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The high-affinity mammalian brain L-proline transporter (PROT)
belongs to the GAT1 gene family, which includes Na- and
Cl-dependent plasma membrane carriers for neurotransmitters,
osmolites, and metabolites. These transporters couple sub-
strate flux to transmembrane electrochemical gradients, partic-
ularly the Na gradient. In the nervous system, transporters clear
synapses and help to replenish transmitters in nerve terminals.
The localization of PROT to specific excitatory terminals in rat
forebrain suggests a role for this carrier in excitatory transmis-
sion (Renick et al., 1999). We investigated the voltage regulation
and electrogenicity of this novel transporter, using human em-
bryonic kidney (HEK) 293 cells stably transfected with rat PROT
cDNA. In physiological solutions between 2140 and 240 mV,
L-proline (PRO) and its six-member ring congener L-pipecolate
(PIP) induced inward current. The current–voltage relationship

and the variance of current fluctuations were similar for PRO-
and PIP-induced current, and the ratio of induced variance to
the mean current ranged from 20 to 60 fA. Des-Tyr-Leu-
enkephalin (GGFL), a competitive peptide inhibitor of PROT,
reduced the rat PROT-associated current to control levels.
GGFL alone did not elicit currents, and the GGFL-sensitive
substrate-induced current was absent in nontransfected cells.
Finally, GGFL inhibited PROT-mediated transport only when
applied to the extracellular face of PROT. These data suggest
that (1) PROT uptake is electrogenic, (2) individual transporter
currents are voltage-independent, and (3) GGFL is a nonsub-
strate inhibitor that interacts either with an extracellular domain
of PROT or in an externally accessible pore.
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A mammalian brain high-affinity L-proline transporter (PROT)
was cloned from a rat forebrain cDNA library on the basis of
amino acid sequence conservation between GABA and norepi-
nephrine transporters (Fremeau et al., 1992). The PROT cDNA
encodes a 68 kDa glycosylated protein that exhibits 42–50%
amino acid sequence identity with a gene family of Na- and
Cl-dependent plasma membrane transports proteins that mediate
high-affinity uptake of neurotransmitters (norepinephrine, dopa-
mine, serotonin, GABA, glycine), osmolites (taurine, betaine),
and the metabolite creatine (Shafqat et al., 1993; Velaz-Faircloth
et al., 1995; Miller et al., 1997a,b). These transporters use trans-
membrane electrochemical gradients to transport substrates
across the plasma membrane. They are also critical targets for
therapeutic and pathological alterations of synaptic function (for
review, see Kanner, 1989; Amara and Kuhar, 1993; Rudnick
and Clark, 1993; Blakely et al., 1994; Lester et al., 1994). The
brain-specific expression of PROT in human (Shafqat et al.,
1995) and rat (Velaz-Faircloth et al., 1995) tissues is consistent

with a unique physiological role for this transporter in the
mammalian CNS.

The pharmacological specificity, ion dependence, and kinetics
of the cloned transporter expressed in non-neural cells (Fremeau
et al., 1992, 1996; Shafqat et al., 1995) are similar to the corre-
sponding properties of the high-affinity component of synaptoso-
mal L-proline uptake (Bennett et al., 1972; Peterson and Raghu-
pathy, 1972; Balcar et al., 1976; Nadler, 1987). These properties
distinguish PROT from the other widely expressed Na-dependent
plasma membrane carriers that transport L-proline (PRO), in-
cluding the intestinal brush border “imino” carrier (Stevens et al.,
1984) and the system “A” and system “ASC” neutral amino acid
carriers (Christensen, 1990). In situ hybridization of rat brain
sections and cultured hippocampal neurons demonstrated that
PROT mRNA is expressed by subpopulations of putative gluta-
matergic neurons in rat brain (Fremeau et al., 1992; Velaz-
Faircloth et al., 1995). Recently, Crump et al. (1999) observed
that the PROT protein is localized to a subset of excitatory
terminals in cultured rat hippocampal neurons. Furthermore,
ultrastructural studies showed that PROT is localized selectively
to a subset of presynaptic axon terminals, forming asymmetric
excitatory-type synapses typical of glutamatergic synapses
(Renick et al., 1999). These findings raise the possibility of a
specialized role for PROT and its presumed natural substrate,
L-proline, in the modulation of excitatory synaptic transmission in
specific excitatory pathways within the CNS. High-affinity
L-proline uptake may regulate the ability of extracellular proline
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to potentiate excitatory transmission at those synapses that ex-
press PROT (Cohen and Nadler, 1997).

To gain biophysical insight into the nature of PROT-mediated
transport processes, we established the cell line HP-21 by stably
transfecting human embryonic kidney 293 (HEK-293) cells with
rat PROT cDNA (Fremeau et al., 1992). The HP-21 cell line is
suitable for biochemical analysis, radiolabeled flux studies, and
patch-clamp recording techniques. Electrophysiological measure-
ments reveal that rat PROT (rPROT) is electrogenic; however,
individual transporter events are not voltage-dependent. We also
suggest that several previously identified inhibitors of high-affinity
L-proline uptake, including L-pipecolate (PIP), an endogenous
brain L-lysine metabolite (for review, see Giacobini et al., 1980),
are likely PROT substrates, and we propose a Na- and Cl-
dependent stoichiometric mechanism for PRO and PIP transport.
Finally, we demonstrate that the competitive peptide inhibitor
Des-Tyr-Leu-enkephalin (GGFL) inhibits PROT-mediated
transport processes only from the outside.

MATERIALS AND METHODS
rPROT stable cell lines and tissue culture. An EcoRI/XbaI fragment of the
rat PROT cDNA containing the entire protein coding sequence was
released from pBluescript KSII(2) (Fremeau et al., 1992) and subcloned
into EcoRI/XbaI-digested pcDNA3 (Invitrogen, San Diego, CA) such
that PROT expression was under the control of enhancer–promoter
sequences from the immediate-early gene of the human cytomegalovirus
(CMV). To generate stably transfected cell lines, we transfected the
pcDNA3–PROT mammalian expression construct by calcium phosphate
coprecipitation (Invitrogen) into HEK-293 cells at ;50% confluence.
The cells were cultured in DMEM supplemented with 10% heat-
inactivated fetal bovine serum and 50 mg/ml gentamycin. After 3 d the
transfected cells were switched to medium containing 250 mg/ml Gene-
ticin (G418; Life Technologies, Gaithersburg, MD). Resistant colonies
were isolated 2 weeks later by using sterile cloning rings, and individual
resistant cells were used to generate clonal lines. Multiple lines exhibited
GGFL-sensitive [ 3H]-PRO uptake and immunoreactive PROT protein.
Clonal line HP-21 was used in all of the experiments reported here. The
culture of HEK-293 cells stably transfected with rat PROT cDNA
(HP-21 cells) was as follows: HP-21 cells were cultured in DMEM
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin
(100 U/ml), and streptomycin (100 mg/ml). Trypsin-released cells were
seeded in 24-well cell culture plates at 1–1.5 3 10 5 cells/well and allowed
to grow for 48 hr before the transport measurements were done.

Transport assays. Measurements were performed in triplicate by incu-
bating the HP-21 cells for 10 min at 37°C, with [ 3H]-PRO in 0.5 ml of
Krebs–Ringer’s–HEPES–Tris (KRHT) buffer, pH 7.4, containing (in
mM) 120 NaCl, 4.7 KCl, 2.2 CaCl2 , and 10 D-glucose. The concentration
of HEPES was 10 mM, and the concentration of Tris was 5 mM. For the
time course of uptake, we used 50 nM [ 3H]-PRO to determine the
incubation period for uptake (10 min). This introduces an approxima-
tion, because higher concentrations will fall off faster from their initial
velocities. The consequence is to underestimate Vmax by as much as 20%.
Thus we underestimated the coupled current.

Assays were terminated by removing the radiolabeled PRO and by
washing the cells rapidly three times with 1 ml of ice-cold KRHT buffer.
Cells were solubilized with 1 ml of Optiphase scintillant (Wallac, Gaith-
ersburg, MD), and accumulated radioactivity was quantified by direct
scintillation spectrometry with a Microbeta microplate scintillation
counter (Wallac). Inhibitors were added 10 min before the addition of
labeled substrates in the inhibition studies, whereas unlabeled substrates
were added simultaneously with labeled substrates in the kinetic studies.
The cells were counted each time just before the assay. Substrate Km and
Vmax were determined by nonlinear least-square fits (Kaleidagraph, Syn-
ergy Software, Reading, PA) with the generalized Hill equation: V 5
Vmax [S]n/(Km

n 1 [S]n), where V is the transport velocity, [S] is the
substrate concentration, and n is the Hill coefficient. Inhibitor Ki values
were determined by nonlinear least-squares fits, using two-parameter
logistic equations: the percentage of specific PRO transport remaining 5
100/[1 1 (IC50 /[I])n]. The IC50 is the concentration of inhibitor giving
50% inhibition, [I] is the inhibitor concentration, and n is the slope (Hill
coefficient). To determine Ki values, we adjusted IC50 values to account

for substrate concentration (Cheng and Prusoff, 1973). Data are repre-
sented as the means 6 SEM of six independent measurements on three
separate batches of cells. The dependence of [ 3H]-PRO on Na and Cl
concentration was determined by the method of Clark and Amara
(1994). The ionic concentrations in KRHT buffers were varied by mixing
the NaCl-containing buffer with those that lacked Na or Cl. After 15 min
preincubation, [ 3H]-PRO (0.05 ml) was added to each well (50 nM final
concentration). Transport in each well was stopped after 10 min by three
1 ml washes with ice-cold KRHT solutions (without glucose) that con-
tained the same Na and Cl concentration as during preincubation and
transport. After the last wash, 1% SDS was added to each well. After
solubilization a small aliquot of each solubilized cell mixture was set
aside for protein determination (Bio-Rad DC Protein Assay Kit, Rich-
mond, CA). The rest was mixed with scintillation fluid for scintillation
counting. We defined uptake into nontransfected HEK cells as back-
ground. Each assay was performed in triplicate, and mean specific
uptake 6 SEM was determined and expressed as pmol /mg protein per
10 min.

Electrophysiology. Stably transfected cells have advantages for electro-
physiology over transiently transfected cells. They express more uni-
formly, have more negative resting potentials (230 to 250 mV), and
form tighter seals (.20 GV) for whole-cell voltage clamp than, for
example, transiently transfected HeLa cells (Risso et al., 1996). Before
electrical recording, parental or stably transfected cells were plated at a
density of 10 5 per 35 mm culture dish, and attached cells were washed
three times with bath solution at room temperature. The normal bath
contained (in mM): 130 NaCl, 1.3 KCl, 1.3 KH2PO4 , 0.5 MgSO2 , 1.5
CaCl2 , 10 HEPES, and 34 dextrose. The solution was adjusted to pH
7.35 and 300 mOsm with 1 M NaOH and dextrose. Pipette solutions for
the whole-cell recording contained (in mM): 130 KCl, 0.1 CaCl2 , 2
MgCl2 , 1.1 EGTA, 10 HEPES, and 30 dextrose adjusted to pH 7.35 and
270 mOsm. Free Ca in the pipette was calculated as 0.1 mM. To confirm
specificity, we recorded substrate-induced currents in the absence and
presence of GGFL. Electrodes were pulled with a Programmable puller
(Sachs-Flaming, PC-84). An Axopatch 200A or EPC7 amplifier band
limited at 5000 Hz was used to measure current. Series conductance was
0.1 mS or greater, and cell capacitance was 25–80 pF, implying 2500–
8000 mm 2 surface area. HP-21 are clonal cell lines, and expression levels
are constant to within a factor of two; however, with increasing passages
there is decreasing expression. This prevented normalization of the
current to surface area. Voltage steps ranged from 2140 to 220 mV and
lasted 500 msec. Test pulses were separated by 220 mV holding poten-
tials for 4 sec. Values for steady-state currents were taken between 400
and 500 msec after the step. Data were stored digitally on a VCR and
analyzed on a Nicolet 4094 oscilloscope and an IBM-AT or Compaq
Pentium computer, using instrumentation and programs written by W. N.
Goolsby (Emory University, Atlanta, GA) or using pClamp 6.0.

RESULTS
Multiple colonies of rat PROT cDNA-transfected HEK-293 cells
were isolated after Geneticin (G418) selection and assayed for
GGFL-sensitive [3H]-PRO uptake. One of these lines (HP-21)
was expanded and analyzed for expression of PROT by immu-
nolabeling, radiolabeled flux studies, and electrophysiological
measurements. As documented in Renick et al. (1999), affinity-
purified antipeptide antibodies directed against the N or C ter-
minus of the rat PROT protein routinely recognize two specific
immunoreactive bands on immunoblots of HP-21 membranes: an
intense, broad immunoreactive band centered at ;69 kDa and a
weaker immunoreactive band centered at ;53 kDa. No specific
labeling is observed in parental HEK membranes or when im-
munoblots are exposed to preimmune serum. Preabsorption of
either antibody with the peptide used for its purification abolishes
all immunolabeling (for a sample blot, see Renick et al., 1999).
We previously observed that the anti-PROT antibodies recognize
a single broad immunoreactive band centered at ;68 kDa on
immunoblots of rat and human brain tissue (Shafqat et al., 1995;
Velaz-Faircloth et al., 1995; Renick et al., 1999). Deglycosylation
of rat brain membranes with PNGase F reduced the apparent
molecular mass of the mammalian brain PROT protein from ;68
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to ;53 kDa, a size that corresponds to that of the primary PROT
translation product determined by in vitro-coupled transcription
and translation of the rat PROT cDNA in the absence of micro-
somes (Velaz-Faircloth et al., 1995; Renick et al., 1999). On the
basis of these findings we conclude that the ;69 kDA band
observed in HP-21 membranes represents the mature
N-glycosylated PROT protein, whereas the ;53 kDa band repre-
sents the unglycosylated primary translation product. Interest-
ingly, although the apparent molecular mass of the major PROT
immunoreactive band varies between experiments, depending on
the percentage of acrylamide in the SDS-PAGE gel and the
particular batch of molecular weight standards, a clear difference
in electrophoretic mobilities is observed between PROTs ex-
pressed in HEK-293 stable transfectants (HP-21) and the immu-
noreactive rat brain PROT run side by side on the same 8%
SDS-PAGE gel (Renick et al., 1999). These results suggest that
the primary PROT translation product is subject to differential
N-glycosylation in HEK-293 cells versus rat brain.

HP-21 cells transport proline
HP-21 cells accumulated PRO in a time- and dose-dependent
manner (Fig. 1). PRO uptake is approximately linear up to 20 min
(Fig. 1A). To explore the functional properties of PROT, we
performed kinetic analysis of [3H]-PRO uptake. Nonlinear least-
squares curve fitting of saturation data was accomplished by using
the generalized Hill equation (see Materials and Methods). Pro-
line uptake follows saturable kinetics, with Km 5 20.12 6 3.14 mM

and Vmax 5 892.26 6 39.03 pmol/105 cells per 10 min (Fig. 1B).
The Eadie–Hofstee transformation yields a linear curve consis-
tent with a single high-affinity interaction with an apparent Km of
21 mM (Fig. 1C). In contrast to the endogenous low-affinity PRO
uptake observed in nontransfected HEK cells, which have a Km of
;350 mM (Shafqat et al., 1995), HP-21 cells were capable of
saturable uptake at low micromolar proline concentrations.

Inhibition of L-proline uptake by leu-enkephalin and its
des-tyrosyl derivative
To characterize uptake, we tested the ability of unlabeled PRO
and several structurally related compounds to compete for [3H]-
PRO uptake. Unlabeled PRO and its six-member ring congener,
PIP, another possible substrate of PROT (Fremeau et al., 1992;
Shafqat et al., 1995), produced a concentration-dependent reduc-
tion of [3H]-PRO uptake in HP-21 cells. The apparent Ki values
for these compounds were, respectively, 16.10 6 1.92 and 17.44 6
1.58 mM (Fig. 2). PROT exhibits significant amino acid sequence
homology with other members of the GAT1 gene family but is
unique in demonstrating a particular affinity for enkephalins.
Fremeau et al. (1996) reported that leucine-enkephalin (YGGFL)
and its des-tyrosyl derivative (GGFL) specifically inhibited high-
affinity PRO uptake without affecting the plasma membrane
transporter activity of several other members of the gene family.
Here, we demonstrate that YGGFL and its des-tyrosyl derivative
GGFL produced a concentration-dependent reduction of [ 3H]-
PRO uptake in HP-21 cells (Fig. 2). GGFL was more potent
(Ki 5 3.51 6 0.67 mM) than YGGFL (Ki 5 9.44 6 1.88 mM) at
inhibiting PRO uptake in the HP-21 cells.

Ion dependence of [3H]-L-proline uptake
Isotonic substitution of extracellular Na ions with Li or extracel-
lular Cl ions with isethionate abolished PRO uptake. This inhi-
bition was reversible. In contrast, endogenous low-affinity trans-
port of PRO is dependent on extracellular Na, but not on
extracellular Cl (Shafqat et al., 1995). Saturation curves for the

dependence of [ 3H]-PRO uptake on Na and Cl concentration are
presented in Figure 3, A and B. Specific uptake by HP-21 cells
increased with Na concentration in a sigmoidal manner, with an
apparent Km 5 40.7 6 1.7 mM. In contrast, the relationship
between specific uptake and Cl concentration was hyperbolic,

Figure 1. Characterization of proline transport. A, Time course of trans-
port. HEK-293 cells stably transfected with rat PROT cDNA reveal
time-dependent PRO uptake. Proline transport was assayed, as described
in Materials and Methods, for increasing time periods, and the picomoles
of accumulated PRO were plotted against the incubation time. The data
points represent the means 6 SEM (2 or 3 batches of cells; 6 experimental
values for each point). B, Concentration dependence of transport. Proline
uptake was measured, over a concentration range from 1 to 100 mM,
during a 20 min incubation time in KRHT buffer at 37°C. We kept the
concentration of radiolabeled PRO (50 nM) constant and adjusted the
total concentration to desired values by adding appropriate concentra-
tions of unlabeled PRO. The high-affinity component of PRO uptake was
calculated by subtracting the uptake values obtained in the presence of
100 mM GGFL from total uptake measured in the absence of GGFL. We
have plotted the PRO uptake rate versus PRO concentration. The data
points represent the means 6 SEM as in A. The data were analyzed first
by nonlinear curve fitting, with the Hill coefficient as a free parameter.
After determining that the coefficient was close to one, we set it exactly to
one and determined Vmax and Km. Proline uptake follows saturable
kinetics, with Km 5 20.12 6 3.14 mM and Vmax 5 892.26 6 39.03 pmol/10 5

cells per 10 min. C, Eadie–Hofstee plot. The data used in B are plotted as
PRO uptake rate, V, versus V/[S]. These data were fit by linear regression
to a line with Vmax ( y-intercept) of 816.3 pmol/10 5 cells per 10 min and
Km (2 slope) of 20.7 mM.
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with an apparent Km 5 7 6 1 mM. The Hill coefficients for Na and
Cl were set to the values n 5 2 and n 5 1, respectively, after initial
nonlinear trials that resulted in values close to these. These data
are consistent with a substrate stoichiometry for rPROT of 1
PRO: 2 Na: 1 Cl and a net transfer of one elementary charge per
transport cycle at physiological pH.

Proline induces a GGFL-sensitive current in
HP-21 cells
Figure 4 shows data from a HP-21 cell in the whole-cell voltage-
clamp mode. The holding potential was 240 mV and the test
potential was 2140 mV for 500 msec. The raw data were obtained
at room temperature and are neither leak-subtracted nor
capacity-compensated. PRO (40 mM) had no effect on parental
cells. These data demonstrate that PRO increases the steady-state
component of the current and that GGFL blocks this induced
current to control levels. PRO-induced current is defined as the
current in the presence of PRO minus the current without PRO
(control: Cont). The inset shows the effect of 40 mM PIP at 2120
mV. GGFL blocks PIP-induced current with equal effectiveness
(n 5 4). GGFL has no effect on the pre-steady-state control
current, and, similarly, control–proline curves show no pre-
steady-state effects. Instead, the apparent difference between the
on and the off transients represents similar activation/relaxation
kinetics of the steady-state currents. Interestingly, two molecules
that previously were shown to inhibit PRO uptake in PROT-
transfected HeLa cells, L-norleucine and sarcosine (Fremeau et
al., 1992; Shafqat et al., 1995), also were able to generate GGFL-
sensitive inward current at negative voltages (100 mM bath sub-
strate concentration; data not shown). These data support the
conclusion that PROT-mediated PRO uptake is electrogenic.
Because PRO, PIP, L-norleucine, and sarcosine are able to induce
similar currents through the proline transporter, we suggest that
these substrates have a similar mechanism of action and a com-
mon permeation pathway. On the other hand, the competitive

peptide inhibitors GGFL and YGGFL (data not shown for the
latter) themselves are unable to induce currents but inhibit
substrate-induced currents. These data support the suggestion
from previous data that GGFL and YGGFL are nontransported
inhibitors of PROT, i.e., antagonists (Fremeau et al., 1996).

I–V curves and mean–variance analysis for proline
and L-pipecolate
Figure 5, A and B, compares current–voltage I–V curves for PRO-
and PIP-induced currents obtained from parallel dishes of trans-
fected cells. The I–V relationships were defined by plotting the
(background-subtracted) substrate-induced currents against the
test voltage. We used concentrations of ;23 the Km for uptake,

Figure 2. Inhibitor sensitivity of proline uptake in HP-21 cells. Inhibitor
potencies were estimated in 50 nM [ 3H]-PRO in standard transport assays
that were conducted with various concentrations (in moles per liter) of
transport inhibitors and/or substrate. The data are expressed as a per-
centage of PRO accumulated in the absence of antagonist. The data were
fit to a two-parameter expression: the percentage of PRO transport
remaining is equal to 100/(1 1 (IC50 /[I])n), where IC50 is the concentra-
tion of competitor giving 50% of inhibition, [I] is the inhibitor concen-
tration, and n is the Hill coefficient. IC50 values were converted to Ki
values by using the Cheng and Prusoff (1973) correction for substrate
concentration. Using this analysis, we calculated the following Ki values
(in mM): GGFL, 3.51; YGGFL, 9.44; proline, 16.1; pipecolic acid, 17.44.
These data are the average 6 SEM of two experiments performed in
triplicate.

Figure 3. Na and Cl concentration dependence of proline uptake in
HP-21 cells. Transport rates were measured by using a 10 min incubation
as described in Materials and Methods. The standard assay buffer was
modified by replacing NaCl with LiCl or Na-isethionate to reach the
desired Na or Cl concentration. For each Na or Cl concentration the
uptake measured into nontransfected HEK cells was taken as back-
ground. A, External [Na] was varied, and the data were fit to: V 5 Vmax
[Na]n/(Km

n 1 [Na]n). The data were analyzed first by nonlinear curve
fitting, with the Hill coefficient as a free parameter. After determining that
the coefficient was close to two, we set it exactly to two and determined
Vmax and Km. Holding at n 5 2, Vmax 5 67.41 6 4.49 pmol/mg protein and
Km 5 40.7 6 1.7 mM. B, External [Cl] was varied, and the data were fit as
in A. The data were analyzed first by nonlinear curve fitting, with the Hill
coefficient as a free parameter. After determining that the coefficient was
close to one, we set it exactly to one and determined Vmax and Km. Holding
at n 5 1, Vmax 5 28.46 6 1.12 pmol/mg protein and Km 5 7.0 6 1.3 mM.
The difference in maximal velocities represents a difference in expression
level between batches of cells used in the two assays (n 5 6). Expression
levels decrease with increasing passage numbers.
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measuring the average substrate-induced current between 400
and 500 msec during the test pulse. The I–V for PRO and PIP are
similar in shape and absolute value, providing circumstantial
evidence for a mutual mechanism of uptake; however, we have
not explored whether PRO and PIP compete for similar binding
sites or occlude each other’s currents. To investigate whether
charge transported through PROTs is uncoupled (Galli et al.,
1996, 1997; Larsson et al., 1996; Lester et al., 1996; Sonders and
Amara, 1996), we investigated the elementary events that under-
lie the PRO-induced currents. Figure 5, C and D, shows results
obtained from current fluctuations induced by PRO and PIP,
respectively. Between 2140 and 260 mV, the value of i(1 2 p) for
PRO is 31.4 6 17.7 fA and for PIP is 56.4 6 48.7 fA (mean 6
SD), with a slope not significantly different from zero for either
substrate ( p , 0.05). Therefore, the .23 increase of substrate-
induced current observed in the same voltage range does not
result from an increase in the elementary current, and there is no
statistical correlation between the macroscopic and microscopic
current–voltage relations (r , 0.01). The subtraction procedure
that we used compares the variance with and without PRO or
PIP. For this analysis we selected cells that displayed no leak
current, i.e., GGFL returned the traces to the control value.
Unlike norepinephrine transporters (Galli et al., 1996, 1998),

there is no significant difference in control variance or in transient
currents in the presence or absence of inhibitor.

The action of GGFL is membrane side-specific
Although it is evident that GGFL blocks PRO uptake and PRO-
induced current when added to the outside, it is unclear whether
its action, or the action of any transporter antagonist, is sided. To
evaluate whether GGFL inhibits PROT at an internal site, we
performed experiments in which high concentrations of GGFL
were perfused into the cell. When the electrodes were filled with
1 mM GGFL in intracellular buffer, application of 40 mM PRO to
the bath induced an inward current, as shown in Figure 6A.
Application of external GGFL (100 mM) blocked this current. In
parallel experiments with dissolved green fluorescent protein
(GFP) in the pipette, there was rapid and direct access of the
pipette solution to the interior of the cell as observed by fluores-
cence (data not shown). Nevertheless, to insure that the GGFL
entered the cell, we waited 15 min after forming the whole-cell
configuration. Externally applied substrate-induced currents
were recorded up to 45 min after the seal was broken. These data
support the hypothesis that GGFL binds to an external site that
is unavailable from the intracellular compartment. The magni-
tude and voltage dependence of the (external) GGFL-sensitive
PRO-induced current is similar to I–V values obtained in the
presence of GGFL in the intracellular compartment (Fig. 6B).
Thus GGFL in the cytoplasmic compartment does not affect the
ability of the substrate to induce PROT-mediated, voltage-
dependent inward current.

DISCUSSION
In vitro flux assays demonstrate that the transport of PRO into the
presynaptic terminals is Na-dependent (Fremeau et al., 1992,
1996). Our uptake data are consistent with a model in which
rPROT has a stoichiometry of 1 PRO: 2 Na: 1 Cl. The coupling
most likely occurs when PRO and the cotransported ions bind the
transporter on the external side with an unknown sequence of
events. Considering the stoichiometry of the individual trans-
porter events, rPROT would move one elementary charge per
transport cycle at physiological pH. Uptake therefore would gen-
erate an inward current proportional to the number of transport-
ers present on the cell surface and the rate of transport. Proline
transport has been studied previously only with radiolabeled flux
assays in which the membrane voltage is not controlled, and we
present similar data in the present paper. Electrogenic transport
generating inward current mandates depolarization, which with
substrate accumulation possibly could inhibit uptake. Thus the
shapes of the uptake curves may not reflect entirely the funda-
mental properties of the transport protein. Moreover, flux assays
depend on radiolabeled compounds that are not always available,
as in the case of L-pipecolate. We addressed these issues by
studying the substrate-induced current with the patch-clamp tech-
nique, under the assumption that uptake and current are related.
Using the transport-associated current as an indicator of PROT
activity, we were able to assay function under defined ionic
composition and transmembrane voltage.

We engineered a cell line, HP-21, by stably transfecting HEK-
293 cells with rPROT cDNA. These cells demonstrate Na- and
Cl-dependent PRO uptake that saturates at micromolar concen-
trations and has a Hill coefficient near 1 for L-proline. GGFL and
YGGFL added externally block this transport process. Parallel
incubation with unlabeled PRO and PIP demonstrate that both
substrates inhibit the transport of radiolabeled L-proline with

Figure 4. Substrate-induced current in HP-21 cells. Shown is substrate-
induced current after bath application of PRO to a voltage-clamped
HP-21 cell. The holding potential was 240 mV, and the test potential was
2140 mV for 500 msec. After 40 mM PRO was added to the bath, the
inward current increased at 240 and 2140 mV. Substrate-induced cur-
rent is defined as the difference between the background current (Cont)
and PRO-induced inward current. The traces represent raw data without
leak subtraction or capacity compensation. The inset shows the inward
current induced by bath application of PIP (40 mM) at 2120 mV. External
GGFL was 100 mM and was added in the presence of PRO or PIP.
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similar potency. If we assume a stoichiometry of 1 PRO: 2 Na: 1
Cl (Q 5 1) and convert a nominal 500 pmol/106 cells per minute
(see Fig. 1) to charges per second, one cell would generate ,1 pA
net inward current. In Figure 5, A and B, we show that both PRO
and PIP induce an inward current of approximately 25 pA at
240 mV and 220 pA at 2140 mV. Note, however, that cells are
selected individually for high currents and that voltage is clamped
at negative potentials, which is likely to promote uptake. In
contrast, uptake velocities represent the average from thousands
of unclamped cells. These differences between current and up-
take measurements may explain the disparity between recorded
and calculated current. In any case, it is clear that PROTs contrast
markedly with NETs and SERTs, which may generate 1003 the
predicted coupled current (Galli et al., 1996, 1997).

At concentrations of ;23 the Km for uptake and at 2120 mV,
PRO or PIP could induce 220 pA of current. This may be
indicative of the previously suggested voltage dependence of
the PRO uptake process (Miller et al., 1997a). To test whether the
elementary charge transfer changes with voltage, we analyzed
the PRO-induced current fluctuations at different potentials. The
ratio of variance to mean, s2/I 5 i(1 2 p), measures the size of the
elementary transport event (Galli et al., 1996). For PROTs this
ratio is small (tens of fAs) compared with norepinephrine trans-
porters (hundreds of fAs), and in PROTs the ratio is approxi-
mately independent of voltage between 2140 and 260 mV.
PROT currents apparently reverse at membrane potentials be-
tween 210 to 230 mV; however, there is considerable error in
measurements near the reversal potential and therefore large

Figure 5. Steady-state I–V curves for PRO- and PIP-induced currents in HP-21 cells. A, Steady-state I–V curve for PRO-induced currents was obtained
from 500 msec test pulses that ranged from 2120 to 220 mV in 20 mV increments. Substrate concentration was 40 mM. GGFL blocked substrate-induced
currents at concentrations between 100 and 600 mM. The plot shows that GGFL-sensitive, PRO-induced currents apparently reverse for potentials
between 210 and 230 mV. However, there is no significant positive current at any potential. B, The steady-state I–V curve for PIP-induced current was
obtained by stepping the voltage for 500 msec from 2140 to 220 mV, in 20 mV increments, from a 240 mV holding potential. The substrate
concentration was 40 mM. GGFL blocked the substrate-induced current at concentrations of 100 mM. The plot shows a GGFL-blocked PIP-induced
current, which also apparently reverses between 210 and 230 mV. C, The plot shows the difference variance of the PRO-induced current fluctuations,
viz., s2 5 s2

PRO 2 s2
CO , at different voltages. The ratio of the difference variance to the mean steady-state current: I 5 IPRO 2 ICO , was plotted against

the voltage. The value of the ratio s2/I is not voltage-dependent. Using this procedure in 40 mM PRO, we were able to estimate the magnitude of the
underlying events at different voltages. D, L-Pipecolate-induced current fluctuations followed the proline pattern. We estimated the increased variance
as: s2 5 s2

PIP 2 s2
CO. An Axopatch 200A band limited with a four-pole Butterworth filter at 2000 Hz was used to measure currents. The ratio of the

variance to the mean current (I 5 IPIP 2 ICO ) ratio did not show voltage dependence. All data points represent means 6 SD (n 5 4).
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variability in the data. Some cells had a leak current (PROT-
associated current as revealed by GGFL in the absence of PRO),
whereas other cells did not. Except for these differences, which
we attribute to cell-to-cell variation, substrate-induced currents
and current fluctuations are similar in PRO or PIP. The vari-
ance–mean ratio suggests elementary events of quantal size i
;0.01 pA, approximately one-tenth the amplitude of the analo-
gous event in hNET or dSERT (Galli et al., 1996, 1997). The
voltage-dependent current likely is related to a voltage-dependent
turnover of a coupled transporter rather than voltage-dependent
stoichiometry. Moreover, PRO and PIP currents show similar
voltage sensitivity at the macroscopic (whole-cell I–V curve) and
microscopic (single transporter, s2/I–V curve) levels, consistent
with a common mechanism for the action of these two substrates.
GGFL and YGGFL block both the transport process and the
substrate-induced inward current, but they do not themselves
induce a transporter-associated current. These data support the
hypothesis that GGFL and YGGFL are nontransported PROT
antagonists.

We also obtained data in support of the hypothesis that
enkephalin-mediated block of the transporter process is sided.
Figure 6 demonstrates that GGFL does not inhibit PRO-induced
currents when applied from the inside of the cell, suggesting that
the GGFL-binding site faces only the extracellular compartment.
This topologically specific inhibition may represent an important
physiological interaction between enkephalins and mammalian
PROTs (for review, see Fremeau et al., 1996). Enkephalins are
stored and released from large dense-cored vesicles in the CNS
(Sesack and Pickel, 1992). The concentration of enkephalins in

these vesicles is ;1 mM, and, given the geometry of excitatory
synapses, the concentration of enkephalin bathing PROTs could
be .10 mM (Chen et al., 1995), i.e., near the range that inhibits the
proline transporter. Our data show that the peptide fragment
GGFL retains the ability to inhibit proline uptake and proline-
induced current. Because enkephalins are degraded by enzymatic
hydrolysis generating the des-tyrosyl derivative, we infer that
inhibition of proline uptake may persist well after the opioid
actions of the enkephalins.

In summary, we have characterized a stable rat PROT-
expressing mammalian cell line that is suitable for radiometric
and biophysical techniques. Our experiments are consistent with
a coupling model of 1 PRO: 2 Na: 1 Cl. The magnitude of the
substrate-induced current at resting membrane potentials is close
to the predicted size of the hypothetical current calculated from
Vmax values for PRO uptake. Thus, unlike other transporters in
this gene family, the proline transporter does not appear to
mediate large, uncoupled currents. The putative endogenous sub-
strate, L-proline, and its structurally related congener,
L-pipecolate, show similar affinity and efficacy for PROT. More-
over, the level of the substrate-induced current is similar for PRO
and PIP, further supporting the hypothesis that these substrates
activate PROT by similar mechanisms. This conclusion is sus-
tained by fluctuation analysis of the elementary events associated
with the substrate-induced current. We conclude that PROT is
electrogenic and that PRO, PIP, L-norleucine, and sarcosine are
substrates of PROT. Specifically, we have shown that PIP is either
a substrate for the transporter or a rare antagonist of neurotrans-
mitter uptake capable of inducing an inward current. Using the

Figure 6. Transporter side-specific
block of PRO-induced current by
GGFL. A, PRO induces an inward cur-
rent with 1 mM GGFL in the whole-cell
pipette. The application of GGFL (100
mM) to the bath (extracellular side of the
transporter) blocks PRO-induced cur-
rent. The cell was held at 240 mV. Note
the presence of a leak current in these
cells, which is observed inconsistently in
other cells. B, Plotted is the current–
voltage relationship of the substrate-
induced current, obtained by using 1 mM
GGFL in the whole-cell pipette. Data
are the means 6 SD of six to eight
experiments (PRO application and
washout under perfusion) from two dif-
ferent cells normalized to the PRO-
induced current at 2120 mV. The shape
of the curve suggests saturation at hy-
perpolarized holding potentials similar
to I–V values for PRO and PIP in the
absence of internal GGFL (A, B).
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patch-clamp technique in whole-cell configuration, we demon-
strated that YGGFL and GGFL are transport blockers and iden-
tified the side of action of GGFL. Finally, unlike other members
of this gene family subject to similar biophysical analysis, rPROT
expressed in HEK-293 cells apparently lacks excess uncoupled
current. Instead, our results indicate that rPROT behaves as a
classical transporter with fixed stoichiometry.
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