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Phosphatidylinositol (4,5)-bisphosphate (PIP2) regulates the function of ion channels and 

transporters. Here, we demonstrate that PIP2 directly binds the human dopamine (DA) transporter 

(hDAT), a key regulator of DA homeostasis and a target of the psychostimulant amphetamine 

(AMPH). This binding occurs through electrostatic interactions with positively charged hDAT N-

terminal residues and is shown to facilitate AMPH-induced, DAT-mediated DA efflux and the 

psychomotor properties of AMPH. Substitution of these residues with uncharged amino acids 

reduces hDAT-PIP2 interactions and AMPH-induced DA efflux, without altering the hDAT 

physiological function of DA uptake. We evaluated, for the first time, the significance of this 

interaction in vivo using locomotion as a behavioral assay in Drosophila melanogaster. Expression 

of mutated hDAT with reduced PIP2 interaction in Drosophila DA neurons impairs AMPH-

induced locomotion without altering basal locomotion. We present the first demonstration of how 

PIP2 interactions with a membrane protein can regulate the behaviors of complex organisms.
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INTRODUCTION

The functional regulation of plasma membrane proteins by lipid molecules is an integral 

component of cell function and metabolism1,2. Phosphatidylinositol (4,5)-bisphosphate 

(PIP2) is the phospholipid precursor of the second messengers inositol trisphosphate (IP3), 

diacylglycerol (DAG), and phosphatidylinositol (3,4,5)-trisphosphate (PIP3), and is, itself, 

capable of acting as a second messenger and cofactor for regulating protein function1,3-6. 

Additionally, PIP2 has been shown to modulate, through electrostatic interactions, the in 

vitro function of ion channels and transporters, including the serotonin transporter 

(SERT)1,7. A sizeable research effort has been dedicated to determining the diversity of 

cellular roles for PIP2 and defining the ubiquity of its electrostatic interactions with various 

plasma membrane proteins, but how these interactions might modulate the behaviors of 

complex organisms in vivo has never been studied.

The plasma membrane dopamine (DA) transporter (DAT) is a presynaptic protein that plays 

a pivotal role in regulating DA neurotransmission by mediating the high-affinity reuptake of 

synaptically-released DA. Gene knockout experiments in multiple organisms, including 

Drosophila melanogaster8,9, point to the DAT as the main target for the locomotor 

stimulatory effects of amphetamine (AMPH)10. AMPH’s addictive properties are mediated, 

at least in part, through elevation of extracellular DA by inducing DA efflux through the 

DAT11,12. Thus, in order to target and limit AMPH actions pharmacologically, it is essential 

to understand how to precisely manipulate the DAT to prevent DA efflux without altering its 

physiological function of DA uptake.

The DAT N-terminus is a structural domain of functional significance. AMPH targets the N-

terminus to cause posttranslational modifications (e.g. phosphorylation13), which are 

essential for AMPH to cause DA efflux14,15 and behaviors8. Notably, DAT localization to 

plasma membrane lipid rafts is also vital for DA efflux16 and AMPH-induced behaviors8. In 
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this study, we elucidate how plasma membrane PIP2, which is enriched in lipid rafts17,18, 

dictates specific aspects of the transport cycle through its interactions with the N-terminus of 

the DAT. In terms of AMPH-induced DA efflux, our experimental and computational data 

demonstrate that the regulatory effect of PIP2 stems from its electrostatic association with 

the N-terminus. Here, we introduce the first animal model (Drosophila melanogaster) in 

which we evaluate the behavioral consequences of altered PIP2 interactions with a plasma 

membrane protein. We reveal that DAT-PIP2 interactions are required for AMPH-induced 

behaviors, thereby presenting PIP2 and its synthetic pathway as novel regulators of AMPH 

abuse.

RESULTS

DAT associates with PIP2

In this study, we aimed to determine the modalities of the regulatory function of PIP2 in 

terms of DA homeostasis and AMPH actions. We hypothesized that this regulatory function 

may be mediated through a physical association between DAT and PIP2. Using live confocal 

imaging, we show that in hDAT cells, GFP-hDAT (green) co-localized (yellow) with a 

plasma membrane PIP2 sensor (red) (Fig. 1a). As a PIP2 sensor, we used the pleckstrin 

homology (PH) domain from phospholipase Cδ (PHPLCδ-mRFP) that binds specifically to 

PIP2 at the plasma membrane and has been used to monitor pools of PIP2
19. In these cells, 

we further probed the association of hDAT with PIP2 by immunoprecipitating (IP) PIP2 with 

an anti-PIP2 antibody and immunoblotting the immunoprecipitates for DAT (IB) with an 

anti-DAT antibody (see below). These data strongly suggest that PIP2 associates with hDAT 

in this cell line. To reveal the association between PIP2 and DAT in brain tissue, 

immunoprecipitations were performed from the striatal tissue of wild-type mice (WT; in 

presence (+) or absence (−) of the anti-PIP2 antibody) or DAT knock out (KO) mice10 (Fig. 

1b). In contrast to WT mice, DAT-PIP2 association was lacking in DAT KO mice. 

Moreover, in the absence (−) of the PIP2 antibody, no immunoreactivity was detected. These 

data demonstrate that PIP2 associates with the DAT both in cell culture and ex vivo.

The DAT N-terminus interacts directly with PIP2

PIP2 is negatively charged at physiological pH20. Electrostatic interactions between PIP2 

and target proteins are thought to lead to changes in protein conformation and, subsequently, 

their activity1,21. It is recognized that PIP2 binds positively charged (basic) residues, such as 

Arg and Lys, possibly in proximity to one or more hydrophobic amino acids1. Recently, 

residues K352 and K460 of the SERT (a DAT homolog) have been identified in vitro as 

possible sites that mediate SERT-PIP2 association7. In the DAT, the homologous amino 

acids to K352 and K460 are Lys at position 337 (K337) and Arg at position 443 (R443). We 

reasoned that these two DAT residues represent possible PIP2 binding sites of functional 

significance. However, charge-neutralizing substitution of K337 and R443 to Ala (hDAT 

K337A-R443A), to prevent the interaction of these residues with PIP2, caused substantial 

trafficking of the DAT away from the plasma membrane, as assessed by cell surface 

biotinylation. The amount of hDAT K337A-R443A at the cell surface was reduced by 82.6 

± 5.2% (p ≤ 0.01 by Student’s t-test; n = 7) with respect to hDAT. Therefore, in DAT, in 

contrast to SERT, these two residues support DAT surface expression, preventing us from 
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determining whether their possible interaction with PIP2 regulates any mechanistic aspect of 

the transport cycle.

The N-terminus of the DAT is a structural domain that has been shown to regulate specific 

aspects of DAT transport cycle, without altering DAT surface expression14,15,22. It also 

contains several Lys and Arg residues (Supplementary Results, Supplementary Fig. 1). We 

therefore sought to determine whether the N-terminus of the DAT directly interacts with 

PIP2 in vitro. To this end, we generated a purified recombinant GST-fused N-terminal DAT 

fragment comprising the first 64 N-terminal amino acids of hDAT (GST-64 hDAT)23. The 

lipid binding analysis of the GST-fusion proteins was conducted using liposomes composed 

of mixed lipids (phosphatidylcholine, either with or without PIP2) as previously described24. 

The GST fusion proteins bound to liposomes were pelleted (liposome-pull down) and the 

binding was assessed by immunoblotting (anti-GST antibody). Figure 2a (top) shows the 

pull down of GST fusion proteins (GST and GST-64 hDAT) by liposomes containing (+) 

PIP2, as compared to liposomes lacking (−) PIP2. The presence (+) or absence (−) of PIP2 

did not alter pull down of GST alone (GST control). As an additional control, we 

“sequestered” PIP2 by preincubating the liposomes with a basic peptide consisting of the 

sequence of the putative PIP2 binding domain of the Kv7.2 channel fused to the fatty acid 

moiety, palmitic acid25 (pal-HRQKHFEKRR; positively charged at physiological pH)25. 

This peptide is known to interact electrostatically with the polar head groups of PIP2 to 

hinder its interaction with plasma membrane proteins25. Preincubation of PIP2-containing 

liposomes with 3 μM of the basic peptide (pal-HRQKHFEKRR) inhibited pull down of 

GST-64 hDAT. Figure 2a (bottom) shows quantitation of immunoblots obtained from 

multiple experiments. Comassie stain was utilized to verify equal loading. These in vitro 

data provide the first evidence of a direct interaction between PIP2 and a specific region of a 

neurotransmitter transporter, the DAT N-terminus.

Computational modeling of hDAT interaction with PIP2

To obtain molecular level structural insights into hDAT N-terminal interactions with PIP2-

containing membranes, we generated a structural context using a previously described 

homology model of the hDAT26-28. To this we have added a recently constructed model of 

the DAT N-terminus obtained with a combination of structure-prediction methods (Rosetta, 

Modeller) and atomistic molecular dynamics (MD) simulations (see Methods). These in 

silico modeling steps enabled the prediction of 3-dimensional folds of the N-terminal loop 

segment composed of hDAT residues 1-59, in the context of the complete transmembrane 

domain. The resulting hDAT model was used in mean-field-level calculations (SCMFM; see 

Methods) to quantify the electrostatic interaction of the N-terminus with PIP2-enriched lipid 

membranes.

The dominant role of the electrostatic component of the interaction energy between the 

hDAT N-terminus and PIP2-containing membranes was substantiated by the shape and the 

values of the electrostatic potential isosurfaces (EPIs) surrounding the molecular model of 

the hDAT N-terminal segment shown in figure 2b. The belt-like arrangement of the Lys/Arg 

residues generates a region of strong positive electrostatic potential (in blue) that favors 

strong interaction with the negatively charged PIP2 lipids. Energy-guided docking of this 
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face of the N-terminus to the membrane model and solving for the steady state distributions 

of the charged lipid species (PIP2) under the influence of the electrostatic forces it 

generates29-31 produces a quantitative estimate of the electrostatic component of the 

interaction energy. Thus, the rearrangement of the PIP2 lipids in the electrostatic field of the 

N-terminal segment is predicted to result in a significantly increased concentration of PIP2 

near the Lys/Arg belt (Fig. 2c, color coding on the membrane shows the segregation of PIP2 

(blue) to be 2.5 times larger than the PIP2 ambient concentration (yellow/green)). 

Particularly notable is the strength of the PIP2 interaction mediated by DAT residues Lys3 

and Lys5. Together, these in silico studies suggest that the interactions between the hDAT 

N-terminus and PIP2 lipids are driven by electrostatic forces.

Disrupting DAT-PIP2 interaction inhibits reverse transport

We hypothesized that the functional consequence of DAT-PIP2 interaction is to support 

reverse transport of DA. Thus, we disrupted DAT-PIP2 associations in hDAT cells while 

recording AMPH-induced DA efflux with amperometry. The amperometric electrode, a 

carbon fiber electrode juxtaposed to the cell membrane, measures DA efflux by oxidation/

reduction reactions, with DA efflux represented as a positive current. To simultaneously 

record DA efflux while delivering compounds to the intracellular milieu, we combined 

amperometry with the whole cell patch clamp (APC) technique9,14. The whole cell patch 

electrode controls the intracellular ionic composition, which includes DA14 (see Methods).

First, we perfused hDAT cells through the whole cell electrode with DA and the basic 

peptide pal-HRQKHFEKRR (positively charged at physiological pH and tethered to the 

plasma membrane through the fatty acid moiety, palmitic acid25) while recording DA efflux 

with the amperometric electrode (Fig. 3a). We used this peptide to compete against the DAT 

N-terminus for PIP2 interactions as determined in Fig. 2a. Pal-HRQKHFEKRR (3 μM, 10 

minutes of intracellular perfusion) was effective in reducing AMPH-induced DA efflux with 

respect to the efflux obtained with the control peptide pal-HAQKHFEAAA, in which four 

positive residues were substituted with Ala (Fig. 3a, top). Quantitation of the peak 

amperometric currents demonstrates that intracellular perfusion of pal-HRQKHFEKRR 

significantly reduced DA efflux (Fig. 3a, bottom). These data underscore the importance of 

DAT-PIP2 interactions in the regulation of DA efflux and point to the type of interactions as 

electrostatic in nature. We next assessed whether DAT-PIP2 association regulates other 

DAT functions (e.g. DAT-mediated inward currents). We recorded hDAT-mediated inward 

currents from hDAT cells voltage clamped at −60 mV with a whole-cell electrode 

containing either pal-HRQKHFEKRR or the control peptide pal-HAQKHFEAAA (3 μM, 10 

minutes of intracellular perfusion). We stimulated the hDAT-mediated currents by perfusion 

of either 10 μM AMPH or DA, respectively. In contrast to DA efflux, pal-HRQKHFEKRR 

failed to inhibit hDAT-mediated inward currents, with respect to the control peptide, either 

for AMPH (109 ± 4.9% of control; p ≥ 0.8 by Student’s t-test; n = 4) or for DA (98 ± 16% 

of control; p ≥ 0.9 by Student’s t-test; n = 4).

To further investigate the role of DAT-PIP2 interactions in AMPH regulation of DAT 

function, we transfected hDAT cells with the human muscarinic acetylcholine (ACh) 

receptor M1 (hM1R), a Gαq coupled receptor. Activation of hM1R activates phospholipase 
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C (PLC), stimulating hydrolysis of PIP2 and effectively depleting PIP2 stores3. Live imaging 

was adopted utilizing mRFP tagged PLC-δ1 PH domain (see Fig. 1a) to detect changes of 

PIP2 levels at the plasma membrane induced by ACh, a potent hM1R agonist32. In hDAT 

cells, 5 minutes of ACh (100 μM) decreased surface RFP tagged PLC-δ1 PH domain levels 

to 64 ± 9% of vehicle control (p ≤ 0.009 by Student’s t-test comparing ACh to vehicle; n = 

16). In cells loaded with DA (see Methods), we next quantified the magnitude of AMPH-

induced DA efflux before and after bath perfusion of ACh (5 minutes, 100 μM) (Fig. 3b, 

top). Quantitation of the change in AMPH-induced DA efflux induced by PIP2 depletion 

within the same cell (Fig. 3b, bottom) demonstrates that ACh exposure significantly 

decreased DA efflux. This decrease was not due to a trafficking phenomenon, since 

exposure of ACh (5 minutes, 100 μM) in hM1R-expressing hDAT cells did not cause 

significant trafficking of hDAT away from the plasma membrane as compared to vehicle-

treated control (Supplementary Fig. 2). We next determined whether providing an excess of 

intracellular PIP2 reduces the ability of hM1R agonism to decrease DA efflux. For this, we 

adopted the APC technique9,14. Inclusion of PIP2 (50 μM) in the whole cell patch pipette 

solution (10 minutes of intracellular perfusion) impaired the ability of ACh (5 minutes, 100 

μM) to significantly decrease AMPH-induced DA efflux with respect to vehicle control 

(Supplementary Fig. 3). Collectively, these data demonstrate that impairing the electrostatic 

interaction between PIP2 and DAT selectively inhibits the ability of AMPH to cause DA 

efflux.

N-terminal lysine residues mediate DAT-PIP2 association

Since our in silico modeling of the hDAT N-terminus indicated residues Lys3 and Lys5 to 

be essential in facilitating the electrostatic interaction of PIP2 with DAT (Fig. 2c), we 

hypothesized that substitution of these residues with uncharged amino acids (e.g. alanine or 

asparagine) would disrupt DAT-PIP2 associations. To probe this inference in silico, Lys3 

and Lys5 were both substituted computationally with either Ala (hDAT K/A) or with Asn 

(hDAT K/N), and the resulting constructs (N-terminus of hDAT K/A and hDAT K/N) were 

evaluated for any conformational rearrangements due to the mutations. The constructs were 

used in the same computational protocols described for the hDAT model. The results for the 

mutant constructs show significantly reduced electrostatic interactions with PIP2-containing 

membranes for both hDAT K/A (Fig. 4a, compare to Fig. 2c) and hDAT K/N 

(Supplementary Fig. 4, compare to Fig. 2c).

The inferences from the computational evaluation of the N-terminus association with PIP2 

lipids in silico were probed biochemically by determining the effect of charge neutralizing 

mutations of Lys3 and Lys5. In hDAT K/A cells, we immunoprecipitated PIP2 and 

immunoblotted the immunoprecipitates for DAT (IB: anti-DAT). The amount of DAT 

recovered in the PIP2 immunoprecipitates was reduced in the hDAT K/A cells compared to 

the hDAT cells (Fig. 4b, top lane). In the absence of antibody against PIP2, no signal was 

detected for DAT in the immunoprecipitates (Fig. 4b, middle lane, IP: beads). The total 

DAT in the hDAT K/A cells was not decreased with respect to hDAT cells (Fig. 4b, bottom 

lane; Total DAT). These data demonstrate that substitution of Lys3 and Lys5 decreases 

DAT-PIP2 interaction, as predicted from the computational modeling. Quantitation of 

multiple experiments (n = 4) is shown in figure 4b (bottom). Next, we determined whether 
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substitution N-terminal Lys3 and Lys5 to Ala impairs the direct interaction of DAT with 

PIP2 in vitro. We generated a purified recombinant GST-fused N-terminal DAT fragment 

comprising the first 64 N-terminal amino acids of hDAT with Lys3 and Lys5 substituted to 

Ala (GST-64 hDAT K/A). The lipid binding analysis of the GST-fusion proteins (either 

GST-64 hDAT or GST-64 hDAT K/A) was conducted utilizing liposome-pull down as in 

figure 2. The inset in figure 4b shows the pull down of the GST fusion proteins by 

liposomes containing PIP2. Quantitation of immunoblots obtained from multiple 

experiments demonstrated that pull down of GST-64 hDAT was significantly inhibited by 

Lys to Ala substitution (GST-64 hDAT K/A was 45 ± 20% of GST-64 hDAT; p ≤ 0.037 by 

Student’s t-test; n = 4).

In order to assess whether DAT physiological function is altered by disrupting DAT-PIP2 

association, we examined radioactive [3H]DA uptake in both hDAT and hDAT K/A cells. In 

hDAT K/A cells, the maximal velocity of DA influx (Vmax) and the apparent DA affinity 

(Km) were not significantly different from those of hDAT (Fig. 5a, top). A representative 

plot of DA uptake kinetics (in triplicate) for hDAT and hDAT K/A is shown in Fig. 5a 

(bottom), demonstrating that the uptake of substrate is not regulated by the interaction with 

PIP2. Consistent with the uptake data, no significant difference was found in the whole-cell 

DAT-mediated inward current (recorded at −60 mV) between hDAT and hDAT K/A cells 

upon stimulation with 10 μM DA. The hDAT K/A inward currents were expressed as a 

percent of hDAT-mediated currents (103 ± 20% of hDAT; p ≥ 0.97 by Student’s t-test; n = 

4).

Our pharmacological manipulations (Fig. 3) indicate that disrupting DAT-PIP2 association 

has no effect on DAT-mediated DA uptake or DA-induced inward currents but inhibits the 

ability of AMPH to cause DA efflux. Consistent with this, hDAT K/A cells were found to 

display strikingly reduced AMPH-induced DA efflux (Fig. 5b, top). Quantitation of the 

amperometric recordings demonstrate that the Lys to Ala substitution not only decreased 

DAT-PIP2 association (Fig. 4), but also decreased the ability of AMPH to cause DA efflux 

(Fig. 5b, bottom). The reduced AMPH-induced DA efflux was not associated with a 

reduction in either total or DAT surface expression as assessed by measuring changes in 

DAT proteins in the total and biotinylated fraction, respectively. Surface fractions were 

quantitated, normalized to total DAT, and expressed as a percent of hDAT (hDAT K/A was 

122 ± 31% of hDAT; p ≥ 0.53 by Student’s t-test; n = 7-8). The findings in the hDAT K/A 

cells were mirrored by those obtained in the hDAT K/N cells in terms of both DAT-PIP2 

association and hDAT cell surface expression (Supplementary Fig. 5a and 5b). The hDAT 

K/N also displayed normal uptake (Supplementary Fig. 5c) and, like the hDAT K/A, had a 

significant reduction in AMPH-induced DA efflux (Supplementary Fig. 5d). Furthermore, 

AMPH uptake assays revealed that hDAT, hDAT K/A, and hDAT K/N cells displayed 

comparable AMPH transport (see Methods) (hDAT K/A: 101 ± 4.9% and hDAT K/N: 93.9 

± 17% relative to hDAT; p ≥ 0.88 by one-way ANOVA; n = 3, in triplicate). These results 

demonstrate that the reduced ability of AMPH to cause DA efflux promoted by the Lys to 

Ala substitutions does not involve changes in the surface expression or changes in ability of 

the DAT mutants to transport AMPH. Another possibility for this decrease in DA efflux is 

that the N-terminal Lys substitution (hDAT K/A) perturbs the potential AMPH-induced 
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phosphorylation of the Ser2 and Ser4 adjacent to these Lys residues by altering primary 

sequence requirements for phosphorylation. To explore this, we substituted Ser2 and Ser4 

with Asp (to mimic phosphorylation) in the hDAT K/A background (hDAT K/A-S/D). Cells 

expressing hDAT K/A-S/D exhibited significantly reduced AMPH-induced DA efflux, 

similar to hDAT K/A cells (Supplementary Fig. 6a, top). Quantitation of the amperometric 

recordings demonstrated that Ser to Asp substitution at positions 2 and 4 in the hDAT K/A 

background did not rescue the ability of AMPH to cause DA efflux (Supplementary Fig. 6a, 

bottom). The reduced AMPH-induced DA efflux was not associated with a reduction in DA 

uptake (Supplementary Fig. 6b). These data demonstrate that the reduction in DA efflux 

caused by substitution of Lys3 and Lys5 with uncharged amino acids cannot be attributed to 

impaired phosphorylation of adjacent Ser residues.

Reduced DAT-PIP2 interaction impairs psychomotor behavior

Locomotion is an elemental behavior regulated by DA across species, including Drosophila 

melanogaster8,9,33,34. Recently, locomotion in flies has been adopted to evaluate molecular 

discoveries of AMPH actions mechanistically in vivo8,9. Thus, Drosophila offer a powerful 

model for elucidating the impact of altered DAT-PIP2 interactions on locomotion and on the 

psychomotor stimulant effects of AMPH.

To generate fly lines expressing either hDAT or hDAT K/A selectively in DA neurons, we 

used the Gal4/UAS system to express a single copy of either hDAT or hDAT K/A in flies 

with a Drosophila DAT (dDAT) null background (dDAT KO; flies are homozygous for the 

dDAT null allele, DATfmn)9,35. Using phiC31-based integration, we generated transgenic 

flies expressing comparable mRNA levels for hDAT or hDAT K/A. Locomotion of flies 

was quantified by beam crossing detection over a >24 hour period (data binned in 15 minute 

intervals) including both the light (horizontal white bar) and the dark (horizontal black bar) 

cycle. While dDAT KO flies were hyperactive35, dDAT KO flies expressing hDAT in DA 

neurons displayed reduced basal locomotion in comparison to dDAT KO (Fig. 6a, compare 

hDAT to dDAT KO). These data demonstrate the validity of expressing hDAT in 

Drosophila for behavioral studies.

We hypothesized that flies harboring the hDAT K/A would demonstrate comparable 

locomotion with respect to hDAT expressing flies, since no difference in DA uptake was 

observed. Figure 6a demonstrates that Drosophila expressing hDAT and hDAT K/A 

displayed comparable basal locomotion, whereas dDAT KO flies exhibited chronically 

elevated locomotion. Total circadian locomotor activities (24 hour) of hDAT and hDAT 

K/A flies were not significantly different, while total locomotor activity of dDAT KO flies 

was significantly higher than hDAT and hDAT K/A (Fig. 6b).

Encouraged by the lack of hyperactivity of hDAT K/A flies under basal conditions, we 

hypothesized that these flies would have blunted AMPH-induced locomotive behaviors 

resulting from reduced ability of AMPH to stimulate DA efflux. While AMPH caused a 

significant increase in locomotion in flies expressing hDAT, this increase was significantly 

reduced in flies expressing hDAT K/A (Fig. 6c). These data demonstrate, for the first time, 

the behavioral importance of the interaction of PIP2 with a plasma membrane protein. This 

discovery is further enhanced by our ability to associate blunted AMPH-induced behaviors 
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with a decreased ability of AMPH to cause DA efflux in isolated DA neurons from flies 

expressing hDAT K/A. Ex vivo cultures of Drosophila DA neurons were investigated with 

amperometry to quantify the magnitude of the AMPH-induced DA efflux in the different fly 

lines. The DA efflux recorded from hDAT K/A expressing neurons was significantly 

reduced compared to hDAT expressing neurons (Fig. 6d), suggesting that the reduced 

AMPH-induced locomotion in flies expressing hDAT K/A is due to diminished DA efflux in 

response to AMPH.

It is possible that this PIP2 regulation of DA efflux is an evolutionarily conserved 

mechanism that controls DAT function across phylogeny. To test this possibility, we utilized 

the APC technique in CHO cells expressing the dDAT (dDAT cells). In dDAT cells, 

intracellular perfusion of pal-HRQKHFEKRR (3 μM, 10 minutes) was effective in reducing 

AMPH-induced DA efflux with respect to the efflux obtained with the control peptide pal-

HAQKHFEAAA (34.9 ± 12.9% of control peptide; p ≤ 0.01 by Student’s t-test; n = 3). 

These results parallel those obtained in hDAT cells (Fig. 3). In this study, we provide the 

first behavioral evidence for the relevance of the interaction of PIP2 with a plasma 

membrane protein, associating AMPH behaviors to altered neuronal DAT function within 

the same organism.

DISCUSSION

We recently demonstrated that disrupting the localization of DAT in lipid rafts impairs the 

ability of AMPH to cause both DA efflux (without altering DA uptake)16, and associated 

behaviors8. This led us to hypothesize that the molecular underpinnings required for AMPH 

actions reside in lipid rafts. Raft microdomains are considered scaffolds for PIP2 signaling, 

enabling PIP2 to selectively regulate different cellular processes36. Yet, partitioning of PIP2 

into lipid rafts has been criticized as energetically improbable, since PIP2 consists of a 

polyunsaturated acyl side chain (arachidonic acid) that is unlikely to spontaneously partition 

into cholesterol-rich rafts20. Therefore, it is theorized that the partitioning of PIP2 into rafts 

is facilitated by interactions with raft-localized proteins20. Here we demonstrate that PIP2 

directly interacts with hDAT, a protein that localizes to the rafts16,37,38.

We found that the DAT N-terminus (a domain of functional importance)14,15 is engaged in 

direct electrostatic interactions with PIP2, described by both computational and biochemical 

analysis. We demonstrate that this interaction is direct and distinct from the recently 

described association of PIP2 with SERT7. This DAT-PIP2 interaction, which occurs in 

brain tissue, involves the two most distal N-terminal Lys (Lys3 and Lys5). These data, 

combined with the regulatory nature of DAT localization to PIP2 enriched lipid rafts, led us 

to hypothesize that PIP2 participates in coordinating the complex molecular events 

underlying specific DAT activities. This includes AMPH-induced DA efflux. Notably, this 

interaction does not regulate the physiological function of DAT (DA uptake), DAT surface 

expression, and AMPH uptake. Other functions of the DAT include AMPH- or DA-

stimulated inward currents that represent inward movements of ions associated with the 

transport of substrate. Therefore, we expected that substrate-induced inward currents would 

not be affected by disruption of DAT-PIP2 interaction, in the same way that DA or AMPH 

uptake is not affected. We show that disrupting DAT-PIP2 interaction by substitution of 
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Lys3 and Lys5 with Ala did not impair the ability of hDAT to sustain electrical inward 

currents stimulated by either DA or AMPH. The regulatory nature of the direct DAT-PIP2 

interaction on DAT-mediated DA efflux is underscored by our results demonstrating that 

“sequestering” PIP2, with our palmitoyl-positively charged peptide, or depleting PIP2, by 

stimulating PLC activity, results in diminished reverse transport of DA. Consistent with 

these findings is the notable result that intracellular perfusion of the palmitoyl-positively 

charged peptide did not impair hDAT-mediated inward currents stimulated by either AMPH 

or DA relative to control peptide. These data underscore the interaction between DAT and 

PIP2 as a key regulator of the specific DAT function of DA efflux.

N-terminal phosphorylation is a requirement for the ability of AMPH to cause a robust DA 

efflux14. The results of our specific molecular manipulations support the notion that Lys to 

Ala substitution did not impair DA efflux by altering primary sequence requirements for 

phosphorylation of Ser2 and Ser4. Indeed, pseudophosphorylation of these Ser residues in 

the hDAT K/A background failed to rescue DA efflux. Consistent with this notion, 

palmitoyl-positively charged peptide (which does not alter the N-terminus primary 

sequence) disrupts both the direct interaction of the N-terminus with PIP2 as well as DA 

efflux. However, the computational modeling reveals the possibility that the strength of the 

association of Lys3 and Lys5 with PIP2 regulates the proper conformation of the DAT N-

terminus and affects the transporter N-terminus as a whole. Therefore, we cannot exclude 

the possibility that the observed DAT-PIP2 association regulates N-terminal phosphorylation 

of non-adjacent Ser by coordinating suitable conformations. Nevertheless, this possibility 

does not diminish the importance of the discovery that DAT-interaction with PIP2 is a key 

determinant of AMPH-induced DA efflux and behaviors. On the contrary, it highlights an 

opportunity, in future studies, to understand whether the DAT N-terminal interaction with 

PIP2 supports N-terminal phosphorylation and/or the importance of phosphorylation for N-

terminal conformations and DAT-PIP2 association.

The Ser-Lys-Ser-Lys N-terminal sequence of the DAT is conserved across several species, 

including Drosophila, suggesting that the DAT-PIP2 association is a possible evolutionarily 

conserved mechanism that regulates specific DAT functions. Our data demonstrate that 

disruption of the dDAT-PIP2 interaction impairs DA efflux, which parallels our results in 

the hDAT. It is tempting to speculate that this mechanism of N-terminal regulation of 

transporter function through electrostatic interactions with PIP2 is a potential mode of 

regulation for other neurotransmitter transporters as well. Examination of sequences of the 

N-terminal regions of four major neurotransmitter transporters (hDAT, hSERT, hNET, and 

hVMAT2) reveals that the positively charged residues are not only abundant in this region, 

but are also often clustered. In the hDAT, we revealed the consequences of this clustering in 

a structural context, where one of these clusters contains Lys3 and Lys5, which enables this 

region to attract PIP2 lipids. Therefore, a mechanism of PIP2 regulation, similar to the one 

outlined here for DAT function, may apply to other neurotransmitter transporters with 

charged clusters in their N-terminal sequences.

Recently we discovered that the AMPH-induced 5-HT efflux mediated by SERT also relies 

on PIP2 interactions with positively-charged residues7. However, these residues are not 

localized to the N-terminus of SERT. These data do not exclude a possible role of SERT N-
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terminus basic residues in SERT-PIP2 interaction and AMPH-induced 5-HT efflux. In 

contrast, in DAT, mutation (to Ala) of the corresponding SERT-PIP2 binding sites causes 

substantial trafficking of DAT away from the plasma membrane, disrupting its membrane 

expression. Thus, this trafficking phenomenon prevents our ability to determine the 

significance of these residues in the mechanistic aspects of the DAT transport cycle. 

However, it is clear that they do not functionally replace Lys3 and Lys5 in terms of DA 

efflux.

Prior to this work, it was unclear whether the association and/or dissociation of plasma 

membrane proteins with PIP2 played a role in the regulation of behaviors of complex 

organisms. Here, we took advantage of an animal model (Drosophila melanogaster) to 

determine the behavioral consequences of disrupting direct interactions of DAT with PIP2. 

Drosophila expressing hDAT K/A solely in DA neurons did not display altered circadian 

locomotor activity. This is not surprising, since the cells expressing hDAT K/A have both 

normal DA uptake and DA affinity. However, hDAT K/A flies exhibit significant reductions 

in the behavioral psychomotor responses to AMPH. These data convey the significance of 

the interaction between PIP2 and plasma membrane proteins (i.e. DAT) in fundamental 

organismal behaviors, such as locomotion. The discovery of this PIP2 regulation of the 

psychomotor actions of AMPH is further enhanced by our ability to record DA efflux (for 

the first time) directly from DA neurons cultured from the same Drosophila lines utilized in 

our behavioral assays. DA neurons expressing hDAT K/A have a significant reduction in 

DA efflux with respect to neurons expressing hDAT. This enhances our molecular 

discoveries outlining the DAT-PIP2 interaction as required for DA efflux and obligatory in 

the ability of AMPH to cause psychomotor behaviors. These data promote PIP2 and its 

synthetic pathway from its canonical role as a modulator of cell function and metabolism to 

a new role as a regulatory agent of both elemental behaviors, such as locomotion, and 

maladaptive behaviors, such as psychostimulant abuse.

ONLINE METHODS

Cell culture and transfection

The GFP-hDAT-pCIHygro expression vectors containing hDAT, hDAT K/A (Lys3 and 

Lys5 to Ala), hDAT K/N (Lys3 and Lys5 to Asn), or hDAT K/A-S/D (Lys3 and Lys5 to Ala 

and Ser2 and Ser4 to Asp) sequence were generated, confirmed and transiently transfected 

into Chinese hamster ovary (CHO) cells. The Drosophila DAT cDNA was generously 

provided by the laboratory of Dr. Satinder Singh (Yale University). In some experiments 

(noted in figure legend), stably transfected hDAT CHO cells were used. These cells were 

generated as previously described22. Cells were maintained in a 5% CO2 incubator at 37°C 

and maintained in Ham’s F-12 medium supplemented with 10% fetal bovine serum (FBS), 1 

mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. Stably transfected 

hDAT CHO cells were kept under selection with 250 μg/mL hygromycin B (Corning 

Cellgro). Fugene-6 (Roche Molecular Biochemicals) in serum-free media was used to 

transfect cells using a 6:1 transfection reagent:DNA ratio. Assays were conducted 24-48 

hours post transfection.
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Drosophila neuron culture

Drosophila neurons were cultured from 1-3 day old males. Brains were dissected in 

Schneider’s medium with 1.5% bovine serum albumen (BSA) and optic lobes were 

removed. Brains were washed with Schneider’s medium and incubated for 40 minutes in 

collagenase (0.3%) and trypsin (0.125%). They were washed in Schneider’s medium 

supplemented with 10% heat inactivated FBS. Dissociated cells were obtained by brain 

trituration in medium. Cells from each brain were plated on one poly-D-lysine coated 

MatTek® dish treated with collagen (type IV). Assays were performed the next day.

Cell imaging

We used the pleckstrin homology (PH) domain from phospholipase Cδ (PHPLCδ-mRFP) 

that binds to PIP2 at the plasma membrane and has been used to monitor pools of PIP2 at the 

plasma membrane19. Cells on poly-D-lysine coated MatTek® dishes were co-transfected 

with GFP-DAT and PHPLCδ-mRFP and, after 48 hours, were deprived of serum overnight. 

Single confocal image sections were generated by using a LSM 510 inverted confocal 

microscope (Zeiss) by sequential imaging of live cells.

Co-immunoprecipitations

Cells were grown to confluence in 25 cm2 culture flasks and serum deprived overnight prior 

to assay. On the day of the assay, cells were washed three times with 4°C phosphate-

buffered saline (Gibco) containing 1 mM EGTA and 1 mM EDTA and lysed in RIPA buffer 

(100 mM NaCl, 1.0% IGEPAL CA-630 (NP-40), 0.5% sodium deoxycholate, 0.1% SDS, 50 

mM Tris, pH = 8.0, supplemented with a protease inhibitor cocktail (Sigma Aldrich)). 

Lysates were passed twice through a 27.5 gauge needle and centrifuged at 15,000 x g for 30 

minutes. With a portion of the total cell lysate (TCL) collected to run as the totals, 1 mL of 

the remaining supernatant was incubated at 4°C for 4 hours with Sepharose-G beads (Fisher 

Scientific), previously washed with 1% BSA in RIPA buffer and preincubated with 2.5 μg 

PIP2 antibody (mouse monoclonal, Enzo Life Sciences). For the negative control, TCL 

supernatant was incubated with BSA-blocked Sepharose-G beads alone. Beads were spun 

down, washed with cold RIPA buffer, and samples eluted with Laemmli sample buffer at 

95°C for 5 minutes. TCL and eluates were analyzed by SDS-PAGE and immunoblotting 

(see below for antibody details). Band intensity was quantified using ImageJ software 

(National Institutes of Health). The association between PIP2 and hDAT variants was 

represented as the ratio of eluate:TCL band intensity, normalized to the eluate:TCL ratio 

observed in hDAT and expressed as a percent. For the mouse DAT-PIP2 co-

immunoprecipitations from striatum, the same protocol was used with the following 

modifications: striatum was dissected from either wild-type or DAT KO mice, solubilized in 

RIPA buffer (1:10 weight/volume), homogenized, lysed on ice for 30 minutes and then 

centrifuged. The remaining protocol was performed as described above. The mice used for 

these experiments were handled in compliance with IACUC protocols.

Cell surface biotinylation and protein immunoblot

Cells were cultured in 6-well plates. For cell surface biotinylation assays, cells were labeled 

with sulfo-NHS-SS-biotin (1.0 mg/ml; Pierce) before purification and analysis via SDS-
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PAGE/immunoblots39. hDAT was detected using a rat monoclonal primary antibody to the 

N-terminus of hDAT (1:1000) (Millipore Bioscience Research Reagents) and a goat-anti-

rat-HRP-conjugated secondary antibody (1:5000; Jackson ImmunoResearch).

Gluthathione transferase (GST) fusion proteins

GST and GST fused to the first 64 N-terminal amino acids of hDAT were purified as 

described previously23 with some modifications. Briefly, GST and the GST fusion proteins 

were produced in Escherichia coli BL21 DE3 LysS. The culture was grown at 30°C, 

expression induced by the addition of 1 mM isopropylβ-d-1-thiogalactopyranoside at 18°C, 

and the culture was harvested 8 hours after induction. The frozen pelleted bacteria was 

thawed in Tris-buffered saline (TBS) containing 10% glycerol and a Bacterial Protease 

inhibitor cocktail (Roche Diagnostics)(pH 7.4) and treated with 1 mg/mL lysozyme 

followed by 15 mM CHAPS. It was then sonicated and cleared by centrifugation. The lysate 

was passed over glutathione Sepharose 4B beads (GE Healthcare) and washed several times 

with TBS, followed by 10 mM Tris containing 10% glycerol and eluted with TBS 

containing 10 mM gluthathione. The quality, size, and amount (relative to BSA) of GST 

fusions were determined by SDS-PAGE and Bio-Safe Coomassie G-250 Stain. The amount 

was determined by analysis of imaged gels using ImageQuantTL.

Liposome binding

GST and GST fusion proteins where incubated with or without liposomes for 10 minutes at 

room temperature, centrifuged at 100,000 x g for 20 minutes at 4°C, and analyzed by 

immunoblot analysis using anti-GST antibodies (The Vanderbilt Antibody and Protein 

Resource Core). Liposomes were formed by extrusion of synthetic lipids at a final 

concentration of 1 mM. Liposomes were formed in 10 mM HEPES/TRIS, 100 mM NaCl 

with 95% phosphatidylcholine (DOPC; Echelon) and 5% PIP2 (Phosphatidylinositol 4,5-

bisphosphate diC16) at a pH of 7.4.

Amperometry and patch clamp electrophysiology

Cells were plated at a density of ~20,000 per 35-mm culture dish. To preload cells with DA, 

dishes were washed with KRH assay buffer (130 mM NaCl, 1.3 mM KCl, 1.2 mM KH2PO4, 

10 mM HEPES, and 2.2 mM CaCl2, pH 7.4) containing 10 mM dextrose, 100 μM pargyline, 

1 mM tropolone, and 100 μM ascorbic acid, and incubated with 1 μM DA in KRH assay 

buffer for 20 minutes at 37°C. To preload Drosophila neurons, dishes were washed with 

KRH assay buffer (as above) containing 100 nM raclopride, and incubated with 1 μM DA in 

KRH assay buffer for 20 minutes at 26°C. All dishes were washed three times with the 

external bath solution (130 mM NaCl, 10 mM HEPES, 34 mM dextrose, 1.5 mM CaCl2, 0.5 

mM MgSO4, 1.3 mM KH2PO4, adjusted pH to 7.35, and 300 mOsm).

To deliver DA (2 mM, Sigma Aldrich), PIP2 inhibitory/control peptides (3 μM pal-

HRQKHFEKRR or pal-HAQKHFEAAA), and/or PIP2 (50 μM, phosphatidylinositol 4,5-

bisphosphate diC8, Echelon Biosciences), a programmable puller (model P-2000, Sutter 

Instruments, Novato CA) was used to fabricate quartz recording pipettes with a resistance of 

3-5 MΩ. These pipettes were filled with an internal solution containing: 120 mM KCl, 10 

mM HEPES, 0.1 mM CaCl2, 2 mM MgCl2, 1.1 mM EGTA, 30 mM dextrose, pH 7.35, and 
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275 mOsm. Upon gaining access to the cells, the internal solution was allowed to diffuse 

into the cell for 10 minutes.

Experiments involving perfusion of AMPH or DA (Fig. 3b and inward current experiments) 

utilized double-barrel quartz tubing with an inner diameter of 250 μm (Polymicro 

Technologies, Phoneix AZ) placed ~80 μm from the cell. DAT-mediated inward currents 

were recorded at −60 mV.

To record DA efflux, a carbon fiber electrode (ProCFE; fiber diameter of 5 μm; obtained 

from Dagan Corporation) juxtaposed to the plasma membrane and held at +700 mV (a 

potential greater than the oxidation potential of DA) was used to measure DA flux through 

oxidation reactions. Amperometric currents in response to the addition of AMPH were 

recorded using an Axopatch 200B amplifier (Molecular Devices, Union City, CA) with a 

low-pass Bessel filter set at 1 kHz; traces were digitally filtered offline at 1 Hz using 

Clampex9 software (Molecular Devices, Union City, CA). DA efflux was quantified as the 

peak value of the amperometric current for all experiments except for recordings from 

Drosophila neurons. For Drosophila neurons, total DA efflux was quantified as the integral 

of the trace for a fixed 15 minute window. Dopaminergic neurons were recognized by 

fluorescence microscopy since the TH-GAL4 drives the expression of mCherry in 

dopaminergic neurons.

[3H]DA uptake

Cells were plated on poly-D-lysine coated, 24-well plates and grown to ~90% confluence. 

On the day of the experiment, cells were washed once with 37°C KRH buffer containing 10 

mM dextrose, 100 μM pargyline, 1 mM tropolone, and 100 μM ascorbic acid, and 

equilibrated for 5 minutes at 37°C. Saturation kinetics of DA uptake was determined using a 

mixture of [3H]DA (PerkinElmer Life Sciences, Waltham, MA) and unlabeled DA diluting 

to final DA concentrations of 0.01 μM - 10 μM. Uptake was initiated by bath addition of the 

dilution row mixture. Uptake was terminated after 10 minutes by washing twice in ice-cold 

KRH buffer. Scintillation fluid (Optiphase HiSafe 3, PerkinElmer Life Sciences) was added 

to the wells and the plates were counted in a Wallac Tri-Lux β-scintillation counter 

(Wallac). Nonspecific binding was determined in the presence of 10 μM cocaine. Km and 

Vmax values were derived by fitting Michaelis-Menten kinetics to the background corrected 

uptake data, using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). All 

determinations were performed in triplicates.

Computational Modeling

To evaluate the interactions between PIP2-enriched membranes and the N-terminal region of 

the hDAT (residues 1-59), as well as the hDAT K/A and hDAT K/N mutants, molecular 

models were constructed with the knowledge-based structure-prediction tool Rosetta40. 

1,000 different structures obtained from the structure prediction protocols in Rosetta were 

filtered through clustering according to a criterion of maximization of common structure 

conservation implemented in the in-house algorithm RMSDTT41, which has been 

introduced into the molecular graphics program, visual molecular dynamics (VMD)42. 

Clusters with the largest numbers of conformations (usually 2–3 top clusters for each 
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construct) were selected for further refinement with atomistic molecular dynamics (MD) 

simulations, to find the motifs within each cluster that were most frequently found in the 

Rosetta prediction. Predicted structures of the hDAT N-terminus, incorporating these most 

frequent motifs, were then subjected to both unbiased MD and replica exchange MD43 

simulations to assess the stability of the overall fold of the N-terminus, as well as of the 

individual structural elements identified with Rosetta.

The top structures that underwent the filtering process, described above, were further 

examined for suitability in the complete model of the hDAT transmembrane bundle 

(TMB)26-28. The structures were embedded into a compositionally-asymmetric lipid 

membrane model (5:45:50 mixture of PIP2/POPE (phosphatidylethanolamine) / POPC 

(phosphatidylcholine) on the intracellular leaflet, and 30:70 mixture of sphingomyelin / 

POPC on the extracellular leaflet44. Docking of the N-terminus (1-59 residues) to the TMB 

(residues 57-590) was carried out with Modeller45. Specific poses for the N-terminal 

constructs, relative to the TMB, were selected based on the criterion of positioning the 

largest positive electrostatic potential isosurfaces (EPIs) towards the membrane surface. As 

shown before29, such configurations not only result in the strongest electrostatic interactions 

between the protein and the PIP2-containing membrane, but also produce the highest levels 

of concomitant PIP2 sequestration by the N-terminal peptide. These juxtamembrane poses of 

the N-terminus served as starting configurations for subsequent studies of the dynamics of 

PIP2 lipids near the hDAT N-terminus, as detailed below.

The protocol used to evaluate the interaction of the hDAT N-terminus with PIP2-containing 

membranes is based on the application of the self-consistent mean-field model (SCMFM) 

that evaluates the steady state distributions of charged lipid species (PIP2, in this case) under 

the influence of electrostatic forces from a membrane-adsorbing macromolecule (here, the 

hDAT N-terminus) and quantifies the corresponding adsorption energies. As described in 

detail29-31, the SCMFM is a mesoscale approach, based on the non-linear Poisson-

Boltzmann (NLPB) theory of electrostatics46 and Cahn-Hilliard dynamics47, in which the 

protein is considered in 3-dimensional full atomistic detail, and the lipid membrane is 

considered as a 2-dimensional, tensionless, incompressible low-dielectric elastic slab in 

which the equilibrium distribution of different lipid species around adsorbing protein is 

obtained by self-consistent minimization. The governing free energy function contains 

contributions from electrostatic interactions, lipid mixing entropy, and mixing entropy of 

mobile salt ions in the solution. The SCMFM calculation of the membrane interaction of the 

hDAT N-terminus constructs (hDAT and the hDAT K/A or hDAT K/N mutants) considered 

in full atomistic detail (with partial charge and atomic radii taken from the all-atom 

CHARMM27 force field with CMAP corrections for proteins48, was carried out with the N-

terminus positioned 2Å away from the lipid surface with average surface charge density of 

−0.0031e (corresponding to a lipid mixture with 5% PIP2). The NLPB equation was then 

solved numerically as described29-31, in a 0.1 M ionic solution of monovalent counterions 

(corresponding to λ=9.65Å Debye length), and using a dielectric constant of 2 for membrane 

interior and protein, and 80 for the solution.
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AMPH Uptake

Plated hDAT, hDAT K/N, and hDAT K/A cells, as well as untransfected cells (to account 

for non-specific AMPH uptake) were washed with KRH assay buffer and incubated for 5 

min at 37 °C with 10 nM AMPH. Cells were washed three times with ice-cold KRH and 

AMPH was extracted with acidic organic solvent. AMPH was quantified by reversed-phase 

HPLC using the Waters AccQ·Tag® method which uses pre-column derivatized reagents 

that help separate and easily detect fluorescence adducts (Waters Corporation, Milford, 

MA). AMPH uptake (with non-specific uptake subtracted) was normalized to hDAT levels 

and expressed as a percent.

Drosophila Genetics, Molecular Biology, and Construction of UAS hDAT

Flies lacking the Drosophila dopamine transporter (DATfmn)35 and flies harboring TH-

Gal449 were outcrossed to a control line (Bloomington Indiana (BI) 6326) and selected by 

PCR or by eye color. TH-GAL4 (Bl 8848) and M{vas-int.Dm}ZH-2A, M{3xP3-RFP.attP′} 

ZH-22A (Bl 24481) were obtained from the BI stock center and outcrossed to flies lacking 

the Drosophila DAT (DATfmn) and carrying the white (w1118) mutation (BI stock number 

6236) for 5–10 generations. Transgenes (hDAT or hDAT K/A) were cloned into pBI-

UASC50, and constructs were injected into embryos from M{vas-int.Dm}ZH-2A, M{3xP3-

RFP.attP′}ZH-22A (Bl 24481). Initial potential transformants were isolated by selecting for 

red eyes and lack of GFP signal in the head. Transformants were also verified by RFP 

fluorescence and outcrossed 5-8 times to DATfmn flies. The presence of DATfmn lesion was 

verified by PCR. Flies were maintained on a standard cornmeal/molasses/yeast media at 

25°C and 65% humidity with a 12 hour/12hour light/dark cycle. Lights came on at 8 AM 

and off at 8 PM.

Behavioral Analysis

Three-day-old males were collected and placed into tubes with food for three days. After 

three days locomotion was recorded for 32 hours by beam breaks and analyzed using 

equipment/software from Trikinetics (www.trikinetics.com). For the AMPH-induced 

locomotion, males were starved for 6 hours and then fed sucrose (10 mM) containing either 

AMPH (1 mM) or vehicle.

Statistical Analysis

Compiled data are expressed as normalized mean values ± standard error. For statistical 

analysis, we used either a Student’s t-test or one-way ANOVA depending on the n of the 

experimental groups. P < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PIP2 interacts with hDAT
(a) hDAT and PIP2 co-localize at the plasma membrane. In hDAT expressing cells, GFP-

hDAT (green) co-localizes (yellow) at the plasma membrane with the PIP2 sensor PHPLCδ-

mRFP (red) (representative image from three live experiments with of 10-15 cells imaged 

per experiment). (b) PIP2 associates with endogenous mouse DAT in striatal tissue. In 

striatal lysate, DAT was detected in PIP2 immunoprecipitates using an anti-DAT antibody 

(+). DAT immunoreactivity was absent in the beads fraction (−) and in PIP2 

immunoprecipitates from DAT knock out (KO) animals (endogenous mouse IgG is 

observed) (representative of n = 3). Full blot is in Supplementary Figure 7.
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Figure 2. hDAT-PIP2 electrostatic interactions are mediated by the hDAT N-terminus
(a) hDAT N-terminus binds directly to PIP2. GST-64 hDAT is enriched in liposome-pull 

downs with liposomes containing PIP2 (+) as compared to liposomes lacking PIP2 (−) (** = 

p ≤ 0.01 by one-way ANOVA followed by Bonferroni post-hoc test; n = 3; mean ± s.e.m.). 

Pull down of GST control was not altered by the presence (+) of absence (−) of PIP2 in the 

liposomes (p ≥ 0.05 by one-way ANOVA followed by Bonferroni post-hoc test; n = 3; mean 

± s.e.m.). Preincubation of liposome containing PIP2 with 3 μM of pal-HRQKHFEKRR (+) 

inhibited the pull down of GST-64 hDAT with liposomes containing PIP2 (** = p ≤ 0.01 by 

one-way ANOVA followed by Bonferroni post-hoc test; n = 3). Full blot is in 

Supplementary Figure 8. (b) Electrostatic potential (EP) isosurfaces (+1kT/e (+ charge)) 

shown as blue wireframes and (−1kT/e (− charge)) as red wireframes calculated for the 

predicted structure of the wild type N-terminus. (c) View from the intracellular side of the 

N-terminus (model) adsorbing on the lipid membrane. For clarity, the orientation of the N-

terminus in panel (c) was obtained by a 180° rotation of the N-terminus configuration shown 

in panel (b). The level of the PIP2 segregation by the N-terminus is expressed as the ratio of 

local and ambient lipid fraction values, and illustrated in color code (cold colors represent an 

enrichment of PIP2). The positive residues in the N-terminus (yellow) that attract PIP2 

electrostatically are highlighted.
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Figure 3. Sequestration or depletion of PIP2 inhibits AMPH-induced DA efflux
(a) Sequestering PIP2 with pal-HRQKHFEKRR decreases AMPH-induced DA efflux. Top: 

representative traces from stably transfected hDAT cells after patch delivery of 3 μM control 

peptide (pal-HAQKHFEAAA) or PIP2 sequestering peptide (pal-HRQKHFEKRR) to the 

cytoplasm of the cell. Arrows indicate the application of 10 μM AMPH. Bottom: 

quantitation of amperometric peak currents for the two different treatments. Data are 

expressed as percentage of vehicle control (*** = p ≤ 0.0001 by Student’s t-test; n = 7; mean 

± s.e.m.). (b) Depleting PIP2 levels reduces AMPH-induced DA efflux. Top: representative 

trace of responses to 1 μM AMPH in stably transfected hDAT cells, co-expressing the 

human muscarinic acetylcholine receptor 1 (hM1R), before and after exposure to 100 μM 

acetylcholine (ACh). Bottom: quantitation of the amperometric peak currents representing 

AMPH-induced DA efflux before and after ACh-dependent PIP2 depletion (* = p ≤ 0.05 by 

Student’s t-test; n = 11).
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Figure 4. hDAT N-terminal Lys regulate hDAT-PIP2 interaction
(a) Mutating hDAT N-terminal residues Lys3 and Lys5 to uncharged Ala (hDAT K/A) 

disrupts PIP2 segregation to the N-terminus. View from the intracellular side of the N-

terminus of hDAT K/A adsorbing on the lipid membrane. The level of PIP2 segregation by 

the N-terminus residues is expressed as the ratio of local and ambient lipid fraction values 

and illustrated in color code, with cold colors representing an enrichment of PIP2. (b) N-

terminal Lys residues mediate hDAT-PIP2 interaction. Top: PIP2 immunoprecipitates from 

hDAT and hDAT K/A cells were immunoblotted for DAT (top lane). The beads fraction 

supports absence of non-specific binding (middle lane). Bottom lane shows total DAT 

proteins. Full blot is in Supplementary Figure 9. Bottom: quantitation of PIP2 pulldown 

band intensities normalized to the respective total DAT and expressed as a percentage hDAT 

(*** = p ≤ 0.001 by Student’s t-test; n = 4; mean ± s.e.m.). Inset: Representative blot for 

GST-64 hDAT and GST-64 hDAT K/A in pull downs with liposomes containing PIP2. Full 

blot is in Supplementary Figure 9.

Hamilton et al. Page 23

Nat Chem Biol. Author manuscript; available in PMC 2015 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5. N-terminal Lys3 and Lys5 regulate specific modalities of hDAT function
(a) hDAT K/A exhibits normal DA uptake function. Top: kinetic parameters (Vmax and Km) 

for hDAT and hDAT K/A (Vmax: p ≥ 0.92 by Student’s t-test; n = 3, in triplicate; Km: p ≥ 

0.62 by Student’s t-test; n = 3, in triplicate; mean ± s.e.m.). Bottom: representative plot of 

[3H]DA uptake kinetics in hDAT (filled squares) and hDAT K/A (empty squares) cells (p ≥ 

0.05, by two-way ANOVA followed by Bonferroni post-test; in triplicate; mean ± s.e.m.). 

(b) hDAT K/A has reduced AMPH-induced DA efflux. Top: representative AMPH-induced 

amperometric currents recorded from hDAT and hDAT K/A cells. Arrows indicate 

application of 10 μM AMPH. Bottom: quantitation of AMPH-induced DA efflux. Data are 

represented as maximal DA efflux expressed as percent of the DA efflux recorded in hDAT 

controls (* = p ≤ 0.05 by Student’s t-test; n = 7-8; mean ± s.e.m.).
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Figure 6. Expression of hDAT K/A in Drosophila dopaminergic neurons does not affect circadian 
locomotor activity yet impairs AMPH-induced locomotion and neuronal DA efflux
hDAT or hDAT K/A was expressed in DA neurons of dDAT KO flies. (a) Locomotion was 

assayed over 32 hours during the light (horizontal white bars) or dark (horizontal black bars) 

cycle. Flies expressing dDAT KO (blue squares) were hyperactive with respect to flies 

expressing wild type hDAT (black squares) and flies expressing hDAT K/A (red squares) 

(beam breaks binned in 15 minute intervals; n = 31-42; mean ± s.e.m.). (b) Quantitation of 

total beam crosses over 24 hours for hDAT, hDAT K/A, and dDAT KO flies (*** = p ≤ 

0.001 by one-way ANOVA followed by Bonferroni post-test; n = 31-42; mean ± s.e.m.). (c) 
AMPH did not cause a significant increase in locomotion in hDAT K/A flies compared to 

vehicle control (p ≥ 0.05 by one-way ANOVA followed by Bonferroni post-test; n = 25-49; 

mean ± s.e.m.). In hDAT flies, AMPH induced a significant increase in locomotion 

compared to vehicle control (*** = p ≤ 0.001 by one-way ANOVA followed by Bonferroni 

post-test; n= 25-60; mean ± s.e.m.). (d) hDAT K/A Drosophila DA neurons show reduced 

AMPH-induced DA efflux. Dopaminergic neurons were selected by fluorescence 
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microscopy since the expression of mCherry was driven by TH-GAL4. Top: representative 

amperometric currents from hDAT and hDAT K/A neurons. Arrows indicate application of 

1 μM AMPH. Bottom: quantitation of total AMPH-induced DA efflux. Data represented as 

cumulative DA efflux expressed as percent of DA efflux from hDAT neurons (** = p ≤ 0.01 

by Student’s t-test; n = 4-5; mean ± s.e.m.).
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