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Abstract The functional and structural basis of reverse
operation of PepT1 has been studied in Xenopus oocytes
expressing the wild-type and mutated forms of this protein.
Using brief pulses from a negative holding potential, wild-
type and Arg282 mutants exhibit outward currents in the
presence of Gly-Gln. The reversal potential of these cur-
rents is affected by both pH and substrate concentration,
confirming coupled transport in the wild type and in the
mutants as well. Long-lasting voltage and current-clamp
experiments show that the outward currents are only tem-
porary, and reflect accumulation and/or depletion effects
near the membrane. The ability to operate in reverse mode
was confirmed in all isoforms by intracellular injection of
substrate. The role of Arg282 and Asp341 in the reverse
transport was also investigated using charged substrates.
Positive Lys-Gly (but not Gly-Lys) showed enhanced
transport currents in the Arg282 mutants. In contrast,
negative Gly-Asp and Asp-Gly elicited modest currents in
all isoforms.

M. D. Renna and A. S. Oyadeyi contributed equally.

M. D. Renna - A. S. Oyadeyi - E. Bossi - A. Peres (IX)
Laboratory of Cellular and Molecular Physiology,

Dept. of Biotechnology and Molecular Sciences,
University of Insubria, Via Dunant 3, 21100 Varese, Italy
e-mail: antonio.peres @uninsubria.it

E. Bossi - A. Peres
Center for Neurosciences, University of Insubria,
21100 Varese, Italy

G. Kottra
Molecular Nutrition Unit,
Technische Universitidt Miinchen, Freising, Germany

Keywords Transporter - Reverse operation -
Structure-function - Electrophysiology - Xenopus oocyte -
PepTl1

Introduction

The main function of the intestinal peptide transporter
PepT1 (SLC15 family) is the efficient and energy-saving
absorption of small peptides originating from food pro-
teins. This process is driven by the cotransport of protons
and thus generates an inwardly directed current. However,
under certain experimental conditions outward currents
have been observed in the zebrafish isoform of PepT1 [1]
and also in a mammalian isoform [2]. Interestingly, in this
last case it was reported that the outward currents were
greatly enhanced in conditions of high intracellular sub-
strate concentration or following inhibition of intracellular
dipeptide hydrolysis. Furthermore, the renal isoform of the
peptide transporter, PepT2, has been identified among
others in the enteric nervous system in both glia cells, and a
specific subset of neurons and could play a role in both
release and reabsorption of small neuropeptides [3].

The question of reverse operation is a relevant issue in
many cotransport systems, especially in the context of
neurological disorders in which leakage of neurotransmit-
ters into the extracellular space may have profound
consequences. Although the physiological role of these
transporters is the reuptake, in several instances a release of
neurotransmitter via the transporter has been reported. This
reversed mode of operation may be either the effect or the
cause of abnormal or pathological conditions. In the case of
the glutamate transporters, export of glutamate may lead to
the elevated extracellular levels that cause excitotoxicity
[4], while in the SLC6 family reversal of the operation of
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Fig. 1 A Representative transport currents recorded in the wild-type
and indicated mutants in the presence of 1 mM Gly-Gln at pH 8.0.
Voltage pulses from —140 to +40 mV were applied from Vj, =
—60 mV. The dotted lines indicate the zero-current level and the
arrows the declining behavior of the currents. Note the amplified scale
for the D341R mutant. B I/V relationships, averaged after normali-
zation for each oocyte to the current at —140 mV (mean =+ SE,

the dopamine transporter is caused by amphetamines [5]
[6], and release of GABA through GATI1 has been
hypothesized to concur in causing epileptic seizures [7, 8].

Although the SLCIS5 family is distinct from the gene
families of the neurotransmitter transporters cited above
(SLC1 and SLC6), there is growing evidence that different
families may share common structural modules [9-11]. It is
conceivable therefore that an investigation of the structural
determinants of reverse operation in PepT1 may contribute
to understanding the same process in the neurotransmitter
transporters.

Mutations of single amino acids may result in consid-
erable changes of the transport function of nutrient
transporters. In the case of PepTl, the conserved residue
histidine 57, predicted to reside in the second transmem-
brane segment, and the corresponding residue His 87 in
PepT2 were found to be essential for the functioning,
whereas tyrosine residues adjacent to H57 seem to stabilize
the cotransported proton when interacting with H57 [12,
13]. The nearby histidine residue His 121 (and His 142 in
PepT2) is not essential, but influences the substrate
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n = 4-7 from two batches). C Surface expression, reported as results
of the chemiluminescence experiments from oocytes expressing the
wild-type and the indicated mutants of PepT1-FLAG. The chemilu-
minescence detected from 20 to 40 oocytes from three different
batches secondarily labeled with peroxidase-conjugated goat anti-
mouse, [gG-HRP are shown. The data were normalized to the mean
value of the wild-type FLAG-PepT1 of each batch

binding, as H121 mutants have shown decreased affinities
[14]. The tyrosine residue Y167 has an important function
as well, since its mutation to alanine completely abolished
transport via PepT1 [15]. By using the cysteine scanning
method, Kulkarni and coworkers [16] identified several
residues important for the transport function in trans-
membrane segments 5 and 7 and suggested that these
segments line the putative aqueous channel. Finally, the
same authors identified two oppositely charged residues
(R282 and D341) in transmembrane segments 7 and 8,
respectively, that form a salt bridge and play an important
role in the substrate translocation via PepT1 [17].

We have recently observed (unpublished observations)
that two rbPepT]1 mutants in arginine 282 (R282D and
R282A) exhibit large outward transport currents that
remain pH- and substrate concentration-dependent. Argi-
nine 282 is located in the seventh transmembrane segment
of the protein, and it is believed to form a charge pair with
another, negatively charged residue (aspartate 341), posi-
tioned at about the same level in transmembrane segment 8
(see inset in Fig. 1) [9, 17, 18].
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An analogous mutant (R282E) of rabbit PepT1 was
previously reported to exhibit characteristics similar to a
substrate-gated unspecific cation channel [19]. In this paper
we therefore investigated the properties of reverse opera-
tion in the R282D and R282A mutants to understand to
what degree the operation of PepT1 was modified from a
coupled-transport mode to a channel mode, obeying the
principles of electrodiffusion.

The hypothesis of an important role of local accumula-
tion/depletion of substrate near the intra- and extracellular
sides of the transporter, which has been previously sug-
gested [20], was tested by employing different experimental
protocols aimed at altering the transport regime by
long-lasting holding potentials.

PepT1 transporters show relatively poor substrate
specificity [21]: many di- and tri-peptides, either neutral or
electrically charged, are transported, while single amino
acids and tetrapeptides are not [22, 23]. Having observed
enhanced outward currents in mutants in which the positive
R282 was removed, the importance of a charge in the
substrate was also investigated, using both positively and
negatively charge dipeptides, in addition to the zwitterionic
Gly-Gln.

Materials and methods
Construction of point mutations

Mutations in rabbit PepT1 were obtained by site-directed
mutagenesis (Quickchange Site-Directed Mutagenesis Kit,
Stratagene Inc., Milan, Italy). Briefly, 20 ng of the plasmid
containing the FLAG-wild-type PepT1 cDNA [24] was
amplified with 2.5 units of Pfu DNA polymerase in the
presence of overlapping primers containing in their
sequence the mutated codons:

rbPepTl R282D: 5'-CGCGCAGATCAAGATGGTTACG
GATGTGCTGTTCCTGTACATCCC-3

rbPepTl R282A: 5'-CGCGCAGATCAAGATGGTTACG
GCGGTGCTGTTCCTGTACATCCC-3

rbPepTl D34IR: 5'-CCTGGTCCCCATCATGCGCGCC
GTGGTGTATCC-3

PCR amplification was performed with 25 thermal
cycles of 95°C for 30 s, 55°C for 1 min, and 68°C for
14 min. Then, 10 units of Dpnl was added directly to the
amplification reaction, and the sample was incubated for
1 h at 37°C to digest the parental, methylated DNA.
JIM109 supercompetent cells were finally transformed
with 1 pl of the reaction mixture and plated onto
LB-ampicillin plates. After plasmid purification, plasmid
cDNAs were fully sequenced (Eurofin MWG Operon
Biotech).

Oocyte expression

Oocytes and RNAs were prepared as described in detail
previously [25]. In summary, to prepare the mRNA, the
cDNA encoding PepT1-FLAG transporters, cloned into the
pSPORT-1 vector [24], were linearized with Notl; subse-
quently cRNA was synthesized in vitro in the presence of
Cap Analog and 200 units of T7 RNA polymerase. All
enzymes were supplied by Promega Italia, Milan, Italy.
Oocytes were obtained from adult female Xenopus laevis,
the frogs were anesthetized in MS222 (tricaine methan-
sulfonate) 0.10%(w/v) solution in tap water, and portions
of the ovary were removed through an incision on the
abdomen. The oocytes were treated with collagenase
(Sigma Type IA) 1 mg/ml in ND96 Ca™ free for at least
1 h at 18°C. After 24 h at 18°C in modified Barth’s saline
solution (MBS), the healthy looking oocytes were injected
with 12.5 ng of cRNA in 50 nl of water, using a manual
microinjection system (Drummond). The oocytes were
then incubated at 18°C for 3—4 days in MBS before elec-
trophysiological studies. The experiments were carried out
according to the institutional and national ethics guidelines
(permit no. 12/09).

Single-oocyte chemiluminescence

The expression of PepT1-FLAG isoforms at the oocyte
plasma membrane was determined by the single oocyte
chemiluminescence (SOC) technique [26-28], which
employs enzyme amplification with a chemiluminescent
substrate and sensitive linear detection with a luminometer.
Oocytes expressing different FLAG-PepT1 isoforms, as
well as non-transfected oocytes, were washed twice for
5 min in ice-cold ND96 pH 7.6 and then fixed with 4%
paraformaldehyde in ND96 for 15 min at 4°C, rinsed
3 x 5 min with equal volumes of ND96, and then incu-
bated for 1 h in a 1% BSA-ND96 blocking solution (used
in subsequent antibody incubation steps). Fixed and
blocked oocytes were incubated for 1 h in primary mouse
anti-FLAG M2 (Sigma, Milan Italy) monoclonal antibody
1 pg/ml in 1% BSA-ND96, washed 6 x 3 min in 1%
BSA-NDY6, incubated for 1 h in secondary peroxidase-
conjugated goat anti-mouse IgG 1 pg/ml, IgG-HRP
(Jackson  ImmunoResearch  Laboratories), = washed
6 x 3 minin 1% BSA-ND96 and then 6 x 3 min in ND96
alone. For chemiluminescence readings, each oocyte was
transferred into a well of a 96-well plate (Assay Plate
White not treated flat bottom, Corning Costar) filled with
50 pl SuperSignal Femto (Pierce); the washing solution
was eliminated as much as possible. Chemiluminescence
was quantified with a Tecan Infinity 200 microplate reader.
The plates were read not later than 5 min after the transfer
of the first oocyte. The data were then acquired at least
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three times in 10 min, and for each oocyte the mean of
three readings was calculated. Results were normalized to
the mean value of wild-type FLAG-PepT1 for each batch
and are given in relative light units (RLU).

Electrophysiology and data analysis

The two-electrode voltage-clamp technique (TEVC,
GeneClamp, Axon Instruments Foster City, CA, or Oocyte
Clamp OC-725B, Warner Instruments, Hamden, CT) was
used throughout this work. Some experiments were con-
ducted in current-clamp conditions, i.e., without strict
voltage control, but with the possibility of constant current
injections. Intracellular glass microelectrodes were filled
with KCl 3 M and had tip resistances between 0.5 and
4 MQ. Agar bridges (3% agar in 3 M KCI) connected the
bath electrodes to the experimental chamber. In voltage-
clamp mode the holding potential (V) was generally
—60 mV, unless otherwise indicated. The standard proto-
col consisted of 200-ms-long pulses to test potentials from
—140 to +40 mV in 20-mV increments. Other protocols
including prepulses are described in the text. The current
signal was filtered at 1 kHz before sampling at 2 kHz.

Data were analyzed using Clampfit 8.2 (Axon Instru-
ments), and figures were prepared with Origin 5.0
(Microcal Software Inc., Northampton, MA).

Intracellular substrate injection

The non-hydrolyzable substrate Gly-Sar was used for
confirmatory intracellular injection experiments. A volume
of 50 nl of a concentrated solution (200 mM Gly-Sar in pH
7.5 buffer) was injected, leading to an approximate final
concentration of 20 mM (assuming an oocyte volume of
about 500 nl).

Solutions

The oocyte culture and washing solutions had the follow-
ing compositions (in mM): ND96: NaCl 96, KC1 2, MgCl,
1, CaCl, 1.8, Hepes 5, pH 7.6; MBS: NaCl 88, KCI 1,
NaHCO; 2.4, Hepes 15, Ca(NOj), 0.30, CaCl, 0.41,
MgSO, 0.82, sodium penicillin 10 pg/ml, streptomycin
sulfate 10 pg/ml, gentamycin sulfate 100 pg/ml, nystatin
10 U/ml, pH 7.6; PBS: NaCl 138, KCI 2.7 Na,HPO, 10,
KH2PO4 2, pH 7.6.

The external control solution had the following com-
position (mM): NaCl, 98; MgCl,, 1; CaCl,, 1.8. Different
pH buffers were used for the various pH values: for pH 6.5,
Mes 5 mM was used; Hepes 5 mM was employed for pH
7.0 and 7.5, whereas for pH 8.0 the buffer was Taps 5 mM.
The final pH values were adjusted with HCI and NaOH.
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Substrates were added at the indicated concentrations to the
appropriate solutions. Irbesartan was from Sanofi-Aventis.

Experiments were performed at room temperature
(20-25°C).

Results

Outward transport currents have been observed in wild-
type PepT1 when depolarizing pulses of relatively short
duration (50-250 ms) are applied with the voltage-clamp
technique from negative (—40, —60 mV) holding poten-
tials [1, 2, 20]. Outward currents are most easily seen at
alkaline pH and relatively low substrate concentrations,
since increasing the concentration of either substrate or H
shifts the current-voltage relationships to more positive
potentials, eventually bringing the reversal potential (E,)
out of the experimental range ([1] and our unpublished
observations). In addition to the results in wild-type PepTl,
we recently observed that some mutants in arginine 282 are
capable of conducting quite large outward currents, as
shown in Fig. 1.

The I/V relationships plotted in Fig. 1b show that in
the same conditions of pH and substrate concentration the
value of E.., becomes progressively more negative as the
positive charge of arginine is first neutralized to alanine
and then changed in sign with aspartate. Moreover, the
R282D mutant (but not R282A) generated significantly
larger currents than the wild type. On the contrary,
reverting the sign of the negative aspartate 341 to a positive
arginine produces a transporter that is still functional but
shows reduced transport currents and no reversal in the
explored voltage range. In the group of oocytes illustrated
in Fig. 1, the average currents at —140 mV were: 568 +
58 nA for wild type, 998 £ 172 nA for R282D, 464 +
94 nA for R282A, and 184 + 35 for D341R (mean * SE,
n = 4-7).

Another evident feature in the traces of the transport
currents generated by the R282D and R282A mutants is the
slow decline during the voltage pulse (arrows in Fig. 1a), a
behavior that may suggest either the existence of a deac-
tivating process or a progressive reduction in the driving
force.

Figure 1c shows estimates of the surface expression of
the various isoforms, obtained with the SOC method. The
level of membrane localization is in good correlation with
the transport-associated current in the case of the wild-type
transporter and of the R282D and R282A mutants, but not
for D341R, which, in spite of being highly expressed on the
oocyte membrane, generates much smaller currents com-
pared to the other isoforms. These observations suggest that
the reduced functionality of D341R may be attributable to a
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Fig. 2 I/V curves showing the effects of changing pH and substrate
concentration on the R282D and R282A mutants. A External
alkalinization at fixed (1 mM) Gly-GIn concentration shifts the I/V
curves towards more negative potentials. The change in E., with pH
is shown in B for R282D (filled squares) and for R282A (open
squares; these symbols are used throughout). No significant changes
in the slope conductance at E..., appear to be caused by alkalinization.
C Positive shifts in the I/V curves produced by increasing the external
Gly-Gln concentration at fixed pH (7.5) in the two mutants. The shifts

malfunctioning in the molecular mechanism rather than to
defective targeting to the membrane.

In both R282D and R282A mutants the reversal poten-
tial of the transport current is shifted by changes in either
the proton concentration or the substrate concentration
(Fig. 2). This result suggests that the translocation of the
two species occurs in a coupled fashion.

The shifts in E., caused by the pH and substrate
changes in the mutants R282D and R282A are plotted in
Fig. 2b and d. The slopes of the E., versus pH curve
are —42.3 and —43.7 mV/pH unit, respectively; although
less than the 58 mV/pH unit predicted for a pure H"
current on the basis of the Nernst equation, these values
are nevertheless consistent with a substantial contribution
of H" to the current. Similarly, the semilog plots of E,
versus [Gly-Gln] are not linear for both mutants (Fig. 2d)
with even lower slopes compared to the pH dependence.
We also estimated the slope conductance (ggope) Of the
I/V curves at E.,. This parameter is plotted in Fig. 2 as
a function of pH and substrate concentration for both
mutants. Interestingly, while ggope increases with
increasing concentrations of Gly-Gln (Fig. 2d), it appears
to be substantially independent from the proton concen-
tration (Fig. 2b). This last result is contrary to the
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in E., induced in this case are plotted in D, together with the slope
conductance at E.,; this parameter shows an increase at higher
Gly-Gln concentrations. The current data were averaged after
normalization for each oocyte to the current value at —140 mV and
pH 7.5. Data points are mean £ SE (n = 4-5 from two batches). The
slope conductance was calculated as the derivative of the relative I/V
curve at E.,. The value of E., for the R282A curve at pH 6.5 in
A was linearly extrapolated

expectations for an electrodiffusive process, which would
predict instead an increase in slope conductance when
the concentration of the permeating species is raised
[29].

Current reversal in the wild-type and R282 mutants

The apparently anomalous effects mentioned above on the
slope conductance around E., prompted us to perform
other experiments aimed at better understanding this phe-
nomenon, both in the wild-type and in the R282D/A
mutants. The necessity of further controls was also sug-
gested by the declining behavior seen in the current traces
in Fig. 1.

We performed long-lasting voltage- and current-clamp
experiments on both wild-type and R282D mutants to
investigate this point. Figure 3a shows voltage-clamp
experiments in which the membrane voltage was stepped
twice from —40 mV to +40 mV and back: the first step
was given in the absence of substrate and the second in the
presence of Gly-Gln 1 mM at pH 8. In these conditions,
E.., should be close to —30 mV in the R282D mutant.
Figure 3Aa shows that jumping to +40 mV when the
transporter is activated by 1 mM Gly-Gln causes an
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Fig. 3 Aa long-lasting records showing the slow deactivation process
of R282D PepT1 following step voltage changes (black arrow):
during the first seconds after the jump at +40 mV the current in the
presence of substrate is more positive than in its absence (gray
arrow); however, at later times it becomes more negative (the dashed
line is drawn at the level of the current at +40 mV in the absence of
substrate). Ab a less pronounced, but qualitatively similar behavior

instantaneous large outward current (black arrow) that
declines with time constants in the order of fractions of
seconds, and it is not seen in the absence of the substrate
(gray arrow). Initially the current is more positive than the
value recorded at the same voltage in absence of substrate
(dashed line), but at the end of the 20-s period at +40 mV
it becomes less positive (that is, a negative current after
subtraction).

A qualitatively similar behavior, although with smaller
currents, was observed in the wild-type PepT1 (Fig. 3Ab).

Figure 3b shows complementary experiments performed
again on both wild type and R282D with analogous results.
The oocytes were kept in current-clamp conditions, i.e., an
appropriate current was injected to keep the membrane
voltage at a desired value before substrate application, but
the membrane potential was let free to change as a conse-
quence of transporter operation. The representative traces in
Fig. 3Ba, from an oocyte expressing R282D, and Fig. 3Bb,
from an oocyte expressing wild-type PepT1, show that
addition of 1 mM Gly-GIn at pH 8 (black bars) always
induces a depolarization, irrespective of the starting value
of the voltage (—40, 0, and +40 mV), indicating that the
current generated by the transporter is in all cases in the
inward direction.
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was observed in the wild-type. Ba current clamp recordings at pH 8 in
another oocyte expressing R282D PepT1; 1 mM Gly-Gln was added
(black bars) while keeping the oocyte membrane at —40, +40, and
0 mV by current injection; in all three cases addition of substrate
induced depolarizations, implying that an inward current was
generated by the transporter. Bb same as in Ba from an oocyte
expressing the wild-type transporter

The outward current is due to temporary accumulation
of substrates

To discriminate whether the current decays seen in Figs. 1
and 3 were due to changes in electrochemical gradient or to a
transporter-intrinsic deactivation process, a series of experi-
ments employing different strategies was performed.
Figure 4 illustrates the results of a representative experiment
using a protocol in which three fast (200 ms) voltage ramps
ranging from +40 to —100 mV (or from —140 to +40 mV)
were superimposed on a long-lasting voltage step to 440 (or
—140) mV in conditions inducing the decay of the transport
current in both directions (pH 8, 1 mM Gly-Gln).

As shown in Fig. 4Ac and Bc, the I/V curves derived from
the ramps shift along the voltage axis according to the
application order and to the level of the long-lasting voltage
pulse. The ramps superimposed on the depolarizing
(+40 mV) pulse exhibit a progressive shift toward more
positive potentials (Fig. 4Ac), whereas those applied during
the pulse to —140 mV are moved with time toward more
negative potentials (Fig. 4Bc). Interestingly, in both cases the
curves remain parallel to each other, so that it may be con-
cluded that only the reversal potential is affected, not the
conductance.
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Fig. 4 Step and ramp protocols to investigate the basis of the
transport current decline. Three fast (200 ms) ramps are superim-
posed on long-lasting pulses to +40 mV (Aa) or —140 mV (Ba). Ab
and Bb show the subtracted (substrate minus control) transport
currents elicited by the two protocols in a representative oocyte
expressing R282D at pH 8.0 upon addition of 1 mM Gly-Gln. Both

These observations represent a strong indication that the
decline of the transport current during either the depolar-
izing or the hyperpolarizing pulses is due to substrate
concentration changes in the vicinity of the transporters.

In fact, assuming that E,., might be written as a Nernst
equation for the proton-substrate complex:

RT [TC]OU[

Efe" F : [TCLn

where TC stands for transported complex, the continuous
inward flow during the hyperpolarizing pulse will increase
[TCl;, (and/or decrease [TC],,), causing E., to change
with time to more negative values, as observed in Fig. 4Bc.
On the contrary, the initial outward current seen when
stepping the potential from —60 to +40 mV (Fig. 4Ab)
will decrease [TC];, (and/or increase [TClqy,), shifting E e,
to more positive potentials (Fig. 4Ac).

On the whole, the results shown in Fig. 4 indicate that
the outward current seen during short depolarizations is
caused by a local accumulation of the transported complex
at the intracellular side of the membrane and/or a local
depletion of the complex at the extracellular side during the
continuous inward transport occurring at the negative
holding potential, confirming earlier suggestions [20].

In another series of experiments a prepulse lasting 2 s to
440 mV from V, = —40 mV was applied to the mem-
brane before moving the potential to variable 1-s-long test

0 \
0 by
50 {
|

I 1]
100nA| -

50 | 1l 1l
0 | '
I 0 120 80 -4 .
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records show the slowly declining currents, which are in the outward
direction in Ab and in the inward direction in Bb. In Ac and Bc the I/V
relationships obtained from the ramps are plotted. In Ac the reversal
potential moves toward more positive values with the second and
third ramp, whereas in Bc the opposite behavior is observed. In both
graphs the I/V curves remain substantially parallel to each other

pulses (+40 to —140 mV). Figure 5 shows this kind of
protocol applied to an oocyte expressing the R282D mutant
at pH 7.5. Upon addition of 3 mM Gly-Gln, a slowly
declining outward current is seen during the prepulse,
whereas an opposite behavior (i.e., a slowly declining
inward current) is observed at the most negative test pulse
potentials (Fig. 5a middle traces). Subtraction of the cur-
rents in the absence from those in the presence of substrate
gives the isolated transport currents (Fig. Sa rightmost
traces), in which the declining behavior at negative
potentials during the test pulses is still visible. The average
I/V relationship obtained from the currents values at the
end of the test pulses is plotted in Fig. 5¢ (open squares). It
can be seen that using this protocol no outward current can
be observed up to +40 mV. In contrast, a clear current
reversal around 410 mV is noticeable in the same condi-
tions of pH and Gly-GIn concentration when using the
short depolarizing pulses from V, = —60 mV (filled
squares in Fig. 5c).

This experiment indicates that during the prepulse
to +40 mV the accumulation/depletion effects are
dissipated.

To check the physiological relevance of this phenome-
non, a similar approach was applied to oocytes expressing
the wild-type form of PepTl. In this case a shorter
(250 ms) prepulse to +40 mV was sufficient to abolish the
temporary phase of the outward current (Fig. 6).
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Fig. 5 A Currents elicited by the prepulse protocol shown in B, in the
absence and in the presence of 3 mM GlyGln at pH 7.5 in an oocyte
expressing the R282D isoform; the last traces are the difference
(substrate minus control). The dotted lines represent the zero-current

A No substrate

level. C Plot of the current at the end of the test pulse in Ac (open
symbols); for comparison, the filled symbols are the data obtained
using the short-duration pulse protocol (from V, —60 mV) from
another oocyte in the same conditions
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Fig. 6 Transport currents with the prepulse protocol. In this protocol
a 250-ms prepulse to +40 mV precedes the pulses to the test
potentials (B, data from the postpulse to +40 mV were not used for
analysis). In the wild-type PepT1 this prepulse duration was sufficient
to abolish any outward current elicited by the jump from the —60 mV
holding potential to positive potentials. This is demonstrated by the
fact that the subtracted currents (A, rightmost traces) are all in the
inward direction (the dotted line indicates the zero current level).
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C, D Values of maximal current (/,,,) and substrate concentration
giving half I,.x (Kos) obtained by Michaelis—Menten analysis on
dose-current curves obtained using the prepulse protocol (open
squares, mean £ SE, n = 4 from two batches). For comparison, the
same parameters calculated with the usual protocol (no prepulse) are
shown (open circles, mean + SE, n = 6 from two batches); notice the
limitation at —40 mV. I,,, was normalized to the value at —140 mV
in each oocyte before averaging
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Fig. 7 Top row current-clamp recordings showing the resting
potential changes induced by application of Irbesartan (IS, 2 mM)
and Gly-Sar (3 mM) to representative oocytes expressing the
indicated isoforms before (solid trace) and after the intracellular
injection of Gly-Sar (dashed trace). The bottom graphs show the

The transport-associated currents, obtained as usual by
subtracting the traces in the absence from those in the
presence of substrate, were always inwardly directed, even
in conditions of alkaline pH and low organic substrate
concentrations (Fig. 6a, rightmost traces). This correction,
although modest, allows an extension of the voltage range
in which the values of apparent affinity (1/Kys) and max-
imal current (/,,x) can be obtained from a Michaelis
—Menten analysis.

The average values of Kys and I, calculated from a
group of oocytes tested with such protocol at pH 7.5 are
shown in Fig. 6¢c and d (open squares), together with their
counterpart obtained using the customary pulse protocol in
which the test pulses were applied directly from V), =
—60 mV without prepulse (open circles). It can be seen
that while the data from the classical protocol are limited to
—40 mV, because at more positive potentials the current at
low substrate concentration becomes outwardly directed,
the prepulse protocol allows an extension of the analysis up
to +20 mV, although for K5 the statistical error becomes
very large also in this case.

Intracellular injection of substrates

In order to find further support for the results reported
above, we performed a series of experiments injecting

corresponding uncorrected I/V relationships, before (open symbols)
and after (filled symbols) the injection of Gly-Sar. In all graphs
squares are data in the absence and circles in the presence of
Irbesartan

substrates in the cytoplasm of the oocyte. This procedure
has already been reported to produce significant outward
transport currents in wild-type PepT1 when using hydro-
lysis-resistant ~ dipeptides or inhibiting intracellular
peptidases [2]. The results of our experiments on the wild-
type and R282D, R282A and D341R isoforms are illus-
trated in Fig. 7. In the upper part of this figure membrane
voltage recordings in current-clamp condition are shown:
first of all it can be noted that in all isoforms the resting
membrane potential becomes significantly more negative
after substrate injection (range —75 to —100 mV) com-
pared to the initial —20 to —50 mV. This progressive
hyperpolarization, already observed in the wild type [2],
develops in a few minutes after injection, and it is not
observed in oocytes not expressing the transporters. The
development of a strongly negative resting potential is
clearly consistent with the activation of an outward current
by the transporter as a consequence of the increased
intracellular Gly-Sar concentration. Additional evidence is
provided by the application of the blocker Irbesartan (IS)
[30]: the traces in Fig. 7 show that while external Gly-Sar
3 mM depolarizes the membrane when applied either
before or after the intracellular injection, the application of
Irbesartan (2 mM) is effective in producing a depolariza-
tion only after substrate injection. These last observations
indicate that, while the depolarizations induced by external
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pH 8
1 mM Gly-GIn

TMA'

R282D 08

Fig. 8 Replacement of Na' with TMA' or K" in the external
solution did not significantly alter the amplitude or the reversal
potential of the transport current elicited by the organic substrate.

Gly-Sar are due to the development of an inward transport
current, those induced by Irbesartan are due to the inhibi-
tion of an outward current.

Interestingly, the hyperpolarization of the resting
membrane potential and the Irbesartan-induced depolar-
ization are seen in all isoforms, including D341R, in spite
of the much lower currents generated by this mutant.

The I/V curves in Fig. 7 confirm then the findings
reported in the preceding figures by showing the presence
of a strong outward current following the intracellular
injection of Gly-Sar and a reduction of this current by
Irbesartan.

Ton and substrate specificity

Previous results [17-19] have suggested that residues R282
and D341 form an ion bridge whose cyclic breaking and
formation may gate the translocation process. Furthermore,
it has been proposed [31] that PepT1 may represent a
transitional entity between transporters and channels. We
have thus investigated possible alterations in ion and sub-
strate specificity in the R282D mutant (the same results
were obtained in R282A as well). The possible participa-
tion of other cations in the current elicited by the organic
substrate was tested by replacing external Na™ with K*,
Lit, or tetramethylammonium ion (TMA™). However,
these ionic substitutions did not significantly alter the shape
of the I/V relationships in the presence of Gly-Gln at var-
ious concentrations and pH values, as shown in Fig. 8 for
pH 8 and Gly-Gln 1 mM. It can be seen that the reversal
potential and the outwardly directed current are indepen-
dent of the kind of cation representing the vast majority of
external positive charges.

This result together with the observations in Fig. 2
confirms therefore that the species carrying the electrical
charge in both directions are indeed protons in complex
with the organic substrate.
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Values in the I/V plot are mean & SE from six oocytes from two
batches. Currents were normalized to the value at —140 mV in Na™*
for each oocyte before averaging

The substrate selectivity of R282D was also compared
with that of the wild type with special attention to the
ability to generate reverse current. A first series of results is
exemplified in Fig. 9, where the capacity to transport di-,
tri-, and tetrapeptides, as well as histidine by the R282D
mutant was tested. It is known [22, 23] that PepT1 family
members are able to transport several di- and tripeptides,
but not tetrapeptides. Furthermore, among the SLCI5A
family of transporters, the PepT subfamily is differentiated
from the PHT subfamily by its inability to transport histi-
dine. The representative records of Fig. 9a show that, with
respect to substrate selectivity, R282D behaves in a manner
similar to the wild-type transporters. The same potency
order was found in the other two tested mutants, R282A
and D341R (not shown). Furthermore, as illustrated in
Fig. 9b, tripeptides (LGG) are also able to generate
outward current when the short pulse protocol from V), =
—60 mV is used.

Charged dipeptides

In the context of the substrate selectivity analysis, it
seemed particularly interesting to examine the behavior of
the mutants in the charge-pair residues when charged
dipeptides were used in place of the neutral substrates
employed in all previous experiments.

The relevance of introducing a negative or a positive
amino acid in the substrate dipeptide as well as its position
was already studied in the wild-type PepT1 [32, 33]. An
important conclusion from these studies was that the
binding pocket of PepT1 can accept only neutral amino
acids at the carboxy terminus, while at the amino terminus
all kinds of charges can be accommodated.

Figure 10 compares the transport currents generated at
the same pH (7.5) and substrate concentration (1 mM)
when a positive or a negative residue is introduced in either
position of the dipeptide. The transport currents were
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Fig. 10 Current-voltage relationships of the transport currents elic-
ited by differently charged dipeptides in comparison with Gly-Gln (all
at 1 mM) in the indicated isoforms at pH 7.5. Data are averages (after

normalized to the current generated by the neutral dipep-
tide Gly-Gln at —140 mV in each oocyte before averaging.
The previous observations on the wild type are qualita-
tively confirmed in the mutants: the transport currents
generated by Lys-Gly are larger compared to Gly-Gln in all
isoforms, while those produced by Gly-Lys and by the two
negatively charged dipeptides are smaller. However, the
degree of reduction or increase is different in the two
mutants: in the R282D the differences are enhanced
Lys-Gly showing a much larger increase (150% vs 60% in
the wild type), whereas the currents generated by Gly-Lys,
Gly-Asp, and Asp-Gly are reduced relatively more than in
the wild type. In the D341R form, which produces in
general smaller currents (see Fig. 1), the Gly-Lys, Gly-Asp,
and Asp-Gly currents are less strongly reduced, and the
Lys-Gly current increases similarly to the wild type.

normalization at the current elicited by GQ at —140 for each
oocyte) £SE from 5 to 8 oocytes for each group, three batches)

Furthermore, Lys-Gly can produce large outward cur-
rents in R282D, whereas all substrates produce strongly
inward-rectifying currents in D341R.

The results for the wild-type are in line with previous
observations [32, 33], and qualitatively reflect the excess
positive or negative charge of the different dipeptides at pH
7.5. The more than doubled slope of the I/V curves in the
R282D mutant can be best explained with a nearly doubled
charge/mole ratio and, in addition, with an increased
turnover rate of the transporter.

On the contrary, the lack of effect in the substrate
selectivity order suggests that these mutations do not
interfere with the binding pocket of the transporter.

We tested this prediction by evaluating the amount of
presteady-state charge movement removed by interaction
with the various dipeptides. It is known that in many
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Fig. 11 Residual charge movement. The upper row shows current
records from an oocyte expressing wild-type PepT1 in the absence
and presence of a neutral, a basic, and an acidic dipeptide as indicated
(all at concentration 1 mM and pH 7.5). The appearance of the steady
transport current is inversely related to the disappearance of the

transporters, including PepT1 [34, 35], the presteady-state
currents in the absence of substrate are mutually exclusive
with the transport currents (i.e., they are progressively
reduced with corresponding increases in transport current).
Figure 11 shows the residual charge movement in
the presence of 1 mM of different dipeptides (Gly-Gln,
Lys-Gly, and Gly-Asp) in representative oocytes express-
ing the wild type and the mutants R282D and D341R.

As shown in the traces of Fig. 11, 1 mM Gly-Gln and
Lys-Gly almost completely remove the presteady-state
currents in the wild type, whereas most of this kind of
current remains in the presence of the same amount of
Gly-Asp (the same result was observed with Asp-Gly and
Gly-Lys). These observations may be quantified by com-
paring the Q/V curves obtained by integrating the
presteady-state current isolated using a double exponential
fitting of the traces in the absence of substrate (considered
to represent the total charge) to the integrals of the transient
currents obtained by the difference of the traces in the
absence and in presence of substrate (residual charge) [36].
These data are shown in the bottom graphs of Fig. 11.
Clearly the residual charge in the presence of 1 mM
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presteady-state currents. The bottom graphs show, for the wild-type
and the R282D and D341R mutants, the voltage dependence of the
total charge movement (squares) and the residual charge movement
in the presence of the substrate (circles GQ, upward triangles KG,
downward triangles GD)

Gly-Gln and Lys-Gly is close to zero in the wild type, and
for these substrates it remains a small fraction of the total
charge in both mutants. In contrast, for Gly-Asp the
residual charge is close to the total charge in all isoforms.
Analogous results were obtained for the other, poorly
functional dipeptides (not shown).

The amount of residual charge can be considered an
estimate of the fraction of transporters not involved in
the actual transport, i.e., transporters that do not interact
with the substrate. In this view, the data of Fig. 11
indicate that for all isoforms Gly-Asp interacts poorly,
whereas Gly-GIn and Lys-Gly show a comparable
degree of interaction between each other, although in
the mutants this level appears lower than in the wild
type.

Taking together the results of Figs. 10 and 11, it can be
concluded that, since the level of interaction of Gly-Gln
and Lys-Gly with the R282D mutant is similar, the more
than twofold increase in transport current by Lys-Gly
should be ascribed to the increased charge/mole ratio of the
transported complex and possibly to an increased turnover
rate.
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Discussion

The PepT1 mutants investigated in the present work are
correctly expressed in the oocyte membrane (Fig. 1) and
maintain the characteristic of true cotransporters, as is
shown by the fact that both protons and substrate concen-
trations affect the reversal potential of the transport current
(Fig. 2) and that the substrate selectivity is unaltered.
Although qualitatively in the correct direction, the shifts in
E.., significantly deviate from the predictions of the Nernst
equation. Further difficulties arise when examining the
slope conductance of the transport current at the reversal
potential: according to the theory of electrodiffusion [29]
this parameter should increase when the concentration of
the diffusing species is increased. As shown in Fig. 2 this is
verified for the dipeptide substrate Gly-Gln, but not for
protons, for which no significant dependency of the ggope 1S
found.

Having established that R282D and R282A can be
considered as true cotransporters with some interestingly
altered properties (conspicuous outward currents), we
investigated the functional and structural determinants of
reverse operation in these proteins.

The experiments illustrated in Fig. 3 show that the
outward currents visible in Figs. 1 and 2 are only tempo-
rary and may be consequent to the active state of the
transporters at negative holding potentials. These declining
outward currents might be considered similar to the “tail”
currents observed in voltage-activated ionic channels when
stepping the voltage from a condition in which the channel
is open to other voltages where it will close [29, 37]. If this
is the case, the I/V curves obtained from relatively short
(<1 s) pulses may actually represent “instantaneous” I/V
relationships of the current generated by the transporter at
the level of activation of the holding potential.

The observation (Figs. 1 and 4) that the transport current
declines during strong voltage pulses in either depolarizing
or hyperpolarizing directions suggests that this effect may
arise from changes in the driving force rather than from an
intrinsic deactivation process of the transporter, because
this last kind of process usually depends monotonically on
voltage. The hypothesis of a reduction in driving force is
demonstrated by the results of the experiments of Figs. 4,
5, and 6, as well as from the long-lasting recordings of
Fig. 3. In fact, during a prolonged flux of the proton-sub-
strate complex a local accumulation and/or depletion of the
complex may occur in the vicinity of the transporter, and
this will decrease the concentration-dependent component
of the electrochemical gradient causing a current decline.

The experiment of Fig. 4 clearly demonstrates the
occurrence of this phenomenon in both directions: in fact,
during a long-lasting hyperpolarization the reversal
potential becomes progressively more negative in

agreement with a decrease in the out/in ratio of the con-
centrations of the transported species (Eq. 1). Vice versa,
during a long-lasting depolarization, the E,., shift is toward
more positive potentials, consistent with an increase in the
out/in concentration ratio. However, the I/V relationships
measured at different times during the long pulses in either
direction remain parallel to each other, excluding changes
in the intrinsic rate of transport.

Although this effect is most evident in the two arginine
282 mutants, we have shown that the hypothesis of a
transport-dependent local concentration change can also
explain the findings regarding the wild-type transporter
[20]. The experiments of Figs. 5 and 6 show that using an
appropriate protocol the accumulation/depletion effect can
be reduced, and this leads to more accurate determinations
of the kinetic properties of transport (I;,,x and Kys), whose
values can be obtained over an extended range of
membrane potentials.

The ability to conduct current in the outward direction
was already demonstrated in the wild-type PepT1 [2]. We
have shown here that not only mutants in arginine 282, but
also D341R exhibit the same capacity in presence of high
intracellular concentrations of a non-hydrolizable substrate.
This finding indicates that the different shape of the I/V
curves exhibited by the different isoforms (i.e., inward
rectifying vs linear, see Figs. 1 and 10) obtained using a
classical pulse protocol from V, = —60 mV is not related
to an intrinsic incapacity of the wild-type and D341R forms
to transport in reverse mode, but depends on the different
transport rates, producing different degrees of accumula-
tion/depletion effects. Indeed the transformation from
linear to inward rectifying can be obtained using appro-
priate protocols (see Fig. 5).

Other substrates

Of the two residues forming a putative charge pair in the
PepT1 structure (R282 and D341), [17, 18], only mutants
in arginine 282 present the outward current phenotype
(Fig. 1). Our initial results using the neutral dipeptide
Gly-Gln showed that the arginine mutants facilitate the
substrate flow both in terms of amplitude and direction,
since the I/V relationships are approximately linear,
whereas the symmetric mutation D341R has an opposite
action, rendering more difficult the transport of substrates
and enhancing the inward rectification property already
present in the wild type.

The subsequent experiments in the presence of different
cations (Li*, K" and TMA™) and using various organic
substrates showed that the mutations do not introduce
qualitative alteration in ionic selectivity nor in substrate
specificity. Protons appear to remain the charge carriers,
and the potency order of substrates of different size or
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bearing different charge is not changed compared to the
wild type.

Furthermore, the reversal of the transport current can
also be observed with tripeptides, suggesting that this
property is not substrate-dependent, but is intrinsic in the
mutated transporter.

The selectivity order of the charged dipeptides remains
substantially unaltered in the mutants compared to the
wild-type at pH 7.5. The two negatively charged dipeptides
produce only small currents, reflecting the high percentage
of the side chains bearing a negative charge at this pH. The
two positive dipeptides highlight the relevance of the
position of the charge: when the lysine is at the amino
terminus, the transporter is able to generate larger currents,
while when it is located at the carboxy terminus, the cur-
rents are much reduced [33].

Quantitatively, the behavior of the charge-reverting
mutants R282D and D341R is opposite in many respects:
while R282D shows increased current relative to the wild
type, the current generated by D341R is much reduced (see
Fig. 1 and related text). This observation is consistent with
the idea of these two residues being part of the gate con-
trolling the flux of inward positive charges: neutralization
of the positive arginine 282, or its replacement with a
negative amino acid, may facilitate the approach of the
positively charged transport complex, whereas the
replacement of the negative aspartate 341 with a positive
arginine may have the opposite effect. This notion is also
supported by the amplified increase (relative to Gly-Gln) in
the current generated by Lys-Gly in the R282D mutant
compared to wild type and D341R. This effect is mirrored
by the stronger reduction in the same mutant of the current
generated by Asp-Gly compared to the wild type. Inter-
estingly, this last substrate produces a higher fraction of the
Gly-Gln current in the D341R mutant compared to the wild
type.

In conclusion, we have shown that mutants in the
putative charge pair residues R282 and D341 of rabbit
PepT1, while retaining the essential characteristics of
proton-coupled cotransporters, exhibit properties useful to
better understand the possibility of reverse transport.
Removal of arginine 282 appears to facilitate the flow of
the transported complex in both directions, while replace-
ment of aspartate 341 with a positive residue limits the
transport rate and strengthens the inwardly rectifying
characteristics of the wild-type transporter.
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