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Abstract

Homologous desensitization of D1 dopamine receptors is thought to occur through their
phosphorylation leading to arrestin association which interdicts G protein coupling. In order to
identify the relevant domains of receptor phosphorylation, and to determine how this leads to
arrestin association, we created a series of mutated Dq receptor constructs. In one mutant, all of the
serine/threonine residues within the 3rd cytoplasmic domain were altered (3rdTOT). A second
construct was created in which only three of these serines (serines 256, 258, and 259) were
mutated (3rd234). We also created four truncation mutants of the carboxyl terminus (T347, T369,
T394, and T404). All of these constructs were comparable with the wild-type receptor with respect
to expression and adenylyl cyclase activation. In contrast, both of the 3rd loop mutants exhibited
attenuated agonist-induced receptor phosphorylation that was correlated with an impaired
desensitization response. Sequential truncation of the carboxyl terminus of the receptor resulted in
a sequential loss of agonist-induced phosphorylation. No phosphorylation was observed with the
most severely truncated T347 mutant. Surprisingly, all of the truncated receptors exhibited normal
desensitization. The ability of the receptor constructs to promote arrestin association was
evaluated using arrestin-green fluorescent protein translocation assays and confocal fluorescence
microscopy. The 3rd234 mutant receptor was impaired in its ability to induce arrrestin
translocation, whereas the T347 mutant was comparable with wild type. Our data suggest a model
in which arrestin directly associates with the activated 3rd cytoplasmic domain in an agonist-
dependent fashion; however, under basal conditions, this is sterically prevented by the carboxyl
terminus of the receptor. Receptor activation promotes the sequential phosphorylation of residues,
first within the carboxyl terminus and then the 3rd cytoplasmic loop, thereby dissociating these
domains and allowing arrestin to bind to the activated 3rd loop. Thus, the role of receptor
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phosphorylation is to allow access of arrestin to its receptor binding domain rather than to create
an arrestin binding site per se.

Agonist activation of most G protein-coupled receptors (GPCRs)! is quickly followed by
homeostatic processes that desensitize or return the receptor activity back toward basal
levels (reviewed in Refs. 1-3). Desensitization of GPCRs is thought to largely involve their
phosphorylation by a variety of protein kinases. One category of protein kinases, involved in
heterologous desensitization, are those activated by second messengers, such as cCAMP-
dependent protein kinase or protein kinase C. Phosphorylation of GPCRs by these kinases
does not require agonist occupancy and results in reduced G protein coupling. A second
category of protein kinases are the GPCR kinases (GRKSs) that mediate homologous
desensitization of GPCRs. Phosphorylation of GPCRs by GRKSs is strictly dependent on
agonist occupancy resulting in desensitization of only those receptors that were activated.
GRK phosphorylation generally occurs on serine and/or threonine residues in the GPCR
carboxyl terminus and/or 3rd cytoplasmic loop. Phosphorylation by GRKSs has been shown
to decrease the affinity of the GPCR for its cognate G protein and also results in the binding
of an arrestin protein. Arrestin association further prohibits G protein coupling and also
targets the GPCR for endocytosis. Once internalized, the GPCR can engage additional
signaling pathways and be sorted for recycling to the plasma membrane or targeted for
degradation (1-3). Although this basic desensitization paradigm may be operative for most
G protein-coupled receptors, it is becoming apparent that there may be significant
exceptions and widespread variations on this general scheme.

One area of significant complexity is the mechanism by which GRK phosphorylation leads
to arrestin association with the GPCR. Surprising little is known about this process with
most information coming from the rhodopsin-visual arrestin system. Gurevich and co-
workers (4, 5) have proposed a model whereby arrestin binds to the phosphorylated carboxyl
terminus of rhodopsin resulting in the disruption of intramolecular forces within the arrestin
protein leading to an altered conformation with high affinity for rhodopsin. By using
constitutively active mutants of arrestins, Gurevich and co-workers (6, 7) have also provided
evidence that this model may be applicable to the 3,-adrenergic receptor that also undergoes
GRK-mediated phosphorylation on its carboxyl terminus. Despite these advances, it is not
clear if this model is generally applicable to all GPCR/arrestin interactions, particularly for
GPCRs that do not undergo GRK phosphorylation on their carboxyl termini. Remaining
unclear for the vast majority of GPCRs is the precise number, location, and role of GRK
phosphorylation sites that lead to arrestin association and ultimately desensitization.

Like most GPCRs, the D1 dopamine receptor undergoes both second messenger and GRK-
mediated phosphorylation reactions that lead to its desensitization. Conflicting evidence has
been provided as to the relative role of second messenger activated protein kinases,
primarily PKA, and that of GRK-mediated phosphorylation (reviewed in Ref. 8). In some
systems, agonist-induced phosphorylation of the D1 receptor appears to be mediated

1The abbreviations used are: GPCRs, G protein-coupled receptors; GRK, G protein-coupled receptor kinase; PKA, protein kinase A;
DMEM, Dulbecco’s modified essential medium; FCS, fetal calf serum; EBSS, Earle’s balanced salt solution; WT, wild type; GFP,
green fluorescent protein; CHO, Chinese hamster ovary.

J Biol Chem. Author manuscript; available in PMC 2016 February 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 3

predominantly by PKA (9), whereas in others GRKSs appear to play a primary role (10-13).
Similarly, the exact sites of phosphorylation are unclear. Both Jiang and Sibley (14) and
Mason et al. (9) have provided evidence that T268 in the 3rd cytoplasmic loop of the Dy
receptor is phosphorylated in a PKA-dependent fashion and that this regulates either the rate
of desensitization (14) or intracellular trafficking of the receptor once internalized (9). In
contrast, Jackson et al. (15) have provided evidence that the D4 receptor is primarily
phosphorylated on multiple residues within its carboxyl terminus. Similarly, Lamey et al.
(13) have provided evidence that agonist-induced phosphorylation of the human D, receptor
is restricted to the carboxyl terminus; however, they report that only a single residue, T360,
is involved and that this is likely phosphorylated by a GRK. This finding conflicts with a
previous observation by Tiberi et al. (10) that GRK-mediated phosphorylation of the D1
receptor takes place exclusively on serine residues. Many of these studies utilized different
cellular host systems for receptor expression, suggesting that this might account for some of
these disparate results.

Because Tiberi et al. (10) have shown that phosphorylation of the D receptor in HEK293
cells is predominantly mediated by GRK(s) and because we are interested in mapping the
functionally relevant domains of GRK-mediated phosphorylation and determining how this
leads to arrestin association, we have used these cells in our current study. We now provide
evidence for functionally relevant phosphorylation sites within both the 3rd cytoplasmic
loop and the carboxyl terminus of the D4 receptor and that phosphorylation of both of these
domains is required for rapid association of arrestin with the receptor. Rather than the
creation of an arrestin binding site per se, however, the only role of receptor
phosphorylation is to alter the conformation of the 3rd cytoplasmic loop and/or the carboxyl
terminus such that arrestin can associate with and bind to the activated 3rd cytoplasmic
domain.

EXPERIMENTAL PROCEDURES

Materials

HEK?293 cells were purchased from American Type Culture Collection (Manassas, VA).
HEK293-tsa201 (HEK293T) cells (16) were a gift of Dr. Vanitha Ramakrishnan.
[3H]SCH-23390 (70-71.3 Ci/mmol) and [3H]cAMP (31.4 Ci/mmol) were obtained from
Diagnostic Products Corp. (Los Angeles, CA). [32P]Orthophosphate (carrier-free) was
obtained from Amersham Biosciences. Dopamine, Ro-20-1724, (+)-propranolol, and (+)-
butaclamol were purchased from Research Biochemicals Inc. (Natick, MA). Cyclic AMP
assay kits were from Diagnostic Products Corp. (Los Angeles, CA). Cell culture media and
reagents were from Invitrogen. Fetal calf serum was purchased from Summit Biotechnology
(Purchase, CO). Calcium phosphate transfection kits were from Invitrogen. MiniComplete™
protease inhibitor mixture was purchased from Roche Applied Science. M2-affinity gel and
all other reagents were purchased from Sigma.

Cell Culture and Transfections

HEK293 and HEK293T cells were cultured in Dulbecco’s modified essential medium
(DMEM) supplemented with 10% fetal calf serum, 1 mw sodium pyruvate, 50 units/ml
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penicillin, 50 pg/ml streptomycin, and 10 pg/ml gentamycin. Cells were grown at 37 °C in
5% CO5 and 90% humidity. An amino-terminal FLAG epitope-tagged construct of the rat
D1 receptor (17) was created from pSFf,, an expression construct containing a FLAG-
tagged B,-adrenergic receptor (18). The Bo-adrenergic receptor sequence was excised using
Ncol and Sall, and following Ncol/Sall digestion of the rat D1 receptor sequence, the Dy
receptor was inserted in-frame 3’ to the FLAG epitope sequence to create pSFD;, as
reported previously (12). This construct, and mutants thereof, were used for all experiments
except for the confocal fluorescence microscopy experiments shown in Figs. 12 and 13.
Similarly, HEK293-tsa201 (HEK293T) cells were used for all experiments except for those
shown in Figs. 12 and 13, which employed regular HEK293 cells. Site-directed mutagenesis
was performed using a QuickChange kit from Stratagene (La Jolla, CA). Truncated
receptors were created by generating stop codons at the indicated locations (Fig. 1) in the
protein sequence. All constructs were verified by DNA sequencing prior to use. HEK293 or
HEK?293T cells were transfected using the calcium phosphate precipitation method
(Invitrogen). Cells were seeded in 100- or 150-mm? plates, and transfection was carried out
at ~50% confluency. DNA and 60 pl of 2 w CaCl, were mixed in H,O in a total volume of 1
ml and then slowly mixed with HEPES-buffered saline. The reaction mixture was incubated
at room temperature for 25 min and then evenly added to the cell culture dish containing 20
ml of fresh media. After 18 h, the transfection media were replaced with fresh media, and
the cells were divided for subsequent experiments.

Radioligand Binding Assays

HEK?293T cells were harvested by incubation with 5 mv EDTA in Earle’s balanced salt
solution (EBSS) and collected by centrifugation at 300 x g for 10 min. The cells were
resuspended in lysis buffer (5 mwm Tris, pH 7.4, 4 °C; 5 mm MgCl,) and were disrupted using
a Dounce homogenizer followed by centrifugation at 34,000 x g for 10 min. The resulting
membrane pellet was resuspended in binding buffer (50 mwm Tris, pH 7.4). The membrane
suspension (final protein concentration = 20 pg/tube) was then added to assay tubes
containing [3H]SCH-23390 in a final volume of 1.0 ml. (+)-Butaclamol was added at the
final concentration of 3 pw to determine nonspecific binding. The assay tubes were incubated
at room temperature for 1 h, and the reaction was terminated by rapid filtration through
GF/C filters pretreated with 0.3% polyethyleneimine. Radioactivity bound to the filters was
quantitated by liquid scintillation spectroscopy at a counting efficiency of 47%.

Determination of cAMP Production

HEK?293T cells were seeded into 24-well plates (150,000 cells per well) and cultured for 1
day prior to the experiment. To assess desensitization, the cultures were first pretreated for
the indicated times in the absence or presence of dopamine with 0.1 mw-ascorbic acid and 5
um (2)-propranolol (to block endogenous p-adrenergic receptors) and in HDMEM (20 mw
HEPES-buffered DMEM, pH 7.4, 37 °C). Subsequently, the cells were washed four times
with 400 pl of EBSS (37 °C) and were further incubated with various concentrations of
dopamine in a total volume of 250 pl at 37 °C for 15 min in the presence of 30 pwm
Ro-20-1724, 100 uv.-ascorbic acid, and 5 pm (£)-propranolol. The reaction was terminated
by discarding the supernatant and adding 200 pl of 3% perchloric acid per well. After
incubating on ice for 30 min, 80 pl of 15% KHCO3 was added to the wells, and the plates
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were further incubated for 10 min. The plates were then centrifuged for 10 min at 1,300 x g,
and 50 pl of the supernatant from each well was subsequently transferred to a 1.2-ml tube
containing 250 pl of reaction mixture (150 pl of Tris-EDTA buffer, 50 ul of cAMP-binding
protein, and 50 pl of [3BH]cAMP). After incubation at 4 °C overnight, 250 pl of charcoal/
dextran mix (1%) was added to each tube followed by incubation at 4 °C for 15 min and
then centrifugation for 15 min at 1,300 x g. Radioactivity in the supernatant from each tube
was quantified by liquid scintillation spectroscopy at a counting efficiency of 47%. Cyclic
AMP concentrations were calculated using a standard curve according to the protocol of the
assay Kkit.

Whole Cell Phosphorylation Assays

These were performed as described previously (12). Briefly, 1 day prior to the experiment,
HEK?293T cells were seeded at 1 x 108 per well of a 6-well plate and cultured overnight.
Cells were then washed with EBSS and incubated for 1 h in phosphate-free DMEM. Media
were then removed and replaced with 2 ml of fresh media supplemented with 200 uCi/ml
carrier-free [32P]JH3PO,. After 90 min at 37 °C, the cells were then challenged with
dopamine in media supplemented with 100 uv.-ascorbic acid for the times and
concentrations described in the text. Cells were then transferred to ice, washed twice with
ice-cold EBSS, and solubilized for 1 h at 4 °C in 1 ml of solubilization buffer (50 mm
HEPES, 1 mw EDTA, 10% glycerol, 1% Triton X-100, pH 7.4, 4 °C) + 150 mm NaCl
supplemented with MiniComplete™ protease mixture, 0.1 mw phenylmethylsulfonyl
fluoride, and phosphatase inhibitors (5 mm sodium pyrophosphate, 50 mm NaF). The samples
were cleared by centrifugation in a microcentrifuge, and the protein concentration was
determined by a BCA protein assay (Pierce). In each experiment, the level of receptor
expression for each construct was quantified via radioligand binding assays using cells from
duplicate wells that were treated identically except for the addition of [32P]JH3PO,4. After
receptor/protein quantification, equal amounts of solubilized receptor protein were then
transferred to fresh tubes with 50 pl of washed M2-affinity gel and incubated overnight with
mixing at 4 °C. The samples were then washed once with solubilization buffer + 500 mw
NaCl, once with solubilization buffer + 150 mm NaCl, and once with TE (Tris-EDTA, pH
7.4, 4 °C). Samples were then incubated in 2x SDS-PAGE loading buffer for 1 h at 37 °C
before being resolved by 8% SDS-PAGE. The gels were dried and subjected to
autoradiography. All assays included cells challenged with vehicle as an internal control.

Cell Surface Biotinylation Assays

HEK?293T cells were transfected with the indicated D, receptor constructs using the calcium
phosphate precipitation method and were seeded in poly-o-lysine-coated plates 1 day prior to
the whole cell biotinylation experiment. The level of receptor expression for each construct
was determined by radioligand binding assays in cells from duplicate plates as described
above. Cells were washed three times with cold phosphate-buffered saline and treated with 1
mg/ml biotin (Pierce) in phosphate-buffered saline for 15 min at 37 °C. After the whole cell
biotinylation, the cells were washed three times with phosphate-buffered saline and
harvested with 1 ml of solubilization buffer (50 mw HEPES, 1 mm EDTA, 10% glycerol, 1%
Triton X-100, pH 7.4, 4 °C) supplemented 150 mw NaCl with protease inhibitor mixture
(Roche Applied Science). After a 1-h incubation on ice, the samples were cleared by
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centrifugation, and the protein concentration was determined by BCA protein assay (Pierce).
Equal amounts of receptor protein, as determined for the phosphorylation assays, were then
transferred to fresh tubes with 50 pl of washed M2-affinity gel and incubated overnight with
rotation at 4 °C. The samples were then washed once with solubilization buffer + 500 mw
NaCl, once with solubilization buffer + 150 mm NaCl, and once with TE (Tris-EDTA, pH
7.4, 4 °C). Samples were then incubated in 2x SDS-PAGE loading buffer for 1 h at 37 °C
before being resolved on a 4-12% gradient SDS-PAGE mini-gel. The proteins from the gel
were transferred to polyvinylidene difluoride membrane for 30 min at 25 V. The
polyvinylidene difluoride membrane was washed with TBST (Tris-buffered saline + 0.1%
Tween 20) three times and incubated with Vectastain ABC reagents (Vector Laboratories)
for 1 h. The membrane was washed with TBST four times and developed using with
SuperSignal West Pico chemiluminescent detection system (Pierce). The relative intensities
of biotinylated bands were determined by scanning densitometry and analysis using the
software program NIH Image.

Confocal Microscopy and Arrestin-GFP Translocation Assays

In order to obtain increased receptor expression in regular HEK293 cells, we excised the
entire expression cassettes from the pSFD; vector (harboring either the wild-type or mutant
D1 receptors) using Hindlll and Sall and subcloned them into expression vector pPCMV5
(19; a gift from Dr. Marc G. Caron). For confocal microscopy, 3 x 10° HEK293 cells were
seeded in 60-mm? culture plates, and 24 h later, each plate was transfected with 5 pg of
receptor DNA and 1 ug of either arrestin2-GFP or arrestin3-GFP (gifts from Dr. Marc G.
Caron). Twenty-four hours post-transfection, cells were plated on 35-mm glass bottom
culture dishes. Two hours prior to stimulation, the medium was replaced with serum-free
DMEM supplemented with 10 mv HEPES. Confocal microscopy was performed on a Zeiss
laser-scanning confocal microscope (LSM-510). Images were collected sequentially every
30 s after agonist stimulation with 20 ux dopamine using single line excitation (488 nm).

Data Analysis

RESULTS

All binding assays were routinely performed in triplicate and were repeated three to four
times. Cyclic AMP experiments were performed in duplicate and were repeated three to four
times. Estimation of the radioligand binding parameters, Kp and Bpax, as well as the ECgg
values for dopamine stimulation of cAMP production were calculated using the GraphPad
Prizm curve-fitting program. The curves presented throughout this paper, representing the
best fits to the data, were generated using this software program as well. The relative
intensities of phosphorylated bands were determined by scanning the autoradiographs and
analyzing using the software program NIH Image.

Expression of Wild-type and Mutated D4 Receptors in HEK293T Cells

In order to identify the functionally relevant sites of phosphorylation in the D; receptor and
to determine how phosphorylation leads to arrestin association and desensitization, we
created a series of mutated D4 receptor constructs. Because multiple phosphorylation sites
have been mapped to both the 3rd cytoplasmic domain and carboxyl termini of most
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GPCRs, we decided to focus on these regions within the D1 receptor protein. Fig. 1 shows a
diagram of the rat D; receptor and all of the mutated receptors used in this study. We created
two mutant constructs with altered residues within the 3rd cytoplasmic domain. One of
these, termed the 3rd TOTAL (3rdTOT) mutant, had all of the serine and threonine residues
within the 3rd cytoplasmic loop simultaneously changed to either alanine or valine, as
indicated (Fig. 1). The other mutant receptor, termed 3rd234, had only three of the serine
residues in the 3rd cytoplasmic loop (Ser-256, Ser-258, and Ser-259) simultaneously
mutated to alanines. We also created four truncation mutants of the carboxyl terminus
(T347, T369, T394, and T404). This was accomplished by engineering stop codons such that
the receptor protein was truncated at the indicated locations (Fig. 1).

We initially evaluated the expression of the various receptor constructs by transiently
expressing them in HEK293T cells. Fig. 2 shows a single experiment in which all of the
constructs were simultaneously expressed and saturation binding isotherms constructed
using [3H]SCH-23390, a radiolabeled D4 receptor antagonist. We found that all of the
mutant receptors were expressed at a similar level as the wild-type receptor with the
exception of the most severely truncated receptor, T347, which consistently expressed at
about one-third the level of the WT construct. No difference in affinity for [BH]SCH-23390
was noted for any of the receptor constructs.

We next evaluated the functional activity of the D; receptor constructs by examining their
ability to activate adenylate cyclase and raise intracellular levels of cAMP. Fig. 3 shows an
experiment in which all of the receptors were simultaneously expressed, and dose-response
curves for dopamine stimulation of cAMP accumulation were constructed. All of the mutant
receptors were able to stimulate intracellular cAMP accumulation to the same degree as the
wild-type receptor. Similarly, all of the mutant receptors, with the exception of the 3rdTOT
construct, exhibited an identical potency for dopamine. The 3rdTOT receptor consistently
showed an approximate 3—4-fold rightward shift in the dopamine dose-response curve.

In order to establish that the transiently transfected D1 receptor will exhibit significant
agonist-induced desensitization in the HEK293T cells, we performed the experiment shown
in Fig. 4. HEK293T cells expressing the wild-type D4 receptor were pretreated with
dopamine for the indicated times and washed, and then cAMP accumulation was examined
in response to dopamine. Dopamine pretreatment indeed resulted in desensitization of the
subsequent dopamine response as manifested by a reduction (of about 40%) in the maximum
cAMP accumulation as well as an ~2-fold rightward shift in the dose-response curve.
Maximum desensitization of the D, receptor response was observed to occur by about 1 h of
dopamine pretreatment.

Phosphorylation and Desensitization of the 3rd Cytoplasmic Loop Mutants

To examine directly the phosphorylation status of the D4 receptor constructs, the
HEK293Tcells were metabolically labeled with [32P]H3PO, followed by solubilization and
immunopurification of the receptor. Fig. 5A shows an autoradiogram of immunoprecipitates
from metabolically labeled and transfected cells treated with or without dopamine. The
phosphorylated protein with a molecular mass of about 55-60 kDa represents the D
receptor, as this protein was not observed in non-transfected cells (data not shown). As can
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be seen, the D receptor is phosphorylated under basal conditions, and its phosphorylation
state is increased 2-3-fold upon agonist pretreatment. These results are similar to those
previously observed by us using C6 glioma cells (12). Interestingly, both of the receptor
constructs with serine and/or threonine mutations within the 3rd cytoplasmic loop appear to
exhibit diminished phosphorylation in both the basal and dopamine-stimulated state. Fig. 5B
shows summary data from several experiments in which the phosphorylation data were
quantified. Both of the 3rd loop mutant constructs exhibit an approximate 50% loss in
phosphorylation as compared with the wild-type receptor. These results suggest that at least
one, or more, of the Dy receptor phosphorylation sites resides within the 3rd cytoplasmic
loop. Moreover, because the phosphorylation of the 3rd234 mutant was reduced to a similar
extent as the 3rdTOT mutant, this suggests that the majority of the 3rd loop phosphorylation
takes place on one or more of serine residues 256, 258, or 259. Notably, there is a glutamic
acid residue (Glu-257) in close proximity to the three serine residues (Fig. 1) that would be
predicted to enhance their phosphorylation by a GRK (1).

In order to assess the desensitization properties of the D4 receptor with 3rd loop mutations,
we expressed both the wild-type and 3rd234 receptor constructs in HEK293T cells, and we
examined their ability to undergo agonist-induced desensitization. In the experiment shown
in Fig. 6, each of the cell groups were pretreated with 10 pv dopamine for 1 h prior to
constructing dopamine dose-response curves for stimulating CAMP accumulation.
Comparison of Fig. 6A (WT) with Fig. 6B (3rd234) reveals that the mutant receptor exhibits
attenuated desensitization properties. Average data for the wild-type and 3rd234 constructs
are shown in Fig. 6C. Although the maximum response to dopamine is desensitized by about
40% by using this pretreatment paradigm, the 3rd234 response is only diminished by about
15%. Similar results were observed for the 3rdTOT construct (data not shown); however, it
should be noted this construct exhibited altered potency for dopamine under basal conditions
(Fig. 3). These results suggest that diminished phosphorylation of the 3rd234 mutant
receptor is correlated with a diminished ability to undergo agonist-induced desensitization.

Phosphorylation and Desensitization of the Truncation Mutants

We next evaluated the ability of the D4 receptor constructs with truncated carboxyl termini
to undergo phosphorylation and desensitization. Fig. 7A shows the results from an in situ
phosphorylation experiment using the wild-type and mutant receptor constructs. As can be
seen, progressive truncation of the carboxyl terminus results in a progressive loss of both
basal and dopamine-stimulated receptor phosphorylation until, surprisingly, no
phosphorylation is observed with the most severely truncated receptor, T347. Average data
from multiple experiments in which the phosphorylation data were quantified are shown in
Fig. 7B.

In order to ensure that the data in Fig. 7 reflected a true loss of phosphorylation rather than a
loss of receptor protein during SDS-PAGE, we performed intact cell biotinylation assays.
Fig. 8 shows the results obtained from biotinylating the cell surface proteins in intact cells
expressing the wild-type and truncated receptor constructs followed by solubilization,
immunoprecipitation, and SDS-PAGE as performed in the experiment shown in Fig. 7. As
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can be seen, equal amounts of receptor protein are present in the gels indicating that
truncation of the D4 receptor does not affect its ability to be processed in this manner.

We next assessed the ability of the truncated D, receptors to undergo agonist-induced
desensitization. Fig. 9 shows dopamine dose-response curves for dopamine-stimulated
cAMP accumulation, with and without agonist pretreatment, by using three of the truncated
D1 receptors. All three of these receptor constructs appear to desensitize in a similar fashion
despite their variable phosphorylation response. After 1 h of dopamine pretreatment, there is
an approximate 40% reduction in the maximum response to dopamine which is similar to
that observed with the wild-type receptor (cf. Fig. 6). Fig. 10, A and B, shows a direct
comparison between the wild-type receptor and phosphorylation-defective T347 mutant in
response to agonist pretreatment. Surprisingly, both constructs appear to desensitize in an
identical fashion. Average data from multiple desensitization experiments showing the
cAMP response to a maximally effective dopamine concentration can be seen in Fig. 10C.
There is no significant difference between the WT and T347 receptor constructs with each
of them demonstrating an ~40% desensitization of the maximum response. These results
suggest that the truncated T347 receptor is able to desensitize normally, even in the absence
of its phosphorylation.

Given the results in Fig. 10, we were interested in determining whether mutation of the 3rd
loop serines would attenuate agonist-induced desensitization if these mutations were created
within the context of the truncated T347 construct. We thus created a T347/3rd234 construct
in which serine residues 256, 258, and 259 (cf. Fig. 1) were mutated to alanines within the
T347 D4 receptor. Fig. 11 shows a desensitization experiment directly comparing the T347
(Fig. 11A) and T347/3rd234 (Fig. 11B) receptors. In this case, there does not appear to be
any difference in the desensitization properties of the two receptor constructs. Fig. 11C
provides a summary of the data shown in Figs. 6C and 10C and average data from the
T347/3rd234 mutant. Clearly, simultaneous mutation of the 3rd loop serines 256, 258, and
259 only results in attenuation of agonist-induced desensitization when performed within the
context of the wild-type receptor and not within the phosphorylation-defective T347
construct.

Assessment of Receptor-promoted Arrestin-GFP Translocation

Because we are interested in how phosphorylation of the D receptor results in arrestin
translocation and ultimately desensitization, we decided to examine the ability of arrestin
proteins to interact with the various D receptor constructs. Following the pioneering work
by Caron and co-workers (20), we used GFP-tagged arrestin constructs in order to visualize
their translocation from the cytosol to the plasma membrane in real time following receptor
activation. Previously, it has been reported that the D1 receptor interacts exclusively with
arrestin3 (B-arrestin2) and is unable to promote the translocation of arrestin2 (B-arrestinl) to
the plasma membrane (21, 22). We decided to first re-evaluate the differential interactions of
the wild-type D4 receptor with arrestin2 and arrestin3, and the results are shown in Fig. 12.
Confocal fluorescence microscopy shows that both arrestin2-GFP and arrestin3-GFP are
present in the cytosol under basal conditions (0 s). However, within 5 min (300 s) after the
addition of dopamine to the media, both arrestin-GFP constructs are translocated from the
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cytosol to the plasma membrane where they appear as punctate fluorescence clusters.
Although the activation of the wild-type D4 receptor was clearly able to promote the
translocation of arrestin2, the plasma membrane-associated fluorescence following agonist
treatment always appeared to be more intense using the arrestin3-GFP construct (Fig. 12).
These results suggest that although arrestin2 and arrestin3 may exhibit differential
interactions with the D4 receptor, these differences may be more quantitative than qualitative
in nature.

Fig. 13 shows a confocal microscopy experiment simultaneously using the WT receptor and
the 3rd234 and T347 receptor constructs. In this case, we co-transfected the arrestin3-GFP
construct with each receptor and examined their ability to promote arrestin3 translocation
upon agonist activation. In comparison to the wild-type D, receptor, the 3rd234 mutant was
clearly impaired in its ability to promote arrestin3-GFP translocation upon addition of
dopamine to the media. In contrast, the T347 mutant receptor appeared to be comparable to
the wild-type receptor with respect to arrestin3 translocation. Thus, the ability of the
receptor constructs to promote arrestin translocation appears to be correlated with their
ability to undergo agonist-induced desensitization (cf. Figs. 6 and 10).

DISCUSSION

Our current results have led us to propose the following model for D4 receptor
phosphorylation, arrestin association, and desensitization (Fig. 14). First, considering just
the wild-type receptor, we propose that, under basal conditions, the carboxyl terminus (or
parts thereof) is in close association with the 3rd cytoplasmic loop. Agonist occupancy of
the receptor produces an altered confirmation allowing G protein coupling but also renders
the receptor a substrate for GRK-mediated phosphorylation. We further propose that
phosphorylation of the D4 receptor takes place sequentially or in a hierarchical fashion,
occurring first on residues within the carboxyl terminus and then within the 3rd cytoplasmic
loop. Moreover, we believe that phosphorylation of the carboxyl terminus may be required
for 3rd loop phosphorylation, perhaps by recruitment or orientation of the GRK. Finally,
phosphorylation of the carboxyl terminus and the 3rd cytoplasmic loop promotes their
dissociation, thereby allowing arrestin to bind to the activated 3rd cytoplasmic loop and
disrupt G protein coupling. Key features of this model include the following: 1) arrestin does
not bind to the carboxyl terminus as has been suggested for rhodopsin (4, 5) but rather binds
to the 3rd cytoplasmic loop (although we cannot rule out additional interactions with the 1st
and/or 2nd intracellular loops); 2) arrestin binding to the receptor is primarily driven by the
activated conformation of the 3rd cytoplasmic loop; and 3) the role of receptor
phosphorylation is to allow access of arrestin to its receptor binding domain rather than to
create an arrestin binding site per se.

Consideration of this model can account for our experimental results currently obtained with
the mutant D4 receptors. With respect to the receptors containing serine mutations within the
3rd cytoplasmic loop, these constructs exhibit diminished phosphorylation within this
domain with the receptor phosphorylation taking place primarily on the carboxyl terminus.
Due to the diminished 3rd cytoplasmic loop phosphorylation, there is incomplete
dissociation of this domain and the carboxyl terminus resulting in attenuated arrestin
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translocation and desensitization (Fig. 14). With respect to the D1 receptor constructs with
truncations of the carboxyl terminus, phosphorylation is not required for desensitization as
the steric hindrance of the carboxyl terminus is removed and arrestin binds rapidly to the
activated receptor. This is particularly striking for the T347 mutant receptor which is
phosphorylation-defective (Fig. 14). Indeed, within the context of this construct, further
mutation of the 3rd cytoplasmic loop phosphorylation sites have no effect on its ability to
undergo agonist-induced desensitization (Fig. 11). The fact that there is no observable
phosphorylation with the T347 construct suggests that the carboxyl terminus is required for
GRK-mediated phosphorylation of the 3rd cytoplasmic domain.

It is interesting to compare this model with that hypothesized for the B,-adrenergic receptor
as well as the desensitization kinetics of the two receptor systems. In the case of the 3,-
adrenergic receptor, arrestin is believed to bind to phosphorylated segments of the carboxyl
terminus of the receptor (6, 7). Agonist-induced desensitization of 3,-adrenergic receptor
systems also occurs extremely rapidly (seconds to minutes) (1). In contrast, agonist-induced
desensitization of D, receptor systems occurs relatively more slowly (minutes to hour) (Fig.
4). It is conceivable that the slower desensitization kinetics of the D4 receptor is, at least
partially, because of the steric requirements of arrestin association with the receptor.

An important aspect of our model is the association of the carboxyl terminus of the receptor
with the 3rd cytoplasmic loop. Although there are currently no physicochemical data
demonstrating this, Tiberi and co-workers (15, 23-25) have provided evidence consistent
with the association of these two receptor domains. By using receptor chimeras and
truncation mutants, these investigators have shown that the carboxyl termini of the D-like
receptors (D4 and Ds) play critical roles in determining agonist affinity, G protein coupling,
and constitutive activity of the receptors (15, 23-25). Because it is unlikely that these
functional effects are directly controlled by the carboxyl termini and it is known that the 3rd
cytoplasmic loop is critical for D1 receptor coupling to G (26) and also that the 3rd loop of
the related D3 receptor controls receptor affinity for agonists (27), the simplest explanation
is the carboxyl terminus influences 3rd loop functions through direct domain-domain
interactions.

Another interesting feature of the model is the proposed hierarchical nature of the receptor
phosphorylation. Hierarchical phosphorylation of proteins, where phosphorylation of a
primary site(s) is permissive for the phosphorylation of a secondary site(s), has been well
described (28). This has not been extensively studied among GPCRs, although hierarchical
phosphorylation by GRKs has been described previously for rhodopsin (29), N-formyl
peptide (30), Az adenosine (31), and 8-opioid receptors (32). With the D, receptor, we are
hypothesizing that primary phosphorylation of the carboxyl terminus is required for
secondary phosphorylation of the 3rd cytoplasmic domain, and we are currently designing
experiments to study the kinetics of these phosphorylation reactions in a site-specific
fashion.

Our current results suggest the presence of functionally relevant phosphorylation sites in
both the 3rd cytoplasmic loop as well as the carboxyl terminus of the D4 receptor.
Phosphorylation of both of these domains appears to be important for agonist-induced
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arrestin association and desensitization. These results are in partial contrast with two recent
reports (13, 15) suggesting that GRK-mediated phosphorylation sites are restricted to the
carboxyl terminus of the D4 receptor. In the study of Jackson et al. (15), this conclusion was
inferred from experiments using receptors harboring only carboxyl-terminal mutations
without direct mutational analysis of the 3rd cytoplasmic loop as performed in the present
study. In contrast, Lamey et al. (13) showed that a D1 receptor with mutations in all of the
3rd cytoplasmic loop serines and threonines underwent agonist-induced desensitization in a
normal fashion. This group found that only a single threonine residue (T360) in the carboxyl
terminus was required for agonist-induced phosphorylation and desensitization. It is not
completely clear what accounts for the difference between our results and those of Lamey et
al. (13), although one possibility is that their investigation was conducted with the human
D1 receptor and ours was performed using the rat receptor. Another more likely explanation
is that Lamey et al. (13) used CHO cells for receptor expression, and we used HEK293 cells.
We have shown previously that the rate of agonist-induced desensitization of the D, receptor
in CHO occurs more slowly than in other cell types (33), suggesting that CHO cells may
lack an important component of desensitization. One intriguing possibility is that the 3rd
cytoplasmic loop and the carboxyl terminus of the D, receptor may undergo differential
phosphorylation by separate GRK isoforms, and one of these is lacking in CHO cells.
Indeed, GRKSs 2-5 have all been shown to be capable of phosphorylating and desensitizing
the D4 receptor in various cell systems (10, 34). It will be important in future studies to
examine the effects of overexpressing each of these GRKs with the D4 receptor constructs
used in this study as well as to delineate the specific GRK sites involved.

Our present results may have general applicability to many other GPCR systems. Recently,
Ascoli and co-workers (35) have reported that the association of arrestin3 with the human
lutropin receptor depends mostly on receptor activation rather than on receptor
phosphorylation. Similarly, this group has shown that a segment of the carboxyl terminus of
the rat follitropin receptor modulates arrestin3 binding to intracellular loops of the receptor
protein in a phosphorylation-independent fashion (36). In addition, Murray et al. (37) have
shown that truncation of the carboxyl terminus of the & opioid receptor results in a
phosphorylation-defective receptor, yet this construct still undergoes agonist-induced,
dynamin-dependent internalization. Finally, Richardson et al. (38) have shown that a
substance P receptor lacking the C-terminal domain remains competent to desensitize and
internalize. These recent results derived from diverse types of GPCRs suggest that the model
proposed in Fig. 14 may have widespread applicability, particularly for GPCRs that
associate with arrestin proteins via their intracellular loops.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Diagram of therat D1 dopaminereceptor sequence
The wild-type (WT) receptor sequence is shown along with the various mutant constructs

utilized in this study. The black residues highlight the serine and threonine residues within
the 3rd cytoplasmic loop and carboxyl-terminal domains. Four truncation mutants are shown
(T347, T369, T394, and T404) in which the receptor was truncated at the position indicated.
Two 3rd loop mutants are shown. In the 3rd TOTAL (3rdTOT) mutant, all of the serine and
threonine residues within the 3rd cytoplasmic loop were changed to either alanine or valine
as indicated. In the 3rd234 mutant, only the three serine residues indicated (serines 256, 258,
and 259) were mutated to alanines.
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Fig. 2. Expression of wild-type and mutant D4 receptorsin HEK293T cells
The D1 receptor constructs were transiently transfected into HEK293T cells as described

under “Experimental Procedures.” The cells were harvested, membranes prepared, and
[BH]SCH-23390 saturation binding assays performed as described under “Experimental
Procedures.” The lines were drawn using non-linear regression analysis with the GraphPad
PRIZM software package. The WT receptor exhibited a Kp of 0.25 nu for [3H]SCH23390,
and this did not differ significantly for any of the mutant receptors. A single experiment,
representative of three, is shown.
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Fig. 3. Accumulation of cAMP in HEK293T cellstransfected with WT and mutant D1 dopamine
receptors

The D, receptor constructs were transiently transfected into HEK293T cells and used 2 days
later for the cAMP accumulation experiments as described under “Experimental
Procedures.” The data are expressed as a percentage of the maximum cAMP response
produced by the WT receptor. All of the constructs exhibited a similar potency for dopamine
(ECsg = 300 nwm) except for the 3rdTOT mutant which consistently showed a 3—-4-fold
rightward shift in the dose-response curve (ECgq = 1.1 um). A single experiment,
representative of three, is shown.
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Fig. 4. Agonist-induced desensitization of the wild-type D1 receptor in HEK 293T cells
Transiently transfected HEK293T cells were pretreated with 0.01 mv dopamine (DA) for the

indicated times, washed, and then re-challenged with the indicated doses of dopamine. The
data are expressed as a percentage of the maximum cAMP response produced by the control
group that was not pretreated with dopamine. A single experiment, representative of three, is
shown. In this experiment, the ECgq values for dopamine in the cell treatment groups are as
follows: control, 0.1 pw; 30 min, 0.15 pm; 60 min, 0.2 pv; and 90 min, 0.2 pu.
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Fig. 5. Agonist-induced phosphorylation of the WT and 3rd loop mutant D4 receptors
A, autoradiogram of SDS-PAGE analysis of immunoprecipitates from whole cell

phosphorylation assays. HEK293T cells were transiently transfected with the WT and
3rdTOT and 3rd234 receptor constructs, pre-labeled with [32P]JH3POy,, and treated with
vehicle (basal) or 10 pm dopamine (DA) for 10 min. Samples were then subjected to
immunoprecipitation as described under “Experimental Procedures” and resolved by 8%
SDS-PAGE. Receptors were quantified, and equal amounts of receptor protein were loaded
into each gel lane as described under “Experimental Procedures.” A representative
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experiment is shown. B, the receptor phosphorylation was quantified by scanning the
autographs followed by analysis with the software package NIH Image. Data are the mean
values (£S.E.) of band density (arbitrary units) from 3 independent experiments and are
presented as a percentage of the maximum phosphorylation observed (WT + 10 pm
dopamine).
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Fig. 6. Agonist-induced desensitization of the WT and 3rd234 mutant D1 receptors

Transiently transfected HEK293T cells were pretreated with 0.01 mm dopamine for 1 h,
washed, and then rechallenged with the indicated doses of dopamine. The data are expressed
as a percentage of the maximum cAMP response produced by the control group that was not
pretreated with dopamine (DA). A, a single experiment, representative of three, is shown for
the WT receptor. B, a single experiment, representative of three, is shown for the 3rd234
receptor. C, average data from three separate experiments performed as described in Aand B
are shown. The data represent the maximum cAMP response to 100 pw dopamine, after 1 h
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of dopamine pretreatment (10 pw), expressed a percentage of the control group. Mean + S.E.
values are shown. The asterisk indicates that the 3rd234 mutant values are significantly
different from the wild-type receptor values (Student’s t test, p < 0.05).
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Fig. 7. Agonist-induced phosphorylation of the WT and truncated D1 receptors
A, autoradiogram of SDS-PAGE analysis of immunoprecipitates from whole cell

phosphorylation assays. HEK293T cells were transiently transfected with the WT and
truncation receptor constructs, pre-labeled with [32P]JH3POy,, and treated with vehicle (basal)
or 10 pum dopamine (DA) for 10 min. Samples were then subjected to immunoprecipitation as
described under “Experimental Procedures” and resolved by 8% SDS-PAGE. Receptors
were quantified, and equal amounts of receptor protein were loaded into each gel lane as
described under “Experimental Procedures.” A representative experiment is shown. B, the
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receptor phosphorylation was quantified by scanning the autographs followed by analysis
with the software package NIH Image. Data are the mean values (£S.E.) of band density
(arbitrary units) from three independent experiments and are presented as a percentage of the
maximum phosphorylation observed (WT + 10 puv dopamine).
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Fig. 8. Cell surface biotinylation of the WT and truncated D4 receptor constructs expressed in
HEK293T cells
The indicated receptor constructs were transiently expressed in HEK293T cells and

subjected to cell surface biotinylation. The cells were then solubilized, and the receptors
were immunoprecipitated as performed for the experiment shown in Fig. 7. Receptors were
quantified, and equal amounts of receptor protein were loaded into each gel lane as
described under “Experimental Procedures.” A, SDS-PAGE of a representative experiment
is shown. B, the biotinylated proteins were quantified by densitometry as described under
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“Experimental Procedures.” The data are expressed as a percentage of the WT sample.
Average data from three separate experiments are shown (mean + S.E.).
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Fig. 9. Agonist-induced desensitization of partially truncated D1 receptors
Transiently transfected HEK293T cells were pretreated with 10 pw dopamine (DA) for 1 h,

washed, and then re-challenged with the indicated doses of dopamine. The data are
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expressed as a percentage of the maximum cAMP response produced by the control group
that was not pretreated with dopamine. A, a single experiment, representative of three, is
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shown for the T404 receptor. B, a single experiment, representative of three, is shown for the
T394 receptor. C, a single experiment, representative of three, is shown for the T369
receptor.
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Fig. 10. Agonist-induced desensitization of the WT and T347 mutant D4 receptors
Transiently transfected HEK293T cells were pretreated with 10 pw dopamine (DA) for 1 h,

washed, and then rechallenged with the indicated doses of dopamine. The data are expressed
as a percentage of the maximum cAMP response produced by the control group that was not
pretreated with dopamine. A, a single experiment, representative of three, is shown for the
WT receptor. B, a single experiment, representative of three, is shown for the T347 receptor.
C, average data from three separate experiments performed as described in Aand B are
shown. The data represent the maximum cAMP response to 100 uv dopamine, after 1 h of
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dopamine pretreatment (10 ), expressed a percentage of the control group in each
experiment. Mean * S.E. values are shown.
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Fig. 11. Agonist-induced desensitization of the T347 and T347/3rd234 mutant D1 receptors
Transiently transfected HEK293T cells were pretreated with 10 pw dopamine (DA) for 1 h,

washed, and then re-challenged with the indicated doses of dopamine. The data are
expressed as a percentage of the maximum cAMP response produced by the control group
that was not pretreated with dopamine. A, a single experiment, representative of three, is
shown for the T347 receptor. B, a single experiment, representative of three, is shown for the
T347/3rd234 receptor. C, average data (mean + S.E. values) from three separate experiments
using the indicated constructs. The data represent the maximum cAMP response to 100 pw
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dopamine, after 1 h of dopamine (10 puv) pretreatment, expressed a percentage of the control
group in each experiment. For comparison purposes, data from Figs. 6C and 10C are
included.
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Fig. 12. Trandlocation of arrestin2-GFP and arrestin3-GFP to the wild-type D1 receptor
HEK?293 cells were transiently transfected with the wild-type D, receptor and either

arrestin2-GFP or arrestin3-GFP. Twenty-four hours post-transfection, cells were plated on
35-mm glass bottom culture dishes, and confocal microscopy was performed on a Zeiss
laser-scanning confocal microscope (LSM-510). Images were collected sequentially every
30 s after agonist stimulation with 20 uv dopamine using single line excitation (488 nm).
Shown are representative confocal microscopic images of arrestin2-GFP or arrestin3-GFP
fluorescence 300 s (5 min) after treatment with dopamine. Movies showing the dopamine
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treatments from 0 to 20 min are provided as Supplemental Material for the arrestin2-GFP
and arrestin3-GFP constructs. This experiment was performed three times with similar
results.
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Fig. 13. Translocation of arrestin3-GFP to the wild-type and mutant D4 receptors
HEK?293 cells were transiently transfected with arrestin3-GFP and either the WT, Ser-234 or

T347 D4 receptor constructs. Twenty four hours post-transfection, cells were plated on 35-
mm glass-bottom culture dishes, and confocal microscopy was performed on a Zeiss laser-
scanning confocal microscope (LSM-510). Images were collected sequentially every 30 s
after agonist stimulation with 20 uv dopamine using single line excitation (488 nm). Shown
are representative confocal microscopic images of arrestin3-GFP fluorescence 300 s (5 min)
after treatment with dopamine. Movies showing the dopamine treatments from 0 to 20 min
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are provided as Supplemental Material for the WT, Ser-234, and T347 D, receptor
constructs. This experiment was performed three times with similar results.
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Fig. 14. Hypothetical schemefor receptor phosphorylation and arrestin binding to wild-type
(WT) and mutant D1 receptors

See text for explanation.
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