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BACKGROUND AND PURPOSE

GPCRs undergo both homologous and heterologous regulatory processes in which receptor phosphorylation plays a critical
role. The protein kinases responsible for each pathway are well established; however, other molecular details that characterize
each pathway remain unclear. In this study, the molecular mechanisms that determine the differences in the functional roles
and intracellular trafficking between homologous and PKC-mediated heterologous internalization pathways for the dopamine
D, receptor were investigated.

EXPERIMENTAL APPROACH

All of the S/T residues located within the intracellular loops of D, receptor were mutated, and the residues responsible for
GRK- and PKC-mediated internalization were determined in HEK-293 cells and SH-SY5Y cells. The functional role of receptor
internalization and the cellular components that determine the post-endocytic fate of internalized D, receptors were
investigated in the transfected cells.

KEY RESULTS

T134, T225/5228/5229 and S325 were involved in PKC-mediated D, receptor desensitization. $229 and adjacent S/T residues
mediated the PKC-dependent internalization of D, receptors, which induced down-regulation and desensitization. S/T residues
within the second intracellular loop and T225 were the major residues involved in GRK-mediated internalization of D,
receptors, which induced receptor resensitization. ARF6 mediated the recycling of D, receptors internalized in response to
agonist stimulation. In contrast, GASP-1 mediated the down-regulation of D, receptors internalized in a PKC-dependent
manner.

CONCLUSIONS AND IMPLICATIONS

GRK- and PKC-mediated internalizations of D, receptors occur through different intracellular trafficking pathways and mediate
distinct functional roles. Distinct S/T residues within D, receptors and different sorting proteins are involved in the dissimilar
regulation of D, receptors by GRK2 and PKC.

© 2012 The Authors
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Abbreviations

ARF6, ADP-ribosylation factor 6; DA, dopamine; GRK, GPCR kinase; GASP, GPCR- associated sorting protein; GG3A,
golgi associated, y adaptin ear containing, ARF binding protein 3; PMA, phorbol myristate acetate

Introduction

Desensitization or tolerance is defined as the attenuation of
receptor responsiveness by prolonged or previous stimula-
tion. Homologous and heterologous desensitization are two
representative regulatory patterns for GPCRs (Freedman and
Lefkowitz, 1996; Okamoto et al., 1998). Receptor phosphor-
ylation is believed to be a critical cellular event involved in
these regulatory processes, and differential GPCR phosphor-
ylation can trigger distinct responses (Tobin, 2008; Tobin
et al., 2008).

Homologous desensitization occurs in an agonist-specific
manner; that is, the response of one receptor is selectively
diminished by previous exposure to its agonist without effect
on the responsiveness of other receptors that are expressed in
the same cell. GPCR kinases (GRKs) and arrestins are two
critical players in homologous desensitization. Arrestins bind
activated receptors to uncouple them from G-proteins and
facilitate subsequent internalization. Some GRK subtypes,
such as GRK2 and GRK3, phosphorylate agonist-occupied
GPCRs and increase their affinity for arrestins.

Heterologous desensitization occurs in an agonist-
nonspecific manner. PKA and PKC are the most common
second messenger-dependent protein kinases involved in the
heterologous desensitization (Freedman and Lefkowitz, 1996;
Okamoto et al., 1998). When activated, these kinases phos-
phorylate not only the receptors that are activated by the
cognate agonist, but also different types of receptors if they
are the substrates for these protein kinases.

In previous studies, differences in the regulatory mecha-
nisms between homologous and heterologous pathways have
been reported for various GPCRs. For example, different
serine (S) and threonine (T) residues are phosphorylated
in the homologous and heterologous regulation of (.-
adrenoceptors (Lefkowitz et al., 1990; Yuan et al., 1994; Fred-
ericks efal., 1996) or 8-opioid receptors (Guo et al., 2000;
Xiang etal., 2001); GRK-mediated desensitization occurs
more rapidly than desensitization through PKA (Roth et al.,
1991); and PKA- and GRK-mediated internalization of
Bs-adrenoceptors occurs in caveolae and clathrin-coated pits
(CCP), respectively (Rapacciuolo et al., 2003). These previous
studies, however, mainly focused on a particular regulatory
step in a molecular cascade involved in complicated regula-
tory processes. A more complete and mechanistic study is
needed to delineate the differences between the two path-
ways throughout the whole regulatory process, which
includes receptor phosphorylation, endocytic processes and
their functional roles.

Dopamine D, receptors are important targets for the treat-
ment of various diseases related to motor, emotional and
endocrine functions (Parkinson’s disease, schizophrenia and
pituitary tumours) (for review, see Missale et al., 1998; Cho
et al., 2010b). The regulatory properties of D, receptors have
been reported for both homologous and heterologous desen-
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sitization pathways. The D, receptor is a substrate for both
GRKs and PKCs and is internalized when phosphorylated by
either kinase (Kim et al., 2001; Namkung and Sibley, 2004).
Our preliminary studies also showed that GRK- and PKC-
mediated intracellular trafficking of the D, receptor has dif-
ferent characteristics (Cho et al., 2007). In this sense, the D,
receptor is an excellent experimental system for a compara-
tive study of homologous and PKC-mediated heterologous
regulatory pathways of GPCRs.

In this study, we wanted to understand the molecular
mechanisms that determine the differences in the functional
roles and intracellular trafficking between the homologous
and heterologous regulatory pathways of GPCRs. Our results
revealed that GRK- and PKC-mediated regulatory pathways
show different post-endocytic behaviours and mediate dis-
tinct functional roles that are caused by differential involve-
ment of S/T residues located within the intracellular loops of
the D, receptor and vesicular sorting proteins that determine
the fate of the internalized receptors.

Methods

Materials

HEK-293 and SH-SYSY cells were obtained from the
American Type Culture Collection (Manassas, VA). Cell
culture reagents were obtained from Invitrogen Life Tech-
nologies, Inc. (Carlsbad, CA). [*H]-Sulpiride (84 Ci-mmol™)
and [*H]-spiperone (25.5 Ci-mmol™') were purchased from
PerkinElmer Life Sciences (Boston, MA, USA). Dopamine
(DA), (-) quinpirole, forskolin, PMA, 4a-PMA, sucrose, anti-
bodies to FLAG and GFP and anti-FLAG antibody-conjugated
agarose beads were obtained from Sigma/Aldrich Chemical
Co. (St. Louis, MO). Antibodies to actin, ARF6, HA epitope
and HRP-labelled secondary antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Alexa 594-
labelled anti-mouse antibodies were purchased from Invitro-
gen. G66976 and GO6983 were purchased from EMD
Chemicals (Gibbstown, NJ). Antibodies to B-arrestin were
kindly provided by Dr Letkowitz (Duke University, NC). The
drug/molecular target nomenclature (e.g. receptors, ion chan-
nels) conforms to BJP’s Guide to Receptors and Channels (Alex-
ander et al., 2011).

Cell culture and transfection

HEK-293 and SH-SYSY cells were cultured in minimal essen-
tial medium (MEM) supplemented with 10% FBS, 100 U-mL™!
penicillin and 100 mg-mL™ of streptomycin in a humidified
atmosphere containing 5% CO,. The transfections were per-
formed using the calcium phosphate precipitation method or
polyethylenimine (Polyscience, Warrington, PA).

Plasmid constructs
Human short alternatively spliced form of D, receptor in the
mammalian expression vector pCMVS5 or in pcDNA 3.1 Zeo
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Table 1

Notation and descriptions of mutants of the possible phosphorylation sites in the intracellular regions of the dopamine D, receptor

D, receptor

mutants Description

#1 T67V, T68V, T69V

#2 T134V

#3 T144V, S147A, S148A

#4 T225V3, S228A, S229A°

#5 S256A, S257A, T258V, S259A
#6 T264V, S267A

#7 S272A, T277V

#8 S282A

#9 S288A, T289V, S292A

#10 T316V

#11 T322V, T324V, S325A°

#12 T328V, S330A°

#13 S335A°

#14 T343V°

PKCX T134V, S228A, S229A, S325A
IC2 T134V, T144V, S147A, S148A
IC2/T225 T134V, T144V, S147A, S148A, T225V

IC3 T225V, S228A, S229A, S256A, S257A, T258V,
S259A, T264V, S267A, S272A, T277V, S282A,
S288A, T289V, S292A, T316V, T322V, T324V,
S325A, T328V, S330A, S335A, T343V

IC23 IC2 +1C3

IC123 IC23 + T67V, T68V, T69V

Characteristics

- Cell surface expression level is decreased to ~50% of wild-type
- No change in receptor internalization

PMA-induced desensitization is inhibited

- DA-induced internalization is reduced (T225)
- PMA-induced internalization and desensitization is reduced

Possible casein kinase Il site

$282C is associated with schizophrenia (Glatt et al., 2003)

PMA-induced desensitization is abolished (S325)

PMA-induced desensitization and down-regulation was abolished

- PMA-induced desensitization is abolished
- DA-induced internalization is reduced

- DA-induced internalization was reduced

- DA-induced internalization is moderately reduced
- PMA-induced desensitization is inhibited

- Receptor phosphorylation is abolished
- Receptor internalization is inhibited

Cell surface expression is reduced

The values represent the position of the amino acid residues starting from the N-terminal end, Met.

? These regions contain the putative phosphorylation sites for PKC.
bThese regions contain the putative phosphorylation sites for PKA.

(+) was used. Some D, receptor constructs were tagged at the
N-terminus with the M2-FLAG epitope or at the C-terminus
with GFP. The putative phosphorylation sites (S/T residues in
the first, second and third intracellular loops) were mutated
to alanine or valine residues by site-directed mutagenesis
(Table 1). Rat B-arrestin2 was as described elsewhere (Barak
etal., 1997). Small hairpin RNA constructs for human
B-arrestinl and B-arrestin2 were provided by Dr Lan Ma
(Fundan University, China). HA-ARF6/T157N in pCMVS was
from Dr Jacek Jaworski (International Institute of Molecular
and Cell Biology, Warsaw, Poland). GFP-tagged Q67L- and
-T27N-ARF6 were prepared by site-directed mutagenesis. GFP-
tagged GPCR-associated sorting protein-1 (GASP-1) and
cGASP (the C-terminal part of GASP-1) were provided by Dr
von Zastro (University of California at San Francisco).
WT-Rab5, S34N-Rab5, WT-Rab23 and S23V-Rab23 were pre-
pared by RT-PCR. Small hairpin RNA construct for ARF6 was
provided by Dr Heike Folsch (Northwestern University), and

GST-GGA3-PBD was provided by Dr Michael Famulok (Uni-
versity of Bonn, Germany).

Receptor internalization assay

Internalization of the D, receptor was measured based on the
hydrophilic properties of *H-sulpiride (Kim et al., 2001). HEK-
293 cells expressing D, receptors were seeded 1 day after
transfection at a density of 1.5 x 10° cells per well in 24-well
plates. The following day, cells were rinsed once and pre-
incubated for 15 min with 0.5 mL of pre-warmed serum-free
medium containing 10 mM HEPES, pH 7.4, at 37°C. Cells
were stimulated with 10 uM DA or 1 uM PMA for 0-120 min
as indicated. Cells were then incubated with 250 uL of
[*H]-sulpiride (final concentration 2.2 nM) at 4°C for 150 min
in the absence and presence of unlabelled competitive inhibi-
tor (10 uM haloperidol). Cells were washed three times with
the same medium, and 1% SDS was added. Samples were
mixed with 2 mL Lefkofluor scintillation fluid and counted
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on a liquid scintillation analyzer (Perkin Elmer, Waltham,
MA).

Immunoprecipitation

After 48 h of transfection, the cells were lysed in RIPA buffer
(150 mM NaCl, 50 mM Tris, pH 7.4, 1% NP-40, 0.5% deoxy-
cholate, 0.1% SDS) on a rotation wheel for 1 h at 4°C. The
supernatants were mixed with 35 uL of 50% slurry of anti-
Flag-agarose beads for 2-3 h on the rotation wheel. The beads
were washed with washing buffer (50 mM Tris, pH 7.4,
137 mM NaCl, 10% glycerol, 1% NP-40) three times for
10 min each. The immunoprecipitates were analysed by
immunoblotting.

Measurement of GTP-bound ARF6

ARF, a small GTPase, cycles between an inactive GDP-bound
form and an active GTP-bound form. GTP-bound ARF1 and
ARF6 bind specifically to the protein-binding domain (PBD)
of GGA3. GGA3-PBD was bacterially expressed as a fusion
protein with glutathione-S-transferase (GST-GGA3-PBD).
BL21 bacterial cells expressing GST or GST-GGA3-PBD were
treated with 0.5 mM IPTG for 2 h, lysed, centrifuged and the
resulting supernatant was aliquoted and stored at —70°C until
use. Supernatants from cell lysates obtained from HEK-293
cells transfected with D, receptor and GFP-tagged ARF6 cDNA
were added to the column containing GST-GGA3-PBD pre-
coupled to glutathione-agarose beads and incubated over-
night with continuous shaking at 4°C. Beads were washed
four times with GST-binding buffer then treated with
Laemmli sample buffer.

Whole cell cAMP assays

Cellular cAMP was measured by an indirect method (Cho
etal., 2011) using a reporter plasmid containing the firefly
luciferase gene under the control of multiple cCAMP respon-
sive elements (CRE) and with pRL-TK control vector
(Promega, Madison, WI). Transfected cells were seeded in
24-well plates and each transfection set was organized into
three identical groups. The cells were treated with 2 uM for-
skolin and quinpirole (10'>~10"®) for 4 h and harvested, and
the relative luciferase expression was measured using the dual
luciferase assay kit (Promega). In some experiments, HEK-293
cells expressing D, receptors plated in 12-well dishes were
labelled overnight with 1 uCi-mL™ [*H]-adenine in MEM con-
taining 10% FBS and gentamicin. Accumulated [*H]-cCAMP
was determined by the sequential chromatography method
of Salomon (Johnson and Salomon, 1991). Data were normal-
ized by expressing cAMP levels as a percentage of the
forskolin-stimulated cAMP for each experiment. Dose-
response curves were fitted in GraphPad Prism (GraphPad
software, San Diego, CA).

Determination of receptor desensitization

Homologous (agonist-induced) desensitization of D, recep-
tors was measured as reported previously (Kim et al., 2005).
Cells were pretreated either with vehicle or DA, and then the
dose-response curves were constructed for the inhibition of
cAMP production in response to the stimulation of D, recep-
tors with quinpirole, an agonist of D, receptors. PKC-
mediated heterologous desensitization of D, receptors was
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measured as reported previously (Namkung and Sibley, 2004;
Cho et al., 2007). Cells were treated either with vehicle or
PMA, and then the dose-response curves were determined for
each experimental group. The extent of agonist- or PMA-
induced desensitization was determined by comparing the
dose-response curves of vehicle-pretreated and DA- or PMA-
pretreated experimental groups.

Determination of constitutive recycling of
internalized D receptors

HEK-293 cells that stably express D, receptors were pretreated
with 50 ug-mL™" cyclohexamide, followed by treatment with
10 uM DA for 1 h or 1 uM PMA for 2 h. After being washed
with serum-free medium, cells were incubated at 37°C for the
indicated period of time, washed, and incubated with 2.2 nM
[*H]-supiride for 150 min at 4°C. Cells were washed three
times with serum-free media, dissolved in 1% SDS, and
counted with a liquid scintillation counter. The recycling of
the internalized D, receptor was represented by a vertical bar
chart or by line and scatter plot. For line and scatter plot, the
fraction of D, receptors internalized by treatment with 10 uM
DA or 1 uM PMA for 1-2 h was converted to 100%, and the
number of constitutively recycled D, receptors was calculated
as a % of total internalized D, receptors.

Knockdown of endogenous proteins

by shRNAs

HEK-293 cells were prepared that stably expressed shRNA
constructs of scrambled sequence or B-arrestin2. Some of the
selected clones whose expression levels of endogenous
B-arrestin2 were reduced were again stably transfected with
the shRNA construct of B-arrestinl. Levels of endogenous
B-arrestins were detected by immunoblotting. Similar proce-
dures were employed for knockdown of ARF6.

Immunocytochemistry and

confocal microscopy

One day after transfection, the cells were seeded onto 35 mm
dishes containing a centered, 1 cm well that was formed from
a glass coverslip-sealed hole in plastic (confocal dishes) and
allowed to recover for one day. Next day, the cells were fixed
with 4% paraformaldehyde, for 15 min at room temperature
and permeabilized with 0.25% Triton X-100. Cells were
labelled with antibodies raised against the target protein. The
cells were examined by laser scanning confocal microscope
(TCS SP5/AOBS/Tandem, Leica, Germany; supported by
Korea Basic Science Institute) or Nikon Ti 2000 live cell
imaging system (Nikon Instruments Inc., Melville, NY).

Statistics

All results are expressed as mean * SEM. Comparisons
between experimental groups were performed using ANOVA.
For some results, Student’s t-test was used.

Results

Agonist- and PMA-induced internalization of
D, receptor display different intracellular
trafficking properties

Internalization and desensitization of GPCRs are intimately
related. To better understand the functional differences
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Figure 1

Characterization of homologous and heterologous internalization of D, receptors. (A) Effects of GRK2 and B-arrestins on the homologous
internalization of D, receptors. Cells transiently transfected with D, receptors with or without 2 pg GRK2-pRKS5, B-arrestin2-pCMV5, or K220R-
GRK2-pRK5 per 100 mm culture dish were treated with 10 uM DA for 1 h. Internalization assay was conducted as described in Methods. Receptor
expression levels were maintained around 1.2 pmol-mg™" protein. Each data point represents mean = SEM. ***P < 0.001 compared with the
‘Mock’ group. (B) Characterization of PMA-induced internalization of D, receptors. Cells transiently transfected with D, receptors were treated
with 1 uM PMA or 40-PMA for 2 h. To study the effects of PKC inhibitors on PMA-induced internalization of D, receptors, cells were pretreated
with T uM G66976 or G66983 for 20 min and then treated with 1 uM PMA for 2 h. Receptor expression levels were maintained around
1.2 pmol-mg™" protein. **P < 0.01, ***P < 0.001 compared with the vehicle group. (C) Comparison of post-endocytic behaviours of D, receptors
after treatment with DA or PMA. HEK-293 cells that stably express D, receptors were treated with 10 uM DA for 1 h or T uM PMA for 2 h. Receptor
recycling was determined as described in Methods. In the lower graph, the % of D, receptors internalized by treatment with 10 uM DA or 1 uM
PMA for 1-2 h was normalized to 100%, and the number of constitutively recycled D, receptors was calculated as % of total internalized D,
receptors. Receptor expression levels were maintained around 0.9 pmol-mg™' protein. *P < 0.05, **P < 0.01, ***P < 0.001 compared with vehicle
group. (D) Comparisons of quinpirole- and PMA-induced down-regulation of D, receptors. HEK-293 cells stably expressing D, receptors were
treated with 50 pg-mL™" cyclohexamide, followed by treatment with vehicle, 1 uM quinpirole or 1 uM PMA for 0, 12 and 24 h. The total number
of D, receptor was measured by binding with 2 nM [3H]-spiperone. Receptor expression levels were maintained around 0.9 pmol-mg™" protein.
*P < 0.05, ***P < 0.0017 compared with each vehicle group.
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Figure 2

Functional roles of homologous and heterologous internalization of D, receptors. (A) Determination of homologous desensitization of D,
receptors. HEK-293 cells transiently transfected with D, receptors were pretreated for 2-30 min with serum-free medium containing 100 uM
ascorbic acid (vehicle) or 10 uM DA dissolved in vehicle. Cells were washed three times with 1 mL of serum-free medium, treated with increasing
concentrations of quinpirole, and the cellular levels of CAMP were measured using a reporter gene assay as described in Methods. ‘Forsk’ represents
forskolin. Receptor expression levels were maintained around 1.8 pmol-mg™" protein. Inserted vertical bar chart shows the ECso values of each
experimental group. (B) Effects of PMA treatment on the desensitization of D, receptors. Cells transiently transfected with D, receptors were
treated with 1 uM PMA in 0.1% of DMSO (vehicle) for 15 min followed by increasing concentrations of quinpirole. Receptor expression levels were
maintained around 1.7 pmol-mg™' protein. ***P < 0.001 when the dose-response curve for the PMA group was compared with that of the vehicle
group. (C) Inhibition of D, receptor internalization by sucrose treatment. Cells were treated with vehicle or 0.45 M sucrose for 20 min then treated
with 10 uM DA for 1 h or with T uM PMA for 2 h. After washing, the internalization of D, receptors was determined as described in Methods.
Receptor expression levels were maintained around 1.4 pmol-mg™ protein. ***P < 0.001 compared with each vehicle group. (D) Relationship
between agonist-induced internalization and the signalling of D, receptors. The desensitization assay was conducted after pretreatment with
0.45 M sucrose for 20 min, followed by 10 uM DA, washed, and the reporter gene assay was conducted with increasing concentrations of
quinpirole. **P < 0.01 when the ‘Suc/DA group’ was compared with other experimental groups. (E) Relationship between PMA-induced
internalization and the signalling of D, receptors. In the desensitization assay, cells were pretreated with 0.45 M sucrose for 20 min, treated with
1 uM PMA and then washed; and the reporter gene assay was conducted as in (D). P < 0.05 when the ‘Suc-PMA group’ was compared with

‘Suc-Veh group’; **P < 0.01 when the ‘Veh-PMA group’ was compared with ‘Veh-Veh group’.

Pl

<

between the homologous and heterologous regulatory proc-
esses of D, receptors, the DA-induced (homologous) and PKC-
mediated (heterologous) internalization of D, receptors were
comparatively characterized. As reported previously (Kim
et al., 2001), agonist-induced internalization of D, receptors is
known to be dependent on GRK and B-arrestin (Figure 1A).
Heterologous internalization of D, receptors was induced by
PMA, a PKC activator, but not by its inactive isomer, 40-PMA,
and was blocked by G066976, a specific PKC inhibitor
(Figure 1B). G66983, another specific PKC inhibitor, exerted
less intense but still significant inhibitory effects. In addition,
activation of PKC through stimulation of the Gq-coupled M;
muscarinic receptor resulted in the phosphorylation of D,
receptors (Namkung and Sibley, 2004), suggesting PMA-
induced phosphorylation of D, receptors has a physiological
role.

Since the post-endocytic behaviours of GPCRs determine
the functional features of receptor internalization, the short-
term and long-term recycling of D, receptors was compared
for the two regulatory pathways. As shown in Figure 1C, D,
receptors internalized through GRK- and PKC-mediated path-
ways showed opposite post-endocytic behaviours. Most
homologously internalized D, receptors (~90%) were recycled
back to the plasma membrane in 2 h; however, the heterolo-
gously internalized D, receptors did not recycle. Long-term
treatment with 1 uM quinpirole, a specific agonist of D,
receptors, for 12-24 h, did not induce down-regulation of D,
receptors. On the other hand, treatment with 1 uM PMA
resulted in the down-regulation of D, receptors (Figure 1D).

GRK- and PKC-mediated internalization of

D, receptors mediate opposite functional roles
Since DA- and PMA-induced internalization of D, receptors
resulted in different post-endocytic behaviour, the functional
significance of internalization through each pathway was
determined. Agonist-induced inhibition of cAMP production
was employed as the measure of D, receptor signalling and
was measured by either direct determination of cellular cAMP
(Supporting Information Figure S1A) or indirect reporter gene
assay (Figure 2A). These two assay methods yielded essen-
tially the same results. Homologous and heterologous desen-

sitization of D, receptors was induced by pretreatment with
DA and PMA respectively. As reported previously (Cho et al.,
2010a; Westrich and Kuzhikandathil, 2007), the signalling of
D, receptors was unaffected by pretreatment with DA (10 uM,
between 2 and 30 min) (Figure 2A). On the other hand, pre-
treatment with 1 uM PMA induced evident desensitization of
D, receptors; the ECsy value increased from 81 to 310 pM
(Figure 2B). As in the PMA-induced internalization of D,
receptors, the specific PKC inhibitor G66976 blocked the
PMA-induced desensitization of D, receptors more exten-
sively than G66983 (Supporting Information Figure S1B and
C). Also the inactive PMA analogue, 40-PMA, did not induce
desensitization of D, receptors (Supporting Information
Figure S1D), showing that PMA-induced desensitization is
indeed mediated by PKC.

To determine the functional roles of agonist-induced and
PKC-mediated internalization, the internalization of D,
receptors was blocked, and the consequent effects on signal-
ling were determined. Both DA- and PMA-induced internali-
zation of D, receptors were blocked by treating cells with
0.45M sucrose for 20 min (Daukas and Zigmond, 1985)
(Figure 2C). The sucrose treatment itself did not interfere
with the signalling of D, receptors, but the dose-response
curve of the sucrose-treated group was shifted to the right by
pre-exposure to DA (Figure 2D). These results suggest that the
resensitization of D, receptors was prevented when the
agonist-induced internalization was blocked. As opposed to
agonist-induced internalization of D, receptors, inhibition of
PMA-induced internalization of D, receptors partly blocked
PMA-induced desensitization of D, receptors (Figure 2E), sug-
gesting that PKC-mediated desensitization of D, receptors is
caused by receptor internalization as well as by receptor phos-
phorylation, which probably blocks the coupling between D,
receptors and G-protein.

Determination of receptor regions responsible
for PKC-mediated desensitization of

D; receptors

The intracellular trafficking and desensitization studies of D,
receptors showed that both GRK-and PKC-mediated regula-
tions involve receptor internalization, but display opposite
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Determination of the serine and threonine residues responsible for PKC-mediated desensitization of D, receptors. HEK-293 cells transiently
transfected with each mutant D, receptor were treated with T uM PMA for 15 min, then dose-response curves were obtained for the inhibition
of cAMP production. Receptor expression levels were maintained around 1.5-1.7 pmol-mg™" protein. (A) Roles of the S/T residues located within
the second and third intracellular loops in the PMA-induced desensitization of D, receptors. (B) Roles of T134 in the PMA-induced desensitization
of D, receptors. (C, D) Determination of S/T residues in the third intracellular loop responsible for the PMA-induced desensitization of D, receptors.
*P<0.05, **P < 0.01 when WT-PMA group was compared with WT-Veh group. Statistically significant differences were not observed between any

of the mutants-PMA and mutants-Veh groups.

post-endocytic behaviours (Figure 1C and D) and functional
roles (Figure 2). Given that receptor phosphorylation is the
key cellular event that determines the regulatory processes of
both pathways (Kim et al., 2001; Namkung and Sibley, 2004),
different phosphorylation sites within the intracellular loops
of D, receptors could be involved in the differences between
the two pathways.
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Using mutants in which every S/T residue within the
intracellular loops was altered to an alanine (A)/valine (V)
residue, a previous study reported that T225 is the key amino
acid residue that drives the homologous internalization of D,
receptors (Cho et al., 2010a). Also, it was shown that several
S/T residues located within the 3™ intracellular loop (S228,
$229, T322, T324, S325) were phosphorylated in a PKC-
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dependent manner and that S325 was involved in the PKC-
mediated desensitization of D, receptors (Namkung and
Sibley, 2004). However, this previous study did not identify
the S/T residues responsible for PKC-mediated internaliza-
tion. Furthermore, only a limited number of S/T residues were
tested based on predicted consensus sites for PKC, and it is
possible that other S/T residues located within the intracellu-
lar loops are also involved in the heterologous regulation of
D, receptors.

To locate potential phosphorylation sites responsible for
PKC-mediated desensitization of D, receptors, PMA-induced
desensitization was tested in all D, receptor mutants shown
in Table 1 and Figure 4C. When all the S/T residues located
within the second and third intracellular loops were mutated
to A /V residues (D,R-IC23, Table 1), PMA-induced desensiti-
zation of D, receptors was significantly inhibited (Figure 3A).
The roles of individual S/T residues in the PKC-mediated
desensitization of D, receptors were further analysed. Muta-
tion of T134 (#2, Figure 3B) but not other S/T residues located
within the second intracellular loop [(T144V/S147A/S148A
(#3, Supporting Information Figure S2A) or S147/8A (Sup-
porting Information Figure S2B)] resulted in significant
inhibition of PKC-mediated desensitization of D, receptors.
PMA-induced desensitization of D, receptors was also tested
for mutants within the third intracellular loop (from #4 to
#14, Figure 4C). When these mutants were tested, a decrease
in PMA-induced desensitization of D, receptors was observed
with DoR-#4 (T225V, S228A, S229A; Figure 3C) and D,R-#11
(T322V, T324V, S325A). When these S/T residues within D,R-
#11 were subdivided, PMA-induced desensitization of D,
receptors was abolished with S325A-D,R (Figure 3D) but
not with T322V/T324V-D,R (Supporting Information
Figure S2C). The S/T residues responsible for PKC-mediated
desensitization of D, receptor are shown as triangles in
Figure 4C.

Relationship between PKC-mediated
internalization and desensitization of

D; receptors

The results in Figure 2E show that PKC-mediated internaliza-
tion is functionally related to desensitization of the D, recep-
tor. Site-directed mutagenesis analysis of S/T residues located
within the intracellular loops revealed that three distinct
receptor regions independently mediate the PKC-mediated
desensitization of D, receptors (Figure 3B-D). To test whether
PKC-mediated internalization was necessary and sufficient
for PKC-mediated desensitization of D, receptors, the PMA-
induced internalization was assessed in S/T mutants of
the D, receptor in which the PKC-mediated desensitization
was abolished [T134V, T225V/S228A/S229A (#4), S325A].
Among these three D, receptor mutants, only mutant-#4
showed significantly reduced PKC-mediated internalization
(Figure 4A). To confirm whether T225/5228/S229 residues
(mutant-#4) determine the PKC-mediated internalization of
D, receptor, we utilized another mutant, D,R-PKCX. In PKCX,
all of the S/T residues responsible for PKC-mediated desensi-
tization of the D, receptor were mutated. PMA-induced inter-
nalization of D, receptor was similarly reduced in the PKCX
and mutant-#4 (Supporting Information Figure. S2D). These
results show that phosphorylation of T134 or S325 mediates
desensitization of D, receptors independently of receptor

internalization. On the other hand, phosphorylation of
T225/S228/S229 may mediate receptor internalization and
desensitization simultaneously, and the roles of individual
S/T resides within mutant-#4 were further analysed.

Site-directed mutagenesis studies showed that the single
point mutation of S229, but not of T225 or $228, inhibited
PKC-mediated internalization of D, receptors (Figure 4A).
However, simultaneous mutations of T225/5228/5S229 exerted
a more marked inhibition of PKC-mediated internalization of
D, receptors. Similar results were obtained for PKC-mediated
desensitization of D, receptors. Mutants containing each
individual mutation behaved like wild-type D, receptors
(Supporting Information Figure S3A-C), suggesting that these
three residues are all needed for the PMA-induced desensiti-
zation of D, receptors. $229 plays a major role in PKC-
mediated internalization, and T225 and S228 potentiate the
regulation through $229.

In contrast to PKC-mediated internalization and desensi-
tization, GRK-mediated internalization of D, receptor was
significantly inhibited when the S/T residues located within
IC2 or IC3 were mutated (Figure 4B). As reported previously
(Cho et al., 2010a), the internalization of D, receptor was
significantly inhibited only when all four S/T residues within
IC2 were simultaneously mutated (Figure 4B). Mutation of
T225 resulted in a similar extent of inhibition as IC3, in
which all S/T residues were mutated (Figure 4B). These results
suggest that the S/T residues within the second intracellular
loop and T225 are the major S/T residues responsible for the
GRK-mediated internalization of D, receptors. These results
are summarized in Figure 4C.

ARF6 determines the recycling of
homologously internalized D, receptors

Next attempted to identify the cellular components that
regulate the recycling of internalized D, receptors. A previous
study showed that B-arrestin2 is required for the recycling of
internalized §-opioid receptors (Zhang et al., 2008). Knock-
down of B-arrestins, however, did not have noticeable effects
on the recycling of internalized D, receptors (Supporting
Information Figure S4A and B), suggesting that B-arrestins are
not involved in the recycling of D, receptors.

Along with the large GTPase dynamin, various small
GTPases such as Rab and ARF proteins have been proposed as
regulators of vesicular transport (Segev, 2011). Some of the
Rab proteins, such as Rab5 and Rab23, are known to regulate
various steps of membrane trafficking in the route through
which cell surface proteins traffic from the Golgi to the
plasma membrane and recycle (Stenmark and Olkkonen,
2001; Evans et al., 2003). Co-expression of wild-type or domi-
nant negative mutants of Rab5 or Rab23 did not have any
effect on the recycling of internalized D, receptors (Support-
ing Information Figure S4C and D), suggesting that these
proteins are not involved in the constitutive recycling of the
internalized D, receptor in response to agonist stimulation.

There are six members in the ARF (ADP-ribosylation
factor) family of small GTPases; ARF6 is the best characterized
for the regulation of intracellular trafficking of membrane
proteins. ARF6 accumulates in clathrin-coated pits (CCPs) in
a GTP-dependent manner and regulates fast recycling of
plasma membrane receptors (Radhakrishna and Donaldson,
1997; Montagnac et al., 2011). The WT, constitutively active,
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Figure 4

Determination of S/T residues responsible for homologous and heterologous internalization of D, receptors. (A) Identification of S/T residues
responsible for the PKC-mediated internalization of D, receptors. Cells transiently transfected with wild-type or each S/T mutant of D, receptor
were treated with 1 uM PMA for 2 h. The underlined columns represent individual or combined mutations of S/T residues in mutant-#4
(T225/5228/5229). Receptor expression levels were maintained at around 1.2-1.5 pmol-mg™ protein. **P < 0.01, ***P < 0.0017 compared with
wild type. (B) Identification of S/T residue responsible for the homologous internalization of D, receptors. Cells transiently transfected with wild
type or each S/T mutant of D, receptor were treated with 10 uM DA for 1 h. Receptor expression levels were maintained at around 1.2-
1.5 pmol-mg™" protein. **P < 0.01, ***P < 0.001 compared with wild type. (C) Diagram showing the putative phosphorylation sites responsible
for GRK- and PKC-mediated regulation of D, receptors. The shaded region represents the transmembrane region. Site-directed mutagenesis was
performed to change the designated serine (S) or threonine (T) residues within the cytoplasmic loops (#1-14) into alanine or valine residues
respectively. T134, T225/5228/5229, and S325 are responsible for PKC-mediated desensitization of D, receptors. S/T residues located within the
second intracellular loop and T225 are responsible for agonist-induced internalization of D, receptors. $S229 is responsible for PMA-induced

internalization of D, receptors. More detailed information on the mutants is given in Table 1.
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or dominant-negative mutant of ARF6 did not have any effect
on the agonist-induced internalization of D, receptors
(data not shown). Interestingly, a constitutively GTP-bound
mutant of ARF6 (Q67L) inhibited the recycling of internal-
ized D, receptors in response to agonist stimulation
(Figure 5A). These results were confirmed by immunocyto-
chemical studies. The internalized D, receptor readily recy-
cled back to the plasma membrane in cells that do not express
Q67L-ARF6 (Figure 5B, left panel). Q67L-ARF6 co-localized
with D, receptors on the plasma membrane and inhibited the
recycling of internalized D, receptors (Figure 5B, middle and
right panel). Even though Q67L-ARF6 inhibited the recycling
of D, receptors, D, receptors eventually returned to the
plasma membrane (Supporting Information Figure S5A).
These results suggest that Q67L-ARF6 retards the recycling of
the internalized D, receptor but does not increase the degra-
dation of D, receptors. The fast recycling ARF6 mutant
(T157N) (Santy, 2002) did not affect the recycling of D, recep-
tors (Supporting Information Figure S5B), suggesting that
GTP hydrolysis and ARF6 inactivation, rather than GDP/GTP
exchange rate, are essential for the role of ARF6 in trafficking
D, receptors back to the plasma membrane.

To determine whether ARF6 specifically mediates one of
these two components, two different D, receptor mutants
were utilized: D,R-IC2/T225 and D,R-PKCX. In D,R-IC2/
T225, four S/T residues within the second intracellular loop
and T225 were mutated. In D,R-PKCX, T134, S228, S229
and S325 were mutated. Therefore, the GRK2- and PKC-
dependent component is absent in D,R-IC2/T225 and D,R-
PKCX respectively. As shown in Figure 5C and D, the
recycling of D,R-PKCX but not that of D,R-IC2/T225 was
inhibited by Q67L-ARF6. In agreement with these results,
ARF6 did not affect the PMA-induced down-regulation of D,
receptors (Supporting Information Figure SSC). These results
show that ARF6 selectively mediates the recycling of D, recep-
tors, which are internalized in a GRK-dependent manner.

Next, endogenous ARF6 was knocked down and changes
in D, receptor recycling were determined. As shown in Sup-
porting Information Figure SSD, a decrease in cellular ARF6
did not have significant effects on the recycling of D, recep-
tors, suggesting that certain cellular components other than
ARF6 are also involved in the control of D, receptor recycling.

Finally, the effects of agonistic stimulation of D, receptors
on ARF6 activity were determined through GST pull-down
assay using GST-GGA3-PBD. As shown in Figure SE, stimula-
tion of D, receptors activated ARF6, suggesting that persistent

stimulation of the D, receptor will retard the recycling of
internalized D, receptors, probably resulting in a decrease in
D, receptor activity in the plasma membrane.

GASP-1 mediates the degradation of D,
receptors in a PKC-dependent manner

GASP-1 is a recently discovered sorting protein for GPCRs
(Whistler et al., 2002; Moser et al., 2010) and seems to be
involved in directing internalized GPCRs to lysosomes. The
497 amino-acid COOH terminal fragment of GASP-1 (cGASP)
disrupts the interaction of GASP-1 with GPCRs and has been
used as a dominant negative mutant of GASP-1.

Our results show that D, receptors internalized in
response to agonist treatment were constitutively recycled
back to the plasma membrane when the agonist was removed
from the culture media (Figure 1C), and that the receptor
expression significantly increased when cells were treated
with agonist between 12 and 24 h (Figure 1D). On the other
hand, D, receptors internalized in response to PKC stimula-
tion were degraded (Figure 1C and D). Since GASP-1 was
reported to interact with D, receptors (Bartlett et al., 2005),
we tested whether GASP-1 plays a specific role in differently
sorting the D, receptor internalized in response to agonist
treatment or PKC activation. For this, the internalization of
D, receptors was induced by treating the cells with DA or
PMA, and then their post-endocytic fate was assessed in the
presence and absence of exogenous GASP-1 or cGASP. As
shown in Figure 64, the recycling of internalized D, receptors
in response to PKC stimulation was significantly retarded by
co-expression of full length GASP-1 but significantly acceler-
ated by co-expression of cGASP, the dominant-negative
mutant of GASP-1. These results were confirmed by immu-
nocytochemical studies. The D, receptors internalized in
response to PMA stimulation were more readily recycled back
to the plasma membrane from cytosol by co-expression of
cGASP (Figure 6B, compare the cells in the middle and right
panels). In contrast, the recycling of D, receptora internalized
in response to agonistic stimulation was not altered by
co-expression of GASP-1 or cGASP (Figure 6C). These results
suggest that GASP-1 mediates the selective sorting of D,
receptors internalized in response to PKC activation into the
degradation pathway. In accordance with this, GASP-1 inter-
acted with D, receptors, and this interaction was enhanced
when cells were treated with PMA but not in DA-treated cells
(Figure 6D). In agreement with these results, G66976, a
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Figure 5

Mechanistic and functional analysis of constitutive recycling of homologously internalized D, receptors. (A) Roles of ARF6 in the recycling of
homologously internalized D, receptors determined by the radioligand binding assay. HEK-293 cells stably expressing D, receptors (1.2 pmol-mg™"
protein) were transfected with EGFP, EGFP-tagged T27N- or Q67L-ARF6. Expression levels of ARF6 constructs were determined by immunoblotting
the cell extracts with antibodies against GFP. The % of D, receptor internalization after 1 h treatment with 10 uM DA was 37.8, 35.2 and 29.6
in the Mock, T27N-ARF6 and Q67L-ARF6 groups respectively. These internalization values were converted to 100% for each experimental group
(e.g. 37.8-100), and the number of constitutively recycled D, receptors was presented as a % of maximal internalization (e.g. % of 37.8).
***P < 0.001 when Q67L group was compared with other experimental groups. (B) Roles of ARF6 in the recycling of homologously internalized
D, receptors determined by immunocytochemistry. Cells were transfected with either FLAG-D; receptor alone (left panel) or FLAG-D, receptor/
GFP-tagged Q67L-ARF6 (middle and right panel). Cells were treated with vehicle (top panel) or with 10 uM DA for 1 h (middle panel), followed
by three washes with serum-free medium at 4°C, and incubation at 37°C for 1 h (lower panel). For immunocytochemistry, cells were fixed with
ice-cold 4% paraformaldehyde in PBS, pH 7.4, for 10 min. Cells were incubated with PBS containing with 3% FBS and 1% BSA for 1 h and then
incubated with FLAG antibody 1 h at room temperature. After three washes, cells were incubated with Alexa 594-conjugated secondary antibody
for 1 h at room temperature. After three washes with washing buffer, the cells were mounted in Vectashield (Vector Laboratories, Burlingame, CA)
and viewed with laser scanning confocal microscope (TCS SP5/ABOS/Tandem, Germany). The horizontal bar represents 10 um. (C) Requirement
for the S/T residues regulated by GRK2/3 in the sorting activities of ARF6. HEK-293 cells expressing WT-D,R or D,R-IC2/T225 were transfected
either with WT-ARF6 or Q67L-ARF6, and the recycling rates of each receptor were measured. Receptor expression levels were maintained at around
1.2 pmol-mg™' protein. ***P < 0.001 when WT-D,R/WT-ARF6 group was compared with WT-D,R/Q67L-ARF6 group. (D) PKC-mediated regulation
of D, receptors is not dependent on the sorting activities of ARF6. HEK-293 cells expressing WT-D2R or D,R-PKCX were transfected either with
WT-ARF6 or Q67L-ARF6, and the recycling rates of each receptor were measured. Receptor expression levels were maintained at around
1.2 pmol mg™ protein. ***P < 0.001 when WT/WT or PKCX/WT group was compared with WT/Q67L-ARF6 or PKCX/Q67L-ARF6 group. (E) Effects
of agonist stimulation of D, receptors on the activity of ARF6. (Left panel) Cells were transfected with Q67L-ARF6. (Right panel) Cells expressing
D, receptors were transfected with WT-ARF6, ad stimulated with 10 uM DA up to 60 min. GST pull-down assay was conducted as described in

Methods. The data represent results from three independent experiments with similar outcomes.
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specific PKC inhibitor, blocked the PMA-induced interaction
between D, receptors and GASP-1 (Supporting Information
Figure S6A).

As expected from their effects on the recycling of
D, receptors in response to PKC activation, the PKC-
mediated down-regulation of D, receptors was enhanced or
inhibited by co-expression of GASP-1 or cGASP, respectively
(Figure 7A). In agreement with our hypothesis that D,
receptors phosphorylated in response to PKC activation
undergo down-regulation, D,R-PKCX did not undergo down-
regulation in response to PMA treatment (Figure 7B). The
finding that GASP-1 is specifically involved in PKC-mediated
phosphorylation of D, receptors was further confirmed by
protein interaction studies. The interaction between GASP-1
and WT-D,R but not D,R-PKCX increased in response to PMA
treatment (Figure 7C), suggesting that GASP-1 is involved in
PKC-mediated regulation of D, receptors. The interaction
between D, receptors and GASP-1 was increased at 5 min after
PMA treatment but decreased at 30 min after PMA treatment
(Figure 7D). These results were confirmed by immunocyto-
chemical studies. GASP-1 co-localized with D, receptors at
5 min with PMA treatment (Figure 7E, middle panel) but
showed exclusive subcellular distribution at 30 min with
PMA treatment (Figure 7E, bottom panel). Essentially, the
same results were obtained from SH-SYSY cells, dopaminergic
neuroblastoma cells. As shown in the two upper panels of
Supporting Information Figure S6B, cGASP promoted the
recycling of internalized D, receptors. In addition, D,R-PKCX,
which did not undergo PMA-induced internalization (Sup-
porting Information Figure S2D) and did not bind with
GASP-1 (Figure 7C) in HEK-293 cells, showed the same pat-
terns of internalization and recycling as in SH-SYSY
dopaminergic neuroblastoma cells (Supporting Information
Figure S6B). These results show that GASP-1 quickly interacts
with D, receptors to guide the intracellular trafficking
pathway and then returns back to the cytoplasm.

Discussion

GRK and PKC/PKA are representative regulators of homolo-
gous and heterologous desensitization of GPCRs in which
receptor phosphorylation is the key cellular event. The
involvement of GRK2/3 and PKC in the DA- and PMA-
induced phosphorylation of D, receptors has been well-
documented (Kim et al., 2001; Namkung and Sibley, 2004).
The elucidation of the molecular mechanisms that determine
the differences between the two pathways has been a funda-
mental issue in this research area. Even though studies from
B.-adrenoceptors have shown that different S/T residues are
involved in GRK- and PKA-dependent regulation, the detailed
molecular mechanisms that differentiate the two pathways
are not clear. Here we performed a comparative study of the
homologous and heterologous regulation of D, receptors in
terms of differences in the S/T residues involved, intracellular
trafficking properties and differential usage of sorting
proteins.

A previous study showed that phosphorylation of some of
S/T residues located within the third intracellular loop (5256,
S257, T258, S259, T264, S282, S288, S292) is required for
the recycling but not the internalization of D, receptors
(Namkung etal., 2009). In our study, other S/T residues
located in the second intracellular loop (T134, T144, S147,
S$148) and third intracellular loop (T225) are involved in the
receptor internalization. It is interesting that different sets of
S/T residues mediate distinct intracellular trafficking proc-
esses, and elucidation of underlying molecular mechanisms
such as involvement of intermediate proteins could reveal
novel regulatory processes that mediate different intracellular
trafficking processes of GPCRs.

A working model is proposed in Figure 8 based on the
experimental results obtained in this study. Our results
show that S/T residues within IC2 and T225 are the major
phosphorylation sites involved in the GRK2-mediated
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Post-endocytic pathways of dopamine D, receptors

Figure 6

Effects of GASP-1 on the sorting of the internalized D, receptor in response to PKC activation. (A) Roles of GASP-1 in the recycling of internalized
D, receptors in response to PKC activation. (Left panel) Cells stably expressing D, receptors were transfected with EGFP, EGFP-tagged full-length
GASP-1 or cGASP, stimulated with 1 uM PMA for 1 h, washed at 4°C and incubated with serum-free media for 0-120 min at 37°C. *P < 0.05,
**P < 0.01 when compared with 0 min wash group. (Right panel) Results shown in left column were plotted for the recycling of D, receptors. The
maximum PKC-mediated internalization of D, receptors, which was measured after PMA treatment and washing at 4°C, was converted to 100%.
(B) Effects of GASP-1 on the recycling of heterologously internalized D, receptors as determined by immunocytochemistry. Cells were transfected
with FLAG-D, receptor and GFP-tagged cGASP. Cells were treated with vehicle (left panel) or 1 uM PMA for 1 h (middle panel), followed by three
washes with serum-free media at 4°C and incubation at 37°C for 1 h (right panel). Immunocytochemistry was conducted as in Figure 5B. The
horizontal bars represent 10 um. (C) Roles of GASP-1 in the recycling of internalized D, receptors in response to agonist stimulation. Cells
expressing D, receptors and full-length GASP-1 or cGASP, were stimulated with 10 uM DA for 1 h and washed at 4°C. Receptor recycling was
measured as in (A). (D) Selective interaction between D, receptor and GASP-1 in response to PKC activation. Cells expressing GFP-tagged GASP-1
and FLAG-tagged D, receptors were stimulated with T uM PMA or 10 uM DA for 5 min. Cell lysates were immunoprecipitated with FLAG
antibodies and immunoblotted with antibodies to GFP. The data are representative of three independent experiments. ***P < 0.001 compared

with vehicle group.

Pl

<«

internalization of D, receptors. On the other hand, T225,
$228 and S229 are the major phosphorylation sites involved
in the PKC-mediated internalization of D, receptors. There-
fore, differences in the phosphorylation patterns around IC2
and T225/8228/S229 could be critical factors that determine
their post-endocytic fates. It is not clear, at this point, how
the differently phosphorylated D, receptors are selectively
sorted into endocytic vesicles that either recycle back to the
plasma membrane or are degraded in lysosomal vesicles.

The fate of internalized receptors will be determined by
sorting between recycling and degradation pathways. Thus,
the post-endocytic fate of a receptor could be an important
factor in determining the role of endocytosis in signal trans-
duction. If the internalized receptors recycle back to the
plasma membrane, the internalization could mediate recep-
tor resensitization either through receptor dephosphoryla-
tion or dissociation from arresting proteins. Alternatively, if
the internalized receptor is targeted to the lysosomes, inter-
nalization could be the initial step towards receptor desensi-
tization through down-regulation. Our results show that the
post-endocytic fate of D, receptors is oppositely determined
by ARF6 and GASP-1, depending on the nature of the stimu-
lus, that is, either dopamine agonist or activation of cellular
PKC activity.

Our results are different from a previous study with
8-opioid receptors in which GRK2-mediated receptor phos-
phorylation and B-arrestins play critical roles in the constitu-
tive recycling of internalized receptor proteins (Zhang et al.,
2008). We have shown that mutation of all of serine and
threonine residues located within the intracellular loop of D,
receptors slightly delayed recycling but it still occurred (Cho
etal., 2010a). In addition, knockdown of B-arrestin1/2 did
not have any effect on the recycling of internalized D, recep-
tors (Supporting Information Figure S4B).

It is interesting that differential phosphorylation of D,
receptors by GRK and PKC results in selective functional
association with distinct sorting proteins. It has been sug-
gested that receptor phosphorylation not only influences
endocytosis but also influences the post-endocytic fate of a
receptor (Namkung et al., 2009; Cho et al., 2010a). A recent
study showed that GASP-1 interacts with dysbindin, a cyto-
plasmic protein that is known to function in the biogenesis
of specialized lysosome-related organelles (Marley and von
Zastrow, 2010). Therefore, it is speculated that the conforma-

tional status of D, receptors induced by phosphorylation on
different S/T residues might differently interact with different
sorting proteins.

Small GTPases, such as Rab, ARF and Rho, and a large
GTPase, dynamin, are known to regulate various steps of
vesicular transport, including vesicle formation, scission, tar-
geting and fusion (Segev, 2011). These GTPases have their own
authentic roles in vesicular transport. For example, vesicle
formation is regulated by AREF, vesicle scission by dynamin,
vesicle motility by Rabs, vesicle tethering by Rabs and Rhos,
and vesicle fusion by Rhos (Segev, 2011). Small GTPases slowly
switch between the GDP- and GTP-bound forms, and this
process is greatly accelerated with the help of guanine nucle-
otide exchange factors and GTPase activating proteins. In
addition, GTPases cycle between the cytoplasm and mem-
branes, and the GTP-bound forms of GTPases on membranes
interact with their specific effectors, which mediate vascular
transport (Seabra and Wasmeier, 2004). Results in Figure 5A
and C are in agreement with these molecular schemes. The
GTP-bound form of ARF6 (Q67L), but not the GDP-bound
form of ARF6 (T27N) or the fast cycling form of ARF6 (T157N),
interfered with the recycling. Proper conversion of ARF6 from
GTP- to GDP-bound form seems to be a critical factor for
normal recycling of internalized vesicles.

However, caution still needs to be taken when drawing
definite conclusions. As shown in Supporting Information
Figure S5D, knockdown of endogenous ARF6 did not have
significant effects on the recycling of internalized D, recep-
tors (Supporting Information Figure SSD). Therefore, it is pos-
sible that certain cellular components other than ARF6 are
also involved in the recycling of D, receptors, or it can be
speculated that ARF6, in a GTP-dependent manner, regulates
other cellular components that are responsible for the recy-
cling of D, receptors.

GASP is known to be involved in directing internalized
GPCRs to lysosomes, leading to their degradation (Whistler
etal., 2002). A subsequent study in HEK-293 cells showed
that GASP mediates the degradation of internalized D, recep-
tors in response to dopamine treatment (Bartlett et al., 2005).
In contrast, previous studies in HEK-293 cells and C6 glioma
cells showed that D, receptors are up-regulated by agonist
treatment (Filtz et al., 1993; Starr et al., 1995). Our studies in
HEK-293 cells showed that the D, receptors internalized in
response to agonistic stimulation readily recycle back to the
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Figure 7

Roles of GASP-1 in the selective sorting of the internalized D, receptor into the degradation pathway after PKC activation. (A) Roles of GASP-1 in
the down-regulation of internalized D, receptors in response to PKC activation. Cells expressing D, receptors and GASP-1 or cGASP were treated
with 1 uM PMA for 12 or 24 h, washed at 4°C. **P < 0.01, ***P < 0.001 when the experimental group at 12 or 24 h were compared with
corresponding vehicle group for the cells expressing Mock vector or GASP-1. (B) Selective contribution of S/T residues involved in the
PKC-mediated regulation of D, receptor to the sorting activity of GASP-1. Cells expressing GASP-1 and WT-D,R or D,R-PKCX were treated as in
(A). *P < 0.05, ***P < 0.001 compared with the WT group. (C) Selective contribution of S/T residues involved in the PKC-mediated regulation of
D, receptor to the protein interaction of GASP-1 with D, receptors. Cells expressing GFP-tagged GASP-1 and FLAG tagged WT-D,R or D,R-PKCX,
were treated with vehicle or T uM PMA for 5 min. Cell lysates were immunoprecipitated with FLAG antibodies and immunoblotted with antibodies
to GFP. The data are representative of three independent experiments. (D) Time course of the interaction between D, receptors and GASP-1 in
response to PMA stimulation. Cells expressing GFP-tagged GASP-1 and FLAG-tagged WT-D, receptors were treated with vehicle or T uM PMA for
5 and 30 min. Cell lysates were immunoprecipitated with FLAG antibodies and immunoblotted with antibodies to GFP. The data are representative
of three independent experiments. (E) Time course of the co-localization of D, receptors and GASP-1. Cells were transfected with FLAG-D, receptor
and GFP-tagged GASP-1. Cells were treated with vehicle (top panel), T uM PMA for 5 min (middle panel) or 30 min (lower panel). Immunocy-
tochemistry was conducted as in Figure 5B. The horizontal bars represent 10 um.
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Diagram showingthe endocytic motifs and sorting proteins involved in the intracellular trafficking of D, receptors. S/T residues located within the
second intracellular loop and T225 are involved in the agonist-induced internalization. $229 is the main amino acid residue responsible for
PMA-induced internalization, and T225/5S228 is needed to enhance the PMA-induced internalization in collaboration with $229. T134 and T225
are involved both in agonist-induced and PMA-induced internalization of D, receptors. ARF6 mediates the recycling of D, receptors internalized
in a GRK2-dependent manner, which results in the resensitization of D, receptors. GASP-1 is involved in the lysosomal sorting of D, receptors
internalized in a PKC-dependent manner and mediates the desensitization of D, receptors.
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plasma membrane, while long-term treatment with agonist
up-regulated the D, receptor levels (Figure 1D). It is not clear
what caused the opposite results for the same receptor in the
same cell types. Furthermore, one study group, from measur-
ing the expression of D, receptors on the cell surface by
immunocytochemical labelling of the N-terminus, reported
that agonistic stimulation resulted in internalization and
degradation of D, receptors. Whereas other study groups
measured the surface D, receptor levels by radioligand
binding assay and reported that D, receptors are increased
by long-term treatment with agonist. Further studies are
needed to clarify the technical differences between the two
approaches.

Another question is whether PKC-mediated internaliza-
tion is directly associated with PKC-mediated desensitization
of D, receptors. The results in Figures 3 and 4C show that
PKC-mediated desensitization of D, receptors is mediated by
S/T residues located within three independent regions (T134,
T225/S228/S229, S325) of intracellular loops, but the inter-
nalization is mediated by only one of three locations (T225/
$228/S8229, Figure 4A and C). The results in Figure 2C and E
also show that the blockade of PKC-mediated internalization
of D, receptors only partly inhibits the PKC-mediated desen-
sitization. These results suggest that the PKC-mediated desen-
sitization of D, receptors is collaboratively controlled by
receptor phosphorylations through which receptor internali-
zation might or might not be induced.

Our results show that T134, T225/5228/S229 and S325
collaboratively mediate PKC-mediated desensitization of D,
receptors, and that alteration of any of these S/T residues
abolishes PKC-mediated desensitization of D, receptors.
These results suggest that PKC-mediated desensitization of D,
receptors will occur only when all of these S/T residues are
simultaneously phosphorylated. In addition, agonist-induced
internalization mediates the resensitization of D, receptors
(Figure 2D). These results suggest that both homologous and
heterologous desensitization of D, receptors are tightly regu-
lated and the responsiveness of a D, receptor is strictly pre-
served. Agonists for D, receptors have been used for the
clinical management of Parkinson’s disease (Calne etal.,
1974) and prolactin-secreting adenomas (Cunnah and Besser,
1991). Since these treatments involve long-term administra-
tion of D, receptor agonists, the maintenance of receptor
responsiveness is critical for their successful use.

In conclusion, both homologous and heterologous path-
ways are involved in the regulatory processes of D, receptors.
Different post-endocytic fates and opposite functional roles
of GRK- and PKC-mediated endocytic pathways of D, recep-
tor are mediated by differential involvement of phosphoryla-
tion sites and selective involvement of sorting factors such as
ARF6 and GASP-1. However, the relevance of the endogenous
mechanisms revealed in this study remains to be demon-
strated, since all of the data discussed were obtained from
transfected cells.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Characterization of PMA-induced desensitization
of D, receptors. (A) Dose-response curve for the inhibition of
cAMP production in D, receptors. cAMP was measured by
column chromatography as described in Methods. Receptor
expression levels were maintained at around 1.4 pmol-mg™'
protein. (B) Effects of PKC inhibitor G66976 on the PMA-
induced desensitization of D, receptors. Cells were pretreated
with 1 uM G066976 for 20 min and then treated with 1 uM
PMA for 15 min, followed by determination of dose-response
curves. ***P < 0.001 when Veh/PMA group was compared
with Veh/Veh group. (C) Effects of the PKC inhibitor G66983
on the PMA-induced desensitization of D, receptors. Cells
were pretreated with 1 uM G066983 for 20 min and then
treated with 1 uM PMA for 15 min. **P < 0.01 when ‘Veh/
PMA’ group was compared to ‘Veh/Veh’ group. (D) Involve-
ment of PKC in the desensitization of D, receptors. Cells
expressing D, receptors were treated with 1 uM PMA or
40-PMA for 15 min, followed by determination of dose-
response curves. ***P < 0.001 when PMA group was compared
with vehicle or 4a-PMA group.
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Figure $2 Characterization of effects of mutants of D,
receptors at S/T residues on the PMA-induced desensitiza-
tion of D, receptors. (A) Effects of mutations of T144/S147/
S148 (#3) on the PMA-induced desensitization of D,
receptors. *P < 0.05 when PMA group was compared with
each vehicle group. Receptor expression levels were main-
tained around 1.8 pmol-mg™ protein. (B) Effects of muta-
tion of S147 and S148 on PMA-induced desensitization of
D, receptors. *P < 0.05 when PMA group was compared with
each vehicle group. (C) Effects of mutations of T322 and
T324 on the PMA-induced desensitization of D, receptors.
*P < 0.05 when PMA group was compared with each vehicle
group. (D) Effects of mutations of S/T residues involved in
the PKC-mediated desensitization on the PMA-induced
internalization of D, receptors. ***P < 0.001 compared with
WT group.

Figure S3 Functional analysis of S/T residues located within
the endocytic motif of the third intracellular loop and asso-
ciated plasma membrane microdomain in which PKC-
mediated internalization of the D, receptor occurs. Effects of
point mutation of T225, $228 and $229 on the PKC-mediated
desensitization of D, receptors. Cells expressing wild-type or
each S/T mutant of D, receptor were treated with 1 uM PMA
for 15 min, and the dose-response curves were determined.
*P < 0.05 when PMA-treated group was compared with each
vehicle group.

Figure $4 Roles of B-arrestins and Rab5/Rab23 in the recy-
cling of homologously internalized D, receptors. (A) Prepara-
tion of double knockout cell lines of B-arrestin1/2. Double
knockdown of B-arrestins was conducted as described in
Methods. (B) Roles of B-arrestins in the recycling of D, recep-
tors. Cells expressing D, receptors (around 0.9 pmol-mg!
protein) were treated with 50 ug-mL™ cyclohexamide, fol-
lowed by 10 uM DA for 60 min. After being washed with
serum-free medium, cells were incubated at 37°C for the
indicated period of time. (C) Roles of Rab$5 in the recycling
of D, receptors. Cells stably expressing D, receptors
(~1.1 pmol'-mg™" protein) were transfected with Mock,
WR-Rab5 or S34N-Rab35. (D) Roles of Rab23 in the recycling
of D, receptors. Cells stably expressing D, receptors
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(~1.1 pmol'-mg™" protein) were transfected with Mock,
WR-Rab23 or S23V-Rab23.

Figure S5 Roles of ARF6 in the intracellular trafficking of D,
receptors. (A) Roles of ARF6 in the induced down-regulation
of D, receptors. HEK-293 cells stably expressing D, receptor
were co-expressed with empty vector, ARF6-WT, ARF6-T27N
or ARF-Q67L, treated with 1 uM quinpirole for 12 and 24 h.
Receptor binding was determined as in Figure 1D. (B) Effects
of fast cycling ARF6 mutant on the recycling of homolo-
gously internalized D, receptors. Cells were transfected with
wild type (WT), T157N- or Q67L-ARF6. The recycling of
homologously internalized D, receptors was determined as in
Figure SA. ***P < 0.001 when Q67L group was compared to
WT or T157N group. (C) Effects of ARF6 on the down-
regulation of D, receptors in response to long-term PMA
stimulation. HEK-293 cells expressing ARF6 constructs were
treated with vehicle or 1 uM PMA for 12 or 24 h, and receptor
binding was conducted as in Figure 1D. (D) Effects of knock-
down of endogenous ARF6 on the recycling of internalized D,
receptors. HEK-293 cells stably expressing scrambled shRNA
or ARF6 shRNA were transfected with D, receptors. Receptor
recycling was determined as in Figure 1C.

Figure $6 Roles of GASP-1 in the recycling of D, receptors
internalized in response to PMA stimulation. (A) Effects of
PKC inhibitors on the interaction between D, receptors and
GASP-1. HEK-293 cells expressing FLAG-D,R and GFP-GASP-1
were pretreated with 1 uM G66976 or G66983 for 20 min,
followed by 1 uM PMA for 5 min. Immunoprecipitation was
conducted as in Figure 6D. **P < 0.01, ***P < 0.001 when PMA
group was compared with corresponding Veh group. (B) Roles
of GASP-1 in the recycling of D, receptors in SH-SYSY
dopaminergic neuroblastoma cells. (Upper two panels) Roles
of GASP-1 in the recycling of D, receptors. Cells transfected
with FLAG-D,R and GFP-GASP-1 were stimulated with 1 uM
PMA for 60 min (middle panel), followed by washing and
incubation at 37°C for 60 min (right panel). Immunocyto-
chemistry was conducted as in Figure 5B. (Lower two panels)
Cells were transfected either with D,R-GFP or D,R-PKCX-GFP
and processed as in the upper two panels. The horizontal bars
represent 10 um.



