1
and 12 TMDs derived from hPEPT1, respectively. The
remaining portions of these clones are derived from
rPEPT2.
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A prototypical substrate for peptide transporters, Gly-
Sar, was used in the transport kinetic analysis for the
engineered multiple chimeric PEPTs. Since the sub-
strate-induced current maximum (l,.) in the PEPT-
expressing oocytes is not only dependent on transport
velocity, but also on the transporter density expressed
on the oocyte plasma membrane, we have focused only
on the apparent affinity (Kys) in the kinetic analysis.
Initial kinetic analysis with TEVC protocol enabled us
to categorize the chimeras into two groups according to
their apparent affinity for Gly-Sar at pH 5.5. The low-
affinity group, chimeras HR1 and HR2, showed an ap-
parent affinity for Gly-Sar (K§3), within a range similar
to those of hPEPTL1 at all the testing membrane poten-
tials from —50 mV to —110 mV. The high-affinity group,
chimeras HR3, HR4, HR5, RH1 and RH2, showed K§2
values similar to those of rPEPT2. Since the K§: values
for all the clones in each group were almost identical,
we have chosen chimera HR2 as the representative of
the low-affinity group and chimeras HR3 as the repre-
sentative of the high-affinity group.

Fig. 2 describes the relationship between Gly-Sar
concentration and Gly-Sar-induced current at a testing
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FIG. 2. Substrate-induced currents as a function of the substrate concentration. The substrate (Gly-Sar) induced-currents (I) in the
PEPT-expressing oocytes are shown as a function of the bath-applied substrate concentrations [GS] at a testing membrane potential (Viest),
—110 mV. The inserts in each panel are the Eadie-Hofstee transformations of the corresponding data. The apparent affinity for Gly-Sar,
K§2, was calculated by both non-linear and linear regression methods.

membrane potential of —110 mV for the parental clones
hPEPT1 and rPEPT2 and the representatives of the
low-affinity group (chimera HR2) and high-affinity
group (chimera HR3). In each case, the substrate-in-
duced current was saturable with respect to substrate
concentration and the relationship obeyed a transport
model describing a single saturable transport system.
This was confirmed by nonlinear regression analysis
as well as by linear regression analysis. The K&z for
hPEPT1 was 1.7 + 0.1 mM. The corresponding value
for chimera HR2, which is the representative of the
low-affinity group, was 1.4 + 0.4 mM. The K§2 for
rPEPT2 was 0.35 = 0.04 mM. The corresponding value
for chimera HR3, which is the representative of the
high-affinity group, was 0.34 = 0.04 mM. Thus, the
substrate affinity of chimera HR2 was similar to that
of hPEPT1 whereas the substrate affinity of chimera
HR3 was similar to that of rPEPT2.
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Since the maximal induced current (l,,,,) varied from
oocyte to oocyte due to changes in the level of the heter-
ologous expression of the PEPTs, we normalized the
Imax for each of these four clones and analyzed the sub-
strate saturation data by the Eadie-Hofstee method
(Fig. 3A). It is readily apparent that the slope of the
line representing the data for chimera HR2 is almost
identical to that of the line representing hPEPT1. Simi-
larly, the slope of the line representing the data for
chimera HR3 is nearly the same as that of the line
representing rPEPT2. Since the slope of the line pro-
vides the K§2 value, it is clear that the substrate affin-
ity of chimera HR2 is similar to that hPEPT1 whereas
the substrate affinity of chimera HR3 is similar to that
of rPEPT2.

We also determined the KSE values for these clones
at different testing membrane potentials (—50, —70,
—90, and —110 mV). At each of these membrane poten-
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FIG. 3. Apparent affinities (K§2) of chimeras HR2 and HR3 and the parental hPEPT1 and rPEPT2. A. Edie-Hofstee plots for the chimeric
and parental transporters after normalization of the maximal current |, to adjust for differences in the efficiency of expression in different
oocytes. B. K§2 of the chimeric and the parental transporters as a function of the testing membrane potential, V.

tials, chimera HR2 behaved like hPEPT1 and chimera
HR2 behaved like rPEPT2 (Fig. 3B) with respect to
substrate affinity. In all cases, the K§2 value was found
to be influenced by the testing membrane potential, the
value becoming larger at hyperpolarizing membrane
potentials. This characteristic was observed for all of
the chimeras belonging to the low-affinity group and
the high-affinity group (data not shown).

From these kinetic studies of the chimeras, it is ap-
parent that substitution of the last 23 TMDs of hPEPT1
with the corresponding TMDs of rPEPT2 does not lead
to any detectable change in substrate affinity. This is
inferred from the findings that the K§2 values for chi-
meras HR1 and HR2 are similar to the K& value for
hPEPT1. With respect to rPEPT2, substitution of the
first 13 TMDs or the last 13 TMDs with the correspond-
ing TMDs of hPEPT1 does not alter the substrate af-
finity. This is inferred form the data showing that the
chimeras HR4, HR5, RH1 and RH2 behave like
rPEPT2 with respect to substrate affinity.

The most interesting finding comes from the data
obtained with chimeras HR2 and HR3. Chimera HR2
possesses the first 93 TMDs of hPEPT1 and the last
23 TMDs of rPEPT2. This chimera exhibits low-affinity
for Gly-Sar similar to hPEPT1. Chimera HR3 possesses
the first 6 TMDs of hPEPT1 and the last 6 TMDs of
rPEPT2. This chimera, in contrast to chimera HR2,
exhibits high-affinity for Gly-Sar similar to rPEPT2.
Since the difference between the two chimeras lies in
the region comprising the TMDs 7, 8 and the large
extracellular loop between TMDs 9 and 10, this region
seems to play a crucial role in the determination of the
substrate affinity. If this particular region is derived
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from hPEPTL1, the chimera behaves like hPEPT1 with
low-affinity for Gly-Sar. On the other hand, if this re-
gion is derived from rPEPT2, the chimera behaves like
rPEPT2 with high-affinity for Gly-Sar.

One of the most important differences with respect
to the amino acid sequence of PEPT1 and PEPT2 is the
large extracellular loop between M9 and M10. In this
loop, the sequence identity was only 21% between
PEPT1 and PEPT2. It may therefore seem that the
differences in the characteristics of the PEPTs are
likely to be associated with this loop. A recent study
by Doring et al (19) has however shown that this extra-
cellular loop is not a major determinant of the differen-
tial transport characteristics of PEPT1 and PEPT2.
These investigators constructed a chimera, CH1Pep,
using a restriction site dependent strategy. The chi-
mera was composed of the N-terminal part from the
rabbit PEPT2 (amino acid residues 1-401) and the C-
terminal part from TMD 9 downwards including the
loop between TMD 9 and 10 (amino acid residues 402-
707) of the rabbit PEPT1. This chimera was found to
behave like PEPT2, leading to the conclusion that the
large extracellular loop between TMDs 9 and 10 does
not play any significant role in determining the sub-
strate affinity of PEPTs. The results from our present
studies together with the results for the studies by Dor-
ing et al (19) suggest that the region in PEPT1 and
PEPT2 comprising the TMDs 7, 8 and 9 with their in-
between loops constitute the putative substrate bind-
ing site in these transporters.

Previous studies have shown that an obligatory histi-
dyl residue (His-57 and His-87, in hPEPT1 and
rPEPT2, respectively) is located near the extracellular
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surface of the second putative transmembrane domain
and that this residue plays an important role in the
transport function of PEPTs (18, 20). Replacement of
this essential histidyl residue by other amino acids re-
sults in a loss of the transport activity of PEPTs. Chem-
ical modification of this histidyl residue can however
be protected in the presence of peptide substrates (21,
22), even though chemical modification leads to a de-
crease in the maximal velocity of the transport process
without affecting the affinity for peptide substrates
(23). It is possible that this histidyl residue is located
sterically close to the putative substrate binding site.
Such proximity between the histidyl residue present
near TMD2 and the putative substrate binding site
present in the region consisting the TMDs 7, 8 and 9
is possible in the three dimensional topology of these
transporters.

In summary, through a Kkinetic data analysis of the
chimeric peptide transporters composed of different do-
mains from the parental hPEPT1 and rPEPT2, we con-
clude that the putative substrate binding site in mam-
malian PEPTSs resides in the region which is comprised
of the TMDs 7, 8 and 9. This finding could be a first
step towards a better understanding of the structure—
function relationship in the case the mammalian pep-
tide transporters and may have significant pharmaco-
logical relevance for the improvement in the design of
peptidomimetic drugs.
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