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Serine 129 phosphorylation of membrane-
associated α-synuclein modulates dopamine 
transporter function in a G protein–coupled 
receptor kinase–dependent manner
Susumu Hara, Shigeki Arawaka, Hiroyasu Sato, Youhei Machiya, Can Cui, Asuka Sasaki, 
Shingo Koyama, and Takeo Kato
Department of Neurology, Hematology, Metabolism, Endocrinology and Diabetology, Yamagata University Faculty of 
Medicine. 2-2-2 Iida-nishi, Yamagata 990-9585, Japan

ABSTRACT  Most α-synuclein (α-syn) deposited in Lewy bodies, the pathological hallmark of 
Parkinson disease (PD), is phosphorylated at Ser-129. However, the physiological and patho-
logical roles of this modification are unclear. Here we investigate the effects of Ser-129 
phosphorylation on dopamine (DA) uptake in dopaminergic SH-SY5Y cells expressing α-syn. 
Subcellular fractionation of small interfering RNA (siRNA)–treated cells shows that G protein–
coupled receptor kinase 3 (GRK3), GRK5, GRK6, and casein kinase 2 (CK2) contribute to Ser-
129 phosphorylation of membrane-associated α-syn, whereas cytosolic α-syn is phosphory-
lated exclusively by CK2. Expression of wild-type α-syn increases DA uptake, and this effect 
is diminished by introducing the S129A mutation into α-syn. However, wild-type and S129A 
α-syn equally increase the cell surface expression of dopamine transporter (DAT) in SH-SY5Y 
cells and nonneuronal HEK293 cells. In addition, siRNA-mediated knockdown of GRK5 or 
GRK6 significantly attenuates DA uptake without altering DAT cell surface expression, where-
as knockdown of CK2 has no effect on uptake. Taken together, our results demonstrate that 
membrane-associated α-syn enhances DA uptake capacity of DAT by GRKs-mediated Ser-129 
phosphorylation, suggesting that α-syn modulates intracellular DA levels with no functional 
redundancy in Ser-129 phosphorylation between GRKs and CK2.

INTRODUCTION
Parkinson disease (PD) is the most common movement disorder. 
The pathological hallmarks of PD are loss of dopaminergic neurons 
in the substantia nigra pars compacta and the appearance of fibrillar 

aggregates of α-synuclein (α-syn), called Lewy bodies (LBs) and 
Lewy neurites, in surviving nigral neurons (Spillantini et  al., 1997; 
Eriksen et  al., 2003; Lee and Trojanowski, 2006). Three different 
point mutations in the SNCA gene, which encodes α-syn, cause rare 
autosomal dominantly inherited forms of PD (Polymeropoulos et al., 
1997; Kruger et  al., 1998; Zarranz et  al., 2004). Multiplication of 
SNCA is also associated with familial PD, indicating that increased 
expression per se can lead to dopaminergic neurodegeneration 
(Singleton et al., 2003). Accumulating evidence indicates that prefi-
brillar intermediates, such as soluble oligomers and protofibrils, are 
highly toxic to neurons, whereas mature fibrils are less toxic (Volles 
et al., 2001; Xu et al., 2002; Sharon et al., 2003; Chen et al., 2009). 
However, the mechanisms of α-syn neurotoxicity are unclear. Fur-
thermore, it is unknown how this widely distributed protein prefer-
entially damages dopaminergic neurons. Direct measurement of 
cytosolic dopamine (DA) levels in l-3,4-dihydroxyphenylalanine–
treated primary dopaminergic neuronal cultures provided important 
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(Figure 1B). GRK2 knockdown did not alter the phosphorylation level 
(11 ± 34% increase, p = 0.548, n = 5; Figure 1B).

We next examined the effects of siRNA-mediated knockdowns 
of the catalytic α subunits (α and α′) of CK2 on Ser-129 phosphoryla-
tion of α-syn. Knockdowns of CK2 α and α′ subunits suppressed 
endogenous expression by ∼60 and ∼90%, respectively (Figure 1C). 
CK2 α′ subunit knockdown significantly decreased the level of Ser-
129–phosphorylated α-syn (30 ± 24% decrease, p = 0.042, n = 4). 
Although CK2 α subunit knockdown increased the level of Ser-129–
phosphorylated α-syn, this effect was not statistically significant 
(41 ± 61% increase, p = 0.226, n = 5; Figure 1D).

Subcellular distribution of GRKs, CK2, and α-syn 
in SH-SY5Y cells
We examined the subcellular distribution of GRKs, CK2, and α-syn 
in SH-SY5Y cells. Although α-syn is principally a cytosolic protein, a 
portion of it is known to be reversibly associated with membrane 
components (Davidson et  al., 1998; McLean et  al., 2000; Perrin 
et al., 2000). In addition, GRK2 and GRK3 rapidly translocate from 
the cytoplasm to the plasma membrane in response to G protein–
coupled receptor (GPCR) activation (Boekhoff et al., 1994; Premont 
et al., 1995). To minimize artificial dissociation of membrane-associ-
ated proteins from membrane components during homogenization, 
we treated the living cells with a membrane-permeable and thiol-
cleavable cross-linker, dithiobis(succinimidyl propionate) (DSP; 
spacer arm length 12 Å) before subcellular fractionation. To qualita-
tively evaluate this fractionation technique, we examined the distri-
bution of transmembrane and cytosolic proteins. Type I transmem-
brane proteins amyloid precursor protein and nicastrin (NCT) were 
exclusively recovered in the membrane fractions, whereas a cytoso-
lic protein, Cu/Zn superoxide dismutase, was primarily recovered in 
the cytosolic fractions (Figure 2A). DSP treatment did not alter the 
distribution of these proteins (Figure 2A). To further assess whether 
DSP treatment influences fractionation, we examined the subcellu-
lar distribution of mutant α-syn, which lacks amino acids 20–60 for 
lipid binding (Δ20–60 α-syn), in cells transiently transfected with the 
mutant cDNA (Perrin et al., 2000; Karube et al., 2008). This deletion 
mutant was abundant in the cytosolic fractions, and its subcellular 
distribution was unaffected by DSP treatment, indicating that DSP 
did not cross-link non–membrane-associated proteins with mem-
brane components (Figure 2B). Taken together, these results sug-
gested that this fractionation technique was able to separate inte-
gral membrane and cytosolic proteins.

When we examined the cell line stably expressing wild-type α-
syn (wt-aS/SH), GRKs including GRK3, GRK5, and GRK6 were more 
abundant in the membrane fractions than in the cytosolic fractions 
in the presence of DSP (Figure 2C). GRK5 and GRK6 were predomi-
nant in the membrane fractions, irrespective of DSP treatment, 
whereas DSP treatment significantly increased the amounts of GRK3 
recovered in the membrane fractions from 29.5 ± 11.2 to 69.8 ± 
10.8% (p = 0.002, n = 4). GRK2 was distributed nearly equally in the 
cytosolic and membrane fractions in the presence of DSP. CK2 con-
taining α′ subunit was slightly abundant in the cytosolic fractions, 
even in the presence of DSP (Figure 2C). CK2 containing α subunit 
was distributed almost equally in the cytosolic and membrane frac-
tions in the presence of DSP. α-Syn was abundantly present in the 
cytosolic fractions, irrespective of DSP treatment (Figure 2C). How-
ever, DSP treatment significantly increased the amounts of α-syn in 
the membrane fractions from 12.3 ± 4.6 to 29.5 ± 9.5% (p = 0.017, 
n = 4). In addition, DSP treatment significantly increased the propor-
tion of Ser-129–phosphorylated α-syn in the membrane fractions 
from 15.4 ± 7.0 to 24.9 ± 2.4% (p = 0.042, n = 4; Figure 2C). When 

insights into the problem by showing that elevation of cytosolic 
DA levels was required to evoke selective death of dopaminergic 
neurons and that toxity of cytosolic DA depended on the presence 
of a-syn (Mosharov et al., 2009). The data suggest that the patho-
genic effects of α-syn are downstream of DA synthesis. In support of 
the data, earlier studies showed that DA stabilized α-syn as the form 
of toxic protofibrils (Conway et al., 2001), and DA-modified α-syn 
inhibited chaperone-mediated autophagy (Martinez-Vicente et al., 
2008). The increase in cytosolic DA levels and subsequent interac-
tion of cytosolic DA with α-syn seem to play a key role in preferential 
degeneration of dopaminergic neurons in PD.

Approximately 90% of α-syn deposited in LBs is phosphorylated 
at Ser-129 (Fujiwara et al., 2002; Anderson et al., 2006). In contrast, 
only 4% or less of total α-syn is phosphorylated at this residue in 
normal brain (Fujiwara et al., 2002; Anderson et al., 2006). This sug-
gests that levels of Ser-129–phosphorylated α-syn are tightly regu-
lated by kinases, phosphatases, and degradation pathways (Machiya 
et al., 2010) and that accumulation of Ser-129–phosphorylated α-
syn above a certain threshold leads to the formation of LBs and 
dopaminergic neurodegeneration (Fujiwara et  al., 2002). Indeed, 
coexpression of α-syn and a Drosophila homologue of G protein–
coupled receptor kinase 2 (Gprk2) in a Drosophila model of PD 
yielded Ser-129–phosphorylated α-syn and enhanced α-syn toxicity 
(Chen and Feany, 2005). In addition, in a rat recombinant adeno-
associated virus (AAV)–based model, coexpression of A53T α-syn 
and human G protein–coupled receptor kinase 6 (GRK6) acceler-
ated α-syn–induced degeneration of dopaminergic neurons (Sato 
et al., 2011). However, the role of increased Ser-129 phosphoryla-
tion in dopaminergic neurodegeneration in PD is unknown. In this 
study, we investigate the effects of Ser-129 phosphorylation on DA 
uptake in human dopaminergic SH-SY5Y cells. We report that GRKs-
mediated phosphorylation of membrane-associated α-syn increases 
DA uptake without enhancing cell surface expression of dopamine 
transporter (DAT).

RESULTS
Contribution of endogenous GRKs and casein kinase 2 
to Ser-129 phosphorylation of α-syn in SH-SY5Y cells
Multiple kinases, including GRK2, GRK3, GRK5, GRK6 (Pronin et al., 
2000; Sakamoto et al., 2009), casein kinase 1 (CK1), CK2 (Okochi 
et al., 2000), Polo-like kinase 2 (PLK2), and PLK3 (Inglis et al., 2009; 
Mbefo et al., 2010) phosphorylate α-syn at Ser-129 in vitro. In this 
study, we focused on the roles of GRKs and CK2 on Ser-129 phos-
phorylation of α-syn in human dopaminergic SH-SY5Y cells. We did 
not examine CK1 or PLKs because the multiple CK1 isoforms made 
it difficult to assess their effects and commercial antibodies that rec-
ognize endogenous PLK proteins were unavailable. We examined 
the effects of kinases on Ser-129 phosphorylation of α-syn by using 
a cell line stably expressing wild-type α-syn (wt-aS/SH) because 
expression of endogenous α-syn was not high enough to allow 
detection of the Ser-129–phosphorylated form by Western blotting 
(see discussion of Figure 4C; Machiya et al., 2010).

We first investigated the contribution of endogenous GRKs to 
Ser-129 phosphorylation of α-syn in wt-aS/SH cells using small inter-
fering RNA (siRNA)–mediated knockdown. Knockdowns of GRK2 
and GRK6 suppressed endogenous expression by ∼50% compared 
with control siRNA (Figure 1A). Knockdowns of GRK3 and GRK5 sup-
pressed endogenous expression by ∼70% (Figure 1A). The siRNAs 
did not alter the expression of nontarget GRKs. Knockdowns of 
GRK3, GRK5, and GRK6 significantly decreased levels of Ser-129–
phosphorylated α-syn by 34 ± 14% (mean ± SD, p = 0.015, n = 4), 27 ± 
14% (p = 0.028, n = 5), and 19 ± 11% (p = 0.048, n = 5), respectively 
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we compared the subcellular distribution of 
wild-type α-syn between Figure 2B and 
Figure 2C, DSP treatment yielded larger 
amounts of membrane-associated α-syn in 
transiently transfected cells than in the sta-
ble cell line. Because DSP treatment was 
performed in the same conditions, these 
findings suggested that the subcellular dis-
tribution of α-syn was affected by the gene 
expression system in cells. To assess whether 
target proteins were excessively cross-linked 
in the membrane fractions during DSP treat-
ment at 37°C, we investigated their subcel-
lular distribution by DSP treatment at 4°C. 
The amounts of GRK2, GRK3, GRK6, total 
α-syn, and phosphorylated α-syn in the 
membrane fractions significantly increased, 
whereas the subcellular distribution of GRK5 
and CK2 α′ subunit was not altered by DSP 
(Supplemental Figure S1). There was no ob-
vious difference in the effects of DSP on the 
subcellular distribution of these proteins be-
tween 4 and 37°C incubations.

GRKs and CK2-mediated Ser-129 
phosphorylation of cytosolic and 
membrane-associated α-syn
To identify the cellular compartments where 
α-syn undergoes Ser-129 phosphorylation 
by GRKs and CK2, we performed subcellu-
lar fractionation of cells transfected with 
siRNAs against individual GRKs or CK2. 
The cells were treated with DSP, immedi-
ately followed by the fractionation. Data 
were compared with those for control siRNA. 
Knockdowns of GRK3, GRK5, and GRK6 sig-
nificantly decreased the amount of Ser-129–
phosphorylated α-syn in the membrane 

FIGURE 1:  The contribution of endogenous GRKs and CK2 to Ser-129 phosphorylation of α-syn 
in SH-SY5Y cells stably expressing wild-type α-syn (wt-aS/SH). Cell lysates (20 μg/lane) were 
analyzed by Western blotting (WB) with the indicated antibodies. For loading control, the same 
amounts of samples were blotted with β-actin antibody. (A) The levels of GRKs in the cells 
transfected with siRNAs against individual GRKs. The graphs show the target/β-actin ratios in 
GRK siRNAs relative to control siRNA. (B) Effects of siRNA-mediated knockdowns of GRKs on 
Ser-129 phosphorylation of α-syn. Cell lysates were loaded along with recombinant α-syn 

proteins and Ser-129–phosphorylated α-syn 
proteins for standards. Bands of total α-syn, 
including phosphorylated and 
nonphosphorylated forms, were detected by 
Syn-1 antibody. Relative band intensities of 
Ser-129–phosphorylated α-syn and total 
α-syn were corrected by plotting them on the 
standard curves and then normalized to the 
intensities of β-actin. The graph shows the 
Ser-129–phosphorylated α-syn/total α-syn 
ratios in GRK siRNAs relative to control 
siRNA. (C) The levels of CK2 in the cells 
transfected with siRNAs against individual 
CK2 α-subunits. The graphs show the 
target/β-actin ratios in CK2 siRNAs relative to 
control siRNA. (D) Effects of siRNA-mediated 
knockdowns of CK2 α-subunits on Ser-129 
phosphorylation of α-syn. The graph shows 
the Ser-129–phosphorylated α-syn/total 
α-syn ratios in CK2 siRNAs relative to control 
siRNA. Data represent means ± SD, and 
p values were estimated by unpaired 
Student’s t test (*p < 0.05).
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fractions by 30 ± 17% (p = 0.017, n = 5), 43 ± 
36% (p = 0.031, n = 5), and 30 ± 19% (p = 
0.026, n = 5), respectively (Figure 3A). How-
ever, knockdowns of these kinases did not 
alter the amounts of Ser-129–phosphory-
lated α-syn in the cytosolic fractions (Figure 
3A). In contrast, GRK2 knockdown increased 
the amounts of Ser-129–phosphorylated α-
syn in the cytosolic fractions (31 ± 23% in-
crease, p = 0.037, n = 5). CK2 α′ subunit 
knockdown significantly decreased the 
amounts of Ser-129–phosphorylated α-syn 
in both the cytosolic (46 ± 28% decrease, p 
= 0.021, n = 5) and membrane fractions (57 
± 37% decrease, p = 0.027, n = 5; Figure 3B). 
In contrast, CK2 α subunit knockdown sig-
nificantly increased the amounts of Ser-129–
phosphorylated α-syn in the membrane 
fractions (135 ± 85% increase, p = 0.024, n = 
5; Figure 3B). These results demonstrated 
that GRK3, GRK5, and GRK6 contributed to 
the phosphorylation of membrane-associ-
ated α-syn, whereas CK2 containing α′ sub-
unit contributed to the phosphorylation of 
both cytosolic and membrane-associated α-
syn. These results also raised the possibility 
that GRK2 and CK2 containing α subunit in-
hibited the phosphorylation of cytosolic and 
membrane-associated α-syn, respectively.

Effects of Ser-129 phosphorylation of 
α-syn on DA uptake
α-Syn has been reported to bind to the 
C-terminus of DAT, and overexpression of 
α-syn increases DA uptake by enhancing 
the cell surface expression of the transporter 
(Lee et al., 2001). To test whether Ser-129 
phosphorylation affects α-syn function, we 
investigated the effects of Ser-129–phos-
phorylated α-syn on DA uptake through en-
dogenous DAT. In wt-aS/SH cells, treatment 
with DA reuptake inhibitors GBR12909 and 
nomifensine effectively decreased DA up-
take by 85.2 ± 2.0 and 80.4 ± 1.7%, respec-
tively (Figure 4A). When we analyzed 
DA uptake kinetics in wt-aS/SH cells, Vmax 
for DA uptake was increased 3.9-fold com-
pared with parental cells (p < 0.001, n = 3; 

FIGURE 2:  Subcellular distribution of GRKs, CK2, and α-syn proteins in SH-SY5Y cells. Cells 
were treated with or without 1 mM DSP at 37°C for 30 min, followed by separation into the 
cytosol and membrane fractions by ultracentrifugation. Equal aliquots of the cytosol and 
membrane fractions were loaded on SDS–PAGE along with total RIPA lysates (20 μg/lane) and 
analyzed by WB. (A) Subcellular distribution of Cu/Zn superoxide dismutase (SOD1), amyloid 
precursor protein (APP), and nicastrin (NCT). Samples were analyzed by WB with each antibody. 
(B) Effect of chemical cross-linking by DSP on subcellular fractionation of α-syn. Cells transiently 
transfected with wild-type or deletion mutant α-syn (Δ20–60 α-syn) cDNA were analyzed by WB 

with Syn-1 antibody. SOD1, APP, and NCT 
were used as fractionation markers. 
(C) Subcellular distribution of GRKs, CK2, 
and α-syn proteins. Wt-aS/SH cells were 
analyzed by WB with the indicated 
antibodies. Representative blots are shown. 
In the graphs of A–C, subcellular localizations 
are expressed as percentages of the levels in 
the membrane fractions to the total levels in 
the cytosol and membrane fractions. Data 
represent means ± SD, and p values were 
estimated by unpaired Student’s t test 
(*p < 0.05).
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than in parental (p = 0.049, n = 3) or S129A-
aS/SH (p = 0.004, n = 3; Figure 4B) cells. 
To further clarify the effects of Ser-129–
phosphorylated α-syn on DA uptake, we 
assessed DA uptake kinetics in cell lines 
coexpressing DAT and α-syn (aS+DAT/SH 
cells). Vmax for DA uptake in wt-aS+DAT/SH 
cells was significantly higher than in S129A-
aS+DAT/SH cells (p = 0.003, n = 3; Figure 
4D). Vmax in control GFP+DAT/SH cells was 
the lowest among the cell lines (p < 0.001, 
n = 3). Km for DA uptake in wt-aS+DAT/SH 
cells was higher than in S129A-aS+DAT/SH 
or GFP+DAT/SH cells, although the differ-
ences were not statistically significant 
(Figure 4D). These findings indicated that 
the enhanced DA uptake in wt-aS/SH and 
wt-aS+DAT/SH cells was not due to higher 
affinity of DAT for DA.

We next investigated the cell surface ex-
pression of DAT. The cell surface expression 
of endogenous DAT in wt-aS/SH cells 
was measured by binding of a 3H-labeled 
DAT-specific ligand, 2β-carbomethoxy-3β-
(4-fluorophenyl)tropane (CFT), because en-
dogenous DAT in SH-SY5Y cells was unde-
tectable by Western blotting. The cell 
surface expression of endogenous DAT in 
wt-aS/SH cells (341 ± 18 fmol/mg protein, 
n = 3) was ∼1.7-fold higher than in parental 
cells (204.3 ± 12.9 fmol/mg protein, n = 3; 
p < 0.001; Figure 5A). However, the increase 
in wt-aS/SH cells was similar to that 
observed in S129A-aS/SH cells (356 ± 
36.4 fmol/mg protein, n = 3; Figure 5A). 
Next we assessed the cell surface expres-
sion of exogenous DAT in wt-aS+DAT/SH 
cells by surface biotinylation. The cell sur-
face expression of DAT in cells coexpressing 
the transporter and wild-type α-syn was 
∼1.5-fold higher than in cells coexpressing 
the transporter and green fluorescent pro-
tein (GFP; p < 0.001, n = 3; Figure 5B). How-
ever, the increase in DAT expression in cells 
coexpressing wild-type α-syn was similar to 
that observed in cells coexpressing S129A 
α-syn (1.51 ± 0.13–fold increase compared 
with cells coexpressing GFP, n = 3; Figure 
5B). The glycosylated, mature form of NCT 
was found exclusively in avidin-precipitated 
complexes, suggesting that extracellular re-
gions of membrane proteins were selec-
tively biotinylated (Arawaka et al., 2002).

To assess whether α-syn elevates DAT 
cell surface expression in nonneuronal cells, 

we examined the effects of α-syn expression in human embryonic 
kidney 293 (HEK293) cells stably expressing DAT (DAT/HEK). DAT/
HEK cells were transiently transfected with wild-type α-syn, S129A 
α-syn, or GFP. DAT cell surface expression in cells expressing wild-
type α-syn was ∼1.3-fold higher than in cells expressing GFP (p = 
0.016, n = 4; Figure 5C). The magnitude of the increase was compa-
rable with that in cells expressing S129A α-syn (1.37 ± 0.13–fold 

Figure 4B). Vmax was also 1.8-fold higher than that in S129A-aS/SH 
cells, which stably expressed the phosphorylation-incompetent 
S129A α-syn mutant (p < 0.001, n = 3; Figure 4B). The expression 
levels of α-syn proteins in these stable cell lines were comparable 
(the intensity of the α-syn/β-actin ratio in wt-aS/SH cells relative to 
S129A-aS/SH cells was 1.05; Figure 4C). Km values for DA uptake 
showed that the affinity of DAT for DA in wt-aS/SH cells was lower 

FIGURE 3:  The contribution of endogenous GRKs and CK2 to Ser-129 phosphorylation of 
cytosolic and membrane-associated α-syn in SH-SY5Y cells. Wt-aS/SH cells were transfected 
with siRNAs against individual GRKs or CK2 α-subunits. The cells were treated with DSP, 
followed by subcellular fractionation. Equal aliquots of the cytosol and membrane fractions were 
loaded on SDS–PAGE and analyzed by WB with the indicated antibodies. Effects of siRNA-
mediated knockdowns of GRKs (A) and CK2 α-subunits (B) on the phosphorylation are shown. 
SOD1, APP, and NCT are used as fractionation markers. Relative band intensities of Ser-129–
phosphorylated α-syn and total α-syn were normalized to those of β-actin. All graphs show the 
Ser-129–phosphorylated α-syn/total α-syn ratios in target siRNAs relative to control siRNA. Data 
represent means ± SD, and p values were estimated by unpaired Student’s t test (*p < 0.05).
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increase compared with cells expressing 
GFP, n = 4; Figure 5C).

Differential effects of GRKs and 
CK2-mediated Ser-129 
phosphorylation of α-syn on 
DA uptake
To elucidate the effect of Ser-129 phospho-
rylation of α-syn on DA uptake, we exam-
ined the DA uptake kinetics in wt-aS/SH 
cells transfected with siRNA against GRK5, 
GRK6, or CK2 α′ subunit. Data were com-
pared with those for control siRNA. Vmax for 
DA uptake in cells transfected with GRK6 
siRNA was significantly decreased by ∼38% 
(p < 0.001, n = 3; Figure 6, A and C). GRK5 
knockdown also decreased DA uptake but 
to a lesser extent (∼12% decrease, p = 0.007, 
n = 3; Figure 6, A and C). There was no sig-
nificant change in Km values for DA uptake 
among the GRK5, GRK6, and control siRNA-
mediated knockdowns (Figure 6, B and C). 
CK2 α′ subunit knockdown did not alter 
Vmax and Km values for DA uptake (Figure 6, 
A–C). In addition, the GRK5 and GRK6 
knockdowns did not affect cell surface ex-
pression of DAT in wt-aS/SH cells, as mea-
sured with the [3H]CFT binding assay (Figure 
6D). Because knockdown of GRK5 or GRK6 
did not reduce the expression levels of total 
α-syn, as shown in Figure 1B, these findings 
suggested that knockdown of GRK5 or 
GRK6 modulated DA uptake through Ser-
129 phosphorylation of α-syn without 
changing cell surface expression of DAT. To 
further assess whether knockdowns of GRKs 
attenuate DA uptake through α-syn, we in-
vestigated uptake in S129A-aS/SH cells 
transfected with siRNA against GRK6. West-
ern blotting data showed that GRK6 siRNA 
reduced the expression levels of endoge-
nous GRK6, whereas total α-syn (S129A α-
syn) levels were comparable with control 
siRNA (Supplemental Figure S2A). Ser-129–
phosphorylated α-syn was undetectable. 
When we compared DA uptake with control 
siRNA, GRK6 knockdown did not alter Vmax 
(15.4 ± 0.9 vs. 15.2 ± 0.9 pmol/mg protein/
min in control and GRK6 siRNA, respec-
tively; p = 0.419, n = 3, unpaired Student’s t 
test) and Km values (0.30 ± 0.07 vs. 0.33 ± 
0.05 μM in control and GRK6 siRNA, respec-
tively; p = 0.649, n = 3) for DA uptake 

FIGURE 4:  Ser-129 phosphorylation state of α-syn affects DA uptake. (A) DA uptake through 
endogenous DAT in wt-aS/SH cells. The cells were incubated in buffer containing 20 nM [3H]DA 
and 5 μM cold DA for 10 min in the absence or presence of either 10 μM GBR12909 or 10 μM 
nomifensine. Incorporated radioactivity was measured. (B) Effects of Ser-129 phosphorylation of 
α-syn on DA uptake through endogenous DAT. Top, DA uptake kinetics in parental cells, wt-aS/
SH cells, and S129A-aS/SH cells. All these cell lines were transfected with control siRNA to 
ensure comparability with the following kinase knockdowns. The assays were performed with 
the mixture of [3H]DA and various concentrations of cold DA in the absence or presence of 
GBR12909. Middle, Eadie–Hofstee plot of the kinetics data. Bottom, summary of kinetic 
parameters. (C) Expression levels of wild-type and S129A α-syn in each stable cell line. Cell 
lysates (20 μg/lane) were analyzed by WB with antibodies recognizing β-actin, Ser-129–
phosphorylated α-syn or total α-syn. (D) Effects of Ser-129 phosphorylation of α-syn on DA 
uptake in SH-SY5Y cells stably coexpressing DAT and GFP (GFP+DAT/SH), α-syn (wt-aS+DAT/

SH), or S129A mutant α-syn (S129A-aS+DAT/
SH). Top, DA uptake kinetics. Bottom, 
summary of kinetic parameters. Data 
represent means ± SD, and p values were 
estimated by one-way ANOVA with a 
Bonferroni correction (*p < 0.05; **p < 0.01).
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(Supplemental Figure S2B). We then investigated whether the re-
duced expression of α-syn affected DA uptake by using parental 
SH-SY5Y cells transfected with siRNA against α-syn. Recent articles 
demonstrated that the detection of endogenous α-syn monomers 
in Western blotting was improved by treating the blotted mem-
branes with 0.4% paraformaldehyde (Lee and Kamitani, 2011; 
Dettmer et al., 2013). This enabled us to reproducibly assess the 
expression of endogenous α-syn in parental SH-SY5Y cells, although 
endogenous Ser-129–phosphorylated α-syn was undetectable 
(Figure 6E). α-Syn knockdown significantly suppressed endogenous 
expression by 86.7 ± 3.2% (Figure 6E). α-Syn knockdown signifi-
cantly decreased Vmax for DA uptake by ∼38.1% (9.3 ± 0.3 vs. 5.5 ± 
0.5 pmol/mg protein/min in control and α-syn siRNA, respectively; 
p < 0.001, n = 3, unpaired Student’s t test), whereas Km values were 
comparable between control and α-syn siRNAs (0.36 ± 0.04 vs. 
0.35 ± 0.06 μM in control and α-syn siRNA, respectively; p = 0.772, 
n = 3; Figure 6E).

DISCUSSION
Our results demonstrate that in dopaminergic SH-SY5Y cells, GRK3, 
GRK5, GRK6, and CK2 containing α′ subunit contribute to Ser-129 
phosphorylation of membrane-associated α-syn, whereas Ser-129 
phosphorylation of cytosolic α-syn is mediated exclusively by CK2. 
The expression of α-syn increased DA uptake and cell surface ex-
pression of DAT. Experiments using cells stably expressing wild-type 
α-syn or phosphorylation-incompetent S129A mutant α-syn showed 
that Ser-129 phosphorylation enhanced the ability of α-syn to in-
crease DA uptake, although phosphorylation did not affect cell sur-
face expression of DAT. The Ser-129 phosphorylation–independent 
increase in DAT cell surface expression was also observed in non-
neuronal HEK293 cells. The increase in DA uptake was significantly 
attenuated by siRNA knockdown of GRK5 or GRK6, which did not 
alter cell surface expression of DAT. In contrast, knockdown of CK2 
α′ subunit failed to decrease DA uptake. Collectively these results 
indicate that GRKs-mediated Ser-129 phosphorylation of mem-
brane-associated α-syn enhances DA uptake capacity of DAT.

These effects of α-syn were consistent with previous experiments 
showing that siRNA-mediated knockdown of α-syn resulted in sig-
nificant decreases in Vmax for DA uptake and the surface density of 
DAT in SH-SY5Y cells (Fountaine and Wade-Martins, 2007). We also 
observed that siRNA knockdown of endogenous α-syn significantly 
decreased DA uptake in SH-SY5Y cells. An earlier report showed 
that the formation of α-syn–DAT complexes facilitated DA uptake 
and membrane clustering of DAT in nonneuronal Ltk− cells and 
HEK293 cells (Lee et  al., 2001). The importance of the α-syn–
DAT interaction is further supported by the in vivo findings that 
α-syn–knockout mice, as well as α- and β-syn double-knockout 
mice, exhibited a small but statistically significant reduction of DA 
uptake (Chandra et al., 2004; Chadchankar et al., 2011), and α-syn 
transgenic mice showed a modest increase in the DAT expression 
(Richfield et al., 2002). However, nonneuronal cell cultures overex-
pressing α-syn (Oaks and Sidhu, 2011) and α-syn–knockout mice 

FIGURE 5:  Effects of Ser-129 phosphorylation of α-syn on the cell 
surface expression of DAT. (A) The cell surface expressions of 
endogenous DAT in parental SH-SY5Y cells, wt-aS/SH cells, and 
S129A-aS/SH cells were measured by [3H]CFT binding assay. (B) The 
cell surface expressions of DAT in GFP+DAT/SH, wt-aS+DAT/SH, and 
S129A-aS+DAT/SH cells were assessed by surface biotinylation. 
Avidin-precipitated complexes were analyzed by blots with antibodies 
against DAT or NCT. Total cell lysates (20 μg/lane) were blotted with 
antibodies recognizing DAT, NCT, total α-syn, Ser-129–
phosphorylated α-syn, or glyceraldehyde-3-phosphate 
dehydrogenase. The graph shows the biotinylated DAT/total DAT 
ratios in α-syn–coexpressed cells relative to GFP-coexpressed cells. 
(C) The cell surface expressions of DAT in nonneuronal HEK293 cells 
stably expressing the transporter (DAT/HEK). DAT/HEK cells were 

transiently transfected with GFP, wild-type α-syn, or S129A mutant 
α-syn cDNA and then treated with surface biotinylation. Avidin-
precipitated complexes were analyzed by blots with antibodies 
against DAT or NCT. Total cell lysates were blotted with the indicated 
antibodies. The graph shows the biotinylated DAT/total DAT ratios in 
α-syn–expressed cells relative to GFP-expressed cells. Data represent 
means ± SD, and p values were estimated by one-way ANOVA with a 
Bonferroni correction (*p < 0.05; **p < 0.01).
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face expression of DAT. It should be noted 
that toxic effects of overexpressed α-syn 
may lose the function and trafficking of DAT 
(Yamakado et  al., 2012). Recent study 
showed that the earliest change of dop-
aminergic neurodegeneration was a marked 
reduction of DA reuptake in a rat PD model 
using AAV-mediated overexpression of 
α-syn (Lundblad et  al., 2012). In addition, 
our data suggested that GRKs-mediated 
Ser-129 phosphorylation of α-syn was one 
of the factors for observing the relevant 
interactions.

We found that the contribution of GRKs 
and CK2 to Ser-129 phosphorylation differed 
for cytosolic and membrane-associated α-
syn. The present experiments using DSP-
treated cells showed that ∼70% of endoge-
nous GRK3, GRK5, and GRK6 proteins was 
distributed in the membrane fractions, 
whereas CK2 containing α′ subunit in the 
membrane fractions was ∼40%. The differ-
ence in the subcellular distribution among 
GRKs and CK2 may be insufficient to explain 
how these GRKs contribute only to phos-
phorylation of membrane-associated α-syn. 
GRK5 and GRK6 are subdivided into the 
same group in the GRK family, and this 
group is known to exhibit a constitutive as-
sociation with cellular membranes (Reiter 
and Lefkowitz, 2006). GRK5 binding to the 
cytoplasmic face of the plasma membrane is 
mediated by electrostatic interactions in-
volving the amphipathic α-helix (Thiyagarajan 
et al., 2004). GRK6 attaches to the plasma 
membrane by amphipathic α-helix and/or 
the C-terminal palmitoyl moieties (Stoffel 
et al., 1994; Jiang et al., 2007). In GRK5 and 
GRK6, the predominance of membrane-
associated proteins (∼70% of total fractions) 
seems to reflect their constitutive associa-
tion with cellular membranes. Of impor-
tance, earlier studies revealed that GRK5 
and GRK6 mutants, which were defective in 
plasma membrane localization, decreased 
ability to phosphorylate the soluble sub-
strates, as well as membrane-bound ones 
(Stoffel et  al., 1998; Thiyagarajan et  al., 
2004). In addition, our experiments showed 
that DSP treatment significantly increased 
the amounts of GRK3 in the membrane frac-
tions by ∼70% of total fractions. This finding 
suggested that the majority of GRK3 was lo-
calized close to membrane components. 
GRK3, which constitutes the GRK2 sub-
group, undergoes stimulus-dependent 
translocation from the cytosol to the plasma 
membrane (Boekhoff et al., 1994). The trans-
location to the plasma membrane is medi-

ated by the C-terminal pleckstrin homology domain, which binds to 
both acidic membrane phospholipids and free G-protein βγ sub-
units (Boekhoff et al., 1994; Premont et al., 1995). Binding of the 

with the different genetic background (Dauer et al., 2002) yielded 
conflicting results (Venda et al., 2010). There has been a lack of con-
sistency regarding the effects of α-syn on the function and cell sur-

FIGURE 6:  siRNA-mediated knockdown of GRK5 or GRK6 decreases DA uptake in SH-SY5Y 
cells. (A) The graph shows the effects of siRNA-mediated knockdowns of GRKs or CK2 on the DA 
uptake kinetics. Wt-aS/SH cells were transfected with 1 nM nonsilencing control siRNA or 1 nM 
siRNA targeting GRK5, GRK6, or CK2 α′ subunit. (B) The graph shows the Eadie–Hofstee plot of 
the kinetics data. (C) Summary of kinetic parameters. Data represent means ± SD, and p values 
were estimated by one-way ANOVA with a Bonferroni correction (**p < 0.01). (D) Effects of 
siRNA knockdown of GRK5, GRK6, or CK2 α′ subunit on the cell surface expressions of 
endogenous DAT in wt-aS/SH cells. The assays were performed with [3H]CFT. (E) Effects of 
siRNA-mediated knockdown of α-syn on DA uptake in parental SH-SY5Y cells. Left, Western 
blotting (WB) data of triplicate samples of control and α-syn siRNA cells. Cells were transfected 
with 10 nM nonsilencing control siRNA or 10 nM siRNA targeting α-syn. Cell lysates (5 μg/lane) 
were analyzed by WB with the indicated antibodies. Note that endogenous α-syn could be 
detected by treating the blotted membranes with 0.4% paraformaldehyde solution for 10 min 
before incubation in blocking buffer. α-Syn siRNA reduced the expression levels of endogenous 
α-syn. Right, DA uptake kinetics of control and α-syn siRNAs. Data represent means ± SD.



Volume 24  June 1, 2013	 α-Synuclein modulates dopamine uptake  |  1657 

and membrane-associated α-syn–DAT complexes. Alternatively, 
DAT-bound α-syn may change more easily accessible conformation 
to GRKs than CK2. Further studies using a cellular model in which 
GRK levels are varied would help to clarify whether the Ser-129 
phosphorylation state affects the interaction between α-syn and 
DAT. In addition, phosphorylated α-syn is observed in cortical LBs 
(Fujiwara et  al., 2002) and rat primary cortical neurons (Machiya 
et al., 2010). It is unclear what role phosphorylated α-syn plays in 
cerebral cortical neurons. α-Syn is reported to interact with norepi-
nephrine and serotonin transporters in a manner similar to DAT 
(Oaks and Sidhu, 2011). This may suggest that Ser-129 phosphoryla-
tion of α-syn has effects on the function of these transporters in ce-
rebral cortical neurons.

In in vivo experiments using recombinant AAV, coexpression of 
A53T α-syn and GRK6 yielded authentically phosphorylated α-syn 
at Ser-129 and accelerated α-syn–induced degeneration of neurons 
(Sato et al., 2011). The accelerating effect was transient and did not 
affect the formation of α-syn aggregates, suggesting that the toxic-
ity mediated by Ser-129 phosphorylation is independent of α-syn 
aggregation. GRKs-mediated Ser-129-phoshorylation of membrane-
associated α-syn may be involved in dopaminergic neurodegenera-
tion in PD by elevating the intracellular concentration of DA. Addi-
tional research on the role of Ser-129 phosphorylation would further 
our understanding of the mechanisms that cause α-syn toxicity and 
facilitate the development of therapeutic strategies for PD.

MATERIALS AND METHODS
Plasmid cDNAs and reagents
Human wild-type α-syn and phosphorylation-incompetent mutant 
S129A α-syn cDNAs were subcloned into the pcDNA3.1(+) vector 
(Invitrogen, Carlsbad, CA) as previously described (Machiya et al., 
2010). Human DAT cDNA (IMAGE clone ID #40146999) was ob-
tained from Open Biosystems (Huntsville, AL) and subcloned into 
the pcDNA3.1/Zeo vector (Invitrogen). Reagents were purchased 
from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.

Cell culture and transfection
Human dopaminergic neuroblastoma SH-SY5Y cells (ECACC 
#94030304) were maintained in Ham-12/Eagle’s minimum essential 
medium supplemented with 15% fetal bovine serum (Invitrogen), 
2 mM l-glutamine (Invitrogen), and 1× nonessential amino acids. 
SH-SY5Y cell lines stably expressing either wild-type α-syn (wt-aS/
SH #4) or S129A mutant α-syn (S129A-aS/SH #17) were selected 
against 1 mg/ml G418 (Invitrogen). For making SH-SY5Y cell lines 
stably coexpressing DAT and GFP (GFP+DAT/SH), wild-type α-syn 
(wt-aS+DAT/SH), or S129A α-syn (S129A-aS+DAT/SH), cell lines sta-
bly expressing DAT were first generated in selection medium con-
taining 500 μg/ml Zeocin, and then double stable cell lines were 
obtained in selection medium containing 1 mg/ml G418. HEK293 
cells were maintained in Eagle’s minimum essential medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum and 2 mM 
l-glutamine. HEK293 cells stably expressing DAT (DAT/HEK) were 
selected against 500 μg/ml Zeocin. For the transient overexpres-
sion, the cells were transfected with cDNA using Lipofectamine Plus 
Reagents (Invitrogen) according to the manufacturer’s protocol and 
harvested after 48 h of transfection.

siRNA transfection
Approximately 30% confluent cells in six-well plates were trans-
fected with siRNA oligonucleotides (final concentration at 1 nM, 
stealth RNA interference [RNAi]; Invitrogen) using RNAiMAX 
reagent (Invitrogen) according to the manufacturer’s protocol. We 

membrane lipids modulates the activity of GRKs containing the 
pleckstrin homology domain (DebBurman et al., 1995). Previous in 
vitro experiments revealed that GRK2 and GRK5 could phosphory-
late α-syn at Ser-129, and this phosphorylation was enhanced by 
phospholipids (Pronin et al., 2000). Thus it seems possible that the 
interaction of GRK3, GRK5, and GRK6 with cellular membranes reg-
ulates contribution to phosphorylation of α-syn in addition to their 
predominant distribution in the membrane fractions. In addition, our 
data showed that siRNA knockdown of GRK2 elevated the amounts 
of Ser-129–phosphorylated α-syn in the cytosol, suggesting that 
GRK2 acts as an inhibitory factor on phosphorylation of cytosolic α-
syn. Although the mechanism by which GRK2 does not exert its 
catalytic activity to cytosolic α-syn is unknown, GRK2 may function-
ally block phosphorylation of α-syn by other GRKs in the cytosol. It 
would be important to elucidate why GRK3, GRK5, and GRK6 fail to 
exert their basal activities to phosphorylate α-syn in the cytosol.

The present experiments using siRNA knockdowns against indi-
vidual GRKs or CK2 α′ subunit demonstrated that multiple kinases 
contributed to Ser-129 phosphorylation of membrane-associated 
α-syn, suggesting redundancy of these kinases in the phosphoryla-
tion. The findings raise the question of how different kinases modu-
late the phosphorylation. We did not find obvious evidence that 
remaining kinases compensated for the reduced expression or ac-
tivity of target kinase in the phosphorylation, because siRNA 
knockdown of each kinase significantly decreased Ser-129 phos-
phorylation of membrane-associated α-syn. However, the present 
data do not exclude the possibility that other kinases require a lon-
ger time or complete deletion of target kinase to exert the compen-
satory effects. In addition, our siRNA knockdown data showed that 
the total sum of reduced effects on Ser-129 phosphorylation of 
membrane-associated α-syn was estimated as >100%. One may 
speculate that DSP treatment at 37°C excessively trapped phospho-
rylated α-syn in the membrane fractions. However, there was no 
significant difference in the subcellular distribution between DSP 
treatment conditions of 37 and 4°C. Alternatively, siRNA knock-
downs of these kinases may induce the interaction with a protein 
that inhibits Ser-129 phosphorylation of membrane-associated α-
syn. Among the kinases, siRNA knockdown of CK2 α′ subunit had 
the greatest effect on phosphorylation of membrane-associated α-
syn, whereas siRNA knockdown of CK2 α subunit increased the 
phosphorylation. The decreased expression of α′ subunit may yield 
replacement with CK2 containing α subunit that is inactive for phos-
phorylation of membrane-associated α-syn, resulting in further re-
duction of the phosphorylation.

We also found that GRKs and CK2 had distinct effects on DAT 
through Ser-129 phosphorylation of membrane-associated α-syn. 
Although knockdown of CK2 α′ subunit suppressed Ser-129 phos-
phorylation of membrane-associated α-syn more effectively than 
that of individual GRKs, modulation of DAT function was seen by 
knockdown of GRK5 or GRK6 but not of CK2. The exact reason for 
this is unknown from the present study. α-Syn is known to interact 
with the C-terminal tail of DAT (Lee et al., 2001). DAT is reported to 
directly interact with DA receptor, a GPCR, which can be desensi-
tized by GRKs (Ito et al., 1999; Kim et al., 2001; Lee et al., 2007). 
These findings raise the possibility that GRKs may be localized with 
membrane-associated α-syn–DAT complexes more closely than 
CK2. In addition, a previous article showed that Sept4 physically as-
sociated with α-syn and DAT and functioned as a component of the 
presynaptic scaffold for the machinery of DA uptake (Ihara et al., 
2007). That article further demonstrated that Sept4 partially inter-
fered with Ser-129 phosphorylation of α-syn by CK2 in vitro. There 
may be a scaffold protein that affects interaction between kinases 



1658  |  S. Hara et al.	 Molecular Biology of the Cell

incubated at 37°C for 30 min in Laemmli’s sample buffer containing 
0.2 M dithiothreitol. Equal amounts of denatured samples were sub-
jected to 12.5% polyacrylamide gel. Western blotting was per-
formed by the methods described previously (Machiya et al., 2010). 
Signals were detected using a charge-coupled device camera, 
VersaDog 5000 (Bio-Rad, Hercules, CA). When we detected phos-
phorylated α-syn, we incubated the membrane in buffer containing 
50 mM NaF. For detection of endogenous α-syn, membranes were 
incubated with 0.4% paraformaldehyde/PBS for 10 min at room 
temperature, rinsed three times with TBS containing 0.05% (vol/vol) 
Tween 20 (TBS-T), and blocked in 5% skim milk in TBS-T (Lee and 
Kamitani, 2011; Dettmer et al., 2013). For estimating the expression 
levels of total α-syn and Ser-129–phosphorylated α-syn, we used 
purified recombinant α-syn proteins and Ser-129–phosphorylated 
α-syn proteins as standards, respectively (Machiya et al., 2010). A 
set of diluted standards was subjected to SDS–PAGE along with 
samples. After quantifying band intensities of samples with Quantity 
One software (Bio-Rad), we corrected their relative intensities by 
plotting them on the standard curve. Statistical comparisons were 
made by unpaired Student’s t test.

[3H]DA uptake assay
DA uptake kinetics in SH-SY5Y cells was measured using [3H]DA as 
described previously (Jiang et al., 2004). Briefly, cells were plated at 
a density of (1–5) × 105 cells per well on 12-well plates 1 d before 
assays. Medium was removed, and cells were rinsed with uptake 
buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 
pH 7.4, 130 mM NaCl, 1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4, 
1.2 mM KH2PO4, 10 mM glucose, 1 mM ascorbic acid). Assays were 
initiated by the addition of uptake buffer containing 20 nM [3H]DA 
([7,8-3H]DA, 50.0 Ci/mmol; GE Healthcare, Piscataway, NJ) along 
with 0.125–10 or 0.5–60 μM nonlabeling DA. After incubation for 
10 min at 37°C, the cells were immediately rinsed three times with 
ice-cold uptake buffer without ascorbic acid and then solubilized 
with 0.5 ml of 1% SDS. Incorporated radioactivity was measured by 
using a liquid scintillation counter (TRI-CARB 2300TR; PerkinElmer, 
Waltham, MA). Nonspecific [3H]DA uptake was measured in the 
presence of DAT specific antagonist 10 μM GBR12909 and was sub-
tracted from total counts. The protein concentrations were mea-
sured by bicinchoninic acid methods (Thermo Scientific). Statistical 
comparisons were performed using one-way analysis of variance 
(ANOVA) with a Bonferroni correction.

[3H]CFT binding assay
We assessed the cell surface expression of endogenous DAT by per-
forming [3H]CFT binding assay on the cells as described previously 
(Jiang et  al., 2004). The cells were plated at a density of (1–5) × 
105 cells per well on 12-well plates 1 d before assays. Medium was 
removed, and cells were rinsed with binding buffer (10 mM phos-
phate, pH 7.4, 0.32 M sucrose). Assays were initiated by the addition 
of binding buffer containing 3H-labeled 4 nM CFT (85.9 Ci/mmol; 
PerkinElmer). After incubation for 2 h at 4°C, the cells were immedi-
ately rinsed twice with ice-cold binding buffer and then solubilized 
with 1% SDS. Incorporated radioactivity was measured by using a 
liquid scintillation counter. Nonspecific binding was determined in 
the presence of DA reuptake inhibitor 10 μM nomifensine and was 
subtracted from total counts. Statistical comparisons were per-
formed using one-way ANOVA with a Bonferroni correction.

Cell surface biotinylation
The cells were washed three times with PBS+ (PBS, 0.1 mM CaCl2, 
1 mM MgCl2) and then incubated in PBS+ containing 1 mg/ml 

used the 25-nucleotide-long siRNAs for the knockdown of GRK2 
(5′-GGAAGCGUGACACAGGCAAGAUGUA-3′), GRK3 (5′-CAA-
GAAACAAGUGACAUCAACUCUU-3′), GRK5 (5′-GACCACACA-
GACGACGACUUCUACU-3′), GRK6 (5′-GCCGACUACCUCGA-
CAGCAUCUACU-3′), CK2α (5′-ACCAGACGUUAACAGACUA
UGAUAU-3′), or CK2α′ (5′-GCAUGAUCUUUCGAAGGGAAC-
CAUU-3′). As a nonsilencing control for stealth siRNAs, the stealth 
RNAi–negative control medium GC (Invitrogen) was used. At 72 h 
after transfection, the medium was discarded, and the cells were 
retransfected with siRNAs. At 48 h after a second transfection, the 
cells were harvested for experiments. For the α-syn knockdown, we 
transfected cells with 10 nM siRNA oligonucleotides (5′-GACC
AAAGAGCAAGUGACAAAUGUU-3′).

Chemical cross-linking and subcellular fractionation
For chemical cross-linking, the cells in 100 mm-dishes were quickly 
rinsed twice with ice-cold phosphate-buffered saline (PBS; pH 7.4; 
2.97 mM Na2HPO4⋅7H2O, 1.06 mM KH2PO4, 155 mM NaCl) and 
incubated in 6 ml of PBS containing 1 mM of membrane permeable 
cross-linker DSP (Thermo Scientific, Waltham, MA) for 30 min at 
37°C. Then the buffer was removed and the cells were rinsed twice 
with Tris-buffered saline (TBS; 25 mM Tris-HCl, pH 7.4, 137 mM 
NaCl, 2.7 mM KCl) to quench the cross-linking reaction.

For subcellular fractionation, the cross-linked cells were sus-
pended in 5 vol/wt of homogenization buffer (TBS plus 2 mM EDTA, 
1× protease inhibitor cocktail [Roche, Indianapolis, IN], and 1× 
PhosSTOP [Roche]) and disrupted by a Teflon Potter homogenizer. 
The homogenate was centrifuged at 600 × g for 10 min and 
the supernatant was centrifuged at 100,000 × g for 30 min at 
4°C. The resultant supernatant was recovered as the cytosol frac-
tion. The post–100,000 × g pellet was disrupted by sonication in the 
same volume of radioimmunoprecipitation assay (RIPA) buffer 
(homogenization buffer plus 1% Triton-X 100, 0.5% deoxycholic 
acid, and 0.1% SDS), and the homogenate was incubated on ice for 
30 min. After centrifugation at 12,000 × g for 30 min, the superna-
tant was recovered as the membrane fraction.

Primary antibodies
The following antibodies were used: anti–α-syn (Syn-1; it recognizes 
total α-syn, including nonphosphorylated and phosphorylated 
forms; BD Transduction Laboratories, Lexington, KY), anti–Ser-129-
phosphorylated α-syn (psyn#64; Wako, Osaka, Japan), anti-GRK2 
(#sc-562; Santa Cruz Biotechnology, Santa Cruz, CA), anti-GRK3 
(#sc-563; Santa Cruz Biotechnology), anti-GRK6 (#sc-566; Santa Cruz 
Biotechnology), anti-GRK6 (#EPR2046(2), rabbit monoclonal; Abcam, 
Cambridge, MA), anti-CK2α (#sc-6479; Santa Cruz Biotechnology), 
anti-CK2α′ (#sc-6481; Santa Cruz Biotechnology), anti–β-actin 
(AC-15; Sigma-Aldrich), anti-Cu/Zn superoxide dismutase (SOD1-
100; Stressgen, San Diego, CA), anti–amyloid precursor protein 
(#A8717; Sigma-Aldrich), anti-NCT (#16420; BD Transduction 
Laboratories), anti–glyceraldehyde-3-phosphate dehydrogenase 
(#6C5, Abcam), and anti-DAT (MAB369; Millipore, Billerica, MA). 
Hamster anti-GRK5 monoclonal antibody (#139) was described 
previously (Sakamoto et al., 2009).

Western blotting
For cell lysis, the cells were suspended in homogenization buffer 
containing 1% Nonidet P-40 and 10% glycerol and kept on ice for 
30 min. After centrifugation at 12,000 × g for 30 min, the resultant 
supernatant was collected and stored at −80°C until use. Samples 
were denatured by boiling for 5 min in Laemmli’s sample buffer 
containing 2.5% 2-mercaptoethanol. To detect DAT, samples were 
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SulfoNHS-SS-biotin (Thermo Scientific) with gentle agitation for 
30 min at 4°C. The reaction was quenched by incubating the cells 
with PBS+ containing 0.1 M glycine for 20 min. The cells were 
washed three times with PBS+ and lysed with RIPA buffer containing 
10% glycerol on ice for 30 min. Samples was divided into two ali-
quots. One was used for isolation of biotinylated proteins with 
UltraLink immobilized NeutrAvidin beads (Thermo Scientific), and 
the other was used to determine total DAT. Samples were analyzed 
by Western blotting with anti-DAT antibody.
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