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Abstract
We investigated the functional relationship between the SNARE protein syntaxin 1A (syn 1A) and
the dopamine transporter (DAT) by treating rat striatal tissue with Botulinum Neurotoxin C
(BoNT/C) and co-transfecting syn 1A with DAT in non-neuronal cells, followed by analysis of
DAT activity, phosphorylation, and regulation. Treatment of striatal slices with BoNT/C resulted
in elevated dopamine (DA) transport Vmax and reduced DAT phosphorylation, while heterologous
co-expression of syn 1A led to reduction in DAT surface expression and transport Vmax. Syn 1A
was present in DAT immunoprecipitation complexes, supporting a direct or indirect interaction
between the proteins. Phorbol ester regulation of DA transport activity was retained in BoNT/C-
treated synaptosomes and syn 1A transfected cells, demonstrating that PKC and syn 1A effects
occur through independent processes. These findings reveal a novel mechanism for regulation of
DAT activity and phosphorylation, and suggest the potential for syn 1A to impact DA
neurotransmission through effects on reuptake.
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The dopamine transporter (DAT) is an integral plasma membrane phosphoprotein that
transports extracellular dopamine (DA) from the synapse into presynaptic neurons,
controlling the spatial and temporal availability of DA for binding to its effectors (Giros, et
al., 1996). DA transport is inhibited by drugs such as cocaine and amphetamine (AMPH)
that block reuptake or induce transport efflux, leading to increased synaptic DA levels
associated with psychomotor stimulation and addiction (Riddle, et al., 1995, Sulzer, et al.,
2005). DAT is subject to complex functional regulation by multiple signaling pathways,
substrates, and transport blockers, allowing for conditional modulation of DA clearance
(Mortensen and Amara, 2003, Zahniser and Doolen, 2001). It is thought that dysregulation
of DAT activity, by leading to inappropriate DA clearance, could play a role in the etiology
of dopaminergic disorders such as schizophrenia, depression, and Parkinson’s disease
(Miller, et al., 1999).
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DAT forward and reverse transport, plasma membrane expression, and phosphorylation
state are acutely regulated by many protein kinases and phosphatases (Daniels and Amara,
1999, Fog, et al., 2006, Foster, et al., 2003, Gorentla, et al., 2009, Granas, et al., 2003,
Johnson, et al., 2005, Moron, et al., 2003, Vaughan, et al., 1997, Zahniser and Doolen,
2001). Activation of protein kinase C (PKC) leads to reduced DA transport activity via
increased endocytosis and reduced recycling of DAT (Loder and Melikian, 2003; Melikian
2004), and by a trafficking-independent mechanism that is cholesterol sensitive and may be
related to DAT presence in membrane rafts (Foster, et al., 2008). Substrates and blockers
also impact DAT surface expression and phosphorylation via PKC-dependent pathways
during feedback regulation of transmitter clearance (Cervinski, et al., 2005, Chi and Reith,
2003, Gorentla and Vaughan, 2005, Sandoval, et al., 2001, Saunders, et al., 2000).

DAT is found within extensive protein complexes that modify its activity and plasma
membrane expression (Torres, 2006). One regulatory partner is the neuronal SNARE protein
syntaxin 1A (syn 1A) and its homolog UNC64, which have been demonstrated in murine
synaptosomes to mediate AMPH-induced DA efflux (Binda, et al., 2008), and in C. elegans
to regulate DAT1 ion channel activity (Carvelli, et al., 2008). These studies and others (Lee,
et al. 2004), have implicated the transporter cytoplasmic N-terminal domain in syn 1A
effects in vivo and/or identified direct syn 1A-N-terminal binding in vitro. The DAT N-
terminus contains all known transporter phosphorylation sites (Cervinski, et al., 2005,
Foster, et al., 2002, Gorentla, et al., 2009, Granas, et al., 2003), undergoes PKC-dependent
ubiquitylation involved with endocytosis (Miranda, et al., 2005), contains residues involved
with intracellular gating (Kniazeff, et al., 2008) and plasma membrane expression (Miranda,
et al., 2007), and is contiguous with transmembrane domain (TM) 1 which contains crucial
elements of the substrate permeation pathway (Beuming, et al., 2008), suggesting the
potential for syn 1A to impact these transporter properties.

In this study we investigated the involvement of syn 1A with various transporter functions
by treating rat striatal tissue with the syn 1A protease Botulinum Neurotoxin C (BoNT/C)
and by co-expressing syn 1A with DAT in non-neuronal cells. Our findings indicate that syn
1A regulates DAT transport activity and phosphorylation in striatal preparations, and
transport capacity and surface levels in heterologous systems, but does not affect PMA-
dependent regulation of transport activity. The modulation of these DAT functions by syn
1A demonstrates the presence of novel transporter regulatory mechanisms that may function
in coordination of DA release and reuptake and be a factor in dopaminergic dysregulation in
disease.

EXPERIMENTAL PROCEDURES
Materials

Carrier free 32PO4 was from MP Biochemicals; [3H]DA (41 Ci/mmol) and high range
Rainbow molecular mass standards were from Amersham; Botulinum Neurotoxin C was
purchased from Metabiologicals Inc., Madison, WI; PMA was from Calbiochem; DA, (–)-
cocaine, antibodies for syn 1A, tyrosine hydroxylase, and polyhistidine, and all other
reagents were from Sigma-Aldrich. Rats were purchased from Charles River Laboratories
and were housed and treated in accordance with regulations established by the University of
North Dakota Institutional Animal Care and Use Committee and the National Institute of
Health Guide for the Care and Use of Laboratory Animals.

BoNT/C treatment of rat striatal tissue
Male Sprague Dawley rats (175–300 g) were decapitated and the striata were rapidly
removed and weighed. The tissue was sliced into 350 μm slices using a McElvain Tissue
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Chopper, and slices were incubated in oxygenated Krebs-bicarbonate buffer (KBB) (25 mM
NaHCO3, 125 mM NaCl, 5 mM KCl, 1.5 mM CaCl2, 5 mM MgSO4, and 10 mM glucose,
pH 7.3) containing 10–100 ng/ml BoNT/C at 37 °C for 20–60 min. To minimize variability
caused by DAT density differences throughout the striatum, entire striata from each
individual hemispheres were used for each treatment condition.

Transport Analysis
For uptake assays, synaptosomes prepared from control and BoNT/C treated striatal slices
(Cervinski, et al., 2005, Foster, et al., 2002) were dispensed into tubes containing modified-
Krebs phosphate buffer (126 mM NaCl, 4.8 mM KCl, 16 mM potassium phosphate, 1.4 mM
MgSO4, 10 mM glucose, 1.1 mM ascorbic acid, and 1.3 mM CaCl2; pH 7.4). For regulation
studies PMA or vehicle (0.1% dimethylsulfoxide) were added to synaptosomes for 15 min at
30 °C prior to assay. Transport was initiated by adding [3H]DA to a final concentration of 1
nM except for saturation analyses where [3H]DA was increased to 10 nM and unlabeled DA
varied from 10 nM to 10 μM. Uptake was carried out in triplicate for 5 min at 30 °C using
100 μM (−)-cocaine to define non-specific uptake. Transport was stopped by the addition of
5 ml ice-cold sucrose phosphate (SP) buffer (10 mM Na2HPO4, 0.32 M sucrose, pH 7.4) and
synaptosomes were harvested using a Brandel tissue harvester and Whatman GF/B filters
pre-soaked for 1h in a 0.05% polyethyleneimine. Bound radioactivity was quantified by
liquid scintillation counting at 60% efficiency. Proteins were assayed with the BCA protein
assay kit (Pierce) using BSA as the standard, and values varied by <10%. Uptake values
were corrected for protein, and for comparison across multiple experiments, transport
activity from treated tissue was expressed as a fraction of control activity normalized to
100%. Kinetic parameter data were analyzed by nonlinear regression using Prism3 software
and values analyzed statistically by student’s t-test. Phosphorylation results were analyzed
statistically using Student's t-test with unequal sample size. All other experiments results
were analyzed by Analysis of Variance (ANOVA) followed by Tukey post-test. For all
analyses significance was set at p<0.05.

Phosphorylation of rat striatal DAT
Rat striatal slices were preincubated in oxygenated KBB for 30 min at 30 °C, followed by
exchange with fresh buffer containing 1 mCi/ml 32PO4 and continued incubation at 30 °C
for 90–120 min as described (Cervinski, et al., 2005, Foster, et al., 2002). Vehicle or 10–100
ng/ml BoNT/C were added for the final 20–60 min, and tissue slices were transferred to
microcentrifuge tubes and pelleted by centrifugation at 500 g for 2 min at 4 °C. The
supernatants were removed and replaced with 1 ml ice-cold KBB, tissue was disrupted by 6
passages through a 26 gauge needle, and membranes pelleted by centrifugation at 500 g for
2 min at 4°C. Membranes were solubilized with 0.5% SDS sample buffer(60 mM Tris, pH
6.8, 0.5% SDS, 10% glycerol, 100 mM dithiothreitol) at 50 mg/ml original wet weight and
centrifuged at 20,000 g for 20 min to remove insoluble material.

Cloning, transfection and cell culture
A pCMV SPORT 6 plasmid containing the human syn 1A cDNA sequence (Syn 1A pCMV
SPORT 6) was obtained from American Type Culture Collection (Manassas, VA) through
the IMAGE (Integrated Molecular Analysis of Genomes and their Expression) Consortium
program. The syn 1A cDNA sequence was excised from the vector by restriction digestion,
ligated into the pcDNA 3.1/Hygro (+) vector, and sequenced for accuracy (Northwoods
DNA, Solway, MN). For syn 1A transfection experiments LLCPK1 cells stably expressing
6xHis rDAT (Vaughan, et al., 2005) were grown to 80–90% confluency. Cells were
transiently transfected with 1 μg vector or syn 1A cDNA in 2 μl Lipofectamine 2000 and
analyzed after 24h.
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Transport analysis in DAT expressing cells
6xHis-rDAT-LLCPK1 cells transfected with vector or syn 1A cDNA were washed twice
with 1 ml of Krebs-Ringer HEPES (KRH) buffer (25 mM HEPES, 125 mM NaCl, 4.8 mM
KCl, 1.2 mM KH2PO4, 1.3 mM CaCl2, 1.2 mM MgSO4, 5.6 mM glucose, pH 7.4), and
where indicated were pretreated at 37 °C for 15 min with vehicle (0.1% dimethylsulfoxide)
or 1 μM PMA prior to initiation of transport. Uptake was initiated by adding 10 nM [3H]DA
plus 3 μM total DA in KRH buffer using 100 μM (−)cocaine to determine non-specific
uptake. Uptake assays were carried out in triplicate at 37 °C for 8 min and terminated by
rapidly washing the wells three times with 1 ml ice cold KRH. The cells were solubilized in
500 μl of 1% Triton X-100. Lysates were measured for incorporated radioactivity by a liquid
scintillation counting at 60% efficiency and aliquots were analyzed for protein, which varied
by <10%. Transport activity was normalized for protein, and for comparison across
experiments, values from treatment groups were expressed relative to controls normalized to
100%. Results were analyzed by ANOVA with significance set at p<0.05.

Phosphorylation of rDAT in LLCPK1 cells
6xHis-rDAT-LLCPK1 cells were incubated in phosphate-free medium for 30 min followed
by the addition of 32PO4 to a final concentration of 0.5 mCi/ml. Cells were labeled for 2–4 h
at 37 °C, followed by application of PMA or vehicle for 30 min. At the end of the treatment
cells were washed once with 500 μl of ice cold SP, and lysed on ice for 15 min with 500 μl
RIPA buffer. Lysates were centrifuged at 20,000 g at 4 °C for 20 min to remove cell debris
and the resulting supernatant centrifuged at 100,000 g at 4 °C for 60 min to remove
insoluble material.

Immunoprecipitation
Equal amounts of protein from solubilized striatal membranes or cell lysates were
immunoprecipitated with DAT antibody (Ab) 16 generated against rDAT N-terminal amino
acids 42–59 (Vaughan, 1995) or with commercial anti-His antibodies. Precipitated samples
were electrophoresed on 4–20% SDS polyacrylamide gels with high range Rainbow
molecular mass standards, and gels were transferred to PVDF membranes for
immunoblotting studies or were dried and subjected to autoradiography for 7–14 days for
phosphorylation analysis. DAT phosphorylation levels were quantified by densitometry with
Molecular Analyst software (BioRad). Phosphorylation intensities of treated samples were
expressed as percent of the basal phosphorylation level normalized to 100%, and averaged
intensities were analyzed by ANOVA.

Immunoblotting
Equal amounts of protein from cell lysates or solubilized rat striatal membranes were
electrophoresed on 4–20% SDS-polyacrylamide gels and proteins transferred to PVDF
membranes. DAT and syn 1A expression were detected with DAT monoclonal antibody 16
(mAb 16) (Gaffaney and Vaughan, 2004) and syn 1A monoclonal antibody HPC 1.
Immunoreactive bands were visualized using Immun-Star AP substrate (BioRad) and
quantified using a Lumi-Imager and LumiAnalyst 3.0 software. Band intensities of treated
samples were expressed as percent of the control level normalized to 100%, and averaged
intensities were analyzed by ANOVA.

Cell surface biotinylation
6xHis-rDAT-LLCPK1 cells with vector or syn 1A transfection were incubated with the
membrane impermeable biotinylating reagent sulfo-NHS-LC-biotin, and biotinylated DATs
purified by chromatography on NeutrAvidin beads, separated by SDS-PAGE and quantified
by immunoblotting (Foster, et al., 2008). Parallel sets of cells were treated with PMA to
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induce DAT endocytosis as a control for DAT surface changes. Protein phosphatase 1 was
immunoblotted as a cytoplasmic control for membrane integrity.

RESULTS
BoNT/C treatment of rat striatal tissue affects DA transport capacity and DAT
phosphorylation

To examine the role of syn 1A on DAT function in neurons, we treated rat striatal tissue
with BoNT/C and monitored effects on DA transport and DAT phosphorylation. For uptake
experiments, striatal slices were treated with vehicle or BoNT/C followed by preparation of
synaptosomes and analysis of [3H]DA transport activity or DAT and syn 1A levels (Fig. 1).
Synaptosomes prepared from tissue treated with 100 ng/ml BoNT/C for 20, 40, or 60 min
displayed [3H]DA uptake activity that was increased to 123 ± 10%, 116 ± 4%, and 153 ±
14% of control, respectively (p<0.05 or p<0.01) (Fig. 1A). In BoNT/C dose experiments, a
slight trend toward increased [3H]DA uptake was seen with 10 ng/ml BoNT/C (107 ± 4% of
control), and statistically significant increases in transport were produced by 30 ng/ml and
100 ng/ml BoNT/C (119 ± 2% and 133 ± 6% of control, respectively, p<0.01) (Fig. 1B).
Representative syn 1A and DAT immunoblots from these experiments are shown in Figs.
1C and 1D. Syn1A immunoreactivity showed dose- and time-dependent reductions
consistent with BoNT/C-mediated proteolysis, with final reductions to 14 ± 11% of control
(p<0.001), while DAT levels were not consistently changed by the treatments (average
values with BoNT/C, 107 ± 17% of control p>0.05), demonstrating that BoNT/C effects on
DAT function were not associated with alterations in total DAT protein.

To evaluate BoNT/C effects on DAT kinetic parameters, striatal slices were treated with or
without 100 ng/ml BoNT/C for 60 min and synaptosomes prepared from the tissue were
assayed for [3H]DA uptake in the presence of increasing DA concentrations (Fig. 2A). Km
values obtained from control and BoNT/C treated tissue were not statistically different (514
± 100 nM and 740 ± 170 nM, respectively; p>0.05), while transport Vmax was significantly
increased in the treated samples (control, 116 ± 9 pmol DA/min/mg protein; BoNT/C, 177 ±
17 pmol DA/min/mg protein; p<0.05). To verify that the BoNT/C-induced effects were
specific to the actions of the toxin we heat-inactivated BoNT/C at 100 °C for 1h (Arnon, et
al., 2001). In two independent experiments [3H]DA transport activity in rat striatal tissue
was not affected by heat-treated BoNT/C (105 ± 2% of control; p>0.05), while tissue treated
in parallel with control BoNT/C displayed increased transport activity (121 ± 4% of control,
p<0.001) (Fig. 2B).

Treatment of rat striatal tissue with BoNT/C also produced time- and dose-dependent
changes in DAT phosphorylation (Fig. 3). For these experiments rat striatal slices were
labeled with 32PO4 for 2h and given BoNT/C treatment during the final 20–60 min of
labeling. Representative autoradiographs of 32P-labeled DAT and results averaged from
multiple experiments are shown in Fig. 3. The phosphorylation levels of DAT extracted
from rat striatal slices treated with 100 ng/ml BoNT/C for 20, 40, or 60 min were decreased
to 75 ± 7%, 67 ± 9%, and 69 ± 12% of the control level, respectively (p<0.05) (Fig. 3A), and
in dose experiments, DAT phosphorylation showed a trend toward reduced levels at 10 ng/
ml BoNT/C (89 ± 4% of control) and displayed statistically significant decreases to 72 ± 6%
and 69 ± 11% of control (p<0.05) with treatments of 30 ng/ml and 100 ng/ml BoNT/C (Fig.
3B).

BoNT/C does not affect PMA-induced transport regulation
Because DAT transport activity and phosphorylation are also regulated by PKC, we
explored the relationship between syn 1A and PKC regulation of DAT. For these
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experiments rat striatal slices were treated with or without 100 ng/ml BoNT/C for 1h and
synaptosomes prepared from the tissue were treated with vehicle or phorbol 12-myristate,
13-acetate (PMA) for 15 min followed by assay for [3H]DA transport (Fig. 4).
Synaptosomes from control tissue treated with PMA displayed transport activity that was
reduced to 71 ± 4% of control values (p<0.05), as previously found (Vaughan, et al., 1997),
while synaptosomes prepared from slices treated with BoNT/C displayed transport that was
increased to 162 ± 13% of control (p<0.001), similar to results presented in Figs. 1 and 2. In
synaptosomes prepared from BoNT/C-treated tissue and given PMA, DA transport activity
was reduced to 79 ± 14% of that of the BoNT/C only synaptosomes (p<0.05), demonstrating
that the BoNT/C-increased transport activity was still subject to PMA-induced down-
regulation.

Syn 1A affects DAT transport activity and surface levels in LLCPK1 cells
To determine if syn 1A effects on DAT transport activity and phosphorylation could be
induced heterologously, we transiently transfected syn 1A into 6xHis-rDAT-LLCPK1 cells,
and assessed DAT uptake activity, surface levels, PMA-dependent regulation, and
phosphorylation. In four independent experiments we found that exogenous expression of
syn 1A caused [3H]DA uptake activity to be reduced to 66 ± 7% of control levels (p<0.01).
Immunoblotting of lysates from these experiments confirmed that syn 1A was expressed in
transfected but not nontransfected cells (Fig. 5A) and showed that DAT levels were not
significantly changed by syn 1A expression (91 ± 3% of control, p>0.05). Saturation
analysis showed that decreased activity was the result of reduced transport Vmax (control,
298 ± 15 pmol/min/mg protein; syn 1A, 183 ± 6 pmol/min/mg protein; p<0.05) with no
change in Km (control, 2.84 ± 0.45 μM; syn 1A, 2.53 ± 1.06 μM, p>0.05) (Fig. 5B, results
representative of three independent experiments).

To assess the nature of the transport reduction by syn 1A we analyzed DAT activity and
surface levels in combination with PMA treatment to investigate potential regulatory
interactions (Fig. 6). Total DAT protein assessed by immunoblotting was not significantly
different from control levels for any syn 1A transfection or PMA treatment combination
(representative blot Fig. 6A, top; quantification of results from 5 experiments, p>0.05 for all
combinations by ANOVA, not shown). DA transport activity in cells given these treatments
(Fig. 6A), showed activity reduced to 76 ± 3% of control by PMA, to 63 ± 9% of control by
syn 1A transfection, and to 41 ± 8% of control by PMA plus syn 1A transfection (p<0.05–
0.001 relative to control). Transport activity in the cells given the syn 1A plus PMA
combination was significantly less than that of the PMA only and syn 1A only levels
(p<0.01, p<0.001), consistent with activation of independent mechanisms. Plasma
membrane levels of DAT in cells given these treatments were analyzed by surface
biotinylation (Fig. 6B, representative blot, top). In syn 1A transfected cells, DAT surface
levels were reduced to 61 ± 8% of control (p<0.01), suggesting this as the cause of syn 1A-
induced transport reduction. In cells given PMA treatment alone or in combination with syn
1A transfection, DAT surface levels were reduced to 84 ± 7% and 76 ± 10% of control,
respectively (both p<0.05) (Fig. 6A), consistent with increased endocytosis or reduced
membrane insertion driven by PKC (Loder and Melikian, 2003,Melikian, 2004). Although
in some individual experiments (Fig. 6B, top), loss of surface DAT with PMA and syn 1A
appeared to be additive with treatments, average surface biotinylation results did not show
differences between treatment groups, and we did not pursue this observation in further
detail. We also assessed phosphorylation of DAT in syn 1A transfected 6xHis-rDAT-
LLCPK1 cells but found no consistent alterations relative to controls (not shown), indicating
that in these cells, heterologous syn 1A expression does not affect transporter
phosphorylation.
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Syn1A co-immunoprecipitates with DAT
To assess the potential for the syn 1A effects we identified to be mediated by DAT-syn 1A
interactions we performed co-immunoprecipitation experiments (Fig. 7). For these studies
we used 6xHis-rDAT–LLCPK1 cells (panels A and C) or DAT-null LLCPK1 cells (panel B)
transiently transfected with vector (panel A) or syn 1A (panels B and C). Western blotting
showed that total levels of DAT and syn1A did not vary with any of the transfection
combinations (not shown). Lysates from each cell type were incubated with anti-His to
precipitate DAT or anti-syn 1A to precipitate syn 1A, followed by immunoblotting with
DAT monoclonal Ab 16 (upper rows) or anti-syn 1A (lower rows). Parallel precipitation of
lysates with anti-tyrosine hydroxylase (TH) followed by western blotting was performed as
a negative control for signal specificity. Immunoblots showed that anti-His precipitated
DAT from 6xHis-rDAT-LLCPK1 cells (A and C, top left lanes) but not from LLCPK1 cells
(B), and that anti-syn precipitated syn 1A from syn 1A transfected cells (B and C, bottom
right lanes) but not vector-transfected cells (A). Neither DAT nor syn 1A were precipitated
from any lysates with anti-TH (A–C, middle lanes), and faint bands present in DAT and syn
1A blots of anti-His and anti TH precipitates are not syn 1A or DAT, as they are present in
lysates that lack those proteins.

The specificity of syn 1A presence in DAT immune complexes is demonstrated by syn 1A
immunoreactivity in anti-His precipitates prepared from 6xHis-rDAT-LLCPK1 cells
transfected with syn 1A (panel C, bottom left, arrow) but not from vector transfected 6xHis-
rDAT-LLCPK1 cells or syn 1A transfected LLCPK1 cells (A and B, bottom left lanes). This
result has been replicated in two additional experiments. In numerous attempts we were
unable to demonstrate the specific presence of syn 1A in DAT immune complexes when
extracting expressed or striatal DAT with Ab16 generated against N-terminal residues 42–61
(not shown). Our ability to detect syn 1A in DAT immune complexes when isolating DAT
with antibodies against an exogenous epitope but not with those for the native N-terminus
suggests that Ab16 may displace syn1A from DAT immune complexes. Similarly, we were
unable to detect DAT in syn 1A immune complexes (Fig. 7), possibly because of syn 1A
antibody interference with DAT interactions.

DISCUSSION
In this study we found that treatment of rat striatal tissue with BoNT/C led to increased
synaptosomal DA transport activity and decreased DAT phosphorylation, while
heterologous co-expression of syn 1A with DAT caused reductions in transport capacity and
transporter surface expression. In addition we found specific co-precipitation of syn 1A with
DAT, demonstrating the presence of a direct or indirect interaction between the proteins.
These findings suggest that in neurons, syn 1A interactions with DAT result in suppression
of DA uptake and maintenance of transporter phosphorylation, and that some aspect of DAT
trafficking may also be controlled by syn 1A. However, the well-characterized regulation of
DAT by PKC is not related to syn 1A, as PMA-induced down-regulation of transport
activity was maintained in both BoNT/C-treated striatal tissue and syn 1 co-transfected cells.
The identification of syn 1A regulation of these DAT functions indicates the potential for
syn 1A to modulate mammalian DA neurotransmission through effects on transmitter
reuptake and phosphorylation.

In previous studies syn 1A was demonstrated to regulate DAT reverse transport and ion
channel activity (Binda, et al., 2008, Carvelli, et al., 2008). The potential for the mechanism
of these effects to involve the N-terminus is supported by yeast two-hybrid and fusion
protein studies showing in vitro syn 1A interactions with the transporter N-terminal domain
(Binda, et al., 2008, Lee, et al., 2004) and N-terminal fluorescent protein tag disruption of C.
elegans DAT1-UNC64 interactions (Carvelli, et al., 2008). Our observations that syn 1A co-
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precipitates with DAT when isolating the transporter with exogenous epitope antibodies but
not with endogenous N-terminal antibodies is consistent with these findings and supports the
importance of the DAT N-terminal domain in mediating syn 1A effects on the full-length
mammalian proteins. Our findings that BoNT/C treatment of striatal tissue leads to increased
synaptosomal DA uptake, in conjunction with increased DAT1 ion channel fluxes induced
by disruption of UNC64 interactions (Carvelli, et al., 2008), are consistent with a
mechanism in which forward DA transport and accompanying ion movements are
suppressed by syn 1A binding to the transporter and alleviated by conditions that reduce
these interactions. Syn 1A binding to DAT or DAT complexes could decrease transport
activity by inducing N-terminal conformational changes that affect orientation of
intracellular gate residues (Kniazeff, et al., 2008) or propagate to TM1 active sites
(Beuming, et al., 2008) to directly modulate transport kinetic steps. The findings that DAT-
syn 1A interactions and their modulation by AMPH occur at the plasma membrane of
murine synaptosomes (Binda, et al., 2008) support the potential for direct syn 1A effects on
transport kinetics. However, the reduction of DAT surface levels by exogenous syn 1A also
suggests the potential for trafficking-dependent syn 1A mechanisms, and DAT N-terminal
residues that could be affected by syn 1A interactions have been linked to transporter
surface expression (Miranda, et al., 2007). Although syn 1A and PMA caused a clear
reduction of DAT surface levels in heterologous cells, and showed additive effects on
transport activity, we did not find additivity of DAT surface reductions. It is possible that the
significant loss of surface DAT induced by syn 1A (~40%) represents a floor effect that
cannot be further down-regulated, that the biotinylation assay is insufficiently sensitive to
quantify additivity of small changes in surface levels, or that trafficking independent
mechanisms (Foster et al., 2008) contribute to additivity of transport regulation of by these
treatments.

The reduction of DAT 32P-labeling with BoNT/C treatment suggests that syn 1A also
impacts the N-terminal domain in a way that promotes or stabilizes the transporter
phosphorylation level. DAT is phosphorylated under basal, PKC, and AMPH conditions at
multiple residues at the distal end of the DAT N-terminal tail (Foster, et al., 2002, Granas, et
al., 2003; Cervinski, et al., 2005) and also at a membrane proximal proline-directed site
(Gorentla, et al., 2009). It is not known if syn 1A affects the phosphorylation of all or a
subset of these sites. Syn 1A could stabilize DAT phosphorylation via induction of N-
terminal conformational changes that affect accessibility of phosphorylation sites to kinases
or phosphatases, or by regulating binding of scaffolding proteins such as receptor for
activated C-kinase, which also binds to the DAT N-terminus (Lee, et al., 2004), that could
impact transporter phosphorylation. Alternatively, although the subcellular compartments in
which DAT is phosphorylated and dephosphorylated are currently not known, it is possible
that syn 1A could impact DAT availability to kinase and phosphatases through effects on
trafficking. We have previously shown that DAT is present in cholesterol- and ganglioside-
rich membrane rafts, and that regulation of transporter phosphorylation and endocytosis
differs between raft and non-raft membranes (Foster et al., 2008). Because BoNT/C is
regulated by gangliosides (Rummel et al., 2009), it is possible that its effects on DAT
phosphorylation and trafficking may be related to transporter microdomain partitioning.

Surprisingly, the robust and consistent reduction in striatal DAT phosphorylation we
obtained with BoNT/C treatment was not mirrored by phosphorylation increases with
heterologous syn 1A transfection. We do not know if lack of heterologous syn 1A effects
indicates the presence of an impediment such as a pre-existing DAT complex that blocks
effects on phosphorylation, or if syn 1A modulation of phosphorylation cannot be detected
in long-term transfection studies compared to the rapid effects produced by BoNT/C. It is
also possible that BoNT/C effects on striatal DAT phosphorylation are due to cleavage of
other syntaxin isoforms (syn 1B, syn 2 or syn 3), potentially resulting in the differences
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observed in native and heterologous systems. Thus further work will be necessary to clarify
the relationship between the rapid transport and phosphorylation responses induced by
BoNT/C in striatal tissue and longer-term effects associated with syn 1A transfection.

Syn 1A is also known to modulate activity and subcellular localization of gamma
aminobutyric acid, norepinephrine and serotonin transporters (GAT1, NET, and SERT) via
binding to transporter N-terminal domains (Beckman, et al., 1998, Deken, et al., 2000,
Dipace, et al., 2007, Haase, et al., 2001, Quick, 2002a, Quick, 2002b, Quick, 2003). For
GAT1 and NET, syn 1A promotes increased transporter surface expression but overall
reduced transport activity, suggesting a mechanism in which syn 1A recruits transporters to
the cell surface but maintains them in a suppressed state until the interaction is released
(Deken, et al., 2000, Dipace, et al., 2007, Sung, et al., 2003, Sung and Blakely, 2007). Our
findings for DAT are consistent with syn 1A functioning to dampen transmitter clearance,
but show the opposite direction of surface effects. In addition, for GAT1 and NET,
interaction with syn 1A is necessary for PMA-induced transporter down regulation
(Beckman et al., 1998; Sung, et al., 2003, Sung and Blakely, 2007), whereas our results
clearly demonstrate that DAT down-regulation by PMA in cells or synaptosomes was not
affected by syn 1A transfection or BoNT/C treatment. Thus DAT shows both similarities
and differences to related transporters with respect to syn 1A regulatory properties.

The finding that DAT-syn1A interactions are increased by AMPH (Binda, et al., 2008) is
further consistent with syn 1A promotion of transporter phosphorylation. Because DAT
phosphorylation has been associated with enhanced DA efflux (Khoshbouei, et al., 2004), it
is possible that the sequence of AMPH → syn 1A binding → DAT phosphorylation
represents part of the mechanism underlying AMPH stimulation of reverse DA transport.
Other as yet unknown functions of DAT phosphorylation would also be candidates for
regulation by syn 1A.

Fusion protein experiments indicate that residues 1–33 of DAT are sufficient to support syn
1A binding (Binda, et al., 2008), thus the syn 1A interaction site is close to or overlaps the
major DAT phosphorylation domain. The proximity of these functional domains suggests a
similarity to synaptic protein interaction (synprint) sites found in N-type voltage-gated Ca++

channels (Yokoyama, et al., 2005, Yokoyama, et al., 1997) and Sept5 (Taniguchi, et al.,
2007). The synprint domains in these proteins contain multiple phosphorylation sites for
various kinases that regulate syn 1A binding and associated protein modulation. Potentially
similar results have been found for SERT, NET, and GAT1, which show regulation of syn
1A binding by PKC, ERK, and/or calcium-calmodulin dependent protein kinase conditions
(Beckman, et al., 1998; Samuvel, et al., 2005; Sung et al., 2003), although it is not known if
these effects are mediated by transporter phosphorylation. Thus, a growing body of evidence
links phosphorylation processes to syn 1A regulation of neurotransmitter transporters by
mechanisms similar to those found in Ca++ channels and other synprint domain proteins.

Syn 1A and other SNARE proteins coordinate molecular events in neurotransmission
through their roles as core components of the synaptic vesicle fusion apparatus (Sudhof,
1995), and by interactions with other synaptic proteins such as ion channels (Bezprozvanny,
et al., 1995). Increasing evidence from transporter systems has indicated involvement of syn
1A in coordinating neurotransmitter release and reuptake, and our new studies now connect
syn 1A to regulation of DA reuptake and DAT phosphorylation, providing previously
unknown roles for syn 1A in transporter function and DA neurotransmission. These findings
expand the list of molecular events impacted by syn 1A and identify DAT functional and
regulatory properties that may be altered in DA disorders via defects in syn 1A function.
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DAT dopamine transporter

DA dopamine

Syn 1A Syntaxin 1A

SNARE soluble N-ethylmaleimide-sensitive factor attachment receptor
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PKC protein kinase C
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Fig. 1.
BoNT/C treatment of striatal tissue increases DA transport activity. Rat striatal slices were
treated with 100 ng/ml BoNT/C for the indicated times (A, C) or for 1h with the indicated
doses (B, D) followed by [3H]DA uptake assay or western blotting for DAT or syn 1A. A.
and B., [3H]DA uptake activity (means ± S.E. of 3 independent experiments performed in
triplicate). *, p<0.05; **, p<0.01 relative to control by ANOVA. C. and D., representative
DAT and syn 1A immunoblots from treated tissue. Molecular mass markers are shown in
kDa.

Cervinski et al. Page 14

Neuroscience. Author manuscript; available in PMC 2011 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Kinetic analysis of BoNT/C effects. A. Rat striatal slices were treated with vehicle or 100
ng/ml BoNT/C for 1h followed by preparation of synaptosomes and [3H]DA transport
saturation analysis (points shown are means ± S.E. of results obtained from 2–5 independent
experiments performed in triplicate). B. [3H]DA transport activity in synaptosomes prepared
from rat striatal tissue treated for 1h with 100 ng/ml control or heat-treated (HT) BoNT/C
(means ± S.E. of 2 independent experiments performed in triplicate). ***, p<0.001 relative
to control by Student’ t-test.
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Fig. 3.
BoNT/C treatment decreases DAT phosphorylation. Rat striatal slices were labeled
with 32PO4 and treated for the indicated times with 100 ng/ml BoNT/C (A) or for 1h with
the indicated BoNT/C doses (B) followed by immunoprecipitation and SDS-PAGE/
autoradiography of DAT. Upper panels show representative autoradiographs of 32P-labeled
DAT; histograms show quantification of DAT phosphorylation (means ± S.E. of 3–5
experiments performed in duplicate). *, p<0.05; **, p<0.01 relative to control by student’s t-
test.
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Fig. 4.
BoNT/C treatment of striatal tissue does not affect PKC-induced DA transport down–
regulation. Rat striatal slices were treated with 100 ng/ml BoNT/C for 1h and synaptosomes
prepared from the tissue were treated with vehicle or 1 μM PMA for 15 min followed by
analysis of [3H]DA transport. Results shown are means ± S.E. of 4 independent experiments
performed in triplicate. *, p<0.05, ***, p<0.001 by ANOVA.
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Fig. 5.
Syn 1A co-expression decreases DA transport activity. 6xHis-rDAT-LLCPK1 cells were
transiently transfected with vector or syn 1A cDNA and assayed after 24h. A. DAT and syn
1A immunoblots of vector or syn 1A transfected cell lysates. B. Transport saturation
analysis of vector or syn 1A transfected cells (means ± S.E of triplicate determinations).
Results shown are representative of three independent experiments. Results were analyzed
by Student’s t-test.
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Fig. 6.
Regulation of DAT transport activity and surface levels in syn 1A co-expressing cells.
6xHis-rDAT-LLCPK1 cells transiently transfected with vector or syn 1A cDNA were treated
with vehicle or 1 μM PMA for 15 min and analyzed for [3H]DA transport activity or
subjected to cell surface biotinylation. A. [3H]DA transport activity (means ± S.E. of 5
independent experiments performed in triplicate). *, p<0.05; **, p<0.01, ***, p<0.001
relative to control or indicated treatment by ANOVA. Upper panel, representative blot of
total DAT levels. Quantification of blot intensities p>0.05 relative to control by ANOVA. B.
Representative immunoblot and quantification of biotinylated DAT (means ± S.E. of 4
independent experiments performed in duplicate). *, p<0.05, **, p<0.01, relative to control
by ANOVA.
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Fig. 7.
Co-immunoprecipitation of syn 1A with DAT. LLCPK1 or 6xHis-rDAT-LLCPK1 cells were
transiently transfected with vector or syn 1A cDNA and lysates were immunoprecipitated
for DAT (anti-His), syn 1A (syn) or tyrosine hydroxylase (TH) as indicated (same order for
all panels) followed by immunoblotting for DAT (upper panels) and syn1A (lower panels).
Arrow indicates presence of syn 1A in DAT immune complex. Blots are representative of
three independent experiments.
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