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Nerve functions require phosphatidylinositol-4,5-bisphosphate (PIP2)
that binds to ion channels, thereby controlling their gating. Channel
properties are also attributed to serotonin transporters (SERTs); how-
ever, SERT regulation by PIP2 has not been reported. SERTs control
neurotransmission by removing serotonin from the extracellular
space. An increase in extracellular serotonin results from trans-
porter-mediated efflux triggered by amphetamine-like psychostimu-
lants. Herein, we altered the abundance of PIP2 by activating
phospholipase-C (PLC), using a scavenging peptide, and inhibiting
PIP2-synthesis. We tested the effects of the verified scarcity of PIP2
on amphetamine-triggered SERT functions in human cells. We ob-
served an interaction between SERT and PIP2 in pull-down assays.
On decreased PIP2 availability, amphetamine-evoked currents were
markedly reduced compared with controls, as was amphetamine-
inducedefflux. SignalingdownstreamofPLCwasexcludedasa cause
for these effects. A reduction of substrate efflux due to PLC activa-
tion was also found with recombinant noradrenaline transporters
and in rat hippocampal slices. Transmitter uptake was not affected
by PIP2 reduction. Moreover, SERT was revealed to have a positively
charged binding site for PIP2. Mutation of the latter resulted in a loss
of amphetamine-induced SERT-mediated efflux and currents, aswell
as a lack of PIP2-dependent effects. Substrate uptake and surface
expression were comparable between mutant and WT SERTs. These
findings demonstrate that PIP2 binding tomonoamine transporters is
a prerequisite for amphetamine actionswithout being a requirement
for neurotransmitter uptake. These results open the way to target
amphetamine-induced SERT-dependent actions independently of
normal SERT function and thus to treat psychostimulant addiction.
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Phosphoinositides are concentrated within the inner leaflets of
plasma membranes where they serve as membrane anchors for

cytoplasmic proteins and as signaling molecules (1). Phosphatidy-
linositol-4,5-bisphosphate (PIP2) is produced by 1-phosphatidy-
linositol 4-kinase (PI-4 kinase) and PIP-5 kinase through the
sequential phosphorylation of phosphatidylinositol. PIP2 is the
precursor of two important second messengers: inositol triphos-
phate (IP3) and diacylglycerol [DAG (2)]. These two PIP2 prod-
ucts result from cleavage by phospholipase C (PLC) that is
activated via receptors coupled to PLC. IP3 stimulates Ca2+ re-
lease from the endoplasmic reticulum, whereas DAG directly
activates most of the known protein kinase C isoforms. However,
PIP2 is not only a precursor for second messengers but is also by
itself important for signaling as it serves as an anchor for protein
kinase C (3), directly binds to various membrane proteins (1), and
is enriched in membrane rafts (4). Thereby, PIP2 controls es-
sential functions of neurons, such as exocytosis (5), endocytosis
(6), and transmembrane ion fluxes (7, 8).

Ion fluxes have also been observed in neurotransmitter:sodium
symporters (NSSs). Members of this protein family, such as the
transporters for dopamine (DAT), norepinephrine (NET), sero-
tonin (5HT; SERT), and GABA (GAT), mediate uptake of re-
leased neurotransmitters from the synaptic cleft. In addition,
they are targets for addictive drugs such as amphetamines (9).
Ion fluxes through these proteins are required for amphetamine-
evoked substrate efflux but not for transmitter reuptake (10).
In contrast to neuronal ion channels and ion transporters,

NSSs have not been reported to be regulated by PIP2, although
other plasma membrane constituents such as cholesterol are
required for the proper function of SERT (11–13) and DAT
(14). Herein, we reveal SERT as a unique binding partner of
membrane PIP2, characterize the binding site involved, and show
that PIP2 is necessary for amphetamine actions but not for
substrate reuptake. By targeting this interaction, one could thus
prevent the contribution of SERT to addiction without affecting
its physiological function.

Results and Discussion
Plasma Membrane PIP2 Is Required for SERT-Mediated Current. An
interaction between PIP2 and SERT was established using PIP2-
coated beads and proteins solubilized from human embryonic
kidney 293 (HEK293) cells stably expressing the human SERT
(HEK-SERT cells; Fig. 1A) (15). The direct interaction of PIP2
with ion channels and exchange proteins is required to permit ion
fluxes in those proteins (8, 16). To test for analogous phenomena
in SERT, currents through this transporter were triggered by the
application of a substrate such as para-chloroamphetamine (pCA)
(17). To disrupt PIP2 interactions, a palmitoylated peptide was
used (Pal-HRQKHFEKRR; 10 μM), which is known to inhibit the
effects of PIP2 on ion channels by binding to its polar head groups
(18). This peptide reduced the pCA-induced SERT-mediated
currents (Fig. 1B; 82.9 ± 5.1% inhibition; n = 4). A scrambled
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peptide (PAL-HAQKHFEAAA; 10 μM) unable to bind PIP2 did
not exert any effect on SERT-mediated currents (Fig. 1C).
We used the specific PLC activator m-3M3FBS {2,4,6-tri-

methyl-N-[3-(trifluoromethyl)phenyl]benzenesulfonamide} (19)
to deplete membrane-associated PIP2. In cells treated with
m-3M3FBS (10 μM) for 10 min, PIP2 contents were reduced to 49±
4% in comparison with cells treated with o-3M3FBS, an inactive
ortho-analog, as quantified byMALDI-TOF (Fig. S1A).m-3M3FBS
(10 μM) led to a significant decrease in pCA-induced SERT-
mediated currents (Fig. 1D; 58.3 ± 8.9% inhibition; n = 7),
whereas o-3M3FBS had no such effect (Fig. 1E; 6.8 ± 5.3% in-
hibition; n = 7). SERT-mediated current is not only induced by
amphetamines such as pCA but also by the physiological substrate
5HT itself (20). Application of m-3M3FBS, but not o-3M3FBS,
significantly reduced 5HT-induced currents (74.6 ± 8.1% in-
hibition, n = 4). Cells were treated with the PLC inhibitor U73122
to confirm that the effect ofm-3M3FBS was caused by an activation
of PLC; thereafter, m-3M3FBS failed to affect pCA-induced cur-
rents (0.1 ± 0.02% inhibition, n = 4; Fig. 1F).
To activate PLC by physiological means, B2 bradykinin recep-

tors (B2Rs) were expressed in HEK-SERT cells, activation of
which is known to tightly control the PIP2 content of the plasma
membrane by PLC-mediated hydrolysis (21). pCA-induced cur-
rent was significantly reduced by 59.6 ± 7.7% (n = 5) on addition
of bradykinin (Fig. 1G). This effect was mediated by B2R activa-
tion because coapplication of the B2R-specific antagonist Hoe 140
(100 nM) attenuated the B2R-mediated effect on the SERT cur-
rent (9.9 ± 3.8% inhibition, n = 5; sample trace in Fig. S1B). Thus,
SERT interacts with PIP2 and amphetamine induced currents
through the transporter can be altered by reducing PIP2 or by
interfering with PIP2-protein interactions.

PIP2 Depletion Inhibits SERT-Mediated Efflux but Not Influx. Currents
through NSS family members are carried by sodium ions (22), and
this sodium influx is believed to trigger transporter-mediated sub-
strate efflux (23, 24). Therefore, the consequences of disrupting
SERT-PIP2 interactions by the interfering palpeptide were also
tested with respect to reverse transport using single cell micro-
amperometry as previously described forDAT (24). Amperometric
signals from HEK-SERT cells patch-loaded with 5HT were sig-
nificantly reduced in the presence of 10 μM palpeptide (Fig. 2A,
n = 6; P < 0.05, two-tailed Student t test).
This result raises the question of whether 5HT uptake might

also be affected by modulating PIP2 levels: PIP2 levels were

reduced by m-3M3FBS, but not o-3M3FBS, as reported above
(Fig. 1D). As uptake cannot be measured in single cells, these
experiments were carried out in populations of HEK-SERT cells.
Neither agent induced significant alterations compared with ve-
hicle (Table S1). In addition to [3H]substrate uptake, we also ex-
amined pCA uptake as quantified by HPLC (25). Thereby, we
ruled out that the pCA that is used as the trigger for transporter-
mediated efflux may be differently handled by the transporter:
again, neither m-3M3FBS nor o-3M3FBS had any significant ef-
fect (867.4 ± 112.2 and 843.6 ± 124.8 pmol/100 μL, respectively;
n = 4). The disparity between PIP2-sensitive SERT-mediated
current (Fig. 1) and -insensitive uptake supports previous obser-
vations of uncoupled ion fluxes through SERT (20), which may
additionally require an interaction with syntaxin 1A (22).
HEK-SERT cells were preloaded with the nondegradable

substrate, tritiated methyl-4-phenylpyridinium (MPP+), and con-
tinuously superfused until a baseline was established. SERT-
dependent [3H]MPP+ efflux was induced by pCA (3 μM) (26) and
measured by liquid scintillation counting. m-3M3FBS reduced
this efflux in a concentration-dependent manner (Fig. 2B). Again,
o-3M3FBS had no effect (Fig. 2B). The inhibitory action of
m-3M3FBS was attenuated by the PLC inhibitor U73122 (5 μM;
Fig. 2C).
PI-4-kinase is involved in the synthesis of PIP2; its inhibition

causes effects similar to those of PLC activation, but it is indepen-
dent of PLC activity and products (27). Superfusion of [3H]MPP+-
loaded HEK-SERT cells with phenyl-arseneoxide (PAO; 30 μM),
a PI-4-kinase inhibitor, for 10 min before the addition of pCA
resulted in a reduction of pCA-induced efflux (Fig. 2C; n = 12–16,
P < 0.001 compared with control; one-way ANOVA, followed by
Tukey’s post hoc test).
In cells coexpressing B2R, the addition of bradykinin (10 nM)

significantly reduced pCA-triggered efflux (Fig. 2D; P < 0.05
compared with control; one-way ANOVA, followed by Tukey’s
post hoc test), which was prevented by the B2R antagonist Hoe 140
(100 nM; Fig. 2D). Thus, depletion of membrane PIP2 through
PLC-dependent or -independent mechanisms, or interference
with PIP2 protein interactions, reduced transporter-mediated so-
dium currents and substrate efflux. PIP2 sensitivity of [3H]MPP+

efflux was also found with the norepinephrine transporter:
m-3M3FBS reduced D-amphetamine–induced efflux fromHEK293-
NET cells (Fig. 2E; n = 3). Furthermore, the physiological sig-
nificance of our findings can be demonstrated by the sensitivity
of pCA-induced [3H]MPP+-efflux from rat hippocampal slices

Fig. 1. PIP2 binding to SERT and regulation of SERT-mediated currents. (A) Lysates of either HEK293 cells expressing YFP-SERT (+) or nontransfected HEK293
(−) cells were incubated with either PIP2-coated beads or control beads. Samples of these lysates or proteins eluted from these beads were separated by SDS/
PAGE and immunoblotted with an anti-GFP antibody. (B–G) Current traces from single HEK293-SERT cells; application of pCA (3 μM) is indicated by the bar:
traces were obtained in the presence (gray) and absence (black; Ctl) of 10 μM pal-HRQKHFEKRR (pal-peptide in B), 10 μM scrambled peptide (C), 10 μM
m-3M3FBS (D), 10 μM o-3M3FBS (E), 10 μM m-3M3FBS plus 3μM U72133 (F), or 10 nM bradykinin (G). The peptides, m-3M3FBS, o-3M3FBS, m-3M3FBS plus
U72133, or 10nM bradykinin had been present for 20 min before the currents were recorded. Cells in G were coexpressing B2 bradykinin receptors. (Cali-
bration bars, 2 pA and 2 s.)
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toward PIP2 hydrolysis by m-3M3FBS (Fig. 2F). Thus, activation
of PLC affected efflux through both recombinant and natively
expressed monoamine transporters.

Second-Messenger Systems Are Activated but Do Not Contribute to
PIP2 Effects on SERT: PKC and Ca2+. Cleavage of PIP2 by PLC yields
DAG, which activates PKC, leading to translocation from the
cytosol to the membrane. The PKC-β II isoform is the most rel-
evant for amphetamine-induced phosphorylation of transporters
(28), and PKC is involved in the initiation of transporter-mediated
efflux (25). In HEK-SERT cells, m-3M3FBS, but not o-3M3FBS,
translocated recombinant fluorescent β II PKC to the membrane
(Fig. S2A), indicative of PKC activation. Moreover, the PKC in-
hibitor GF109203X (1 μM) significantly diminished SERT-
mediated efflux (Fig. S2B), but failed to alter the PIP2-dependent
inhibition of efflux bym-3M3FBS (Fig. S2B). Thus, and apparently
counterintuitive, the observed change in PKC activity on PLC
activation by m-3M3FBS cannot be accounted for as the reason
for the pronounced reduction in pCA-induced efflux.
PLC activation also increases the concentration of IP3, which in

turn triggers the release of Ca2+ from intracellular stores after
binding to IP3 receptors; Ca

2+ may play a role in transporter-
mediated efflux as previously reported for the DAT (29). However,
incubation of HEK-SERT cells with the membrane permeant
Ca2+ chelator BAPTA-AM (50 μM) did not affect pCA-induced
[3H]MPP+ efflux, whether m-3M3FBS was present or not
(Fig. S2C). Likewise, the inhibition of pCA-induced current by
m-3M3FBS was not altered by BAPTA-AM (control: 27.71 ±
11.42% vs. in the presence of BAPTA-AM: 31.6 ± 6.4%, n = 5;
P > 0.05, Mann–Whitney U test). Thus, changes in intracellular
Ca2+ did not mediate the effects of PLC activation on amphetamine-
induced currents and efflux.
Apart from shiftingmonoamine transporters from a reluctant to

a willing state in terms of efflux, PKC also induces redistribution
from the cell surface to intracellular compartments (30). However,
within an exposure time of 20 min, neither m-3M3FBS nor
o-3M3FBS led to the internalization of SERT in confocal micros-
copy and cell surface biotinylation experiments (Fig. S2 D and E).
Nevertheless, activation of PKC by β-PMA significantly reduced
cell surface expression of SERT as shown by biotinylation and
a reduction in the Vmax of 5HT uptake (Fig. S2F; P < 0.05, n = 4;
paired two-tailed Student t test). Thus, the PIP2 hydrolysis products,
IP3 and DAG, were not involved in the modulation of transporter-
mediated currents and efflux by PLC activation, indicating that
the loss of PIP2 was the decisive mechanism.

PIP2 Does Not Regulate GAT1 Activity, Another Member of the NSS
Family. We investigated substrate efflux through the GABA
transporter GAT1, a more distantly related member of the NSS
family (31), to learn whether the above results might be universally
valid for all NSSs. However, release of [3H]GABA fromHEK cells
stably expressing rat GAT1 (HEK-GAT1 cells) remained un-
affected even at the highestm-3M3FBS concentrations tested (Fig.
3A). Likewise, GABA-evoked currents in HEK-GAT1 cells were
not affected by 10 μM m-3M3FBS (Fig. 3B). Nevertheless, the
PIP2 levels of HEK-GAT1 cells were decreased after application
ofm-3M3FBS (Fig. S3) to an extent comparable to those in HEK-
SERT cells (Fig. 1D). Thus, GABA transporters are insensitive
toward changes in PIP2 levels as suggested earlier (16), but it must
be mentioned that GAT1 is insensitive to amphetamines, and
specific “releasers” have not been identified for GAT1 (26).
The sequence identity between SERT and GAT1 is low (∼20%)

(31). Therefore, the apparent differences in PIP2 sensitivity might
be based on structural heterogeneities. Ion channels bind PIP2 via
positively charged intracellular domains (33). Hence, we com-
pared the electrostatic potentials of GAT1 and SERT (Fig. 3 D
and E).
In contrast to the scattered positively charged area that covers

the cytosolic side of GAT1 (Fig. 3D), roughly half the intracellular
face of SERT has a positive surface potential (Fig. 3E). Here,
a conspicuous patch of positively charged amino acids including
residues R144 (helix 2), K352 (helix 6), and K460 (helix 9) could

Fig. 2. PIP2 regulation of SERT-mediated efflux. (A) Representative oxidative
currents from HEK-SERT cells. D-Amph (10 μM) was added as indicated by the
arrows. Traces were obtained from cells loaded with either 10 μM scrambled
peptide (upper trace) or pal-HRQKHFEKRR. (B) Time course of pCA-induced,
SERT-mediated efflux of [3H]MPP+ from HEK-SERT cells. The cells were loaded
with 0.1 μCi [3H]MPP+ and superfused, and 2-min fractions were collected. The
indicated concentrations ofm-3M3FBS or 25 μM o-3M3FBS were added to the
superfusion buffer at minute 4. At minute 14, pCA (3 μM)was added to induce
efflux. Efflux of radioactivity per 2-min fraction is expressed as percentage of
radioactivity present in the cells at the beginning of that fraction (n = 6; two-
way ANOVA followed by Bonferroni’s post hoc test: **P < 0.01 or ***P <
0.001). (C) Experiments were carried out as shown in B; 25 μMm-3M3FBS or o-
3M3FBS, in the absence or presence of 3 μM U73122, was added at minute 4.
Similarly, 30 μM PAO was compared against control. Bar graphs represent ef-
flux in percent of total radioactivity betweenminutes 22 and 24 (n= 5–37; two-
tailed Mann–Whitney test: **P < 0.01 or ***P < 0.001). (D) Experiments were
carried out as shown in B; pCA-induced, SERT-mediated efflux of [3H]MPP+

from HEK-SERT cells coexpressing B2 bradykinin receptors. Bradykinin (10 nM),
either alone or together with 100 nM Hoe 140, was added to the superfusion
buffer atminute 4. Atminute 14,pCA (3 μM)was added to induce efflux (n= 3;
one-way ANOVA followed by Bonferroni’s post hoc test and is denoted by *P<
0.05). (E) Concentration dependence ofm-3M3FBS treatment on the reduction
of efflux in HEK293-DAT or HEK293-NET cells (n = 3; D-amphetamine, 3 μM).
Cells were treated essentially as described in B. (F) Rat hippocampal slices were
preloaded with 0.1 μM [3H]MPP+, and SERT-mediated efflux was induced by
3 μM pCA in the presence of m-3M3FBS or o-3M3FBS. Nomifensine (100 nM)
was present throughout the experiment to block potential contributions from
NET and DAT. Efflux is presented as in C–E. Statistically significant differences
were assessed by Student t test (P < 0.05; n = 6, performed in triplicate).
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attract negatively charged molecules such as PIP2. The size of the
PIP2 headgroups (34) would perfectly fit in between these residues
(10-Å distance; Fig. S4A). A triple mutation of these three posi-
tively charged residues to alanine is predicted to dramatically
change the electrostatic potential surrounding the transporter at
the center of its cytosolic side (Fig. 3F); the surface containing
a positive potential becomes smaller in strength and in size. Fur-
thermore, negative charged areas appear in the center of the
transporter. Therefore, we hypothesized that such an amino acid
exchange would reduce the attractive force for PIP2 binding.

Mutation of the Putative PIP2 Binding Site in SERT Eliminates Current
and Efflux. Single positively charged amino acids R144, K352, and
K460 were replaced by alanines. The resulting single mutants were
all expressed at the cell surface (Fig. S4B); they also displayed

transport characteristics comparable to those ofWT SERT (Table
S2), and substrate efflux was inhibited by m-3M3FBS (Fig. 4A;
Table S2). Thus, these single point mutations did not suffice to
affect the interaction between PIP2 and SERT. This result is not

Fig. 3. Differences between SERT and GAT-1 in PIP2 sensitivity. (A) Efflux of
[3H]GABA from HEK-GAT1 cells. The cells were loaded with 0.2 μM [3H]GABA
and superfused, and 2-min fractions were collected (as shown for SERT in Fig.
2); 25 μM of m-3M3FBS or o-3M3FBS was added to the superfusion buffer at
minute 4. At minute 14, GABA (333 μM) was added to induce efflux. Bar
graphs represent efflux in percent of total radioactivity between minutes 22
and 24 (n = 4). (B) Current traces from single HEK-GAT1 cells; application of
GABA (100 μM) is indicated by the bar; traces were obtained in the presence
(gray) and absence (black; Ctl) of 10 μM m-3M3FBS. (C) HEK-GAT1 cells in 24-
well plates were preincubated in Krebs–Ringer–Hepes (KHB) buffer with the
respective substances for 15 min before 0.2 μM [3H]GABA was added for
3 min; nonspecific uptake was measured in the presence of 10 μM tiagabine.
Subsequently, the cells were washed with ice-cold buffer and lysed, and the
cellular radioactive content was counted (n = 3). (D–F Electrostatic potential
iso-surfaces of GAT1 (D), SERT (E), and SERT-R144A-K352A-K460A (F); red
denotes negative potential and blue denotes positive potential. The col-
ored ellipses point to the positions of residues R144 (red), K352 (green), and
K460 (blue).

Fig. 4. Lysine residues K352 and K460 in the cytosolic domain of SERT are
required for binding and functional effects of PIP2. (A–C) Time course of pCA-
induced, SERT-mediated efflux of [3H]MPP+ from HEK293 cells expressing
SERT-K352A, YFP-tagged SERT, or SERT-K352A-K460A. The cells were loaded
with 0.1 μCi [3H]MPP+ and superfused, and 2-min fractions were collected;
25 μMm-3M3FBS or o-3M3FBS was added to the superfusion buffer at minute
4. At minute 14, pCA (3 μM) was added to induce efflux. Efflux of radioactivity
per 2-min fraction is expressed as percentage of radioactivity present in the
cells at the beginning of that fraction (n = 3–5). Statistical significance was
calculated using two-way ANOVA followed by Bonferroni’s post hoc test and
is denoted by ***P < 0.001; n.s., no significance. (D) HEK293 cells stably ex-
pressing YFP-tagged SERT (WT) or SERT-K352A-K460A were solubilized (cell
lysates) and pulled down with PIP2-coated beads. Eluted proteins from the
beads were dissolved in 2× SDS loading buffer at 95 °C, separated by SDS/
PAGE, and immunoblotted with an anti-GFP antibody. The images were de-
rived from the same membrane with the same exposure time and represent
three experiments with the same results. (E) Uptake of [3H]MPP+ by HEK293
cells expressing SERT-K352A-K460A was essentially carried out as described in
Table S1 (n = 3). (F) Inhibition of 5HT uptake by pCA. Cells expressing SERT-
K352A-K460A or WT SERT were incubated with 0.03 μM [3H]MPP+ and in-
creasing concentrations of pCA as indicated (n = 4); after 3 min, the cells were
washed and lysed, and radioactivity was determined. The IC50 values were
10.3± 0.9 and 3.7± 0.6 nM, respectively. (G) Current traces from singleHEK293
cells expressing SERT-K352A-K460A (gray) or WT SERT (black); application of
pCA (3 μM) is indicated by the bar.
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surprising because up to five positively charged residues are typi-
cally involved in the binding of PIP2 to ion channels (33). There-
fore, double mutations of these residues (SERT-R144A-K352A,
SERT-R144A-K460A, SERT-K352A-K460A) were generated;
these also led to surface expression levels and transport rates
similar to those of WT SERT (Fig. 4E; Fig. S4C; Table S3).
Moreover, competition of uptake by pCA was similar in mutants
and WT SERT (Fig. 4F). In contrast, in all these double mutants,
pCA-induced efflux was lower than in WT SERT (Fig. 4 B and C;
Table S3). Nevertheless, efflux was not abolished, confirming that
the conformational cycling of SERTwas not entirely compromised
by the mutation (Fig. 4 B and C). However, PIP2 hydrolysis trig-
gered by m-3M3FBS affected pCA-induced efflux only in the
SERT double mutants carrying the R144Amutation but not in the
SERT-K352A-K460A variant (Fig. 4B; Table S3). In parallel with
the marked reduction in pCA-induced substrate efflux, the SERT-
K352A-K460Amutant lost its ability to (i) bind PIP2 (Fig. 4D) and
(ii) mediate pCA-evoked currents (Fig. 4G). In contrast, the
double mutants that originally included R144 showed pCA-
induced currents that were comparable to those through WT
SERT (Fig. S4D).
This functional disparity between the three double mutants

was not predicted by the electrostatic potentials shown in the
model in Fig. 3E. However, estimating the distances between the
mutated residues indicated that R144 is located in a very central
position of SERT. This location precludes binding of PIP2 be-
cause it simply cannot be reached from the rim of the membrane
(Fig. 3E; Fig. S4A). In addition, the mutation-induced change of
electrostatic forces would even add to repel PIP2 from SERT
because its central region now carries a more negative potential
centered on the transporter vestibule (Fig. 3E).
As shown above, the activation of PLC either directly by

m-3M3FBS or via B2 receptors reduced currents and reverse
transport through SERT. Equivalent results were obtained when
potential interactions of PIP2 with membrane proteins were pre-
vented by interfering peptides, and direct binding between SERT
and PIP2 was demonstrated. Together, these data reveal SERT to
interact with and to be functionally regulated by PIP2.
Unlike the effects of the PIP2 binding peptides (18), the func-

tional consequences of PLC activation may involve not only loss of
PIP2, but also the generation of PIP2 cleavage products, DAG and
IP3, and downstream signaling elements. Although loss of PIP2
from the cells under investigation as a result of PLC activation

has been demonstrated, activation of PKC and increases in in-
tracellular Ca2+ were evidenced not to be involved in the effects
observed. Moreover, inwardly directed transport through SERT
was not affected by PLC activation, thereby excluding general
regulatory mechanisms such as changes in surface expression.
As previously reported for various ion channels (8), the present

results reveal positively charged PIP2 binding sites within the in-
tracellular domains of SERT. Mutational loss of charges within
these regions led to largely reduced PIP2 binding to SERT and
prevented the functional effects of PIP2 depletion (a huge de-
crease in SERT-mediated currents and substrate efflux), whereas
5HT uptake and its inhibition by competitors remained unaltered.
These data confirm inward and outward transport as distinct
mechanistic phenomena within monoamine transporters (10, 35).
Hence, altered ion flux could regulate neuronal excitability; along
those lines, the studies by Carvelli et al. do in fact speak to a role
for DAT currents in vivo (36).
A segregation of currents and reverse transport from substrate

uptake has also been identified in a rare variant of the human
DAT, A559V, in a pedigree of patients diagnosed with attention
deficit hyperactivity disorder (37). This mutation leads to a trans-
porter no longer showing amphetamine-induced release of mono-
amines, as was observed here as consequence of either PIP2
depletion or specific amino acid exchanges. Thus, the selective
interference with PIP2 binding to SERT to prevent amphetamine-
induced efflux without affecting SERT-dependent reuptake may
hold therapeutic promise for amphetamine-addicted patients.

Experimental Procedures
Experimental procedures for electrophysiology and amperometry have been
performed as described (15, 16, 23, 35). Biochemical assays such as pull-down
assays, biochemical tracer flux analysis, and HPLC determination of pCA have
been reported earlier (22–25). More detailed information on the experi-
mental procedures including MS, confocal laser scanning microscopy, and
molecular modeling, and all reagents are provided in SI Experimental Pro-
cedures.
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