Current Research in Physiology 6 (2023) 100106

ELSEVIER

Current Research in Physiology

journal homepage: www.sciencedirect.com/journal/current-research-in-physiology /2

Contents lists available at ScienceDirect

Check for

Dopamine transporter membrane mobility is bidirectionally regulated by  [&&s
phosphorylation and palmitoylation

Madhur Shetty, Danielle E. Bolland ', Joshua Morrell, Bryon D. Grove, James D. Foster ,

Roxanne A. Vaughan

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

ARTICLE INFO

Keywords:

Fluorescence recovery after photobleaching
FRAP

Protein kinase C

Mitogen activated protein kinase

Palmitoyl acyl transferase

DHHC2

Amphetamine

2-Bromopalmitate

ABSTRACT

The primary regulator of dopamine availability in the brain is the dopamine transporter (DAT), a plasma
membrane protein that drives reuptake of released dopamine from the extracellular space into the presynaptic
neuron. DAT activity is regulated by post-translational modifications that establish clearance capacity through
impacts on transport kinetics, and dysregulation of these events may underlie dopaminergic imbalances in mood
and psychiatric disorders. Here, using fluorescence recovery after photobleaching, we show that phosphorylation
and palmitoylation induce opposing effects on DAT lateral membrane mobility, which may influence functional
outcomes by regulating subcellular localization and binding partner interactions. Membrane mobility was also
impacted by amphetamine and in polymorphic variant A559V in directions consistent with enhanced phos-
phorylation. These findings grow the list of DAT properties controlled by these post-translational modifications
and highlight their role in establishment of dopaminergic tone in physiological and pathophysiological states.

1. Introduction

In the brain, dopamine (DA)? controls numerous functions including
cognition, mood, and reward, and dysregulation of signaling is linked to
the etiology of numerous motor and psychiatric disorders. The avail-
ability of DA for neurotransmission is controlled by the dopamine
transporter (DAT), a 12-transmembrane domain protein expressed on
the plasma membrane of dopaminergic neurons (Nirenberg et al., 1996).
DAT actively transports released transmitter from the extracellular
space into presynaptic neurons and is the major determinant for phys-
iological control of DA signaling and homeostasis (Giros et al., 1996).
DAT mediates the addictive properties of many psychostimulant drugs
including cocaine, amphetamine (AMPH), and methamphetamine
(METH), and is a target for pharmacotherapies such as Adderall and
Ritalin prescribed for attention deficit hyperactivity disorder (ADHD),
autism spectrum disorder (ASD), bipolar disorder (BD), and other
dopaminergic pathologies. Some drugs such as cocaine directly inhibit
uptake, whereas others including AMPH and METH are substrates that
stimulate efflux of intracellular DA via reverse transport. Both processes
lead to transmitter overflow and govern the strength of DA signaling
during drug abuse and therapeutic treatment.

* Corresponding authors.

The transport capacity of DAT is under tight control by presynaptic
signaling pathways, and dysregulated reuptake is suspected to
contribute to spatial and temporal transmitter imbalances in drug
addiction and disease states (Bermingham and Blakely, 2016; Schmitt
and Reith, 2010; Vaughan and Foster, 2013). The mechanisms under-
lying these regulatory events are complex and overlapping, and include
control of transport kinetics and regulation of transporter plasma
membrane levels. The specific details of these processes are largely
unknown, but include post-translational mechanisms that modulate
phosphorylation and palmitoylation of the transporter or its regulatory
partners.

Phosphorylation of DAT is most well-characterized with respect to
protein kinase C (PKC), which catalyzes modification of multiple serine
residues at the distal end of the cytoplasmic N-terminus, and mitogen
activated protein kinases (MAPKs) that are coupled to human (h) and rat
(r) proline-directed residues Ser53/Thr53 in the membrane proximal
region of the N-terminus (Foster and Vaughan, 2017; Vaughan and
Foster, 2013). Phosphorylation of PKC-domain residues induces kinetic
down-regulation of transport and enhancement of efflux (Bowton et al.,
2010; Khoshbouei et al., 2004; Moritz et al., 2015), whereas Thr53
phosphorylation induces transport upregulation mediated by
MAPK-coupled kappa opioid and D2 DA receptors (Bolan et al., 2007;
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The abbreviations used are

DA dopamine

DAT dopamine transporter

FRAP fluorescence recovery after photobleaching
PKC protein kinase C

MAPK  mitogen activated protein kinase
AMPH  amphetamine

METH  methamphetamine

PMA phorbol 12-myristate, 13-acetate

2BP 2-bromopalmitate

ADHD  attention deficit hyperactivity disorder
ASD autism spectrum disorder

BP bipolar disorder

Gowrishankar et al., 2018; Mayer et al., 2023). Thr53 phosphorylation is
also implicated in substrate efflux (Foster et al., 2012; Wang et al., 2016)
and is indirectly stimulated by PKC through MAPK pathway cross-talk
(Wetzker and Bohmer, 2003). Dysregulation of transporter phosphory-
lation is linked to drug mechanisms, as AMPH and METH increase
phosphorylation of PKC and Thr53 domain residues through upstream
activation of PKC (Challasivakanaka et al., 2017; Foster et al., 2012).
Phosphorylation also occurs on other less well-characterized N-terminal
residues (Yang et al., 2019), and how information from all sites is in-
tegrated is not known, indicating a complex and incompletely under-
stood role for N-terminal modification in modulating transport capacity.

DAT also undergoes rapid and reversible S-palmitoylation, the
addition of a lipid moiety to SH groups of intracellularly accessible
cysteine residues, catalyzed by palmitoyl acyl transferase (DHHC) en-
zymes. This modification induces kinetic upregulation of surface trans-
porters and increases total transporter levels through inhibition of
degradation (Foster and Vaughan, 2011; Rastedt et al., 2017). Palmitate
addition occurs at multiple sites, with a significant fraction present on
r/hDAT residues Cys580/581 at the membrane-cytoplasm interface of
transmembrane domain 12. PKC suppresses the tonic level of palmi-
toylation, and Cys580 palmitoylation and Ser7 phosphorylation are
mechanistically linked, with each modification inhibiting the other to
coordinately regulate transport velocity (Moritz et al., 2015). Details of
how palmitoylation and phosphorylation synergize to reciprocally
regulate transport kinetics remain to be elucidated, but likely involve
impacts on intracellular aspects of the permeation pathway.

Cholesterol and other lipids also play key roles in DAT function
(Khelashvili and Weinstein, 2015; Piniella et al., 2021), and transporter
phosphorylation occurs preferentially in cholesterol-rich membrane
rafts, suggesting a link between membrane and post-translational
mechanisms (Foster and Vaughan, 2011). Here we now use fluores-
cence recovery after photobleaching (FRAP) to examine the role of
phosphorylation and palmitoylation in transporter lateral membrane
mobility, using pharmacological, enzyme co-expression, and mutagen-
esis approaches to promote various DAT forms. We also examined the
properties of hDAT A559V, a coding variant identified in individuals
diagnosed with ADHD, ASD, and BD, which displays endogenously
enhanced phosphorylation and tonically elevated efflux that may
contribute to the disease phenotype (Bowton et al., 2010, 2014).

Our findings show that DAT lateral membrane mobility is enhanced
by conditions promoting phosphorylation and reduced by conditions
promoting palmitoylation, with enhanced mobility consistent with
elevated phosphorylation found with AMPH treatment and in the A5S59V
variant. These results indicate that transporter membrane properties
represent crucial elements in physiological and pathophysiological
control of reuptake.
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2. Materials and methods
2.1. DNA constructs

Plasmids containing coding sequence for enhanced yellow fluores-
cent protein (EYFP)-tagged WT DATSs were generated by insertion of the
WT hDAT or rDAT coding sequence between the Kpnl and ECoR I
endonuclease cleavage sites in an EYFP-C1 (Clontech) vector. Plasmids
containing the coding sequence for EYFP-tagged DAT mutants were
generated by codon substitution in the EYFP-C1 vector containing WT
hDAT or rDAT sequences using the Stratagene QuikChange® Kit with
appropriate primers. HA-tagged human DHHC2 and DHHC11 coding
plasmids in pEF-BOS-HA vector were the generous gift of Dr. Masaki
Fukata (Fukata et al., 2004). The DHHAZ2 construct was generated from
the DHHC2 cDNA template by mutating Cys 156 to alanine using the
Stratagene QuikChange® Kit with appropriate primers (Bolland et al.,
2019). All codon substitutions were verified by sequencing (Eurofins
MWG).

2.2. Cell culture and transient transfection

Neuro 2a (N2a) mouse neuroblastoma or Lilly lab cell-porcine kidney
(LLCPK;) cells were transiently transfected with the indicated EYFP-
DAT vectors to express the corresponding DAT proteins. Cells were
grown in 12-well culture plates and transfected with 1.4 pg plasmid/
well using XtremeGene transfection reagent (Roche) in a 3:2 ratio. FRAP
experiments were performed using cells seeded on 1 mm glass coverslips
24-48 h post transfection. Cells were maintained in Dulbecco’s modified
eagle’s medium (DMEM) supplemented with 10% FBS and 1X peni-
cillin/streptomycin and incubated in a humidified chamber gassed with
5% CO4 at 37 °C. DAT expression level in transfected cells was verified
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed
by immunoblotting of cellular lysates against DAT specific antibodies as
previously described (Foster et al., 2012; Moritz et al., 2015) (not
shown) and by fluorescence confocal microscopy. Co-transfection of
rDAT with DHHC constructs was performed as described (Bolland et al.,
2019).

2.3. Confocal microscopy and fluorescence recovery after photobleaching
(FRAP)

FRAP analysis of EYFP-tagged WT or mutant r/hDATSs was performed
using a Zeiss 510 META laser scanning confocal microscope. For each
FRAP run, cells were excited at 514 nm with an argon laser (2% power)
through a 100X 1.45 NA oil immersion objective and imaged using a
530 nm long pass emission filter. A series of images was captured at ~4 s
intervals to establish a fluorescence intensity baseline for a 1.32 pm
diameter circular region of interest (ROI) corresponding to the size of
the bleach area on the cellular plasma membrane. The ROIs were then
photobleached at 514 nm with an argon laser (100% power). Following
photobleaching, a total of 100 images was captured for analysis of FRAP
using ImageJ software. After correction for photobleaching during
image capture, fluorescence recovery vs time for each cell was plotted
using GraphPad Prism software and subjected to nonlinear regression
analysis using an exponential recovery function (F(x) = A (1-exp (-tx))
+ c) where A + c is the normalized maximum intensity value at recov-
ery, 7 is a fitted parameter, x is the time after bleaching, and c is the
offset value. Ty, was determined by the equation Ty,2 = In 0.5/-t and
diffusion coefficients (D, pm?/s) were calculated using 0.244 r%/Ty
where r is the radius of the ROI and Tj/ is determined from the
nonlinear regression analysis of each recovery curve (Kang et al., 2012).
Experiments were performed three or more times with three or more
independent cells per experiment. Results are reported as mean +
standard error (S.E.), and statistical analyses were performed using
unpaired Student’s t-test or ANOVA with Fisher LSD or Tukey post-test
as indicated.
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Fig. 1. FRAP characteristics of DAT in N2a and LLCPK; cells. (A) N2a cells transiently transfected with EYFP-hDAT or (B) LLCPK; cells transiently transfected with
EYFP-rDAT were subjected to FRAP analysis. Sequences show representative confocal images of DAT in pre-bleach, bleach, and recovery conditions with circles
indicating the region of bleaching. Graphs show a representative recovery curve (means + S.E.) from independent experiments for each cell type.

2.4. Pharmacological treatments

For phosphorylation studies, cells were treated at 37 °C with vehicle
or 1 pM PMA for 30 min, or with vehicle or 10 pM AMPH for 20 min
prior to confocal imaging and FRAP analysis. For palmitoylation studies,
cells were treated at 37 °C with vehicle or 15 pM 2-bromopalmitate
(2BP) for 3 h prior to confocal imaging and FRAP analysis.

2.5. Materials
DMEM, G418 sulfate, 1X penicillin/streptomycin, and L-glutamine

were from Corning Cellgro (Manassas, VA, USA); FBS was from Atlanta
Biologicals (Atlanta, GA, USA); XtremeGene transfection reagent was

A.

w

from Roche (Indianapolis, IN, USA); AMPH and 2BP were from Sigma
Aldrich (St. Louis, MO, USA), PMA was from Calbiochem (San Diego,
CA, USA).

3. Results

Membrane mobility of human (h) and rat (r) DATs was examined
using FRAP analysis of EYFP-tagged WT and mutant forms expressed in
N2a or LLCPKj cells. Fig. 1A and B shows representative FRAP analyses
of EYFP-hDAT expressed in N2a cells and EYFP-rDAT expressed in
LLCPK; cells. In both cell lines DAT is predominantly expressed at the
plasma membrane with lower levels in internal vesicles, and the same
general distribution was seen with mutant forms, pharmacological
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Fig. 2. Phosphorylation conditions increase DAT lateral membrane mobility. N2a cells expressing WT hDAT (A-C) or WT rDAT (E-G) were treated with vehicle, PMA
(1 pM, 30 min), or AMPH (10 puM, 20 min) and subjected to FRAP analysis. Graphs show summary recovery curves (means + S.E.) for independent experiments for
each form. (D and H), Quantification of FRAP recovery times (T; /5, sec) for each condition (means + S.E. of 3 or more independent experiments using 3 or more
cells/experiment); *p < 0.05, **p < 0.01 indicated conditions vs. control (one-way ANOVA with Fisher’s LSD post test).



M. Shetty et al. Current Research in Physiology 6 (2023) 100106

>
w
O
O

100+

Pl B > Ll > LI ]

) 5] | ) > | %

: g 10 & 10 2. %
b % b § - 3 § ' 3 g ] T
NK NE g9l NE o » 607
0 ) | ) d x - 2
T 8 © 3 T o ]
Ec Ec sl Ec B = 40-
5a 58 58 o8 -

5} (5} o o 4
Z o Z D Z2 o0 £

[ [} 0.7 3 (]

5 07 5 5 07 [ 20+

S . WT hDAT 5 ! S7A hDAT S S53A hDAT i

o 06 L 06 TR 0-

“0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300 WT S7A S53A
Time (sec) Time (sec) Time (sec)

m
m
©

80
o Ll > *
g g g
8 8 > ~ 604
-3 - $ Sl
o & ® 2 o
N N O & »
o @ L— ] -
T3 s 8 o 404
s £Es 5. =
c 8 s 3 okt
Z8 <3 13 20-
<] s 07 T53A rDAT =
= =
i TP
e e e A 0 S0 100 150 200 250 300 0-
0 50 100 150 200 250 300 200 25 WT  T53A
Time (sec) Time (sec)

Fig. 3. Phosphorylation site mutations reduce DAT lateral membrane mobility. N2a cells expressing the indicated EYFP-hDAT forms (A-C) or EYFP-rDAT forms (E-F)
were subjected to FRAP analysis. Graphs show summary recovery curves (means + S.E.) for independent experiments for each form. (D and G), Quantification of
FRAP recovery times (T, sec) for each condition, (means =+ S.E. of 3 or more independent experiments, using 3 or more cells/experiment); *p < 0.05, **p < 0.01,
indicated DAT forms vs. WT (hDAT, one-way ANOVA with Fisher’s LSD post test; rDAT, Student’s t-test).
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Fig. 4. Pharmacological inhibition of palmitoylation increases DAT lateral membrane mobility. N2a cells expressing EYFP-hDAT (A-B) or EYFP-rDAT (D-E) were
treated with vehicle (A, D) or 2BP (15 pM, 3h) (B, E) and subjected to FRAP analysis. Graphs show summary recovery curves (means + S.E.) for independent ex-
periments for each condition. (C and F), Quantification of FRAP recovery times (T; 2, sec) for each condition, (means =+ S.E. for 3 or more independent experiments,
using 3 or more cells per experiment); *p < 0.05, **p < 0.01, 2BP vs. control (Student’s t-test).
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Fig. 5. Genetic inhibition of palmitoylation increases DAT lateral membrane mobility. N2a cells expressing the indicated EYFP-hDAT forms (A-B) or EYFP-rDAT
forms (D-E) were subjected to FRAP analysis. Graphs show summary recovery curves (means + S.E.) for independent experiments for each form. (C and F),
Quantification of FRAP recovery times (T2, sec) for each form (means =+ S.E. for 3 or more independent experiments, using 3 or more cells/experiment); **p < 0.01,
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treatments, or enzyme co-expression. The sequences show pre-bleach,
bleached, and recovery stages, with the circle indicating the bleached
region. Bleaching conditions were selected to reduce fluorescence to
~70% of the starting value. Representative FRAP recovery curves for
these DAT forms are shown under the images. Recovery of fluorescence
began within seconds and plateaued at ~90% of the starting value be-
tween ~100 and 150 s, indicating that DAT possesses significant lateral
membrane mobility.

The T, for recovery of WT transporters was highly consistent across
individual experiments, with hDAT values ranging from 38.7 + 4.6 to
45.4 + 4.2 s (mean = 40.4 + 3.4 s) and rDAT values ranging from 30.7
+ 3.6 to 41.3 & 4.1 s (mean = 40.7 + 4.1 s). The calculated diffusion
coefficients (D) for hDAT ranged from 2.9 + 0.3 to 3.8 £+ 0.6 x 1073
pm?/s (mean = 3.3 + 0.3 x 10~ ym?/s) and for rDAT ranged from 3.6
+ 0.4 to 4.7 + 0.5 x 1073 pm?/s (mean = 4.2 + 0.4 x 1072 pm?%/s).
These mobility values are similar to those reported utilizing FRAP for
YFP-hDAT expressed in N2a and HEK293 cells (Adkins et al., 2007), and
for DATs imaged with cocaine analog-conjugated fluorescent or quan-
tum dot tags in neurons, HEK 293 cells, and SK-N-MC cells (Eriksen
et al., 2009; Kovtun et al., 2019).

For the experimental conditions examined in Figs. 2-7 we show re-
sponses of hDAT and/or rDAT forms expressed in N2a cells. Each figure
shows a nonlinear regression curve for the indicated conditions fit to
summary recovery data for all cells examined, with each point repre-
senting the mean + S.E. of three independent experiments performed
using three or more cells per experiment. Histograms show means =+ S.E.
of Ty /2 values determined from individual cell recovery data. Tables 1
and 2 summarize the T, values, diffusion coefficients, and statistical
levels for each h/rDAT group from these experiments. Some studies

were also performed in LLCPK; cells, with the values from those ex-
periments presented in Table 3.

Fig. 2 shows the response of DAT membrane mobility to conditions
that enhance transporter phosphorylation. N2a cells expressing EYFP-
hDAT or EYFP-rDAT were treated with the PKC activator phorbol 12-
myristate, 13-acetate (PMA), or with AMPH, using conditions that are
well-characterized to stimulate phosphorylation of DAT N-terminal
residues (Cervinski and Vaughan, 2005; Challasivakanaka et al., 2017;
Foster et al., 2002; Huff et al., 1997). In hDAT cells treated with vehicle
(Fig. 2A), the Ty, for FRAP recovery was 42.2 + 4.6 s, but with PMA
treatment (Fig. 2B) the Ty, was reduced to 21.4 + 5.5 s (p < 0.01 vs
control) and with AMPH treatment (Fig. 2C) the T,, was 24.1 + 4.5 s (p
< 0.05 vs. control) (Fig. 2D), indicating enhanced mobility in phos-
phorylation conditions. For rDAT the results were similar, with T,
values of 40.7 + 4.9 s for vehicle (Figs. 2E), 17.6 + 2.5 s for PMA
(Fig. 2F) (p < 0.01 vs control), and 18.9 + 2.9 s for AMPH (Fig. 2G) (p <
0.01 vs control) (Fig. 2H).

In Fig. 3 we examined FRAP properties of h/rDAT phosphorylation-
null (S/T—A) mutants of Ser7, Ser53, and Thr53, sites which undergo
enhanced phosphorylation in response to PMA, AMPH, METH, or are
implicated in regulatory responses (Cervinski et al., 2005; Challasiva-
kanaka et al., 2017; Moritz et al., 2013, 2015; Thal et al., 2019). For WT
hDAT (Fig. 3A), the Ty, was 38.7 + 4.6 s, for S7A (Fig. 3B) the T, was
66.6 + 11.1 s (p < 0.01 vs WT control), and for S53A (Fig. 3C) the Ty,
was 53.9 + 6.0 s (p < 0.05 vs WT control) (Fig. 3D), indicating that
membrane mobility is reduced in transporters lacking phosphorylation
at these sites. Similarly, the Ty, for WT rDAT (Fig. 3E) was 38.2 + 5.4 s,
and for T53A (Fig. 3F) was 61.2 + 10.5 s (p < 0.05) (Fig. 3G). Together
these findings suggest that phosphorylation of N-terminal domain
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residues increases transporter lateral membrane mobility.
We then examined the role of DAT palmitoylation in membrane
mobility (Fig. 4). To assess effects of palmitoylation in the WT

transporter we treated cells with the DHHC inhibitor 2-bromopalmitate
(2BP), which suppresses the tonic level of DAT palmitoylation (Foster
and Vaughan, 2011). In hDAT control cells the FRAP T, was 41.6 - 4.9 s
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Table 1

Summary of EYFP-hDATmembrane characteristics for indicated experimental
groups in N2a cells. N indicates total number of individual cells analyzed for
each condition. Statistical tests refer to T,, and D values. *p < 0.05, **p < 0.01,
#wkp < 0,001, ***¥p < 0.0001.
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Table 3

Summary of EYFP-h/rDAT membrane characteristics for indicated experimental
groups in LLCPK; cells. N indicates total number of individual cells analyzed for
each condition. Statistical tests refer to T,, and D values. *p < 0.05, **p < 0.01,
#kp < 0,001, ****p < 0.0001.

DAT Type Ty /2 (sec) D(x10°3 pmz/ N Statistical
s) Tests
hDAT 42.2 + 4.6 3.3+0.4 21  ANOVA
hDAT + PMA 21.4 £ 5.5%* 7.7 £ 1.4%** 9 Fisher’s LSD
hDAT + AMPH 24.1 + 4.5* 6.1 +1.1* 10
hDAT 38.7 + 4.6 3.8+ 0.4 25 ANOVA
S7A hDAT 66.6 + 11.1** 2.5+ 0.3 19 Fisher’s LSD
S53A hDAT 53.9 + 6.0* 2.3 +0.3* 22
hDAT 41.6 + 4.9 3.8+ 0.6 20 Student’s t
hDAT +2BP 20.1 + 3.0%* 7.1 + 1.2%* 13
hDAT 45.4 + 4.2 29+0.3 30 Student’s t
C581A hDAT 6.9 + 0.9%*** 12
hDAT 40.4 + 3.4 3.3+03 48 ANOVA
A559V hDAT 24.7 £ 2.7*%* 5.6 + 0.5* 23 Fisher’s LSD
A559V hDAT + 16.8 £ 1.2** 6.2 + 0.6* 9
AMPH
Table 2

Summary of EYFP-rDAT membrane characteristics for indicated experimental
groups in N2a cells. N indicates total number of individual cells analyzed for
each condition. Statistical tests refer to Ty, and D values. *p < 0.05, **p < 0.01,
wxxp < 0.0001.

DAT Type Ty /2 (sec) D(x10°2 pmz/ N Statistical
s) Tests
rDAT 40.7 £ 4.9 3.6 + 0.4 21  ANOVA
rDAT + PMA 17.6 + 2.5%* 7.1 £ 1.0%** 13 Fisher LSD
rDAT + AMPH 18.9 + 2.9%* 6.9 + 0.9%* 10
rDAT 382+54 41+0.5 19 Student’s t
T53A rDAT 61.2 + 10.5* 2.5 + 0.4% 12
rDAT 40.4 £ 6.7 4.1+0.7 15  Student’st
rDAT + 2BP 14.7 + 2.0* 7.1 £1.1* 10
rDAT 40.4 + 4.8 4.3+0.5 36  Student’s t
C580A rDAT 20.7 £ 2.5%* 7.2 £ 1.0%* 18
rDAT 30.7 + 3.6 4.7 £ 0.5 31 ANOVA
rDAT + DHHC2 74.0 = 2.0 £ 0.3** 22 Tukey
10.2****
rDAT + DHHA2 425+ 7.5 3.3+0.5 20
rDAT + DHHC11 32.0 +£5.0 5.3+0.7 25
rDAT 41.3 +4.1 4.2 +0.4 48  ANOVA
A558V rDAT 21.8 £ 2.1%* 6.1 + 0.6%* 22 Tukey
A558V rDAT + 20.5 + 3.0* 7.1 £ 1.5%* 10
AMPH

(Fig. 4A), and in cells treated with 2BP the Ty, was 20.1 + 3.0 s (Fig. 4B)
(p < 0.01 vs control) (Fig. 4C), indicating that transporters with reduced
palmitoylation possess enhanced mobility. Similarly, the control T,
value for rDAT was 40.4 + 6.7 s (Fig. 4D) and for 2BP treatment was
14.7 + 2.0 s (Fig. 4E) (p < 0.05 vs control) (Fig. 4F). 2BP also signifi-
cantly increased the mobility of h/rDAT expressed in LLCPK; cells
(Table 3).

Further testing of reduced DAT palmitoylation was performed using
hDAT C581A and rDAT C580A forms, in which a major palmitoylation
site has been removed (Fig. 5). Here the T, for WT hDAT was 45.4 + 4.2
s (Fig. 5A) and for C581A DAT was 15.5 + 1.9 s (Fig. 5B) (p < 0.0001)
(Fig. C), indicating that transporters with elevated palmitoylatiion
possess increased mobility. rDAT showed a similar pattern, with the T,

DAT Type Ty /2 (sec) D (x 1073 pmz/s) N Statistical Tests
rDAT 48.4 + 4.8 2.4+0.2 21 ANOVA
A558V rDAT 19.7 £ 2.0%*** 6.3 &+ 0.7%*** 18 Tukey

rDAT + 2BP 32.3 + 3.9% 4.4 +£0.7* 14

hDAT 50.1 + 4.7 2.4 +0.2 21 ANOVA
A559V hDAT 25.9 £ 2.7%** 6.3 £ 0.7%*** 19 Tukey

hDAT + 2BP 29.1 £ 4.7** 4.4 +0.7* 14

for the WT form being 40.4 + 4.8 s (Fig. 5D) and the C580A form being
20.7 + 2.5 s (Fig. 5E) (p < 0.01 vs WT control) (Fig. 5F).

In Fig. 6 we examined responses to enhanced DAT palmitoylation.
Here we utilized co-expression of rDAT with the palmitoyl acyl-
transferase DHHC2, which elevates transporter palmitoylation (Bolland
et al., 2019). For WT rDAT cells co-transfected with empty vector
(Fig. 6A) the FRAP T,, was 30.7 + 3.6 s and with DHHC2 co-transfection
(Fig. 6B) the Ty, was 74.0 + 10.2 s (p < 0.0001 vs control) (Fig. 6E),
indicating reduced membrane mobility. In control experiments per-
formed in parallel we co-transfected rDAT with the enzymatically
inactive DHHA2 mutant or with DHHC11, which do not affect DAT
palmitoylation (Bolland et al., 2019). The recovery Ty, was 42.5 +7.5s
for DHHA2 (Figs. 6C) and 32.0 + 5.0 s for DHHC11 (Fig. 6D), values that
are not different from control (p > 0.05) but are significantly different
from DHHC2 (DHHA2, p < 0.05; DHHCI11, p < 0.001) (Fig. 6E).
Together these findings are consistent with palmitoylation functioning
to reduce DAT membrane mobility.

In Fig. 7 we examined the properties of A559V hDAT and the rDAT
homolog A558V in the absence and presence of AMPH. For hDAT
(Fig. 7A) the recovery Ty, for the WT form was 40.4 + 3.4 s and for
A559V the T, was 24.7 + 2.7 s (p < 0.01 vs control) (Fig. 7B), indicating
enhanced mobility. When hDAT A559V cells were treated with AMPH
(Fig. 7C) the T\, was 16.8 + 1.2 s, which is statistically different from WT
(p < 0.01) but not from A559V (p > 0.05) (Fig. 7D), demonstrating that
the endogenously enhanced mobility of this form is not further impacted
by the drug. Similar results were obtained for rDAT, with Ty, values of
41.3 + 4.1 s for WT DAT (Figs. 7E), 21.8 & 2.1 s for A558V (Fig. 7F) (p
< 0.01 vs WT), and 20.5 + 3.0 s for A558V plus AMPH (Fig. 7G) (p <
0.05 vs WT; p > 0.05 vs A558V) (Fig. 7H). Endogenously enhanced
mobility of A559/558V forms was also seen in LLCPK; cells (Table 3).

4. Discussion

These findings demonstrate that the membrane mobilities of rat and
human DAT are regulated in a bidirectional manner, with diffusion
increased by conditions that enhance phosphorylation or reduce pal-
mitoylation (PKC, AMPH, A559V, 2BP, C580/581A) and reduced by
conditions that enhance palmitoylation or reduce phosphorylation
(DHHC2, S7A, S/T53A). This confirms and extends previous reports that
showed PKC and AMPH enhancement of hDAT membrane mobility
(Kovtun et al., 2019; Thal et al., 2019) and enhanced, PKC-insensitive
mobility of A559V DAT that correlated with phosphorylation site mu-
tations (Thal et al., 2019). Together these findings indicate that tonic
membrane mobility derives from a balance between post-translational
states that are under acute control by multiple presynaptic pathways.

These mobility properties can be incorporated into the model shown
in Fig. 8, which summarizes the distribution of DAT between pop-
ulations exhibiting high phosphorylation—low palmitoylation or low
phosphorylation—high palmitoylation. We previously demonstrated this
reciprocal pattern with respect to PKC domain/Ser7 phosphorylation
and Cys580 palmitoylation and the regulatory outcomes associated with
each condition (Moritz et al., 2015). Superimposition of FRAP findings
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Fig. 8. Regulation of DAT membrane mobility by PKC domain phosphorylation and Cys580 palmitoylation. Model shows DAT populations enriched for high PKC
domain phosphorylation—low Cys580 palmitoylation (left) or low PKC domain phosphorylation—high Cys580 palmitoylation (right), driven by the indicated PKC,
DHHC, AMPH, and mutagenesis conditions. The diagram indicates the relationship between indicated conditions and mobility properties determined in this study,

and uptake and efflux outcomes determined in previous studies.

with these populations indicates an inverse correlation between mem-
brane mobility and transport activity, with increased mobility corre-
lating with PKC domain phosphorylation and reduced transport, and
decreased mobility correlating with Cys580 palmitoylation and
increased transport (Fig. 8). These correlations do not include Thr53, as
its mechanistic relationships, if any, to the other modifications are not
known, and its regulation is associated with a distinct constellation of
functions. The site undergoes enhanced phosphorylation by PKC and
AMPH and phosphorylation-null forms show decreased mobility similar
to the PKC domain responses, but when under the control of MAPK
signaling the site functions to increase transport activity (Bolan et al.,
2007; Foster et al., 2012; Gowrishankar et al., 2018; Mayer et al., 2023).
The different responses of the modification sites thus support a speci-
ficity to mobility properties, possibly involving direction of DAT to
distinct regulome or enzyme complexes.

The post-translational targets that mediate these mobility and func-
tional outcomes could include both DAT and its regulatory partners, as
enzyme and mutagenesis findings strongly support outcomes resulting
directly from DAT modification, but the global pharmacological treat-
ments likely induce impacts on binding partner modifications as well.
Proteomic and lipidomic studies have identified a large number of
cellular constiuents that interact with DAT (Maiya et al., 2007; Torres,
2006). Some of the more well-characterized regulatory partners include
syntaxin 1A (Carvelli et al., 2008; Cervinski et al., 2010), flotillin 1
(Cremona et al., 2011; Sorkina et al., 2013), a-synuclein (Butler et al.,
2015), endocytotic machinery (Fagan et al., 2020; Torres et al., 2001),
and receptors and G-proteins (Garcia-Olivares et al., 2017; Lee et al.,
2007; Thompson et al., 2000), all of which are subject to extensive
post-translational control that could play roles in these mechanisms.

Considerable evidence now supports that direct phosphorylation of
DAT at Ser7, Thr53, and other PKC domain residues drives kinetic
control of reuptake via impacts on transporter conformational equilib-
rium, transport V., and tonic and AMPH-stimulated efflux (Bowton
et al., 2010; Foster et al., 2012; Khoshbouei et al., 2004; Moritz et al.,
2013, 2015). The contributions of binding partner modifications in these
events has been less well-studied, but phosphorylation of flotillin 1 and
syntaxin 1A impact or are implicated in PKC-stimulated efflux and DAT
endocytosis (Cremona et al., 2011; Shekar et al., 2023). The interactome
may also indirectly influence transporter phosphorylation mechanisms
through enzyme recruitment or modification site accessibility, as syn-
taxin 1A, which binds to the transporter N-terminus (Lee et al., 2004),

stabilizes tonic DAT phosphorylation in the absence of exogenous kinase
or phosphatase treatments (Cervinski et al., 2010).

Less is known about the role of palmitoylation in these events, but
many transporter partners including syntaxins, flotillins, receptors, and
G-proteins are also palmitoylated (Kwiatkowska et al., 2020; Patward-
han et al., 2021), raising the possibility that enhanced hydrophobicity or
structural impacts could drive binding interactions that reduce mem-
brane mobility. Consistent with this idea, a recent modeling study shows
that DAT dimerization, which is implicated in enhancement of transport
(Cheng et al., 2017; Gur et al., 2017), is increased by Cys580 palmi-
toylation (Zeppelin et al., 2018), providing a possible mechanism for our
findings of palmitoylation-induced transport upregulation (Bolland
et al., 2019).

Links between membrane partitioning and DAT regulation have been
found in other studies (Adkins et al., 2007; Eriksen et al., 2009; Kovtun
etal., 2019; Thal et al., 2019), but the relationships between the various
findings remain unclear. A significant fraction of DAT is partitioned into
cholesterol-rich membrane rafts that represent sites for PKC-stimulated
phosphorylation and by extension down-regulation and efflux. Howev-
er, movement between raft and nonraft domains was not seen with PKC
activation (Foster et al.,, 2008), and the relationship between
cholesterol-based rafts and regulated FRAP mobility is not known.
Transporters have also been shown by superresolution microscopy to
undergo clustering into phosphatidyl inositol bisphosphate-enriched
nanonanodomains, with movement between clustered and unclustered
populations induced by various DAT regulatory signals including
cholesterol, Ca2+, and D2 DA receptors (Lycas et al., 2022; Rahbek--
Clemmensen et al., 2017). Here cocaine analog binding indicated that
clustered transporters reside in inwardly-facing conformations pre-
dicted to possess reduced transport kinetics and unclustered transporters
reside in outwardly-facing conformations predicted to possess enhanced
transport kinetics, but the relationship between these transporter pop-
ulations and other microdomain or modification states is not known.

Membrane properties are thus closely intertwined with DAT function
and regulation, and may be relevant to DA pathologies, as AMPH and the
A559V variant induce enhanced lateral mobility that may contribute to
dysregulated uptake. While the conditions examined in the present
study were focused on acute regulatory conditions, these properties may
also pertain to longer-term functionalities, as membrane mobility drives
the transporter subcellular destination in neurons (Bagalkot et al.,
2021), and PKC and palmitoylation mediate longer-term regulation of
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total DAT levels that establish overall reuptake and signaling capacity
via control of transporter entry into the degradation pathway (Bolland
et al., 2019; Miranda et al., 2005).
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