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Residues R282 and D341 act as electrostatic gates in
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Non-technical summary The oligopeptide transporter PepT1 is a protein found in the membrane
of the cells of the intestinal walls, and represents the main route through which proteic nutrients
are absorbed by the organism. Along the polypeptidic chain of this protein, two oppositely charged
amino acids, an arginine in position 282 and an aspartate in position 341 of the sequence, have been
hypothesised to form a barrier in the absorption pathway. In this paper we show that appropriate
mutations of these amino acids change the properties of PepT1 in a way that confirms that these
parts of the protein indeed act as an electrostatic gate in the transport process. The identification
of the structural basis of the functional mechanism of this transporter is important because, in
addition to its role in nutrient uptake, PepT1 represents a major pathway for the absorption of
several therapeutic drugs.

Abstract The effects of mutations in the charge pair residues Arg282 and Asp341 of the rabbit
oligopeptide transporter PepT1 have been studied using electrophysiology in mRNA-injected
Xenopus oocytes. Substitution of Arg282 with neutral or negatively charged residues produced a
shift towards more positive potentials in the characteristics of charge movement with respect to
the wild-type form. Conversely replacement of Asp341 with Arg reduced both pre-steady-state
and transport currents and produced a negative shift of the charge movement properties. Both
kinds of currents remained pH-sensitive in the mutants. All functional mutants were correctly
localized on the cell membrane. Removal of the positive charge of Arg282 produced transporters
able to generate conspicuous outward currents whose reversal potential was affected by external
pH and by substrate concentration. This suggests that the mutants still translocate protons and
substrate as a complex. Charged substrates were accepted by the mutants with the same potency
order as the wild-type. The results support the idea that Arg282 and Asp341 play the role of
electrostatic gates in the PepT1 transport cycle.
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Introduction

The proton-dependent di- and tripeptide transporter
PepT1 represents the major route of dietary amino acid
intake in the intestine of many species (Daniel et al.
2006). This transporter belongs to the solute carrier
family SLC15 and because of its electrogenic properties
it may be studied through electrophysiological and radio-
tracer uptake experiments. In addition to the physiological
relevance, understanding of the details of its mechanisms
of operation is important since it appears to be involved
in the absorption of many important, orally administered,
drugs (Daniel & Kottra, 2004).

PepT1 has been cloned from various mammalian
and non mammalian species, showing rather high
degrees of amino acidic similarity (Fei et al. 1994;
Saito et al. 1995; Chen et al. 2002; Sangaletti et al.
2009). From the functional point of view, all the
studied PepT1 isoforms are able to transport di- and
tripeptides with varying degrees of efficiency, and share
the substantial inability to transport tetra- (or larger)
peptides, as well as single amino acids (Fei et al
1994).

The pH dependence, initially reported for the human
form as an increased peptide absorption at acidic pH
(Fei et al. 1994), reveals different aspects in other species:
kinetic analysis of transport currents in rabbit and fish
PepT1 indicates that acidic pH may affect more the
substrate affinity (increase) rather than the maximal
velocity of transport (Steel et al. 1997; Kottra & Daniel,
2001; Verri et al. 2003; Sangaletti et al. 2009).

We have recently analysed the effects of external pH
on the pre-steady-state currents of PepT1 from different
species, concluding that external protonation acts by
slowing down a charge-moving partial reaction step of
the transporter (Renna et al. 2010). Our results also
supported the hypothesis that the intramembrane charge
movement generating the pre-steady-state currents is due
to the rearrangement of intrinsic charges of the protein
(Mackenzie et al. 1996; Nussberger et al. 1997).

Significant evidences of the interaction of protons with
the transporter protein arise from mutational studies:
histidine 57 in the second transmembrane domain of
PepT1 is required in order, for the transporter, to be
functional (Fei et al. 1997; Chen et al. 2000; Uchiyama
etal. 2003), and this observation suggests that protonation
of this residue is a necessary step in the transport cycle.
Tyrosine residues around His57 have also been shown to
stabilize proton binding (Uchiyama et al. 2003; Pieri et al.
2009) in rabbit PepT1. Other residues have been found
to affect PepT1 activity in interesting ways: particularly
Arg282 and Asp341 have been reported to form a charge
pair that may break and reform during the transport cycle
(Kulkarni et al. 2007; Pieri et al. 2008; Meredith, 2009).
Interestingly mutation Arg282Glu appeared to convert the
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cotransporter in a substrate-gated, rather unspecific cation
channel (Meredith, 2004; Pieri et al. 2008). In addition, this
mutation caused loss of sensitivity to pH.

Most of the above functional observations were
derived from uptake data, in the absence of control
of the membrane voltage, or from electrophysiological
measurement of steady transport currents, in the
presence of a dipeptide substrate. Important additional
information regarding the transport mechanism may
arise from measurement of pre-steady-state currents, the
electrophysiological signals that can be observed in the
absence of organic substrate, and that represent the first
steps in the transport cycle (Fesce et al. 2002; Peres et al.
2004).

The pre-steady-state currents generated by PepT1 have
been recorded in rabbit, human, seabass and zebrafish
isoforms (Mackenzie et al. 1996; Nussberger et al. 1997;
Sala-Rabanal er al. 2006; Sangaletti et al. 2009; Renna
et al. 2010). As expected, in PepT1 these currents are
pH-dependent, and analysis of their possible alteration
in mutant forms of the transporter may be useful to
obtain more information on the interactions of particular
residues with ions, even when the organic substrate is
absent. In the present work we have therefore investigated
the properties of the pre-steady-state currents in the
wild-type and in mutants of the charge-pair residues
R282and D341. The properties of the transport-associated
current in these mutants were studied in parallel, in the
attempt to form a more complete picture of the roles of
these residues.

Methods
Construction of point mutations

Mutations in rabbit PepT1 were obtained by site-directed
mutagenesis. Briefly, 20 ng of the plasmid containing the
FLAG-wild-type PepT1 cDNA (Mertl et al. 2008) were
amplified with 2.5 units of Pfu DNA polymerase in the pre-
sence of overlapping primers containing in their sequence
the mutated codons:

rbPepT1 D341R: 5-CCTGGTCCCCATCATGCGCGCC
GTGGTGTATCC-3'

rbPepT1H57R:  5'-GGACGACAACCTGTCCACGGT
CGTCTACCACACGTTCGTC-3'

rbPepT1 R282X: 5-CGCGCAGATCAAGATGGTTACG
XXXGTGCTGTTCCTGTACATCCC-3

where the original sequence AGG was transformed in
XXX that correspond to the following triplets: for R282D
GAT, for R282A GCG, for R282E GAG, for R282K AAG
and for R282Q GAC. PCR amplification was performed
with 25 thermal cycles of 95°C for 30, 55°C for 1 min,
and 68°C for 14 min. Then, 10 units of Dpnl were added
directly to the amplification reaction, and the sample was
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incubated for 1 h at 37°C to digest the parental, methylated
DNA. JM109 supercompetent cells were finally trans-
formed with 1 ul of the reaction mixture and plated onto
LB-ampicillin plates. After plasmid purification, plasmid
cDNAs were fully sequenced (Eurofin MWG Operon,
Ebersberg, Germany).

Oocyte expression

Oocytes and RNAs were prepared as detailed described
previously (Bossi et al. 2007). In summary, to prepare the
mRNA, the cDNA encoding PepT1-FLAG transporters,
cloned into the pSPORT-1 vector (Mertl et al. 2008), was
linearized with NotI; subsequently cRNA was synthesized
in vitro in the presence of Cap Analogue 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 anaesthetised
in MS222 (tricaine methansulfonate; 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 mgml™! in
ND96 Ca’t free) for at least 1h at 18°C. After 24h
at 18°C in modified Barth’s saline solution (MBS), the
healthy looking oocytes, were injected with 12.5ng 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 electrophysiological
studies. The experiments were carried out according to
the institutional and national ethical guidelines (permit
no. 12/09) and complied with the ethical guidelines of The
Journal of Physiology.

Single-oocyte chemiluminescence

To evaluate the expression at the oocyte plasma
membrane, we used the single oocyte chemiluminescence
(SOC) technique pioneered by Zerangue et al. (1999)
and used by others (McAlear et al. 2006; Rauh et al.
2010) to quantify a tagged protein expressed at the cell
surface. This technique 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 5min in ice-cold ND96
(pH 7.6) and then fixed with 4% paraformaldehyde in
ND96 for 15min at 4°C, rinsed 3 x 5min with equal
volumes of ND96, and then incubated for 1h in a
1% BSA-ND96 blocking solution (used in subsequent
antibody incubation steps). Fixed and blocked oocytes
were incubated for 1h in primary mouse anti-FLAG M2
(Sigma, Milan, Italy) monoclonal antibody (1 g ml™! in
1% BSA-ND96), washed 6 x 3 min in 1% BSA-ND96,
incubated for 1 h in secondary peroxidase-conjugated goat
anti-mouse IgG (1 ug ml™!, IgG-HRP; Jackson Immuno-
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Research Laboratories, Europe Ltd, Stuffolk, UK), and
washed 6 x 3 min in 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 ul SuperSignal Femto (Pierce/Thermo Scientific,
Rockford, IL, USA); 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 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).

Immunohistochemistry

Oocytes in which transport activity had been confirmed
electrophysiologically were fixed in 100% methanol at
—20°C for 2 h, then rehydrated at room temperature (RT)
for 15 min in 50:50 (v/v) methanol/phosphate-buffered
saline (PBS), followed by 2 x 15 min washes in PBS. The
fixed oocytes were then embedded in Polyfreeze tissue
freezing medium (Polysciences, Eppelheim, Germany)
and immediately frozen in liquid nitrogen. Cryosections
(7 pm) were obtained with a Leica CM 1850 cryostat.
The sections were incubated in the blocking buffer (2%
bovine serum albumin, BSA (w/v), 0.1% Tween in PBS)
at RT for 30 min, then the primary antibody, mouse
anti-FLAG M2 (Sigma, 3.8 mgml~!) 1:1000 in blocking
buffer wasadded and incubated at RT for 1 h. Samples were
washed 3 x 5 min in blocking buffer at RT. The oocytes
sections were then incubated in the secondary anti-
body (Cy™3-conjugated AffiniPure Donkey Anti-Mouse
(Jackson ImmunoResearch), 1.4 mgml~', diluted 1:1000
in Blocking Buffer) at RT for 45min and again
washed 3 x 5min with blocking buffer. Images were
observed with a fluorescence microscope (Olympus BH2)
through a rhodamine filter set (excitation/emission filters
550/580 nm). Images were acquired with a DS-5M-L1
Nikon digital camera system.

Electrophysiology and data analysis

Measurement of the currents generated by the transporters
in controlled voltage conditions was performed using the
classical two-electrode voltage clamp (TEVC) technique
(GeneClamp, Molecular Devices, Sunnyvale, CA, USA or
Oocyte Clamp OC-725B, Warner Instruments, Hamden,
CT, USA). Glass microelectrodes, filled with KCI (3 M) and
with tip resistances between 0.5-2 MQ were used. Bath
electrodes were connected to the experimental chamber
via agar bridges (3% agar in 3 M KCl). Voltage pulses to
test potentials from — 140 to +20 mV in 20 mV increments
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were applied from a —60 mV holding potential (V). The
current signal was filtered at 1kHz before sampling at
2 kHz.

Two methods were used to isolate the pre-steady-state
currents elicited by voltage jumps (Mertl et al. 2008;
Sangaletti et al. 2009): in the first, the slow component
of a double-exponential fitting of the transient was
taken to represent the pre-steady-state currents, while in
the second, the currents remaining after subtraction of
the traces in presence from those in absence of substrate
were assumed to represent the intramembrane charge
movement. The isolated traces were fitted with single
exponentials to obtain the time constant of decline, and
integrated to calculate the amount of displaced charge,
after zeroing any residual steady-state transport current.
The presence of gently decaying currents during the
voltage pulse was sometimes observed in some mutants
at alkaline pH. In these cases a sloping baseline was
subtracted before fitting and integration. The two methods
gave generally equivalent results; the subtraction method
was preferred when the pre-steady-state currents were fast,
with time constants approaching that of the endogenous
capacitive transients.

Data were analysed using Clampfit 8.2 (Molecular
Devices), and figures were prepared with Origin 5.0
(OriginLab Corp., Northampton, MA, USA).

Solutions

The oocyte culture and washing solutions had the
following composition (in mm), ND96: NaCl 96, KCI 2,
MgCl, 1, CaCl, 1.8, Hepes 5, pH 7.6; MBS: NaCl 88, KCI
1, NaHCOs; 2.4, Hepes 15, Ca(NOs), 0.30, CaCl, 0.41,
MgSO, 0.82, sodium penicillin 10 ug ml™", streptomycin
sulphate 10 ugml™', gentamycin sulphate 100 ugml™',
nystatin 10 Uml™!, pH 7.6; PBS: NaCl 138, KCl 2.7
Na,HPO,, 10, KH,PO,, 2, pH 7.6. The external control
solution had the following composition (mm): NaCl 98,
MgC12 1, CaC12 1.8.

Different pH buffers were used for the various pH
values: for pH 6.0 and 6.5, Mes 5 mM was used; Hepes
5mM was employed for pH 7.0 and 7.5, while for pH
8.0 the buffer was Taps 5 mm. The final pH values were
adjusted with HCI and NaOH. Dipeptide substrates were
added at the indicated concentrations to the appropriate
solutions.

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

Results
Pre-steady-state currents in charge-pair mutants

Previous reports from rabbit PepT1 (Meredith, 2004;
Kulkarni et al. 2007; Pieri et al. 2008; Meredith, 2009)
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have suggested that two well-conserved residues, arginine
282 and aspartate 341, may form a charge pair playing an
important role in the transport function. The position of
these two residues is shown in Fig. 1.

Considering that the pre-steady-state currents of PepT1
are believed to be mostly due to the rearrangement of
charges intrinsic to the transporter (Mackenzie et al. 1996;
Nussberger et al. 1997), we examined the behaviour of
charge-reverting mutants in these positions of rbPepT1
(R282D, R282E and D341R), as well as the conservative
mutation R282K, and the substitution of arginine 282
with the non-charged non-polar alanine (R282A), or the
non-charged polar glutamine (R282Q). Furthermore, we
tested the essential histidine 57 (H57R) and the double
mutant R282D-D341R.

Figure 2 shows representative traces from the various
isoforms. All R282 mutants were able to generate
pre-steady-state currents in the absence of substrate, as
well as transport-associated currents with amplitudes
comparable to the wild-type, while the currents
observed in the D341R form were smaller, and neither
transporter-related nor pre-steady-state currents could be
observed in the double mutant R282D-D341R and in
H57R.

Localization and membrane expression
of the FLAG protein

Immunolocalization experiments were performed to
understand whether the various mutants were correctly
inserted in the oocyte membrane. Representative images
are shown in Fig. 3A. The negative controls (non-injected
oocytes and oocytes expressing a wild-type transporter
with no FLAG), gave no visible signal in the membrane of
the oocytes. All the other isoforms were correctly localized
in the membrane to a variable extent. These observations
were confirmed by the single-oocyte chemiluminescence
(SOC) experiments that were performed on larger
numbers of oocytes from different batches (Fig. 3B). All
functional mutants were present in the membrane at levels
similar to or greater than the wild-type, in agreement
with previous results (Kulkarni et al. 2007). Our data
also confirm the correct membrane localization of the
non-functional mutant H57R (Uchiyama et al. 2003).
However, the double mutant R282D-D341R gave only
very weak signals in both the immunolocalization and in
the chemiluminescence experiments, in agreement with
the lack of transport-related currents (Fig. 2).

These results are generally well correlated to
the electrophysiological observations: the lack of
transporter-associated currents seen in the R282D-D341R
double mutant is paralleled by the weak luminescence
signal in Fig. 3 for this isoform, while the large currents
displayed by the R282 mutants are in agreement with
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the strong signals of the localization and luminescence
experiments. On the contrary the small pre-steady-state
and transport currents recorded in the H57R and D341R
forms are in contrast with the large membrane expression
seen in the results reported in Fig.3. Based on these
observations, the reduced functionality of this last mutant
appears to be attributable to a defect in the molecular
mechanism rather than to insufficient targeting to the
membrane.

The pre-steady-state currents generated by the
functional mutants maintained the sensitivity to external
pH by showing a shift towards more negative potentials
at more alkaline pH, as illustrated in Fig. 4 for the R282D
mutant. The isolated currents were analysed as explained
in Methods, and the results of this analysis are plotted in
the bottom row of Fig. 4, showing the accelerating action
of alkaline pH on the time constant and the shift towards
more negative potentials induced by this pH on both ==V
and Q-V curves. Fitting a Boltzmann equation (eqn (1))
to the R282D data of Fig.4 gives V5 =—454+0.9mV
at pH 7.5, and 7.8 £ 6 mV at pH 6.5 in this group of
oocytes. The estimated maximal moveable charge appears
to remain substantially constant (41.4 + 0.8 nC at pH 7.5

A
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vs.37.6 £ 3.1 nC at pH 6.5), although these data are sub-
ject to significant errors especially at pH 6.5 because of
lack of saturation at positive potentials. The comparison
with the wild-type data (filled symbols in Fig.4) shows
that at the same pH the decay time constants of the R282D
mutant are shorter and that both 7—V and Q-V curves
of the mutant are shifted towards more positive potentials
(Vos=—59.2£1.3mV at pH 6.5 in this group). These
effects were also seen, to a various degree, in all other
arginine mutants.

Unidirectional rates

A more complete analysis of the charge movement
properties of the different isoforms at pH 6.5 is shown
in Fig. 5. Here the Q-V curves are plotted as the amount
of charge displaced in an inner position in the membrane
electrical field, relative to the maximal displaceable charge
(Qmax)> obtained from fitting Boltzmann equations to the
sigmoidal curves (Fesce et al. 2002).

Qmax
*(V*Vo.s)] (1)

a

Qin

- 1+exp[

OOH

Figure 1. Cartoon of PepT1 topology and helical distribution

A, representation of the 12 TMDs topology of PepT1 and indication of the position of the FLAG-tag; B, helical
wheel plan (derived from Meredith & Price, 2006) of the TMDs in PepT1 showing the putative relative proximity
of R282 and D341 in TMDs 7 and 8, respectively, in the homology model of rabbit PepT1. Shown also are the
histidine residues, H57 and H121, that have been proposed to play a functional role in PepT1. The residues that
were predicted to face into the putative central channel (Bolger et al. 1998) are also drawn, as protrusions from

the main helix body.
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In eqn (1) Vs is the voltage at which half of the charge

is moved (that is, the midpoint of the sigmoidal); and
o =kT/qé represents a slope factor, in which ¢q is the
elementary electronic charge, k is the Boltzmann constant,
T is the absolute temperature, and § is the fraction of
electrical field over which the charge movement occurs.
Fitting the Q-V curves in Fig. 5A to this equation gives,
for the various isoforms, the parameters summarized in
Table 1.

It may be seen that in all arginine 282 mutants the
Q-V curves are shifted towards more positive potentials
compared to the wild-type, and the time constants are
shorter. Conversely, replacement of the negative aspartate
341 with arginine causes a negative shift of both ——V and
Q-V curves together with an increase in the maximal time
constant value (Fig. 5A and B).

With the partial exception of the D341R mutant, no
strong changes in the slope factor o can be seen in Table 1,
implying that the mutated residues are only marginally (if
at all) involved in the charge movement underlying the
pre-steady-state currents.

Control Control

Gly-GIn

-
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R282K
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From the t—V and Q-V curves it is possible to derive
(Fesce et al. 2002) the unidirectional rate constants of the
charge movement and their voltage dependency, according
to the relations:

. 1 Qin
inrate = —
T Qmax
1 in
outrate = — (1 S ) (2)
T Qmax

From the data in Fig. 5A and B, the plots of inward rate
and outward rate constants for the wild-type and the six
functional mutants can be obtained (Fig. 5Cand D). These
graphs show that, compared to the wild-type, the mutants
of R282 exhibit faster inward and slower outward rate,
while the opposite occurs in the D341R mutant.

Transport currents

To complete the description of the electrophysiological
properties of the charge-pair mutants, we performed

Control

Gly-GIn Gly-Gln

D341R

R282E

1

R282Q

+

R282D
D341R

H57R

pH=75

Figure 2. Current responses to voltage pulses from —140 to +20 mV (from Vi, = —60 mV) in the absence
and presence of substrate at pH 7.5 in the wild-type and indicated mutants of the rabbit PepT1
Mutants showing normal or increased functionality are listed in the left and central columns, while those with
no (R282D-D341R and H57R) or reduced (D341R) functionality are listed in the right column (note the amplified
vertical scale bar). The slowly developing outward currents visible in some of the records at the most positive pulses
arise from oocyte endogenous channels and do not affect the analysis.
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experiments to compare the characteristics of the
transport-associated  current, and their possible
correlations to the pre-steady-state currents.

The top row of Fig. 6 shows the records of the isolated
transport currents (obtained by subtracting the currents

R282D

R282D-D341R

Electrostatic gates in PepT1 501

in the absence of substrate from those in the presence of
1 mM Gly-Gln) in four representative oocytes expressing
the WT PepT1, the R282D, the R282A, or the D341R
mutant, each tested with the usual pulse protocol at
external pH 7.5. In the bottom row of Fig. 6 the average

WT no FLAG

R282A

R282K

D341R

B
2.0 -
=
wr
E 4
k]
E
8 151
8
ﬂ E
£
E 10+
=]
E
@
N =
o
T 051
N
[
E
2 =
0.0 -
¥ [ L] I L) E LS I L] "
AR I N o
(@Q\F‘ Qﬂ‘p qiﬁ:'

Figure 3. rbPepT1wt and mutants surface expression

A, immunohistochemistry of Xenopus laevis oocytes expressing FLAG-rbPepT1 wild-type (WT) and the
indicated mutants shown as fluorescence microscopy images of the outer membrane of oocytes stained with
Cy™3-conjugated donkey anti-mouse antibody. Oocytes non-injected and injected with wild-type non-tagged
PepT1 are also included as controls (top row). B, results of the chemiluminescence experiments from oocytes
expressing the wild-type and the indicated mutants of rbPepT1-FLAG. The chemiluminescence detected from
20-40 oocytes from 3 different batches secondarily labelled with peroxidase-conjugated goat anti-mouse (IgG-HRP)
are shown. The data were normalized to the mean value of the wild-type FLAG-PepT1 of each batch.
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pH=75 pH=6.5

R282D

Figure 4. Mutants in the charge-pair

401 residues were pH-sensitive
The top row shows traces of pre-steady-state
304 currents isolated using the subtraction method
. as described in Methods, in a representative
g oocyte expressing the rabbit R282D mutant at
- 201 the two indicated pH values. Values of the
7§48 time constant of decay and of the amount of
10 8 displaced charge in the two pH are shown in
the lower graphs (open symbols, as mean
values =+ s.E.M. from six oocytes (two batches).
-0160 120 -80 -40 0 40 160 -120 -80  -40 0 40 For comparison the filled symbols show the

averaged data for the wild-type isoform

V,, (mV) V,, (mV) (n = 14 from four batches).
A B
504
0.0
02 40 §* ~o__
0.2 B
3 -0.4 % 30+ .
QE E 2
g 06 o wr & 204 }/ .
I~ v
-0.81 m R282K 104 v/{ :
-1.04 O D341R [ V
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160 -120 80 -40 0 40 ~ Reeq 160 -120 -80 -40 0 40
V_(mv) A R282A V_(mV)
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—_ v
"o — A>x
Y B 1003 e
o o :CE l\e\A\ A\§\§:§:$‘
= 10y o— T ~m—g oA
S R ikg:i\ﬁ%
o) oo S 0] O—o- = en
= 4 O\O g
] d/ ~0
2= oo
1 o
T . T T . 1 T : T T .
-160 -120 -80 -40 0 40 -160 -120 -80 -40 0 40
V_(mV) V_(mV)
m

Figure 5. Charge movement analysis

A and B, relative amount of moved charge and decay time constant, respectively for the indicated isoforms at pH
6.5. Average values =+ s.e.M. from 5-11 oocytes for each form (two to four batches). C and D, outward and inward
rate constants. See text for details of derivation.
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Table 1. Boltzman equation parameter
WT D341R R282K R282D R282E R282A R282Q
(11) (5 (7) ) (7) (@) (7)
Vo5 (MV) —60.0 £+ 1.1 —113.4+2.2 —383+4.8 -1.2+1.8 +1.5+7.1 +2.9+43 —18.1+6.2
o (mV) 29.7+1.4 39.3+1.2 33.6+24 344+0.8 27.5+ 1.1 29.2+23 28.2+1.8

-V curves at four pH values (6.5, 7, 7.5 and 8) are
plotted. The graphs are normalized to the current value at
—140 mV (pH 7.5) to facilitate the comparison; however,
it must be remembered that the currents generated by
the D341R mutant were significantly smaller in absolute
value (see Fig. 2). In all isoforms, changes in external pH
caused shifts in the -V curves that were in the same
directions as for the pre-steady-state current parameters.
This observation indicates that the substrate transport
activity is still pH-dependent in these three mutants. At
potentials more positive than —40 mV, the shape of the
relationships shows inward rectification in the wild-type
and particularly in the D341R mutant, while it is much
more linear in the R282D and R282A forms, which
show a very clear reversal and strong outward currents.
Indeed reversal of the transport current is seen also in the
wild-type transporter at pH 8 (squares in Fig. 6B).

The transport current generated by the R282K mutant
was qualitatively similar to that of the wild-type, while
the behaviour of the R282E and R282Q mutants was
comparable to R282D and R282A, respectively, with
evident outward currents and clear shifts in E,., induced
by changes in pH and substrate concentration. For the
non-conservative arginine mutants, semilog plots of E.,
vs. pH were linear (R > 0.98) with slopes between —38.2
(R282D) and —49.6 (R282A) mV per pH unit (Fig. 7A),
indicating a substantial contribution of protons to the
current. It may be relevant to note that the amplitude
of the outward current and the position of the reversal
potential are also dependent on the voltage protocol and
on the level of expression of the transporters (Kottra et al.
2002; and our unpublished observations).

The estimation of the apparent affinity for external
protons is made difficult by the presence of the outward

WT R282A D341R
. k f;‘:a
V. (mV) 04 V. (mV) 0.2
-160 -120 -80 -40 vV (mv) V., (mV) g -160 -120 -80 -40 } 40
T B m -160 -120 -80 -40 /240 T
-160 -120 -80 40 T T ‘

Relative current

Relative current
Relative current

Figure 6. Transport currents in the different isoforms

Top row: subtracted traces (1 mm Gly-GIn minus no substrate) at pH 7.5 from four representative oocytes
expressing the indicated transporters. The dashed lines indicate the zero current level. Note the slow decay in the
current traces exhibited by the R282D and R282A mutants (arrows). Bottom row: I~V curves elicited by 1 mm
Gly-GIn in the four isoforms at different external pH values. The data were averaged after normalization for each
oocyte to the current value at —140 mV and pH 7.5. Data points are means =+ s.e.M. (n = 3-5 oocytes from three

batches).
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currents (see below). However, limiting the analysis
to the wild-type, the proton concentrations eliciting
half the maximal current increase with voltage from
15nM at —120mV to about 770nM at —120mV
(Fig. 7B), in qualitative and quantitative agreement with
previous determinations (Amasheh et al. 1997; Kottra et al.
2002).

Changing the dipeptide concentration at constant pH
produces on the transport currents the effects illustrated
in Fig. 8 for the wild-type and the R282D mutant (very
similar results were seen in the R282E, R282Q and
R282A forms). Higher substrate concentrations applied
at pH 7.5 produce an increase in current amplitude that
reaches saturation at 1 mm in the wild-type, and shifts
the reversal potential towards more positive values in all
isoforms. Indeed, at this pH and using lower substrate
concentrations, a clear reversal of the current is visible
also in the wild-type, confirming previous observations
(Verri et al. 2003; Kottra et al. 2009).

The fact that changes in the concentration of a neutral
substrate, such as Gly—Gln, are able to affect E,., suggests
that the organic substrate is translocated as a complex with
the electric charge, confirming that these mutants behave
as true cotransporters.

The reversal of the current direction complicates the
evaluation of the apparent affinity for the substrate from
the usual current—dose plots. An alternative possibility to
gain information on the ability of the transporter to inter-
act with the substrate is the use of the chord conductance
(G) as an indicator of the level of activity. The chord
conductance is defined as (Aidley, 1989):

1
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Figure 7. Reversal potential and affinity
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This quantity is directly proportional to the transport
current, but it remains always positive, being divided
by the electrochemical gradient. Figure 8C and D plots
this quantity against the substrate concentration. Fitting
these plots with a Michaelis—Menten equation gives the
values of the maximal conductance (Gp.) and of the
substrate concentration producing half Gy, (K$;). These
graphs are shown in Fig. 7E and F. It may be noted that
the different voltage-dependence of Gy, in the two iso-
forms reflects the opposite curvature of the I-V plots in
Fig. 8A and B. Clearly K& cannot be directly compared
to the apparent affinity classically obtained as the
substrate concentration producing the half-maximal
current (Mackenzie et al. 1996; Kottra & Daniel, 2001).
However in the present context the aim of this analysis
was to compare the properties of the mutants with those
of the wild-type. Figure 8F shows that K, for the R282D
mutant is greater than for the wild-type over most of the
voltage range, indicating a lower affinity for the organic
substrate.

Charged substrates

PepT1 transporters are known to accept as substrates
several di- and tri-peptides possessing different electrical
charge, provided the charged amino acid is in the
amino-terminus position (Kottra et al. 2002). We therefore
tested the behaviour of the charge-pair mutants in the
presence of the dipeptides Lys—Gly and Asp-Gly, in
addition to Gly—Gln. The results are shown in Fig. 9 for
the wild-type and the mutants D341R, R282Q, R282D
and R282K. As in the other experiments illustrated above,
R282E and R282A behaved quite similarly to R282D and
to R282Q, respectively.
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A, pH dependence of reversal potential in the non-conservative arginine mutants (mean values =+ s.e.m. from four
oocytes for each isoform); the values at pH 6.5 were extrapolated for the R282A, R282Q and R282D forms. B,
apparent affinity for protons for the wild-type PepT1, from Michaelis—-Menten analysis on the data of Fig. 6.
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The inward rectifying characteristic of the wild-type,
D341R and R282K transporters appears to be independent
on the charge carried by the substrate. In all isoforms,
Asp—Gly elicits smaller transport currents at this pH
(7.5) compared to Gly—Gln. On the contrary the currents
produced by Lys—Gly are larger in all cases, reaching
amplitudes of about twice or more that of the neutral
Gly—Gln in the non-conservative arginine mutants. These
results confirm previous observations on the wild-type
(Amasheh et al. 1997; Kottra et al. 2002).

The potency order of the substrates remains unchanged
in all functional mutants, compared to the wild-type.
However, a closer look at the graphs reveals more
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subtle differences: the degree of reduction (compared to
Gly—Gln) of the negatively charged dipeptide is greater
in the non-conservative arginine mutants and smaller in
the D341R form. Conversely, in these mutants Lys—Gly
produces a substantially linear I-V relationship and
significant outward currents.

Discussion

In the rabbit transporter PepT1, residues R282 and
D341, belonging to transmembrane segments 7 and 8
of the protein, have been suggested to form a charge
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pair that can break and reform during the trans-
port cycle (Meredith, 2004; Kulkarni et al. 2007; Pieri
et al. 2008; Meredith, 2009). These researchers studied
a number of mutants in these residues reporting various
effects on the transport characteristics. No information,
however, has been published to date on the properties
of the pre-steady-state currents generated by mutants
in these residues. Pre-steady-state currents, measured
in the absence of organic substrate, represent signals
from the initial steps of the transport cycle, arising
from transporter—ion interactions. We have therefore
investigated this aspect, trying also to correlate the
observations regarding these initial steps with those on
the complete transport cycle.

Effects of mutations on the pre-steady-state currents

Single-residue mutations of arginine 282 in lysine, alanine,
glutamine, glutamate or aspartate produce functional
transporters displaying conspicuous pre-steady-state and
transport currents. In contrast, both types of current
are strongly reduced in the D341R mutant. Localization
experiments show that all these isoforms are present in the
oocyte membrane, with the mutants having in many cases

E. Bossi and others
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significantly larger surface expression than the wild-type.
While the correspondence between localization and
function is very good for the wild-type, and all the arginine
mutants, the lack of correlation for the D341R form
suggests that its reduced activity is not due to insufficient
targeting but to defects in the molecular mechanism.
The other two mutations tested in this work, the double
mutant R282D-D341R, aimed to re-establish the charge
pair by swapping the sign of the residues, and H57R,
did not generate pre-steady or steady transport currents.
However, while the latter gave a strong signal in the
immunolocalization and SOC experiments, confirming
the functional nature of the defect, we were not able to
detect the double mutant R282D-D341R in the membrane
(Fig. 3), and consequently no transporter-related currents
were observed (Fig. 2).

Changes in external pH affected the characteristics of
the pre-steady-state currents in all functional mutants
(Fig. 4). This observation indicates that mutations deep
in the structure of the transporter do not alter the ability
to interact with protons even in the absence of organic
substrate.

The characteristics of the pre-steady-state currents
are changed in opposite ways by the non-conservative
mutations on the two different residues: both Q-V and

WT R282K D341R
Vm (mv) 10.5 V,,, (mV) ~10.5 Vm (mv) 105
-160 -120 -80 -40 40 160 -120 -80 -40 40 160 -120 -80 -40 40
DG a—4 @,/ DG /%/ o
e 105 § P 1-05 @ DG 105 ¢
4 S Py S g
D/% & 3 B ©/ S 3
GQ @/ wos GQ = / <10_§ Gq® <-1.o_§
X £ T K
Q/ 1 T / ] @ ] o)
KG 15 o 15 15 &
KG © KG
120 120 120
R282D R282Q
v (mv) 1.0 V_(mV) 105
160 120 80 40 /% 40 160 -120 -80 -40 A 40
r 5;‘557&7&.4%. — = (== | DG é-é*ﬁ*&-é%—é;%;
DG /@; 1-05 € 05 &
= o 1™ ¢
GQ o5 1-1.0 a 5
Q
115 _g 1-1.0 ®
I 5
120 ¢ 115 &
KG @ 125
130 J20

Figure 9. Voltage dependence of the transport currents elicited by differently charged dipeptides (all

at 1 mm) in the indicated mutants at pH 7.5

Data are means (after normalization to the current elicited by Gly-GIn at —140 for each oocyte) = s.e.m. from 5-8

oocytes from at least two batches for each group.
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-V curves are shifted to the right along the voltage axis
in the R282D, R282E, R282Q and R282A forms, and to
the left in the D341R form (Fig. 5). Boltzmann analysis
of the charge vs. voltage curves reveals only small changes
in the slope of the sigmoidal for the arginine mutants.
This observation implies the constancy of the equivalent
electrical distance §, and therefore makes it unlikely
that the mutated residues could be directly involved in
the charge-moving conformational rearrangement. The
decrease in § resulting from the greater slope factor for
D341R (Table 1) may reflect a distortion in the protein
structure in this mutant, or it may simply represent
an overestimate due to the lack of saturation of the
Q-V curve in this mutant. However, forcing the slope
parameter for D341R to the wild-type value (29.7 mV) in
the Boltzmann analysis produced only negligible changes
in the unidirectional rate constants.

Derivation of the unidirectional rate constants of the
charge movement produces more detailed information:
the inward rate (that is the inward rate of movement of
a positive charge, or the outward rate of movement of a
negative charge) is enhanced when the positive arginine
282 is neutralized to alanine or glutamine, or is replaced
by a negative aspartate or glutamate; correspondingly the
outward rate is diminished in these mutants with respect
to the wild-type. The opposite effect occurs when the
negative aspartate 341 is replaced by a positive arginine: in
this case the outward rate is enhanced, while the inward
rate is depressed.

This behaviour appears consistent with the idea that
residues R282 and D341 participate in the generation of
a local electrical field over which the voltage-dependent
charge movement in the absence of substrate occurs
(Fig. 10). Although only the knowledge of the atomic
structure will allow making accurate calculations, it is
reasonable to think that neutralization of positive arginine
or reversal of its charge will generate a negative local
potential that will distort the intramembrane potential
profile. Conversely, the replacement of a negative aspartate
with a positive arginine will alter the potential profile in the
opposite (positive) way (Fig. 10Ba). It may be speculated
that in this last case the positive electrical field generated
by the arginine residue might be so strong that very little
charge movement can occur in the experimentally useful
voltage range, as observed experimentally.

This explanation is analogous to that used to account
for the shifting effects of divalent cations or ionic strength
on voltage-dependent channels (Hille et al. 1975; Hille,
2001, chapter 20). Referring to the potential profiles shown
in Fig. 10Ba, the local potential increase caused by the
extra arginine will reduce the electrical field acting on
the charge movement by +AV (blue line); therefore
to obtain the same rate of charge movement as in the
wild-type (black profile line), the intracellular potential
will have to be moved more negative by AV (Fig. 10Bb,
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blue line). Consequently the voltage dependence of
the unidirectional rates will be shifted towards more
negative potentials (Fig. 10Bc). The same arguments in
the opposite direction can be used to explain the positive
shift observed in the non-conservative R282 mutants
(Fig. 10B). Considering the exponential nature of the
curves, the voltage shift will appear as a change in
amplitude at a fixed potential.

The gradation of effects observed experimentally does
not exactly correspond to what may be simplistically
expected, i.e. that neutral substitutions (R282Q and
R282A) should have less effect than charge reverting
mutations (R282D and R282E). Indeed R282A appears
to have effects lying midway between those of R282D
and R282E, while those of R282Q are located between
the wild-type and R282D. These observations suggest that
the polar vs. non-polar nature of the residues and steric
factors may also be important in determining the rates of
charge movement.

Transport currents

The amplitudes of the transport-associated currents
generated by the addition of organic substrate are in good
correlation with the amount of intramembrane charge
movement in each isoform: while the non-conservative
R282 mutants are able to generate transport currents
comparable or even larger than the wild-type, D341R
shows much reduced currents.

As shown in Figs6, 7 and 8, in all isoforms the
transport-related currents are affected by changes in
external pH and in the concentration of organic
substrate. An increase in either one of these two factors
cause larger currents and also shifts the curves toward
more positive potentials. This effect is particularly evident
in the R282 mutants that exhibit a clear reversal of the
current direction. In these mutants E,., shifts with the
concentration of external protons with a slope between
—38 and —49mV per pH decade (depending on the
isoform), which, although less than the value predicted
by the Nernst equation, indicates anyway an important
role of protons as charge carriers. The change in E.,
induced by a different Gly—Gln concentration at constant
pH, also observed in these mutants, can only be explained
if the translocation of this neutral dipeptide occurs as a
complex with an electrical charge, supporting the idea that
protons bind to the carboxylic group of the substrate in
the translocation process (Kulkarni et al. 2007; Pieri et al.
2008).

The experiments on the transport currents confirm,
therefore, that the mutants maintain the essential
characteristics of a pH-dependent cotransport system,
coupling the translocation of protons and organic
substrate, as in the wild-type.
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The change in direction of the transport current and
shift in E,., with substrate concentration observed in
the non-conservative arginine mutants make it difficult
to estimate the apparent substrate affinity in the usual
way, i.e. by fitting Michaelis—Menten equations to current
vs. concentration plots. To obtain an estimate of possible
alterations in the substrate affinity in these mutants, we
used the chord conductance of the I-V plots (Fig. 8)
(Aidley, 1989). According to eqn (3), this quantity is
proportional to the current amplitude and is always
positive, being divided by the electrochemical gradient
(V —E,e). As shown in Fig. 8, the estimate of the substrate
concentration producing half the maximal conductance
is, in the wild-type, similar to that calculated with the
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usual methods (our unpublished observations; Mackenzie
et al. 1996; Kottra & Daniel, 2001). The values of K§; for
the R282D mutants, calculated in the same way, show a
reduction of about 50% of the apparent affinity compared
to the wild-type.

All functional mutants are able to transport charged
dipeptides as well. The results shown in Fig.9 confirm
previous observations (Kottra et al. 2002; Amasheh et al.
1997) concerning the wild-type that showed variable
charge/molar ratios depending on the charge of the
dipeptide and on the external pH. Therefore the small
currents elicited by Asp—Gly (in contrast to the larger
ones produced by Lys—Gly) can be attributed to the
high percentage of the side chains bearing a negative
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Figure 10. Schematic representation of the electrostatic fields generated by the pair R282-D341 and

their mutations

Light red and blue areas represent negative and positive electrical fields, respectively. Left column (A): in the absence
of substrate reversal of the positive field generated by R282 (R282D, representative of non-conservative mutations),
causes a negative distortion to the membrane potential profile, producing an increase in the field effectively acting
on the charge movement (red line in Ba). The opposite mutation D341R adds a positive component to the
membrane potential profile causing a decrease in the field effectively acting on the charge movement (blue line
in Ba). To reach the same level of electrical field acting on the charge movement (yellow band) the intracellular
voltage (Vi,) must compensate for these alterations and be set to +AV or —AV, respectively, for the two mutants
(Bb). Consequently the same value of the unidirectional rate constant is obtained at Viy + AV, Vi, and Vi, — AV,
respectively, for the R282D, WT and D341R isoforms (Bc). Note that the potential profiles are shown as linear
only for illustrative purposes. When the substrate is present (right column, C), the replacement of the positive
arginine 282 with an aspartate facilitates the movement of the positively charged complex Gly-GIn-H*, to the
point that a large current can flow in the outward direction (Figs 6, 7 and 8). On the contrary, replacement of
the negative aspartate with an arginine impairs the flow of positive charges, explaining the strong reduction of

transport current experimentally observed.
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charge at this pH (7.5). The different shape of the
I-V curves (rectifying vs. linear) appears to be iso-
form dependent (and substrate independent), suggesting
that the translocation mechanism is determined by the
structure of the transporter, and not by the nature of the
substrate. The relatively stronger increase (compared
to the wild-type) observed in the current generated
by Lys—Gly in the non-conservative arginine mutants
indicates that in addition to the greater charge/mole ratio
an increase in turnover rate may have occurred, possibly
due to a faster release rate of a more strongly charged
substrate complex towards the cytoplasm.

R282 and D341 represent the gates of the transport
cycle

The idea that the transport cycle of PepTl could
be gated by these two residues was put forward by
Kulkarni ef al. (2007) who proposed a cyclic breaking
and reconstitution of the ionic interaction. The electro-
physiological characterization of the six functional
mutants, described above, gives support to this hypothesis.
The shifts along the voltage axis of the charge movement
parameters shown in Fig. 5 may be explained as due to
alterations in the intramembrane electrical field caused by
the differently charged mutants with a likely contribution
of steric effects, as mentioned above (see for example the
difference between the R282A and R282Q mutants).

The different amplitude and voltage dependence of
the transport current in the mutants are also relevant
in this respect. With the exception of the conservative
R282K mutation, all other functional mutations disrupt
the charge pair; however, they do so in different ways. In the
non-conservative arginine mutations an excess negative
charge is produced: although the details of the local
conformational rearrangement of the mutated protein are
unknown, it is conceivable that the passage of positively
charged substrates, such as the Gly-GIn-H" complex
might be favoured in these cases (see Fig. 10).

As shown in Results, the symmetrical mutation on
the other residue of the pair, that is D341R, showed
much reduced pre-steady-state and transport currents. In
contrast its expression on the plasma membrane of the
oocytes was comparable with the other fully functional
isoforms (Fig. 3). The schematic representation of Fig. 10
suggests that in this case the presence of the positive
charge of the arginine may produce an additional positive
electrical field preventing protons from reaching the
appropriate site to form a complex with the substrate.

The experiments using charged dipeptides confirmed
the efficiency order observed for the wild-type transporter
atpH 7.5 (Asp—Gly < Gly—GIn < Lys—Gly) with only small
relative variations in all tested mutants. This observation
suggests that the mutations in the charge-pair residues
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affect mainly the proton interaction rather than substrate
binding and translocation.
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