
Palmitoylation by multiple DHHC enzymes enhances dopamine 
transporter function and stability

Danielle E. Bolland1, Amy E. Moritz2, Daniel J. Stanislowski, Roxanne A. Vaughan3, James 
D. Foster3

Department of Biomedical Sciences, University of North Dakota, School of Medicine and Health 
Sciences, Grand Forks, ND 58202

Abstract

The dopamine transporter (DAT) is a plasma membrane protein that mediates the reuptake of 

extracellular dopamine (DA) and controls the spatiotemporal dynamics of dopaminergic 

neurotransmission. The transporter is subject to fine control that tailors clearance of transmitter to 

physiological demands, and dysregulation of reuptake induced by psychostimulant drugs, 

transporter polymorphisms, and signaling defects may impact transmitter tone in disease states. 

We previously demonstrated that DAT undergoes complex regulation by palmitoylation, with acute 

inhibition of the modification leading to rapid reduction of transport activity, and sustained 

inhibition of the modification leading to transporter degradation and reduced expression. Here, to 

examine mechanisms and outcomes related to increased modification, we co-expressed DAT with 

palmitoyl acyltransferases (PATs), also known as DHHC enzymes, which catalyze palmitate 

addition to proteins. Of twelve PATs tested, DAT palmitoylation was stimulated by DHHC2, 

DHHC3, DHHC8, DHHC15, and DHHC17, with others having no effect. Increased modification 

was localized to previously identified palmitoylation site Cys580 and resulted in upregulation of 

transport kinetics and elevated transporter expression mediated by reduced degradation. These 

findings confirm palmitoylation as a regulator of multiple DAT properties crucial for appropriate 

DA homeostasis and identify several potential PAT pathways linked to these effects. Defects in 

palmitoylation processes thus represent possible mechanisms of transport imbalances in DA 

disorders.
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In the central nervous system several processes including reward, motor function, and 

cognition are controlled by the neurotransmitter dopamine (DA)1, and dysregulation of DA 

homeostasis has been implicated in neurological and mood disorders such as Parkinson 

disease, schizophrenia, bipolar disorder, attention deficit hyperactivity disorder, and drug 

addiction2. Extracellular levels of DA are controlled primarily by the dopamine transporter 

(DAT), a plasma membrane protein that drives transmitter reuptake into the presynaptic 

neuron following vesicular release3–5. DAT dysfunction has been postulated to result in 

imbalanced transmitter levels in DA disorders, and the transporter is a target for 

psychostimulant and therapeutic drugs that increase extracellular DA by inhibiting reuptake 

or inducing efflux6–9.

DAT function is tightly regulated by signaling pathways that serve to coordinate transmitter 

clearance with physiological demands. Mechanisms include kinetic control of forward and 

reverse transport, and modulation of surface copy numbers through recruitment or 

endocytosis. While much remains to be understood about these processes, uptake and efflux 

kinetics have been linked to N-terminal phosphorylation, and transporter trafficking has been 

linked to N-terminal ubiquitylation and C-terminal binding partner interactions1, 10–15. 

Many of these processes are perturbed in disease states associated with psychostimulant 

drugs, transporter polymorphisms, and signaling pathway defects, highlighting their 

importance in DA control16.

We recently discovered that DAT is modified by S-palmitoylation, the thioesterification of a 

16-carbon fatty acid to the sulfydryl group of cysteine17. A major fraction of palmitoylation 

on DAT occurs on Cys580 located at the membrane-cytoplasm interface of transmembrane 

domain (TM) 12, with the remainder occurring on one or more unknown sites18. S-

palmitoylation of proteins is reversible and dynamic, allowing for regulated control, and is 

catalyzed by palmitoyl acyltransferases (PATs), also known as DHHC enzymes based on the 

conserved Asp-His-His-Cys catalytic motif17. Palmitoylation exerts pleiotropic effects on 

membrane proteins, regulating functions such as activity, trafficking, targeting, protein-

protein interactions, and membrane raft partitioning18–21. The mechanisms of DAT 

regulation by palmitoylation are still under investigation, but pharmacological or mutational 

inhibition of the modification leads to reduced transport velocity, enhancement of protein 

kinase C (PKC)-dependent down regulation, and reduced transporter protein levels18.

Human, mouse, and rat genomes contain 23 highly homologous PATs, many of which are 

expressed in the nervous system22–27. Those utilizing DAT as a substrate are unknown, and 

to investigate this issue, we co-transfected DAT-expressing cells with a panel of PAT 

enzymes expressed in mouse substantia nigra. Our findings identify a subset of PATs that 

enhance DAT palmitoylation and demonstrate that the modification increases transporter 

protein levels and stimulates DA uptake. Direct measurement of DAT turnover by [35S]-

methionine pulse-chase analysis supports a role for palmitoylation in promotion of 

transporter stability that likely underlies expression increases. However, although 

palmitoylation enhances total transporter levels, plasma membrane levels do not show 

concomitant changes, indicating that increased transport results from kinetic upregulation of 

surface transporters. These results demonstrate that palmitoylation represents a mechanism 
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capable of bidirectional control of both short- and long-term DAT properties crucial for DA 

neurotransmission and may be dysregulated in disease conditions.

RESULTS

Identification of DAT palmitoyl acyl transferases

Because there are few pharmacological agents available for specific control of DHHC 

enzymes28, we utilized co-expression strategies to identify those capable of modifying and 

regulating DAT. We performed many initial studies in stably transfected rDAT-LLCPK1 

cells, which we previously used for palmitoylation analyses18, and in some later studies 

moved to Neuro-2a (N2a) cells transiently transfected with WT or C580A DATs. 

Characterization of rDAT-N2a cells for palmitoylation properties (Supplemental Fig. S1), 

indicates that they may provide a superior model system for these studies, as they support 

DAT palmitoylation and uptake responses to the global PAT inhibitor 2-bromopalmitate 

(2BP) with time frames (30–120 min) that are considerably more similar to those we 

previously demonstrated18 in rat striatal synaptosomes (10–60 min) than those obtained in 

rDAT-LLCPK1 cells (12–18h).

For these initial studies we did not test all PATs, but focused on a subset with reported 

mRNA expression in mouse substantia nigra (DHHCs 2, 3, 5, 7, 8, 9, 11, 15 17, 20, 21, and 

22)29. Vectors for HA-tagged mouse DHHC proteins and an HA-GST control were the 

generous gift of Dr. M. Fukata23, and we used the DHHC2 template to generate a 

catalytically inactive DHHA2 construct by mutation of active site Cys156 to Ala30. 

Immunoblotting with anti-HA verified expression of all forms and comparable expression of 

DHHC2 and DHHA2 (Supplemental Fig. S2).

For palmitoylation analyses, cells were transfected in parallel with control or DHHC vectors, 

and DAT modification was assessed and normalized to total transporter protein in each 

sample. For most experiments, DAT palmitoylation was analyzed by the acyl-biotinyl 

exchange (ABE) method18, 31, in which endogenous palmitate moieties are cleaved by 

hydroxylamine (NH2OH) and the liberated side chains are modified by a sulfhydryl – 

specific biotinylated reagent. Samples are chromatographed on NeutrAvidin® resin to 

capture biotinylated proteins and eluates immunoblotted for DAT. The specificity of the 

immunoblot signal for S-palmitoylation is determined in every experiment by parallel 

assessment of Tris controls that do not undergo acyl group exchange, with background 

signals typically <5% of total.

Figure 1 summarizes the findings from rDAT-LLCPK1 cells (Fig. 1A) and rDAT-N2a cells 

(Fig. 1B). The blots show representative examples of enzymes that increase (DHHC3 and 

DHHC8) or have no effect (DHHC11 and DHHC20) on DAT palmitoylation levels, and the 

histograms summarize findings from all tested PATs. In LLCPK1 cells, DAT palmitoylation 

was enhanced relative to control by co-expression of DHHC2 (146 ± 17%), DHHC3 (128 

± 2%), DHHC8 (134 ± 8%), DHHC15 (132 ± 5%), and DHHC17 (122 ± 3%) (all p<0.001), 

whereas expression of DHHCs 5, 7, 9, 11, 20, 21, or 22 did not increase (p>0.05) and in 

some cases, decreased, palmitoylation (DHHCs 7 and 20; p<0.05). In N2a cells we did not 

analyze the entire DHHC panel but focused on the forms that were positive in LLCPK1 
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cells. For those enzymes tested, the pattern of responses was essentially identical (Fig. 2B), 

with enhanced palmitoylation driven by DHHC2 (147 ± 19%), DHHC3 (173 ± 6%), 

DHHC8 (146 ± 26%), DHHC 15 (192 ± 16%) and DHHC 17 (162 ± 12%) (all p<0.05–

0.001), but not by DHHC5 or DHHC11 (p>0.05).

To verify that the enhanced signals detected in vitro by ABE represent metabolically-

generated palmitoylation, we performed labeling of DAT with [3H]palmitic acid (Fig. 2A). 

In control conditions, DAT shows a constitutive level of [3H]palmitate labeling, with co-

expression of DHHC2 increasing the labeling to 138 ± 10% of control (p<0.01). 

Experiments to verify that increased palmitoylation derives from enzymatic activity of the 

transfected PATs were performed using DHHA2, the catalytically inactive form of DHHC2. 

Fig. 2B shows that in parallel transfections, DAT palmitoylation was increased relative to 

control by DHHC2 (122 ± 7% of control, p<0.05), but not by DHHA2 (79 ± 4% of control) 

(p>0.05 vs control, p<0.001 vs DHHC2). DHHA2 was thus used as an additional negative 

control in several subsequent experiments.

Palmitoylation enhances total DAT levels

We previously found in both cells and rat striatal synaptosomes that DAT protein levels were 

reduced by sustained suppression of palmitoylation18, suggesting that the modification 

functions to maintain or enhance transporter levels. To investigate this, rDAT-LLCPK1 or 

rDAT-N2a cells were transfected with DHHC enzymes and equal amounts of protein were 

immunoblotted for DAT (Fig. 3). Our findings show that DAT protein levels paralleled 

palmitoylation status, with expression in rDAT-LLCPK1 cells increased by DHHC2 (123 

± 2%), DHHC3 (134 ± 9%), DHHC8 (119 ± 1%), DHHC15 (121 ± 4%), and DHHC17 (124 

± 8%) (all p<0.05–0.001), but not changed by DHHA2 or DHHCs 5, 7, 9, 11, 20, 21, or 22 

(all p>0.05) (Fig. 3A). Similar results were obtained in rDAT-N2a cells (Fig. 3B), with DAT 

expression increased by DHHC2 (130 ± 9%), DHHC3 (145 ± 8%), DHHC8 (152 ± 21%), 

DHHC15 (138 ± 5%), and DHHC17 (136 ± 10%) (all p<0.05–0.01), but not changed by 

DHHA2, DHHC5, or DHHC11 (all p>0.05).

Palmitoylation increases DAT transport capacity via kinetic upregulation

We also investigated the effects of enhanced DAT palmitoylation on [3H]DA transport, with 

uptake activity normalized to total cellular protein levels in each sample (pmol/min/mg). The 

results showed that uptake was increased in parallel with palmitoylation status, with 

transport levels significantly increased by DHHC2 (130 ± 9%), DHHC3 (145 ± 8%), 

DHHC8 (152 ± 21%), DHHC15 (138 ± 5%), and DHHC17 (136 ± 10%), (all p<0.05–0.01), 

but not changed by DHHA2, DHHC5, or DHHC11 (all p>0.05) (Fig. 4A).

To determine if these changes in uptake capacity were driven by increased surface 

expression following from increased total transporter levels, we performed cell surface 

biotinylation studies. For these experiments we analyzed the effects of DHHC2 on DAT 

expression and surface levels, using DHHA2 as a negative control (Fig. 4B). The findings 

show that DAT expression normalized to total cellular protein is enhanced by DHHC2 but 

not DHHA2 (lower panel), as independently demonstrated in Fig. 3. Surface biotinylation of 

these samples, however, shows that, despite the increased levels of DAT induced by DHHC2, 
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transporter plasma membrane levels (upper panel) were unchanged in all conditions 

(DHHC2, 105 ± 6% of control; DHHA2, 94 ± 6% of control, both p>0.05) (Fig. 4B). These 

results indicate that the increased DA transport velocity induced by DHHC2 is not driven by 

enhancement of transporter surface levels and thus occurs via kinetic upregulation of surface 

transporters. Unchanged surface levels of DAT were also found in cells transfected with 

DHHC3 and DHHC8, which upregulate DA transport activity, as well as DHHC11, which 

does not affect DAT function (Supplemental Fig. S3), supporting similar mechanistic 

outcomes from other PATs. The experiments in Fig. S3 also demonstrate reduced surface 

expression of DAT with amphetamine treatment, which induces transporter endocytosis, 

verifying the responsiveness of the cells to known trafficking signals.

Quantification of the results in Fig. 4B also demonstrates that the ratio of surface to total 

DAT is reduced in DHHC2 conditions (Control 0.70 ± 0.02; DHHC2 0.58 ± 0.03; p<0.05 vs 

control; DHHA2 0.65 ± 0.02; p>0.05 vs control). In conjunction with the unchanged surface 

levels in DHHC2 conditions, these findings suggest that palmitoylation per se does not 

constitute a signal for DAT plasma membrane recruitment, and rather, indicate that 

palmitoylated transporters accumulate in one or more internal membrane compartments.

Saturation analysis of DHHC2-increased transport normalized for surface expression (Fig. 

4C), showed that the effect was due to enhanced Vmax (DHHC2, 9.2 ± 0.9 pmol/min/mg vs 
control, 5.1 ± 0.7 pmol/min/mg, p<0.05), with no effect on Km (DHHC2, 1.2 ± 0.4 μM vs 
control, 2.3 ± 1.0 μM, p = 0.4).

DAT palmitoylation effects are mediated through Cys580

In our previous studies, we identified Cys580 as one of the major sites for DAT 

palmitoylation, with mutation of the residue to Ala reducing transporter modification by 

~50%18. To determine if PAT-driven palmitoylation and associated functions are mediated 

through this site, we analyzed responses of C580A DAT to DHHC2. In contrast to its ability 

to modify and regulate WT DAT, DHHC2 did not stimulate C580A DAT palmitoylation 

(95% ± 3% of control p>0.05) (Fig. 5A) or increase C580A DAT levels (96 ± 2% of control, 

p>0.05) (Fig 5B). For examination of uptake responses to DHHC2 we performed parallel 

analyses of WT and C580A DAT. In these experiments, the WT protein showed the expected 

increase in transport activity (141 ± 15 %; p<0.05 vs control), whereas activity of C580A 

DAT was not increased relative to its own control (78 ± 11%, p>0.05), or relative to the fold 

stimulation obtained for WT DAT, p<0.001) (Fig. 5C). These results thus support Cys580 as 

the site of enhanced palmitoylation in the WT protein and indicate that the functional effects 

of DHHC2 and likely other PATs, follows directly from modification of the transporter 

rather than indirectly through effects on other proteins. It is possible that lack of C580A 

DAT responsiveness in these experiments could arise from a ceiling effect of endogenous 

PATs in these cells. However, C580A DATs have both lower expression and transport 

activity than WT DAT32 arguing against this possibility.

Reduced palmitoylation increases DAT turnover

Our previous studies showed that steady-state expression of C580A DAT was lower than that 

of WT DAT, and that pharmacological inhibition of DAT palmitoylation induced acute loss 
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of transporter protein and production of proteolytic fragments18, suggesting that the 

modification functions to oppose transporter turnover. To directly test the role of 

palmitoylation in regulation of DAT turnover, we performed [35S]methionine ([35S]Met) 

pulse-chase analysis of WT and C580A DATs (Fig. 6). Cells were given a 30 min pulse of 

[35S]Met and harvested at various intervals afterward. DAT levels in all samples were 

determined by immunoblotting, and equal amounts of DAT were immunoprecipitated for 

determination of labeling. Protein synthesis inhibitors were not used, and total DAT levels in 

each sample remained relatively constant throughout the analysis. In addition, cells were 80–

90% confluent at the beginning of the analysis, and we saw no major increases in total 

cellular protein or DAT levels due to cell division.

Fig. 6A shows that [35S]Met was rapidly incorporated into the immature (IM) 60 kDa form 

of DAT. Processing of labeled transporters into the mature (M) glycosylated 90 kDa form 

was seen by 3h, with peak appearance of label in the mature form occurring about 8h after 

the pulse. Maturation time frames did not seem overtly different between WT and C580A 

DATs, although we did not pursue this aspect in detail. However, even though equal amounts 

of DAT protein determined by immunoblotting were analyzed in each form, [35S]Met 

labeling of C580A DAT consistently appeared lower than that of WT DAT, indicative of 

elevated turnover.

For quantification of transporter degradation, we monitored [35S]Met levels in the 90 kDa 

band of each form at 0h, 16h, 40h, and 70h after the peak protein labeling at 8h post-pulse. 

[35S]Met signals for each form were normalized for DAT protein and expressed as % of the 

0h value. In three independent experiments we found that [35S]Met signals decayed more 

rapidly in C580A DATs than in WT DATs. Fig. 6A shows autoradiographs and blots from a 

representative experiment, and Fig. 6B shows the quantification of labeling for all 

experiments. The accelerated loss of [35S]Met from C580A DAT is evident, especially at the 

earlier time points. Turnover rates obtained from these curves indicate mean half-lifes of 28 

± 5h for WT DAT and 13 ± 2h for C580A DAT (p<0.05) (Fig. 6C), directly demonstrating 

that Cys580 palmitoylation functions to oppose DAT metabolic degradation.

Model of DAT palmitoylation functions

A model summarizing these findings is shown in Figure 7, which depicts DAT populations 

with lower (left) or higher (right) palmitoylation stoichiometries. Overall expression 

correlates with palmitoylation (lower on left, higher on right), with equal numbers of 

transporters at the cell surface and expression differences residing in internal endosome or 

vesicular pools. Transport velocities correlate with palmitoylation (lower on left, higher on 

right), indicating kinetic regulation of surface transporters, and internal pools of transporters 

undergo degradation at different rates (faster at left, slower at right) that likely underlie the 

expression differences.

DISCUSSION

The findings presented here demonstrate that enhancement of DAT palmitoylation functions 

to increase DA uptake capacity via control of transport kinetics and to enhance total levels of 

transporter copy numbers. In conjunction with our previous studies using palmitoylation 
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inhibitors, these findings establish the ability of palmitoylation to bidirectionally regulate 

multiple DAT functions that could profoundly impact DA clearance and DA 

neurotransmission.

Although the overexpression approaches used in this study cannot probe rapid time 

dependency of functional outcomes related to palmitoylation changes, our previous 2BP 

studies showed that acute inhibition of DAT palmitoylation led to rapid changes in uptake 

capacity, providing a mechanism for short-term responsiveness of uptake to momentary 

physiological demands. Palmitoylation also exerts longer-term changes to DAT via impacts 

on expression. Control of DAT levels and activity is crucial to ensure adequate clearance 

during neurotransmission33, and losses or compensatory changes of DAT protein levels are 

observed in numerous DA disorders, including drug abuse, withdrawal, and Parkinson 

disease34–37. Palmitoylation may thus represent a contributing mechanism in these 

conditions.

Palmitoylation is known to exert pleiotropic effects on proteins, and the regulation of both 

uptake velocity and transporter degradation by palmitoylation suggests influences on DAT 

via multiple mechanisms. Kinetic control of uptake indicates an effect on the transporter 

alternating access cycle, in which extracellular DA binds to an outwardly facing form of 

DAT, conformational changes convert the transporter to an inwardly facing form that 

releases transmitter to the cell interior, and the empty protein reorients back to the outward 

form for another round of transport4, 38, 39. These events are driven by conformational 

changes of core TM helices that form the permeation pathway, coupled to concerted opening 

and closing of extracellular and intracellular gates that control pathway access and stabilize 

specific transporter conformations. At present the specifics of these processes are 

incompletely understood, and how Cys580 modification could accelerate events is not 

known. However, effects are likely to be mediated indirectly, as TM12 is located outside the 

substrate permeation pathway.

Structurally, the addition of palmitate to Cys580 will increase the hydrophobicity of the 

intracellular end of TM12, which will likely affect its hydrophobic matching with the lipid 

bilayer and affect tilt or orientation. These conformational differences could then be 

propagated to adjacent domains to indirectly affect events occurring during transport. In a 

similar vein, TM12 may serve as a dimer interface40 that could be affected by palmitoylation 

to regulate DAT oligomerization and associated functions41–45. Another possibility is that 

control of transport may follow from TM12 impacts on intracellular gating. Crystal 

structures of Drosophila DAT and the serotonin transporter revealed the presence of a short 

helix at the cytoplasmic end of TM12 that interacts with internal residues to stabilize the 

inwardly-closed form of the transporter46. The homologous sequence in mammalian DAT 

lies just downstream of Cys580, suggesting that palmitoylation effects on TM12 

conformation may propagate to this domain and impact its ability to participate in these 

interactions. Finally, palmitoylation-induced transport upregulation may follow from its 

reciprocal relationship with transport down-regulation mediated by N-terminal 

phosphorylation32, although the mechanisms underlying the integration of these 

modifications is not known.
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Regulation of transport kinetics by palmitoylation could also follow from effects on 

subcellular targeting and/or transporter interactome. For many proteins, palmitoylation 

directs raft-nonraft partitioning, and numerous DAT properties including uptake, efflux, and 

phosphorylation are impacted by raft localization47–52, which could be mediated by 

transporter interactions with cholesterol or regulatory binding partners46–48, 52–61. In 

addition, many DAT binding partners such as syntaxin 1A, flotillin 1, and DA receptors are 

also palmitoylated, which may further influence their raft partitioning and/or transporter 

interactions62–65.

Possible mechanisms for control of DAT turnover include regulation of transporter targeting 

to lysosomes or the necessity for depalmitoylation to occur as part of the degradation 

process. Post-endocytic trafficking of DAT is complex, with different stimuli directing 

transporter sorting to recycling endosomes for plasma membrane return or to late endosome/

lysosome pathways for degradation66. Lysosomal targeting and degradation of DAT are 

stimulated by PKC67, which we previously showed inhibits DAT palmitoylation32, providing 

a potential mechanistic link between this modification and lysosomal targeting/degradation, 

and palmitoylation may also serve as a mechanism for regulating protein entry into retromer 

vs degradative pathways68, 69. In addition, once at the lysosome, palmitate moieties on 

proteins must be removed as part of the degradation process17. Terminal depalmitoylation is 

mediated by the lysosomal enzyme protein palmitoyl thioesterase 1 (PPT1), a process that is 

distinct from regulatory depalmitoylation catalyzed by acyl protein thioesterase 1 (APT1)17. 

Slower degradation rates of modified vs unmodified transporters may thus follow from the 

necessity for this additional step.

The PATs that act on DAT endogenously in the brain are not known, and although we have 

not yet examined all PAT enzymes for effects on DAT, our current findings have identified 

enzymes DHHC2, DHHC3, DHHC8, DHHC15 and DHHC17 as enhancing DAT 

palmitoylation. In situ hybridization findings indicate expression of these enzymes in mouse 

brain and/or substantia nigra70, 71, suggesting them as possibilities for catalyzing DAT 

modification in vivo, and we have performed immunoblotting studies that support 

endogenous expression of DHHC2 in rat striatum and N2a cells (Supplemental Fig. S4). The 

PAT enzymes we identify in this study as affecting DAT play major roles in synaptic 

physiology via palmitoylation of key components including vesicular fusion proteins, 

ligand- and voltage-gated ion channels, and neurotransmitter and growth factor receptors. 

Similar to DAT, these and many other neuronal substrates are palmitoylated by multiple 

PATs22, 23, 25, 27. This redundancy is not understood, but may function to ensure appropriate 

palmitoylation in different conditions or subcellular compartments25. The possibility should 

also be considered that the endogenous palmitoylation occurring in our cells systems may be 

masking effects of transfected enzymes, requiring the use of knock-down strategies to 

confirm outcomes.

Palmitoylation and depalmitoylation inputs may link to signaling pathways connected to 

DAT and contribute to functional dysregulation associated with imbalanced DA levels in 

disease states. A variety of neuropsychiatric diseases including schizophrenia, X-linked 

intellectual disability, Alzheimer disease, Huntington disease, and Infantile Neuronal Ceroid 

Lipofuscinosis are associated with DHHC, PPT1 and APT mutations that lead to 
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palmitoylation defects25, 72–78. This suggests the potential for DA clearance imbalances to 

follow from dysregulated DAT palmitoylation, through enzyme defects or from transporter-

based processes that prevent appropriate modification ensuing from polymorphisms or drug 

use.

EXPERIMENTAL PROCEDURES

Materials

[7,8-3H]DA (45 Ci/mmol) was from Perkin Elmer; [9,10-3H]palmitic acid (73.4 Ci/mmol) 

was from Moravek; [35S]-methionine was from MP Biomedical; DA was from Research 

Biochemicals International; DAT polyclonal antibody 16 (poly 16) and monoclonal antibody 

16 (MAb 16) have been previously authenticated79, 80; Anti-HA antibody was from 

Covance. Anti-DHHC2 antibody was from ThermoFisher. X-tremeGENE HP transfection 

reagent was from Roche Applied Bioscience; lipofectamine 2000 was from life 

technologies; methyl methanethiosulfonate (MMTS), sulfhydryl-reactive (N-

(6(biotinamido)hexyl)-3`-(2`-pyridyldithio)-pro-pionamide (HPDP-biotin), sulfo-NHS-SS-

biotin, high capacity NeutrAvidin® agarose resin, protease inhibitor tablets and 

bicinchoninic acid (BCA) protein assay reagent were from Thermo Scientific; (–)-Cocaine 

and other fine chemicals were from Sigma-Aldrich. HA-tagged human DHHC cDNA in 

pEF-BOS-HA vectors were the generous gift of Dr. Masaki Fukata23. Construct DHHA2 

was generated from the DHHC2 cDNA template by mutating Cys156 to alanine using the 

Stratagene QuickChange kit, with codon substation verified by sequencing (Eurofins MWG 

Operon, Huntsville, Al ).

Cell culture, transient transfection, and mutagenesis

Lilly laboratory cell-porcine kidney (LLCPK1) cells stably expressing the rat dopamine 

transporter (rDAT)81 were maintained with α-minimum essential medium (α-MEM) 

supplemented with 5% fetal bovine serum, 2 mM L-glutamine, 100 μg/ml penicillin/

streptomycin, and 200 μg/ml G418 at 37°C in a 5% CO2 incubator. Neuro-2A cells (N2a) 

were maintained with α-minimum essential medium (α-MEM) supplemented with 10% 

fetal bovine serum, 2 mM L-glutamine, 100 μg/ml penicillin/streptomycin at 37°C in a 5% 

CO2 incubator. For transient transfection, LLCPK1 or N2a cells were grown to ~70 % 

confluence in 24-well plates and transfected using X-tremeGENE HD (Roche Applied 

Bioscience) or lipofectamine 2000 (Life Technologies) transfection reagent. N2a cells were 

transfected with 1 μg of WT or C580A DAT and 2 μg of PAT DHHC, and cells were used 

after 18–20 hours.

Cell membrane isolation

rDAT-LLCPK1 cells were grown in 100 mm plates to 90% confluency. Cells were washed 

twice and resuspended in 0.25 M sucrose, 10 mM triethanolamine, 10 mM acetic acid, (pH 

7.8) at 4°C, and pelleted at 700 x g for 8 min. Cells were then resuspended in buffer C (0.25 

M sucrose, 10 mM triethanolamine, 10 mM acetic acid, 1 mM EDTA, pH 7.8) and 

homogenized in a Dounce homogenizer. Homogenate was centrifuged at 700 x g for 10 min 

to remove nuclei and debris, the post-nuclear supernatant was further centrifuged at 16,000 x 
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g for 12 min, and the resulting membrane pellet was resuspended in SP buffer ~ 1 mg/ml (10 

mM Na2HPO4, 0.32 M sucrose, pH 7.4).

Acyl-biotinyl exchange

DAT palmitoylation was assessed by ABE using a method modified from Wan et al31. Cell 

membranes (200 μg protein) were pelleted by centrifugation (17,000 × g for 12 min at 4°C) 

and pellets were solubilized in lysis buffer (50 mM HEPES, pH 7.0, 2% SDS, 1 mM EDTA) 

containing protease inhibitor and 20 mM methanethiosulfonate (MMTS) to block free thiols. 

Each sample was divided into two equal portions that were treated for 2 h at 27 ˚C with 50 

mM Tris-HCl, pH 7.4 (control) or 0.7 M NH2OH, pH 7.4 to cleave endogenous palmitoyl 

thioester linkages and liberate the Cys SH side group. NH2OH was removed with three 

sequential acetone precipitations followed by resuspension of pellets in 4SB (4% SDS, 50 

mM Tris, 5 mM EDTA, pH 7.4). Samples were diluted with 50 mM Tris containing 0.4 mM 

sulfhydryl-reactive (N-(6(biotinamido)hexyl)-3`-(2`-pyridyldithio)-pro-pionamide (HPDP) 

to biotinylate the NH2OH-liberated SH groups that were the original sites of endogenous 

palmitoylation. Samples were incubated for 1 h at 27 ˚C, unreacted HPDP was removed by 

three sequential acetone precipitations, and the final pellet resuspended in lysis buffer. Equal 

amounts of DAT protein determined by immunoblotting were chromatographed on 

NeutrAvidin® resin to capture biotinylated protein, and eluates were immunoblotted for 

DAT and quantified where indicated as previously described18.

[3H]Palmitate metabolic labeling

rDAT-LLCPK1 cells were metabolically labeled with [9,10-3H] palmitic acid (0.5 mCi/ml) 

for 18 hours at 37°C in α-MEM media. Cells were lysed in radioimmunoprecipitation assay 

buffer (RIPA: 10 mM sodium phosphate, 150 mM NaCl, 2 mM EDTA, 50 mM sodium 

fluoride, 1% Triton X-100, 0.1% SDS, pH 7.2) and aliquots were immunoblotted to 

determine DAT levels. Equal amounts of DAT were immunoprecipitated with polyclonal 

Ab16 and resolved on 4–20% SDS-polyacrylamide gels. Gels were soaked in Fluro-Hance 

(Research Products International) fluorographic reagent for 30 min, dried, and exposed to 

pre-flashed X-ray film for 30–90 days. Fluorographic band intensities were quantified using 

Quantity One software (Bio-Rad), normalized to total DAT protein, and expressed as % 

control.

Surface biotinylation

N2a cells transiently co-transfected with WT rDAT and the indicated DHHC plasmids, were 

washed three times with ice cold Hank’s balanced salt solution (HBSS) Mg-Ca (HBSS, 

1mM MgSO4, 0.1 mM CaCl2, pH 7.4), incubated twice with 0.5 mg/mL of membrane-

impermeable sulfo-NHS-SS-biotin for 25 min at 4°C. The biotinylation reagent was 

removed and the reaction was quenched by two sequential incubations with 100 mM glycine 

in HBSS Mg-Ca for 20 min at 4°C. Cells were washed with HBSS Mg-Ca and lysed with 

RIPA containing protease inhibitor. Equal amounts of cell protein (100 μg) were 

immunoblotted for DAT, and equal amounts of DAT were chromatographed on 

NeutrAvidin® agarose with incubation overnight at 4°C. The beads were washed three times 

with RIPA buffer and the bound protein was eluted with 32 μl of sample buffer. Eluted 

proteins were immunoblotted for DAT with MAb16. Specificity of biotinylating reagent for 
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surface protein reactivity was verified by immunoblotting for the cytosolic enzyme protein 

phosphatase 1α (PP1α), which was only detected in non-biotinylated fractions. The binding 

capacity of NeutrAvidin® agarose for DAT was verified to be within the linear range as 

previously described82.

[3H]DA uptake assay

N2a cells were grown to 70–80% confluence and transiently transfected with WT rDAT and 

the indicated DHHC coding plasmids. After 18–20 h, the cells were washed twice with 

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). DA uptake was 

initiated by addition of 10 μl of a 50× DA stock solution to 500 μl KRH bringing the final 

concentration of [3H]DA to 10 nM and total DA to 3 μM. Nonspecific uptake was 

determined in the presence of 100 μM (−)–cocaine and subtracted from total uptake values. 

Uptake assays were performed at 37°C for 8 min and terminated by rapidly washing the 

cells two times with ice-cold KRH buffer. Cells were solubilized in RIPA containing 

protease inhibitors, and radioactivity in lysates measured by liquid scintillation counting. 

Lysates were assessed for total protein content and DA uptake values (pmol/min/mg protein) 

from saturation analyses were normalized to DAT surface expression by dividing uptake 

values by relative surface abundance for each where the control surface abundance was set to 

1 and the DHHC treated was either less than or greater than 1 as determined by cell surface 

biotinylation with equal amounts of total protein for each sample loaded on the high 

capacity NeutrAvidin® resin. Vmax and Km values were determined by nonlinear regression 

analysis of the normalized saturation analysis uptake values.

[35S]methionine pulse chase assay

WT and C580A rDAT-LLCPK1 cells were grown in 35 mm dishes to ~80–90% confluence. 

Cells were rinsed twice with HBSS and once with methionine/cysteine free media and 

incubated with methionine/cysteine free media at 37 °C for 30 min. Cells were labeled with 

0.5 mCi/ml [35S]methionine for 30 min at 37 °C, followed by replacement with complete 

medium and harvested at times 0, 1, 8, 24, 48 and 84 h post-chase. Cells were pelleted by 

centrifugation at 2,000 × g for 5 min at 4 °C and lysed with lysis buffer (10 mM 

triethanolamine acetate pH 7.8, 150 mM NaCl, 0.1% Triton X-100, 15% sucrose, 100 mM 

DTT, and protease inhibitors). Lysates were centrifuged at 4,000 × g for 2 min, supernatants 

adjusted to contain 0.5% SDS, and centrifuged at 20,000 × g for 30 min to remove insoluble 

material. DAT levels were determined by immunoblotting, and equal amounts of DAT were 

immunoprecipitated with poly 16 Ab followed by SDS-PAGE/autoradiography, and parallel 

aliquots were immunoblotted with Mab 16 to detect total DAT protein. t½ values were 

calculated from decay curves for each experiment by non-linear curve fitting analysis with 

best fit to a one phase decay model (GraphPad Prism).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of DHHC enzymes on DAT palmitoylation.
A, rDAT-LLCPK1 or B, rDAT-N2a cells were transfected with indicated DHHC plasmids 

and equal amounts of DAT protein were assessed for palmitoylation. Blots show 

representative ABE (palmitoylated) and total DAT samples and histograms show 

quantification of DAT palmitoylation (% Control, means ± S.E), *p<0.05, **p<0.01, 

***p<0.001 vs Control (ANOVA with Dunnett’s posttest, n=3–4). Shading indicates DAT 

palmitoylation values for vector control (gray), DHHC enzymes that increased DAT 

palmitoylation (blue), and DHHC enzymes that did not increase DAT palmitoylation (green). 

Vertical white dividing lines indicate the rearrangement of lane images from the same blot. 

Mr markers for all gels are shown at right.
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Figure 2. DAT palmitoylation specificity controls.
A, rDAT-LLCPK1 cells transfected with control or DHHC2 plasmids were labeled for 18h 

with [3H]palmitic acid. Equal amounts of DAT were immunoprecipitated and subjected to 

SDS-PAGE/autofluorography. Left, representative autoradiogram and matching immunoblot. 

Right, quantification of [3H]palmitate labeling (% Control, means ± S.E.). **p<0.01 

DHHC2 vs control (Student’s t-test, n=3). B, rDAT-LLCPK1 cells were transfected with 

indicated plasmids and equal amounts of DAT analyzed for palmitoylation. Left, 
representative ABE and total DAT blots. Right, quantification of palmitoylation (% Control, 

means ± S.E). **p<0.01, DHHC2 vs Control; †††p<0.001 DHHA2 vs DHHC2 (ANOVA 

with Tukey’s posttest, n=4). Shading indicates DAT palmitoylation responses for vector 

control (gray), DHHC2 (blue) and catalytically inactive DHHA2 (stippled blue). Vertical 

white dividing lines indicate rearrangement of lane images from the same immunoblot or 

autoradiogram.
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Figure 3. Effect of DHHC enzymes on DAT expression.
A, rDAT-LLCPK1 or B, rDAT-N2a cells were transfected with indicated DHHC plasmids 

and equal amounts of protein were immunoblotted for DAT. Top panels show representative 

blots (lanes ordered as in graphs), and histograms show quantification of band densities (% 

Control, means ± S.E.) *p<0.05, **p<0.01, ***p<0.001 vs Control (ANOVA with Dunnett’s 

posttest, n=4). Shading indicates DAT expression values for vector control (gray), DHHC 

enzymes that increased DAT palmitoylation (blue), DHHC enzymes that did not increase 

DAT palmitoylation (green), and catalytically inactive DHHA2 (stippled blue). Vertical 

white dividing lines indicate rearrangement of lane images from the same blot.
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Figure 4. Effect of DHHC enzymes on DA transport.
A, rDAT-N2a cells transfected with the indicated DHHC plasmids were assayed for [3H]DA 

uptake, and transport values were normalized to total protein and expressed as % control, 

means ± S.E. *p<0.05, **p<0.01 vs Control (ANOVA with a Dunnett’s post-hoc test, n=3–

5). Shading indicates DA uptake values for cells transfected with vector control (gray), 

DHHC enzymes that increased DAT palmitoylation (blue), DHHC enzymes that did not 

increase DAT palmitoylation (green), and catalytically inactive DHHA2 (stippled blue). B, 

Surface biotinylation analysis of rDAT-N2a cells transfected with Control, DHHC2, or 

DHHA2 plasmids. Upper and lower panels show representative blots of surface or total 

DATs from 100 μg or 25 μg protein, respectively, and histogram shows quantification of 

surface band densities (% Control, means ± S.E.), all samples p>0.05 vs control (ANOVA 

with Dunnett’s posttest, n=5–8). C, Transport saturation analysis of rDAT-N2a cells 

transfected with Control or DHHC2 plasmids. Each point represents means ± S.E. of three 

independent experiments, normalized to surface DAT, and results were fit to Michaelis-

Menten kinetics. Gray and blue shading indicates 95% confidence intervals for each curve.
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Figure 5. Cys580 mediates DHHC2 effects.
A, LLCPK1 cells, or B and C, N2a cells expressing WT or C580A DAT as indicated, were 

transfected with control or DHHC2 plasmids and assessed for palmitoylation (A), expression 

(B), or uptake (C). A, Left, representative ABE and total C580A DAT blots; Right, 
quantification of palmitoylation (% Control, means ± S.E). p>0.05, Student’s t-test (n=4). B, 

Representative immunoblot and quantification of band densities for C580A DAT expression 

(% Control, mean ± S.E., n=3). C, [3H]DA uptake in WT- or C580A-DAT cells. (% Control 

for each form, means ± S.E.) *p<0.05, WT/DHHC2 vs WT Control; †††p<0.001 C580A/

DHHC2 vs WT/DHHC2; ns, no significant difference (Two-way ANOVA with Tukey’s 

post-test; C580A: F(1, 29) = 15.30; DHHC: F(1, 29) = 1.257; interaction: F(1, 29) = 13.13; p 

< 0.001; n=3–5). Gray shading indicates responses of WT or C580 DAT to control 

conditions, red shading indicates C580A DAT responses to DHHC2, and blue shading 

indicates WT DAT responses to DHHC2. Vertical white dividing lines indicate 

rearrangement of lane images from the same blot.
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Figure 6. Cys580 palmitoylation regulates DAT turnover.
WT and C580A rDAT-LLCPK1 cells were labeled with [35S]Met for 30 min followed by 

chase with unlabeled medium, and samples were collected at the indicated times post-pulse. 

DAT levels were determined by immunoblotting and equal amounts immunoprecipitated for 

analysis of [35S]Met labeling. A, Representative autoradiograms of [35S]Met-labeled DATs 

with matching immunoblots. M, mature form; IM, immature form. B, Quantification of 

[35S]Met labeling in 90kDa (M) bands of WT and C580A DAT forms, normalized to peak 

levels for each form at 8h post-pulse. Curves were fit to One Phase Decay, (goodness of fit 

WT DAT r2 = 0.97; C580A DAT, r2 = 0.91; Two-way ANOVA; C580A: F(1, 4) = 4.6; Time: 

F(1.348, 4.942) = 181.5; interaction: F(3, 11) = 3.8; p<0.05). Gray and red shading indicates 

95% confidence intervals for WT and C580A decay curves, respectively. C, Half-life of WT 

and C580A DAT proteins obtained from decay curves (means ± S.E., three independent 

experiments). * p<0.05 C580A vs WT (Student’s t-test, n=3).
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Figure 7. Model of DAT palmitoylation functions.
Schematic representation of DAT populations with lower (left) or higher (right) 
stoichiometries of Cys580 palmitoylation (red rectangles). Total transporter expression is 

indicated by number of DAT symbols, with equal numbers of transporters at the surface in 

both conditions, and higher numbers of transporters in internal endosome or vesicular 

compartments on the right. Relative rates of transport activity are indicated at top, and large 

and small arrows leading from vesicles to lysosomes represent relative rates of transporter 

degradation.
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