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The Arabidopsis di- and tripeptide transporters AtPTR1 and
AtPTR5 were expressed in Xenopus laevis oocytes, and their
selectivity and kinetic properties were determined by voltage
clamping and by radioactive uptake. Dipeptide transport by
AtPTR1 and AtPTR5 was found to be electrogenic and de-
pendent on protons but not sodium. In the absence of dipep-
tides, both transporters showed proton-dependent leak cur-
rents that were inhibited by Phe-Ala (AtPTR5) and Phe-Ala,
Trp-Ala, and Phe-Phe (AtPTR1). Phe-Ala was shown to reduce
leak currents by binding to the substrate-binding site with a
high apparent affinity. Inhibition of leak currents was only ob-
served when the aromatic amino acids were present at the N-
terminal position. AtPTR1 and AtPTR5 transport activity was
voltage-dependent, and currents increased supralinearly with
more negative membrane potentials and did not saturate. The
voltage dependence of the apparent affinities differed between
Ala-Ala, Ala-Lys, and Ala-Asp and was not conserved between
the two transporters. The apparent affinity of AtPTR1 for
these dipeptides was pH-dependent and decreased with de-
creasing proton concentration. In contrast to most proton-
coupled transporters characterized so far, �Imax increased at
high pH, indicating that regulation of the transporter by pH
overrides the importance of protons as co-substrate.

Transporters for di- and tripeptides are found in bacteria,
fungi, plants, and animals (1–4). The majority of the bacterial
peptide transporters characterized so far belong to the ATP-
binding cassette transporter family (5). Some prokaryotic as
well as most of the di- and tripeptide transporters of eu-
karyotes are members of the PTR5/NRT1 (peptide transport-
er/nitrate transporter 1) family (1, 3), which belongs to the
major facilitator superfamily (6). In plants, the PTR/NRT1

gene family is much larger than in other kingdoms and con-
sists of 53 genes in Arabidopsis (3). Functional di-/tripeptide
transport has been shown for members from Arabidopsis
(AtPTR1, AtPTR2, AtPTR3, and AtPTR5 (2, 3, 7)), faba bean
(VfPTR1 (8)), barley (HvPTR1 (9)), and Hakea actites
(HaPTR4 (10)). For most plant PTR/NRT1 proteins, the sub-
strate selectivity has not been determined yet, but it is clear
that some transport substrates other than peptides. For exam-
ple, various Arabidopsis PTR/NRT1 members mediate low
affinity uptake or export of nitrate (3, 11). Furthermore, a ni-
trate/histidine transporter from Brassica napus (BnNRT1;2
(12)) and a carboxylate transporter from alder were function-
ally characterized (13), and a chloroplast nitrite transporter
was described (14).
In other kingdoms, only a few members of the PTR/NRT1

family are present, which primarily mediate proton-coupled
transport of di- and tripeptides, as well as structurally related
compounds (15). In mammals, four peptide transporters
(PepT1, PepT2, PHT1, and PHT2) show 21–28% amino acid
identity to AtPTR1, AtPTR2, and AtPTR5, whereas sequence
identity among these three plant transporters is 59–74% (sup-
plemental Table 1). Two of the four mammalian peptide
transporters mediate transport of free histidine, in addition to
di- and tripeptides (16). The transporters from rat and human
have been investigated in detail; one of the mammalian trans-
porters mediates uptake of peptides in the small intestine
functioning as a main pathway for the absorption of dietary
nitrogen (17). Moreover, mammalian PEPT1 and PEPT2 also
transport modified peptides, including �-lactam antibiotics,
enzyme inhibitors, and other peptide-like drugs (15).
Studies on the substrate selectivity of PEPT1 and PEPT2,

using peptides with proteinogenic amino acids and natural
peptides, as well as pharmacologically interesting compounds
with a similar structure (�350 different compounds (15)),
confirmed the predicted low selectivity. That work also re-
vealed important features of compounds to be recognized as
substrates by PEPT1 and/or PEPT2 (15, 16). The substrate
selectivity of plant peptide transporters has been investigated
only for Arabidopsis AtPTR1 and AtPTR2, which, like the
mammalian transporters, recognize a large number of di- and
tripeptides with moderate to high apparent affinity (18–20).
Affinity of AtPTR2 is dependent on both the N- and C-termi-
nal amino acids and is largely independent of the membrane
potential (18). Chiang et al. (18) also established that AtPTR2
transports peptides and protons simultaneously by a random
binding mechanism.
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Transporters for di/tripeptides have important functions in
plants. Experiments using antisense repression of AtPTR2
showed the importance of peptide transport for flowering and
seed development (21). Furthermore, work with knock-out
mutants (atptr1 and atptr5) and overexpression lines (35S-
AtPTR5) demonstrated that AtPTR5 facilitates peptide trans-
port into germinating pollen and possibly into maturating
pollen, ovules, and seeds and provided evidence that peptide
transporters facilitate uptake of nitrogen from the rhizos-
phere (7). These physiological functions indicated a role in
transport of protein degradation products, which is consistent
with the low selectivity of these transporters for different di-
and tripeptides.
Detailed knowledge of transport characteristics and kinet-

ics is essential to understand the physiological role in planta.
Here, we report the comprehensive characterization of the
biochemical properties of AtPTR1 and AtPTR5 using heterol-
ogous expression in Xenopus oocytes and two-electrode volt-
age clamping (TEVC). The results show functional similarities
and differences between these two peptide transporters as
well as profound differences compared with the properties of
AtPTR2.

EXPERIMENTAL PROCEDURES

cRNA Synthesis—The AtPTR5 cDNA was isolated from
pUC18-GFP5Tsp (7) using BglII and SalI, blunt-ended using
Klenow, and inserted into the SmaI site of pBF1 (22). The re-
sulting construct as well as pOO2-AtPTR1 (19) was linearized
using MluI. cRNA was synthesized using the Ambion Sp6
mMessage mMachine kit (Ambion, Austin, TX).
Preparation of Oocytes—Stage V or VI oocytes from Xeno-

pus laevis females were surgically removed, manually sepa-
rated into clusters of around 10 oocytes, and defolliculated by
incubation in 5 ml of Barth’s solution containing 11–50 mg of
collagenase for 1.5 to 3 h at room temperature. When �70%
of the oocytes were separated, collagenase solution was re-
moved, and the oocytes were washed six times with 1 mg
ml�1 BSA in Barth’s solution (88 mM NaCl, 1 mM KCl, 0.33
mM Ca(NO3)2, 0.41 mM CaCl2, 82 mM MgCl2, 2.4 mM

NaHCO3, 10 mM HEPES, pH 7.6, with NaOH).
RNA Injection—Oocytes were injected with 50 nl of cRNA

(50 ng) and stored in Barth’s solution containing 50 �g ml�1

gentamycin, 100 �g ml�1 streptomycin, and 100 units ml�1

penicillin at 15 °C. Recordings were done 4–6 days after
injection. Pipettes for injection and recording were pulled
using a model P-30 or P-87 puller (Sutter Instrument Co.,
Novato, CA).
Setup—1.5-mm (outer diameter) thin wall borosilicate glass

(Warner Instrument Corp., Hamden, CT) was used for re-
cordings. Pipettes were filled with 1 M KCl and connected to
the head stage with a chlorided silver wire. Pipette resistance
was 1.5–3.5 megohms in modified Ringer’s solution (115 mM

NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM MES for
pH 5.5 to pH 6.5, 5 mM HEPES for pH 7 to pH 8.5, 5 mM

CHES for pH 9 to pH 10).
Experiments to determine co-transport of Na� were per-

formed in buffer containing 1.8 mM CaCl2, 1 mM MgCl2, 5 mM

MES (for pH 5.5) or 5 mM HEPES (for pH 7.5) and NaCl and

choline chloride in the following concentrations: 0 mM

NaCl buffer (0 mM NaCl, 117 mM choline chloride), 50 mM

NaCl buffer (50 mM NaCl, 67 mM choline chloride), 100
mM NaCl buffer (100 mM NaCl, 17 mM choline chloride).
Substrates were added to the buffer solutions as indicated,
and the necessary pH adjustments were made. All peptide
substrates were purchased from Bachem (Burgdorf,
Switzerland).
TEVC was done using a Dagan TEVC-200A amplifier

(Dagan Corp., Minneapolis, MN) or a Warner oocyte clamp
OC-725C (Warner Instrument Corp., Hamden, CT). Currents
were recorded via an LM12 interface (Dagan Corp.) using
Clampex (Axon Instruments Inc., Union City, CA).
Two protocols were used to measure steady-state inward

currents. (i) The oocyte membrane potential was clamped at
�40 mV, and currents induced in response to the addition of
peptides were continuously monitored by using a chart re-
corder or MiniDigi 1A/Axoscope 9.2 (Axon Instrument
Corp., Union City, CA). (ii) The oocyte plasma membrane
was held at �40 mV, and membrane currents were measured
after stepping from the holding potential (Vh) to test poten-
tials (Vm) between �140 and �20 mV in 20-mV increments.
Each voltage pulse was applied for 250 ms. Currents were fil-
tered at 5000 Hz. Steady-state peptide-induced currents were
obtained by calculating the amplitude of steady-state currents
between 160 and 200 ms using Clampfit. Steady-state cur-
rents in the absence of substrate were measured before and
after supplying the peptide. The two datasets were averaged
and subtracted from the data obtained in the presence of sub-
strate. Currents were normalized to currents for 500 �M Ala-
Ala (at pH 5.5) determined before each experiment to account
for different expression levels between oocytes.
The effects of substrate concentration on the steady-state

kinetics were determined by nonlinear curve fitting of the
induced currents (I) to the Michaelis-Menten Equation 1,

I �
Imax

S �[S]

K0.5
S � [S]

(Eq. 1)

where S is the substrate; Imax
S is the maximal substrate-in-

duced current and K0.5
S is the substrate concentration at half

Imax
S (half-maximal concentration). Curve fittings were per-
formed using SigmaPlot (SPSS Science, Chicago). Values
represent mean � S.E. of at least three oocytes from at least
two batches of oocytes.
Ala-Ala Uptake Assay—After injection, oocytes were stored

for 5 days at 15 °C. Six oocytes were preincubated for 5 min in
modified Ringer’s solution (115 mM NaCl, 2 mM KCl, 1.8 mM

CaCl2, 1 mM MgCl2, and 5 mM MES for pH 5.5 or 5 mM

HEPES for pH 7.5) and then transferred to 500 �l of modified
Ringer’s solution (pH 5.5 or pH 7.5) with 254 �M L-[3H]Ala-
Ala (291 Bq nmol�1) and incubated for 1 h at room tempera-
ture. Subsequently, oocytes were washed two times in ice-cold
modified Ringer, pH 7.5, containing 1 mM unlabeled Ala-Ala
and five times in ice-cold modified Ringer, pH 7.5, without
Ala-Ala. Oocytes were lysed in 2% SDS for 25 min at room
temperature, before scintillation mixture (ULTIMA GOLDTM

XR, PerkinElmer Life Sciences) was added, and the samples

AtPTR1 and AtPTR5 Dipeptide Transport Activity

DECEMBER 17, 2010 • VOLUME 285 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 39711



were counted. Ala-Ala uptake of water-injected oocytes
(50–60 pmol of Ala-Ala h�1 oocyte�1 at pH 5.5 and 7.5) was
subtracted from uptake rates of AtPTR1- or AtPTR5-express-
ing oocytes.
Yeast Growth, Transformation, and Selection—Transforma-

tion, growth, and transport assays using Saccharomyces cer-
evisiae strain LR2 (MAT� hip1-614 his4-401 can1 ino1
ura3-52 ptr2�::hisG (20)) were performed as described earlier
(20).

RESULTS

Dipeptide-induced currents were analyzed in X. laevis oo-
cytes injected with AtPTR1 or AtPTR5 cRNA using TEVC. At
pH 7.5 and pH 5.5, the addition of 1 mM Ala-Lys to AtPTR5-
or AtPTR1-expressing oocytes induced inward currents (Fig.
1, B and C). Current amplitude was dependent on the batch of
oocytes and time after RNA injection. No dipeptide-induced
currents were detected in water-injected oocytes (Fig. 1A).
The addition of 1 mM Ala-Ala also induced inward currents
(data not shown). As Ala-Ala is present in its zwitterionic
form at pH 5.5, the induced inward current indicates a co-
transport of cations. Ala-Ala transport was confirmed using
radio-tracer flux experiments in AtPTR1- and AtPTR5-ex-
pressing oocytes, which accumulated [3H]Ala-Ala (Fig. 2).
Furthermore, under TEVC inward (leak) currents were ob-
served when the pH was shifted from pH 7.5 to pH 5.5 in
AtPTR5- and AtPTR1-injected oocytes in the absence of sub-
strate (Fig. 1, B and C). These results are consistent with a
co-transport of protons and peptides as described for AtPTR2
and the mammalian peptide transporters (16, 18).

Dependence of Apparent Affinity and Maximal Transport
Rate on Membrane Potential—The dependence of K0.5 and
Imax on the membrane potential was determined in the range
of Vm �140 to �20 mV for both AtPTR1 and AtPTR5. Ala-
Ala, Ala-Lys, and Ala-Asp were chosen as representatives for
neutral, cationic, and anionic dipeptides. At a membrane po-
tential of �140 mV and pH 5.5, the apparent affinity of
AtPTR5 was determined as K0.5

Ala-Ala 23 � 4 �M, K0.5
Ala-Lys 167 �

12 �M, and K0.5
Ala-Asp 129 � 4 �M, respectively (Table 1), the

latter two affinities were thus comparable with the apparent
affinity of AtPTR5 for Ala-Lys (K0.5

Ala-Lys 163 �M) and Ala-Asp
(K0.5

Ala-Asp 131 �M) determined previously (n � 4 oocytes (7))
and similar to the apparent affinity of AtPTR1 for these
dipeptides determined under comparable experimental con-
ditions (19). At pH 5.5, K0.5 of AtPTR1 for Ala-Lys decreased
with more negative membrane potentials, whereas the appar-
ent affinity for Ala-Ala was not affected by the membrane
potential, and K0.5

Ala-Asp was lower at less negative membrane
potentials (Fig. 3A). In contrast, K0.5 of AtPTR5 was constant
for Ala-Ala and Ala-Lys and increased with more negative
membrane potential for Ala-Asp (Fig. 3C). On the other hand
�Imax increased at more negative membrane potentials for all
three dipeptides in both AtPTR- and AtPTR5-injected oo-
cytes (Fig. 3, B and D).
Apparent Affinity and Maximal Transport Rates Are De-

pendent on the Proton Concentration—Apparent affinity and
Imax were dependent on the proton concentration. Measure-
ments for AtPTR1 revealed that at a membrane potential of
�140 mV K0.5 decreased with increasing proton concentra-
tion for all three dipeptides (Fig. 4, A–C). Similarly, �Imax for

FIGURE 2. Uptake of [3H]Ala-Ala in AtPTR1- and AtPTR5-expressing oo-
cytes at high and low pH. Uptake of [3H]Ala-Ala was determined in
AtPTR1- (black) and AtPTR5 (white)-injected oocytes for 1 h at pH 5.5 and pH
7.5 (� S.E.; n � 6). Student’s t test was performed, and asterisks indicate sig-
nificant differences, p � 0.05, between transport rates at pH 5.5 and pH 7.5.

TABLE 1
Apparent affinities of AtPTR1 and AtPTR5 for different dipeptides at
pH 5.5, measured at Vm �140 mV and Vm �60 mV
Values represent mean � S.E. of at least three oocytes.

K0.5 (�M) at Vm � �140 mV K0.5 (�M) at Vm � �60 mV
Ala-Ala Ala-Lys Ala-Asp Ala-Ala Ala-Lys Ala-Asp

AtPTR1 57 � 2 142 � 12 409 � 17 58 � 3 247 � 38 632 � 112
AtPTR5 23 � 4 167 � 12 129 � 4 19 � 3 134 � 9 71 � 6

FIGURE 1. Dipeptide-evoked currents in oocytes expressing AtPTR1 and
AtPTR5. Oocytes were superfused with modified Ringer’s solution, pH 7.5
or pH 5.5, and clamped at a membrane potential of �60 mV. 1 mM Ala-Lys
was added and removed at the times indicated by the bar above the trace.
Results from single oocytes are shown for water-injected (A), AtPTR5-
(B), and AtPTR1 (C)-expressing oocytes.
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Ala-Ala and Ala-Lys decreased with increasing proton con-
centration (Fig. 4, D and E). Only �Imax of Ala-Asp was not
changed by pH over a broad range and sharply decreased at
very low proton concentrations, indicating that the aspartate
residue in Ala-Asp might be transported in its protonated

form (Fig. 4F). AtPTR5 also showed higher currents at satu-
rating concentrations of Ala-Ala at high pH (pH 7.5) (Fig. 5),
demonstrating that higher transport rates at low proton con-
centrations is a common feature of both transporters and pos-
sibly other transporters of this clade. This trend was robust

FIGURE 3. Voltage dependence of K0.5 and �Imax in AtPTR1- and AtPTR5-injected oocytes at pH 5. 5. Voltage dependence of K0.5 (A and C) and �Imax
(B and D) was determined at 3.2 �M [H�]out for AtPTR1- (A and B) and AtPTR5 (C and D)-injected oocytes. For each oocyte, currents were normalized to the
current induced by 500 �M Ala-Ala at pH 5.5 and a membrane potential of �140 mV. Values represent mean � S.E. of at least three oocytes. E, Ala-Ala; �,
Ala-Lys; F, Ala-Asp.

FIGURE 4. Dependence of K0.5 and �Imax of AtPTR1 on pH. K0.5 (A–C) and �Imax (D–F) values of AtPTR1 for Ala-Ala (A and D), Ala-Lys (B and E), and Ala-Asp
(C and F) were determined at Vm of �140 mV and increasing proton concentrations. Values are mean � S.E. from at least three oocytes.
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until pH 8.5 was reached, whereas at higher pH values, 10 mM

Ala-Ala-induced currents decreased considerably (Fig. 6).
This suggests that within the physiological range, the intrinsic
pH dependence of the transporter itself overrules the depen-
dence on protons as co-substrate.
Voltage dependence of peptide transport was also influ-

enced by the proton concentration. Maximum transport rates
of AtPTR1-mediated dipeptide transport decreased supralin-
early with hyperpolarizing voltages at pH 5.5 (Fig. 3B), 6.5,
and 7.5 (supplemental Fig. 1). At all membrane potentials,
Imax was most negative at high pH for Ala-Ala and Ala-Lys
and similar at all pH values for Ala-Asp. Although at pH 5.5 a
decrease in apparent affinity at depolarized voltages was only
shown for Ala-Lys (Fig. 3A), at pH 7.5 this effect was observed
for all three dipeptides (supplemental Fig. 1).

To test whether higher �Imax values at high pH were medi-
ated by co-transport of Na� instead of H�, currents induced
by 1 mM Ala-Ala were measured at pH 5.5 and 7.5 in the pres-

ence of different concentrations of NaCl (Fig. 5). Increasing
the Na� concentration did not change currents of AtPTR1-
injected oocytes at both high and low pH and slightly in-
creased Ala-Al- induced currents for AtPTR5 at pH 7.5, indi-
cating that elevated substrate-induced current at high pH was
due to pH regulation of the transporter rather than Na� re-
placing H� as the coupling ion. This was confirmed by experi-
ments showing that at pH 7.5, both AtPTR1- and AtPTR5-
expressing oocytes accumulated significantly more
[3H]Ala-Ala than at low pH (pH 5.5) (Fig. 2).
To further examine the nature of the coupling ion and the

functional groups involved in substrate binding or transport,
AtPTR1 and AtPTR5 were expressed in S. cerevisiae and Ala-
Ala transport rates determined in the presence of various well
established inhibitors (Table 2). Carbonyl cyanidem-chloro-
phenylhydrazone, a protonophore, reduced uptake rates of
[3H]Ala-Ala by AtPTR1 and AtPTR5 to 26 and 20%, respec-
tively, consistent with protons as coupling ions. [3H]Ala-Ala
uptake by both transporters was sensitive to the sulfhydryl
group-modifying agent N-ethylmaleimide, similar to the ef-
fect of this inhibitor on AtPTR2 (20), and also diethyl pyro-
carbonate, a histidyl-modifying agent, reduced uptake rates of
[3H]Ala-Ala of both transporters to �1%.
AtPTR1 and AtPTR5 Have Different Substrate Selectivity—

Previous analyses of substrate selectivity showed that AtPTR1
recognized di- and tripeptides with different composition of
the side chains (19). Here, we analyzed the ability of AtPTR1
and AtPTR5 to recognize dipeptides with different hydropho-
bic or aromatic amino acids at the N- or C-terminal position.
At a concentration of 1 mM dipeptide, Vm �140 mV, and pH
5.5, the currents induced by various substrates differed con-
siderably (Fig. 7). Whereas Ala-Ile and Ile-Ala induced com-
parable currents in AtPTR5-injected oocytes, Ile-Ala was
transported more efficiently than Ala-Ile by AtPTR1. Ala-
containing dipeptides with the aromatic amino acids Trp or
Phe induced inward currents only when the hydrophobic resi-
due was at the C-terminal position. Tyr-Ala also induced less
current than Ala-Tyr in both AtPTR1- and AtPTR5-injected
oocytes. The exception was Phe-Phe, which induced currents
comparable with Ala-Ala or Ala-Phe in AtPTR5 but not in
AtPTR1-expressing oocytes. Transport of Ala-Phe, Phe-Ala,
and Phe-Phe was dependent on pH and was considerably
higher at low proton concentrations (Fig. 8).

FIGURE 5. Dependence of Ala-Ala transport on pH and sodium chloride.
Ala-Ala (1 mM)-induced currents were determined at pH 7.5 and 5.5 in the
presence of increasing concentrations (0, 50, and 100 mM) of NaCl in
AtPTR1- (black bars) and AtPTR5 (white bars)-injected oocytes (�S.E.; n � 3;
Vm �140 mV). Substrate-induced currents were normalized to 500 �M Ala-
Ala-induced currents at pH 5.5 in sodium-free Ringer’s solution and Vm
�140 mV set at 1.

FIGURE 6. AtPTR1-mediated Ala-Ala transport at high pH. The currents
induced by 10 mM Ala-Ala were determined at pH 5.5 and between pH 7.5
and pH 10 in oocytes expressing AtPTR1 (Vm �140 mV). Substrate-induced
currents were normalized on 500 �M Ala-Ala-induced currents at pH 5.5 set
at 1.

TABLE 2
Effects of inhibitors on AtPTR1- and AtPTR5-mediated Ala-Ala uptake
rates in S. cerevisiae
Uptake rates of 20 �M Ala-Ala were determined at pH 4.5 in the presence of
different inhibitors. Uptake in the absence of inhibitors was taken as 100% and
corresponds to 20.9 � 0.6 (AtPTR1) and 17.4 � 0.2 (AtPTR5) pmol of Ala-Ala
min�1 10�6 cells. Data represent means � S.E. (n � 3). Inhibitors were added 6
min before the transport assay. CCCP is carbonyl cyanide
m-chlorophenylhydrazone; NEM is N-ethylmaleimide; DEPC is diethyl
pyrocarbonate.

Inhibitor
AtPTR1 relative

uptake
AtPTR5 relative

uptake

% %
None 100 100
10 mM CCCP 26.16 � 2.3 20.48 � 1.7
1 mM NEM 12.46 � 1.0 14.00 � 2.0
1 mM DEPC 0.42 � 0.2 0.55 � 0.2
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Surprisingly, and in contrast to Ala-Phe, at pH 5.5 the
dipeptide Phe-Ala but also Trp-Ala and Phe-Phe reduced the
background leak current in AtPTR1-expressing oocytes (Fig.
7). Interestingly, the Phe-Ala- and Phe-Phe-induced reduc-
tion of the leak current was pH-dependent and could not be
observed at pH 7.5 (Fig. 8). The Phe-Ala-mediated reduction
in current was concentration-dependent and could be de-
scribed by Michaelis-Menten kinetics. The apparent affinity
of the Phe-Ala-induced reduction of the leak current was
9.2 � 1.8 �M (n � 3 oocytes; Fig. 9A). To test if the reduction
is due to occupation of the substrate-binding site, the inhibi-
tion constant, Ki (i.e. 50% reduction of Ala-Lys induced cur-
rent at its K0.5 [100 �M] (19)), was determined by increasing
concentrations of Phe-Ala to be 24.2 � 3.3 �M (Fig. 9B).
These results indicate that Phe-Ala is indeed recognized by

AtPTR1 with high apparent affinity, even though it does not
seem to be transported at pH 5.5. In oocytes expressing
AtPTR5, only Phe-Ala reduced the leak current, whereas Trp-
Ala induced small inward currents, and Phe-Phe currents
were comparable with Ala-Phe-induced currents. This indi-
cates both differences but also common characteristics in
substrate recognition of peptide transporters of this clade.
Results from S. cerevisiae strain LR2 expressing AtPTR1 or

AtPTR5 showed that both Ala-Phe and Phe-Ala inhibited
growth on His-Ala as a sole source of histidine (data not
shown). This independently supports the finding that Phe-Ala
interacts with the substrate-binding site and not only blocks
leak currents.

DISCUSSION

Peptide transporters are generally considered to play a role
in translocation of peptides generated by protein degradation.
Because di- and tripeptides produced by protein hydrolysis
vary in size, charge, and hydrophobicity, it is expected that
these transporters have a low selectivity regarding the compo-
sition of the side chains. Chiang et al. (18) showed that the
K0.5 of AtPTR2 for most neutral peptides is in the range of
50–400 �M and is 1830 �M for Ala-Asp (pH 5.5 and Vm 60
mV). The affinities of AtPTR1 and AtPTR5 were in a similar
range for Ala-Ala and Ala-Lys, although the apparent affinity
for Ala-Asp was higher than shown for AtPTR2 (i.e. at pH 5.5,
Vm �60 mV K0.5

Ala-Asp: AtPTR5 71 �M, AtPTR1 632 �M; pH
5.5, Vm �140 K0.5

Ala-Asp: AtPTR5 129 �M, AtPTR1 409 �M ((7,
18, 19), see Table 1 for comprehensive overview of the kinetic
parameters at different membrane potentials).
For AtPTR1 and AtPTR5, higher dipeptide-induced cur-

rents were observed when the aromatic amino acids Trp, Tyr,
or Phe were present at the C-terminal position. Ile-Ala was
transported as efficiently as Ala-Ile in AtPTR5 but not in
AtPTR1-injected oocytes, indicating slight differences in sub-
strate recognition. Unexpectedly, some of the dipeptides with
an aromatic amino acid at the N-terminal position did not
induce inward currents but rather reduced the leak current
observed at pH 5.5 in a concentration-dependent manner and
thereby provided evidence that the leak current originated
from the flow of the co-transported ion (Figs. 7 and 9).

FIGURE 7. Substrate selectivity of AtPTR1 and AtPTR5 for dipeptides
with hydrophobic or aromatic residues. 1 mM dipeptide-induced currents
were determined at Vm �140 mV and pH 5.5 in AtPTR1- (black bars) and
AtPTR5 (white bars)-injected oocytes. No current was detected when these
substrates were tested in control oocytes (data not shown). Currents were
normalized on 500 �M Ala-Ala-induced current at pH 5.5 set at 1. Values are
mean � S.E. (AtPTR1, n � 3–5; AtPTR5, n � 3– 6).

FIGURE 8. pH dependence of Ala-Phe, Phe-Ala, and Phe-Phe transport.
1 mM Ala-Phe-, Phe-Ala-, and Phe-Phe-induced current was determined at
Vm �140 mV and pH 5.5 and 7.5 in AtPTR1- (black bars) and AtPTR5 (white
bars)-injected oocytes. Values are mean � S.E. (n �3 oocytes). All currents
were normalized to currents recorded with 500 �M Ala-Ala at pH 5.5, Vm
�140 mV, for each oocyte. Data for pH 5.5 are extracted from Fig. 6.

FIGURE 9. Recognition of Phe-Ala by AtPTR1. A, reduction of leak current
in the absence of substrate at Vm �140 mV and pH 5.5 by increasing con-
centrations of Phe-Ala follows a Michaelis-Menten kinetic (K0.5 9.2 � 1.8
�M). B, competition of Ala-Lys (100 �M)-induced current in the presence of
increasing concentrations of Phe-Ala, Ki 24.2 � 3.3 �M. Values are mean �
S.E. of at least three oocytes.
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Whether the block of the leak current is due to the inhibition
of the conformational changes required to facilitate transport
into the cell, to masking of the proton-binding site, or
whether the (high affinity) binding of Phe-Ala prevents sub-
strate translocation or hinders a coordinated release of both
substrates remains elusive. A model illustrating the reduction
of the leak current is presented in supplemental Fig. 2.

The Phe-Ala-induced reduction of the leak current could
be competed for by Ala-Lys (Fig. 9), also in a concentration-
dependent manner. This showed that binding of Ala-Lys,
which is transported, and Phe-Ala, which is not, occurs at the
same binding site. This finding was supported by results using
a peptide transport-deficient and histidine auxotroph S. cer-
evisiaemutant expressing AtPTR1 or AtPTR5, which showed
growth inhibition on medium containing Ala-His as sole
source of histidine in the presence of Phe-Ala. It was some-
what surprising that AtPTRs can be blocked by a possible
substrate. The concentration of peptides with an aromatic
amino acid in the N-terminal position in vivo is unknown, but
due to the lower abundance of amino acids with aromatic res-
idues, it is probably quite low. Furthermore, because the ex-
cess of other peptide substrates could easily outcompete the
inhibition, this inhibition might not be significant in vivo.
Studies on Lactococcus lactis DtpT (25) and on substrate

affinities of peptide transporters in kidney (26) showed that
increasing hydrophobicity in both the N- and C-terminal side
chains increased the apparent affinity of a dipeptide substrate.
Such a clear relation was not found for AtPTR2 (18). Never-
theless, these transporters all had the highest affinity for
dipeptides with Phe and Leu residues. However, none of the
dipeptides was reported to block transport of any of these
transporters. Furthermore, leak current was only shown in
mammalian PEPT2 (27), but it was not described for PEPT1
or AtPTR2 (18, 28). The leak current observed in PEPT2 was
described to be due to the inward movement of coupling ions,
i.e. protons (27). Our studies also suggest that AtPTR1 and
AtPTR5 work as proton-coupled symporters, as sodium ions
did not substitute for protons.
A noteworthy difference in transport activity between

AtPTR1 and AtPTR5 concerned the dipeptide Phe-Phe. Al-
though Phe-Phe was recognized by both transporters and was
transported by AtPTR5, it was not transported by AtPTR1
and blocked the coupling ion leak similarly to Phe-Ala. The
reason for this difference remains to be investigated. Only
26% of the amino acids (i.e. 147) differ between AtPTR1 and
AtPTR5. Any differences observed with respect to transport
properties and substrate selectivity, e.g. Phe-Phe recognition,
can thus be attributed to these amino acids. Important resi-
dues might be identified in further studies using mutagenesis.
For AtPTR1 and AtPTR5, peptide-induced currents were

strongly dependent on the membrane potential and increased
supralinearly with more negative values for all substrates at all
pH values tested. Membrane potentials in plants are usually
between �100 and �150 mV, although potentials as low as
�250 mV were also measured (29, 30). Consistently, the
dipeptide-induced currents never saturated at the potentials
applied (� �140 mV), which is a common feature among
many transporters from plants. TEVC studies of other peptide

transporters showed a different voltage dependence. For
AtPTR2, Ala-His- and Gly-Gly-induced currents increased
almost linearly with more negative membrane potential (18).
The I/V relationships of PEPT1 and PEPT2 are very complex
and dependent on pH, substrate concentration, and mem-
brane potential, and especially at lower substrate concentra-
tions, currents saturated at negative membrane potentials and
sometimes even re-approached zero. This is likely due to the
fact that membrane potentials in animal cells (approximately
�60 mV) are usually not as negative as the potentials ob-
served in plant cells (27), and therefore, hyperpolarized mem-
brane potentials are not physiologically relevant in mammals.
Substrate binding by AtPTR1 and AtPTR5 was voltage-de-

pendent. In contrast to AtPTR2, for which the apparent affin-
ity for Ala-Asp, Ala-Gly, and Ala-His was shown to be volt-
age-insensitive (pH 5.5 (18)), the dependence of the apparent
affinity on membrane potential was more complex for
AtPTR1 and AtPTR5. The interpretation of the effect of
charge of the substrate and membrane potential on K0.5 is not
straightforward, as different steps of the transport cycle and
not only the intrinsic affinity may be affected. Although at pH
5.5 the apparent affinity of AtPTR1 for Ala-Ala and Ala-Asp
and of AtPTR5 for Ala-Ala and Ala-Lys remained unaffected
by the membrane potential, the apparent affinity of AtPTR1
for the cationic dipeptide Ala-Lys increased, and the apparent
affinity of AtPTR5 for the anionic Ala-Asp decreased with
more negative membrane potentials. At pH 7.5, the apparent
affinity of AtPTR1 for all three dipeptides decreased at depo-
larized membrane potentials. This indicates that, similar to
other transporters, conformational changes in AtPTR1 and
AtPTR5 are induced by membrane potential and are evident
in changes in apparent substrate affinity. Therefore, mem-
brane potential can be considered as regulating these trans-
porters by altering substrate affinity.
The dependence of the apparent affinity of AtPTR1 on pH

was similar for Ala-Ala, Ala-Lys, and Ala-Asp. Apparent affin-
ity was highest at high [H�]out and lowest at low [H�]out. This
is different from mammalian PEPT1 and PEPT2, where the
apparent affinity for positively charged peptides decreased at
high [H�]out, and only the apparent affinity of negatively
charged compounds increased at higher [H�]out (16). Data on
pH dependence of AtPTR2 are only available for Ala-His,
again showing higher apparent affinity at low pH, as shown
for the mammalian transporters (18).
The dependence of Imax of AtPTR1 on the external proton

concentration was similar for Ala-Ala and Ala-Lys. �Imax
Ala-Ala

and �Imax
Ala-Lys were lowest at high [H�]out and increased with

higher pH. Currents induced by 10 mM Ala-Ala decreased
only above pH 8.5. This either reflects biophysical properties
of the transporter itself at nonphysiological pH, or it repre-
sents the point at which the dependence on the co-substrate
overrules these intrinsic properties of the transporter. How-
ever, it cannot be ruled out that Imax is not yet reached be-
cause 10 mM Ala-Ala may not be a saturating concentration at
these pH values. Unfortunately, due to the nonphysiological
high pH values, detailed kinetic analyses cannot be per-
formed. A neutral pH optimum is unusual for proton-coupled
transporters as proton concentration drives transport, al-
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though other examples for strong regulation by pH have been
described, e.g. AtSUC9, which is proton-coupled and has a
neutral pH optimum (31). Despite these unusual properties,
AtPTR1 and AtPTR5 seem to be proton-driven transporters
as both a protonophore as well as a histidine-modifying agent
had severe impact on peptide uptake mediated by both trans-
porters. The effect of diethyl pyrocarbonate on the transport
rate is consistent with the movement of proton(s) by protona-
tion/deprotonation of a histidine residue as has been shown
to be the case in mammalian PEPTs (23, 24). Although these
histidine residues are not conserved in AtPTR1 and AtPTR5,
histidine residues in other positions might have a similar
function in the plant PTRs.
More [3H]Ala-Ala was imported at high pH, and the pres-

ence of NaCl did not increase substrate-induced currents,
indicating that higher currents are indeed due to higher pep-
tide transport and not simply due to increased flux of cations.
Thus, peptide transport is highly pH-dependent, and the
lower apparent affinity of AtPTR1 for Ala-Ala and Ala-Lys at
low [H�]out is accompanied by a higher �Imax. In contrast,
�Imax

Ala-Asp of AtPTR1 was not changed from pH 5.5 to pH 7.5
and dropped only at pH 8. PEPT1 and PEPT2 also showed
decreased transport at low proton concentrations (27, 32),
although at saturating substrate concentrations the mamma-
lian transporters seem to be independent of pH (16). Ala-Asp
might be transported in its neutral form by AtPTR1, and
therefore lack of uncharged Ala-Asp at low [H�]out may result
in low �Imax

Ala-Asp. However, more detailed studies are neces-
sary to determine whether only uncharged Ala-Asp is trans-
ported by AtPTR1 or whether, similar to the animal trans-
porters, both neutral and (with lower affinity) also the
charged form of Ala-Asp are transported (28).
When comparing the permeability (�Imax/Km) of

AtPTR1 for dipeptides (supplemental Fig. 3), data showed
that permeability increased at high [H�]out. At Vm �140
mV, the permeability for Ala-Lys was approximately twice
as high as for Ala-Ala at all pH values, which can be ex-
plained by the fact that Ala-Lys carries a positive charge,
and thus permeability of these two dipeptides in planta
might be comparable. In contrast, at all pH values exam-
ined, the permeability for Ala-Asp was �10-fold lower.
Taken together our data show that AtPTR1 and AtPTR5

are proton-coupled, voltage-dependent, and pH-regulated
transporters that show differences in transport of dipeptides
with aromatic side chains. The results also show that perme-
ability is highest at pH and membrane potentials generally
found in plant cells, indicating optimal transport under physi-
ological conditions present in planta.
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