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Abstract. D1 and D2 dopamine receptors are structur-
ally homologous G protein—coupled receptors that
serve distinct physiological functions both in neurons
and nonneural cell types. We have observed that these
receptors are selectively endocytosed in HEK293 cells
by distinct dynamin-dependent and -independent
mechanisms. Although these endocytic mechanisms op-
erate with similarly rapid kinetics, they differ in their
regulation by agonist and deliver D1 and D2 receptors
specifically to different primary endocytic vesicles. Af-
ter this segregation into different endocytic mem-
branes, both D1 and D2 receptors recycle to the plasma
membrane. Similar results are observed in Neuro2A
neuroblastoma cells coexpressing both receptors at
high levels. These findings establish that “classical” dy-

namin-dependent and “alternative” dynamin-indepen-
dent endocytic mechanisms differ in their physiological
regulation, sort structurally homologous signaling re-
ceptors in the plasma membrane, and mediate distinct
early endocytic pathways leading to recycling endo-
somes. Our results also refute the previous hypothesis
that dynamin-independent endocytosis targets G pro-
tein—coupled receptors selectively to lysosomes, and
they suggest a new role of endocytic sorting mecha-
nisms in physically segregating structurally homologous
signaling receptors at the cell surface.
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established role in transporting ligands required

for cellular nutrition and transcytosis (Trowbridge
et al., 1993; Apodaca et al., 1994; Mostov and Cardone,
1995). Many receptors that mediate ligand-dependent sig-
nal transduction also undergo endocytosis. The endocyto-
sis of signaling receptors serves a variety of important
physiological functions in the rapid and long-term regula-
tion of signal transduction (Lohse, 1993; Seaman et al.,
1996; Lefkowitz et al., 1998), as well as in determining the
physiological specificity of receptor-mediated signaling
among distinct downstream effectors (Vieira et al., 1996;
Daaka et al., 1998). Although these functions are clearly
distinct from nutrient uptake, and different protein inter-
actions can promote the association of signaling receptors
with endocytic membranes, the endocytic pathways them-
selves that mediate the endocytic membrane trafficking of
signaling receptors and nutritive receptors are remarkably
similar (Bohm et al., 1996; Zhang et al., 1996).

ENDOCYTOSIS of cell surface receptors has a well-
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Several receptor-tyrosine kinases and G protein—cou-
pled receptors are endocytosed by a dynamin-dependent
mechanism involving clathrin-coated pits, and these recep-
tors follow an endocytic pathway similar to that mediating
the constitutive endocytosis of LDL and transferrin recep-
tors (Carpentier et al., 1982; Hopkins et al., 1985; von Zas-
trow and Kobilka, 1992; Goodman et al., 1996). However,
dynamin-dependent endocytosis of signaling receptors tends
to be tightly regulated by agonists and exhibits a high de-
gree of biochemical specificity. For example, structurally
homologous subtypes of G protein—coupled receptor dif-
fer significantly in their ability to enter clathrin-coated pits
after activation, even when coexpressed together in the
same cells at high levels. Moreover, the subtype specificity
of G protein—coupled receptor endocytosis is a distinct
functional property of individual receptors that does not
correlate with the biochemical specificity of G protein ac-
tivation (Nantel et al., 1993; von Zastrow et al., 1993; Mo-
stafapour et al., 1996; Daunt et al., 1997).

In addition to agonist-induced endocytosis by clathrin-
coated pits, there is increasing evidence that certain signal-
ing receptors can be endocytosed by alternate, clathrin-
independent endocytic mechanism(s). For example, G
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protein—coupled AT1A angiotensin receptors and M2
muscarinic receptors are endocytosed by a dynamin-inde-
pendent mechanism (Zhang et al., 1996; Pals-Rylaarsdam
et al., 1997). Furthermore, while G protein—coupled beta-2
adrenergic receptors are endocytosed by clathrin-coated
pits in some cell types, previous studies suggest that these
receptors may be endocytosed by a clathrin-independent
mechanism in other cells (Raposo et al., 1989; Dupree et al.,
1993). These observations raise fundamental questions
about the role of distinct endocytic mechanisms in the cell
biology of signaling receptors. In particular, it is not
known whether structurally homologous receptors are en-
docytosed specifically by distinct mechanisms in the same
cells. Furthermore, it is not known whether the endocyto-
sis of signaling receptors by distinct mechanisms at the
plasma membrane targets receptors to different endocytic
pathways, or whether the endocytic vesicles formed by
these endocytic mechanisms rapidly fuse together to de-
liver endocytosed receptors to the same early endosomes.
The latter is true for certain nutrients endocytosed consti-
tutively by clathrin-independent endocytosis, raising the
question of what physiological role is served by endocyto-
sis of receptors by distinct mechanisms (van Deurs et al.,
1989; Hansen et al., 1993). In contrast, previous studies
of G protein—coupled receptors suggest that distinct en-
docytic mechanisms may target receptors to different
pathways directly from the plasma membrane (Valiquette
et al., 1990; Hausdorff et al., 1991; Zhang et al., 1996), sug-
gesting a primary role of these mechanisms in endocytic
sorting. However, the role of distinct mechanisms in sort-
ing signaling receptors is not clear because the beta-2 ad-
renergic receptor may be endocytosed by more than one
mechanism in the same cell type (Valiquette et al., 1990;
Hausdorff et al., 1991). Indeed, recent studies demonstrate
that dynamin-dependent endocytosis can deliver the beta-2
adrenergic receptor to both recycling and degradative
pathways, further raising the question of the physiological
function served by distinct endocytic mechanisms (Gag-
non et al., 1998).

We have examined the endocytic membrane trafficking
of D1 and D2 dopamine receptors, two structurally homol-
ogous subtypes of G protein—coupled receptor that are
closely related to adrenergic receptors. These receptors
are of particular interest because they are prototypic
postsynaptic and presynaptic receptors, respectively, in
neurons and they also serve distinct physiological func-
tions in nonneural cells (Jaber et al., 1996; Missale et al.,
1998). Furthermore, previous studies suggest that differ-
ences in the membrane localization of these receptors may
distinguish their functional regulation in heterologous cell
types (Trogadis et al., 1995; Ng et al., 1997). Thus, we an-
ticipated that examination of these receptors might pro-
vide fundamental new insight into the physiological diver-
sity of membrane trafficking properties among individual,
structurally homologous signaling receptors that serve dif-
ferent biological functions.

Indeed, our studies demonstrate that D1 and D2 do-
pamine receptors differ greatly in their endocytic mem-
brane trafficking, both in neural and nonneural cell types.
Specifically, we demonstrate that D1 and D2 receptors,
even when overexpressed at high levels in transfected
cells, are endocytosed specifically by distinct dynamin-
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dependent and -independent mechanisms. Furthermore,
we demonstrate that these endocytic mechanisms differ in
their physiological regulation and target structurally ho-
mologous receptors to different early endocytic pathways.
Nevertheless, both D1 and D2 receptors are apparently
able to recycle efficiently to the plasma membrane. These
observations demonstrate that structurally homologous
signaling receptors are efficiently sorted by distinct en-
docytic mechanisms, and they suggest that a primary func-
tion of these mechanisms is to physically segregate struc-
turally homologous signaling receptors at or near the cell
surface.

Materials and Methods

Construction of Epitope-tagged D1 and D2
Dopamine Receptors

Human D1 and D2 dopamine receptors (cDNAs provided by Dr. David
Grandy, Vollum Institute, Portland, OR) were epitope-tagged in the
amino-terminal extracellular domain with either a FLAG or HA epitope,
as described previously for the epitope tagging of adrenergic and opiate
receptors (Guan et al., 1992; Keith et al., 1996). The coding sequence of
the human D1 receptor (Zhou et al., 1990) was digested with Ncol and
Smal and inserted into the Ncol and Pvull sites of a shuttle vector con-
taining a sequence encoding the appropriate epitope tag following a favor-
able Kozak sequence and a cleavable signal sequence (Guan et al., 1992).
This strategy substituted the first nine residues in the amino-terminal ex-
tracellular domain of the D1 receptor with the corresponding epitope tag.
The coding sequence of the long isoform of the human D2 receptor
(Grandy et al., 1989) was digested at the 5'-end using BamHI, blunt-
ended with the Klenow fragment of DNA polymerase, and the 3’-end was
then digested with Xhol. This fragment was inserted into the same shuttle
vector as used above, resulting in the addition of the epitope tag sequence
directly to the amino-terminal extracellular domain of the wild-type pro-
tein. Epitope-tagged receptor cDNAs were then subcloned into pcDNA3
(Invitrogen). All mutated sequences were confirmed by dideoxy sequenc-
ing of the completed constructs (Biomolecular Resource Center, UCSF).

Cell Culture and Transfection

Human embryonic kidney (HEK)! 293 fibroblastic cells and mouse
Neuro2A neuroblastoma cells (American Type Culture Collection) were
maintained in Dulbecco’s minimal essential medium (DME H-21) supple-
mented with 10% fetal bovine calf serum and 100 U/ml pen/strep (UCSF
Cell Culture Facility). Cell monolayers were transfected with receptor
cDNAs cloned into pcDNA3 by calcium phosphate coprecipitation
(Okayama and Berg, 1983). Clones of stably transfected cells were se-
lected and cultured in 200 p.g/ml G418 (geneticin; Life Technologies, Inc.),
and screened for receptor expression using fluorescence microscopy and
signaling assays (see below). To examine the effect of mutant dynamin on
endocytosis, cDNA encoding HA-tagged wild-type or K44E dominant
negative mutant dynamin I (provided by Dr. Richard Vallee, Worcester
Foundation for Biomedical Research, Shrewsbury, MA) was cloned into
pcDNA3 and expressed by transient transfection in cell clones expressing
either FLAG-tagged D1 or D2 receptors. Experiments using transiently
transfected cells were performed 48-72 h after transfection.

Adenylyl Cyclase Assay

Stably transfected HEK293 cells expressing epitope-tagged dopamine re-
ceptors were preincubated in multiwell plates with 1 mM isobutyl meth-
ylxanthine (Sigma Chemical Co.) for 30 min at 37°C in DME H-21. Cells
expressing epitope-tagged D1 receptors were then incubated for an addi-
tional 30 min after the addition of various concentrations of dopamine
(Research Biochemicals) freshly dissolved in water, or after the addition
of an equal volume of water for control (unstimulated) incubations. Cells
expressing epitope-tagged D2 receptors were preincubated in the same

1. Abbreviation used in this paper: HEK, human embryonic kidney.
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manner with isobutyl methylxanthine (1 mM), and then forskolin (10 uM)
was added followed after 5 min by dopamine or an equal volume of water
for an additional 30 min. After incubations carried out at 37°C, cell ex-
tracts were prepared and cAMP present in lysates was measured as de-
scribed (Keith et al., 1996) using a radioimmunoassay kit (Diagnostic
Products Corp.). Data are presented as mean dopamine-induced stimula-
tion (D1 receptors) or inhibition (D2 receptors) of adenylyl cyclase activ-
ity £SD, determined from six independent assays for each condition.

Confirmation of Functional Integrity of Epitope-tagged
D1 and D2 Dopamine Receptors

The functional integrity of epitope-tagged D1 and D2 receptors was con-
firmed by ligand-dependent regulation of adenylyl cyclase (see below) in
stably transfected HEK293 cells, a process which requires that expressed
receptors are capable of binding agonists and coupling to the appropriate
heterotrimeric G proteins. Receptor signaling was measured by assaying
dopamine-dependent regulation of adenylyl cyclase activity in intact cells.
Dopamine caused little change of adenylyl cyclase activity in untrans-
fected HEK?293 cells, indicating that these cells express a negligible back-
ground level of endogenous dopamine receptors. In cells transfected with
epitope-tagged D1 receptors, dopamine caused a large stimulation of ade-
nylyl cyclase activity (15 * 1.7-fold stimulation for the FLAG-tagged D1
receptor and a 21 *+ 2.0-fold stimulation for the HA-tagged receptor with
10 nM dopamine, n = 6), indicating that epitope-tagged D1 receptors me-
diate functional ligand-dependent signaling via G,. Epitope-tagged D2 re-
ceptors mediated significant dopamine-dependent inhibition of adenylyl
cyclase activity (5.0 + 2.0-fold inhibition with 10 uM dopamine, n = 6),
confirming that these receptors mediate functional ligand-dependent sig-
naling via G;.

Immunocytochemical Staining and
Fluorescence Microscopy

Cells grown on glass coverslips were preincubated with M1 mAb (3 pg/ml;
Kodak IBI), which specifically recognizes the FLAG epitope, or HA.11
mADb (3 pg/ml; Berkeley Antibody Co.), which specifically recognizes the
HA epitope. After preincubation for 30 min to allow antibodies to bind to
epitope-tagged receptors exposed at the plasma membrane, experiments
were started by incubating cells with the indicated concentrations of
dopamine (the physiological agonist of both D1 and D2 receptors),
SCH23390 (a potent D1 receptor antagonist), or haloperidol (a potent D2
receptor antagonist) for the indicated times (all dopaminergic compounds
were purchased from Research Biochemicals). Experiments were stopped
by fixing cells for 15 min with 4% formaldehyde in PBS. Specimens were
then permeabilized with 0.1% Triton X-100 (Sigma Chemical Co.), and
antibody-labeled receptors were visualized by incubating permeabilized
specimens in the presence of FITC-conjugated goat anti-mouse IgG or
Cy3-conjugated donkey anti-mouse IgG (1:250 dilution of stock pre-
pared according to manufacturer’s recommendation; Jackson Immuno-
Research). For dual localization of mutant dynamin in cells expressing
FLAG-tagged dopamine receptors, fixed and permeabilized specimens
were incubated with mouse monoclonal anti-HA antibody (1:1,000 dilu-
tion; Berkeley Antibody Co.) and 5 pg/ml subtype-specific rabbit anti—
mouse IgG2b antibody (Zymed), and washed. Then, receptors (labeled
with M1 monoclonal and rabbit anti-mouse IgG2b) and dynamin (labeled
with mouse anti-HA IgG1l) were visualized specifically by incubating
specimens with Texas red donkey anti-rabbit (1:250 dilution; Jackson Im-
munoResearch) and anti-mouse IgG1 subtype-specific FITC (1:1,000 di-
lution; Boehringer Mannheim). Colocalization studies of FLAG-tagged
D2 receptors with HA-tagged D1 receptors were performed in a similar
manner. Epifluorescence microscopy was performed using a Nikon 60X
NAI1.4 objective, and confocal fluorescence microscopy was carried out
using a BioRad MRC 1000 and a Zeiss 100X NA1.3 objective. Minimal
bleedthrough in double-labeling experiments was verified by imaging sin-
gle-labeled specimens under the same conditions.

Biochemical Analysis of Receptor Endocytosis and
Degradation Using Cleavable and Noncleavable Biotin

Stably transfected HEK293 cells expressing either the FLAG-tagged D1
or D2 receptor were grown to confluence in 6-cm dishes, then chilled and
washed three times with ice-cold PBS. For internalization assays, the cell
surface was biotinylated with 30 mg/ml cleavable sulfo-NHS-S-S-biotin
(Pierce Chemical Co.) for 30 min either at 4°C or room temperature, as
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specified in the figure legends. For degradation assays, the cell surface was
biotinylated with 30 mg/ml noncleavable sulfo-NHS-biotin in PBS (Pierce
Chemical Co.) for 30 min at room temperature. Unreacted biotin was
quenched and removed by three successive washes of biotinylated cells in
TBS supplemented with 10 mM glycine. Cells were then incubated for the
indicated times in regular media (DME + 10% FBS) prewarmed to 37°C
and supplemented with the indicated ligands. For internalization assays,
the physiological agonist dopamine (10 wM) was used to activate both D1
and D2 receptors. Degradation assays, which required prolonged periods
of incubation that caused significant oxidative degradation of dopamine,
were conducted using the relatively stable D1-specific agonist 6-chloro-PB
(SKF-81297) or the D2-specific agonist quinpirole at a final concentration
of 10 pM. Assays were stopped by chilling cells immediately on ice and
then washing three times with ice-cold PBS. For cleavage of surface-local-
ized biotinylated receptors in the internalization assays, cells were then in-
cubated at 4°C with two changes of glutathione strip buffer (50 mM glu-
tathione, 75 mM NaCl, 75 mM NaOH, 10% FBS in H,0) for 20 min each
(Cao et al., 1998). Excess glutathione was then quenched for 30 min at 4°C
in iodoacetamide buffer (50 mM iodoacetamide, 1% BSA in PBS, pH
7.4). For both internalization and degradation assays, cells were then ex-
tracted with 0.5% (vol/vol) Triton X-100, 10 mM Tris-HCI, pH 7.5, 120 mM
NaCl, 25 mM KClI, 1 pg/ml leupeptin, 1 pg/ml pepstatin, 2 pg/ml aproti-
nin, 2 pwg/ml pefablock, and 1 mg/ml iodoacetamide. Extracts were then
clarified by two rounds of centrifugation at 4°C (14,000 g) for 15 min, and
receptors were purified from the extracts by immunoprecipitation.

D1 and D2 receptors were immunoprecipitated using 5 pg/ml anti-
FLAG M2 mAb (Kodak) followed by 7 wg/ml rabbit anti-mouse IgG
(Jackson ImmunoResearch) and 25 pl of protein A-Sepharose beads in
PBS (Pharmacia Biotech). Immunoprecipitates were washed sequentially
with HSB (0.1% SDS, 0.5% Triton X-100, 20 mM Tris-HCI, pH 7.5, 120 mM
NaCl, 25 mM KCl), two washes with HSB layered with a 1 M sucrose
cushion, one wash with 1 M NaCl in HSB, and one wash in low-salt wash
buffer (0.5% Triton X-100, 10 mM Tris-HCI, pH 7.35, and 2 mM EDTA).
Washed beads were extracted with SDS sample buffer and eluted proteins
were resolved by SDS-PAGE under nonreducing conditions. Resolved
proteins were transferred to nitrocellulose membranes (Micron Separa-
tions, Inc.) and blocked for 30 min in Blotto (5% dry milk, 0.1% Tween 20
in TBS). Biotinylated proteins were then complexed with horseradish per-
oxidase using the VectaStain ABC detection system (Vector Laborato-
ries), then detected by enzyme-linked chemiluminescence (Amersham)
and exposed to BioMax film (Eastman Kodak). Quantitation was per-
formed by transmission densitometry of films exposed in the linear range,
using a CCD video camera (Cohu Electronics) interfaced with a Macin-
tosh computer running NIH Image software.

Results

D1 and D2 Dopamine Receptors Differ in Their
Endocytic Membrane Trafficking in
Neuroblastoma Cells

Receptors present in the plasma membrane of transfected
Neuro2A neuroblastoma cells were epitope tagged on
their extracellular domain, allowing these receptors to be
labeled specifically in intact cells by adding mAb to the
culture medium. The redistribution of antibody-labeled
receptors was then visualized by fluorescence microscopy
to examine specifically the endocytic trafficking of recep-
tors from the plasma membrane. This approach has been
used successfully to study the endocytosis and recycling of
several G protein—coupled receptors without significantly
perturbing their membrane trafficking properties (von
Zastrow and Kobilka, 1992; von Zastrow et al., 1993; Keith
et al., 1996; Daunt et al., 1997). Endocytosis of mAb was
not observed in untransfected cells or in cells expressing
receptors that do not possess the appropriate epitope tag
(data not shown), indicating that endocytosis of antibody
is specifically mediated by internalization from the plasma
membrane.

D1 and D2 receptors were coexpressed in the same cells
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Agonist treated (30min) D1
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Figure 1. Localization of D1 and D2 dopamine receptors in neuroblastoma cells. HA-tagged D1 receptors (arrowheads) and FLAG-
tagged D2 receptors (arrows) present in the plasma membrane of transfected N2A neuroblastoma cells were specifically labeled at 37°C
with HA.11 and M1 mAbs, respectively, as described in Materials and Methods. The localization of antibody-labeled receptors was then
visualized by fluorescence microscopy after incubation of cells for 30 min in the absence (A—C) or presence (D-F) of 10 uM dopamine.

and selectively labeled at the cell surface by anti-HA
(HA.11) and anti-FLAG (M1) mAbs, respectively. In cells
incubated in the absence of dopamine, D1 receptors re-
mained primarily in the plasma membrane (Fig. 1 A, ar-
rowheads) and were observed only rarely in intracellular
membranes. In contrast, D2 receptors endocytosed within
minutes into numerous endocytic vesicles located through-
out the cytoplasm (Fig. 1 B, arrows indicate examples of
these structures). This difference in the membrane local-
ization of D1 and D2 receptors is emphasized in the
merged color image (Fig. 1 C). In the presence of the phys-
iological agonist dopamine, both D1 and D2 receptors
were observed in numerous endocytic vesicles (Fig. 1, D
and E, respectively; Fig. 1 F shows the merged color im-
age). Significantly, D1 and D2 receptors were differen-
tially regulated in cells coexpressing both receptors, con-
firming that these observations reflect intrinsic differences
in membrane trafficking properties of these closely homol-
ogous receptor proteins.

Subtype-specific Differences in Dopamine Receptor
Trafficking Are Conserved in Nonneural Cell Types

To determine whether the differences in the endocytic
membrane trafficking of D1 and D2 receptors are unique
to neural cells, or if these differences in receptor internal-
ization may be conserved in a wider variety of cell types,
we examined the endocytic trafficking of D1 and D2 re-
ceptors in HEK?293 fibroblast cells. These experiments
were conducted in stably transfected cell clones expressing
either D1 or D2 receptors tagged with the FLAG epitope,
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and cell clones were selected that expressed similar num-
bers of receptors in the plasma membrane (determined by
fluorescence flow cytometry after labeling of surface re-
ceptors using FITC-conjugated antibody, data not shown).

As observed in neuroblastoma cells, FLAG-tagged D1
receptors labeled with mAb remained predominantly in
the plasma membrane of cells incubated in the absence of
agonist and did not internalize to a significant extent after
1 h (Fig. 2 A). Receptor activation caused rapid redistribu-
tion of antibody-labeled receptors from the plasma mem-
brane to intracellular vesicles, which was readily detect-
able by fluorescence microscopy within several minutes
after the addition of dopamine (Fig. 2 B). We confirmed
this observation using a biochemical assay of receptor in-
ternalization based upon inaccessibility of surface-biotin-
ylated receptors to membrane-impermeant reducing agent
after endocytosis (Cao et al., 1998). D1 receptors biotin-
ylated in the plasma membrane became inaccessible to ex-
tracellular glutathione within minutes after addition of
dopamine, consistent with rapid net internalization of re-
ceptors. In contrast, in the absence of dopamine, very little
internalized (glutathione-resistant) receptor was detected
even after 60 min (Fig. 2 C). The D1 receptor antagonist
SCH23390 (1 pM) blocked the ability of dopamine to in-
duce the rapid internalization of D1 receptors, whereas
SCH23390 had no effect by itself on the localization of re-
ceptors in the plasma membrane (Fig. 2 C, inset). Quanti-
tation of these data by densitometric scanning confirmed
the rapidity of D1 receptor internalization (¢, <5 min)
and revealed that, at steady state, dopamine induced ~70%
net internalization of the total surface pool of D1 recep-
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Figure 2. Localization and
endocytosis of D1 receptors
in HEK293 cells. The local-
ization of FLAG-tagged D1
receptors expressed in stably
transfected HEK293 cells was
visualized by fluorescence mi-
croscopy in cells incubated
for 30 min in the absence
(A) or presence (B) of 10
pM dopamine. (C) Agonist-
induced internalization of D1
receptors was determined
biochemically using cell sur-
face biotinylation assay, as
described in Materials and
Methods. The total amount
of D1 receptor protein bio-
tinylated at the cell surface is

represented in lane 1 (Total).

The efficiency of biotin cleav-
I age from receptors present in

the plasma membrane was in-
dicated by the nearly quan-
titative removal of biotin
observed upon incubating
biotinylated cells on ice with
glutathione, shown in lane 2
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absence or presence of 10 uM dopamine for 5 min (lanes 3 and 4), 30 min (lane 5 and 6), or 60 min (lanes 7 and 8). To test the role of an-
tagonist on endocytosis, internalization of D1 receptors was compared in cells incubated for 30 min in the absence of ligand (inset, lane
1), in the presence of 1 uM SCH23390 (inset, lane 2), or in the presence of 1 uM SCH23390 combined with 10 uM dopamine (inset, lane
3). The antagonist SCH23390 by itself had no effect on receptor endocytosis, but it completely inhibited agonist-induced endocytosis
caused by dopamine. (D) Receptor internalization was quantitated by densitometric scanning of streptavidin blot data determined in
the absence (dashed line) or presence (solid line) of 10 wM dopamine. Each data point represents the mean fraction of endocytosed D1
receptors (expressed as a percentage relative to the total amount of biotinylated receptor present without cleavage, n = 3-4). Error bars

represent standard error of the mean.

tors. In contrast, after incubation for 60 min in the absence
of dopamine, <5% net internalization was observed (Fig.
2 D). These results suggest that endocytosis of D1 recep-
tors in HEK?293 cells, as in neuroblastoma cells, occurs
rapidly and is mediated by an agonist-dependent mecha-
nism.

FLAG-tagged D2 receptors visualized by fluorescence
microscopy exhibited pronounced internalization both in
the absence (Fig. 3 A) and presence (Fig. 3 B) of dopa-
mine, suggesting that subtype-specific differences in the reg-
ulation of dopamine receptor endocytosis are conserved in
nonneural cells. These observations were confirmed using
the surface biotinylation assay, in which a significant pool
of internalized, glutathione-resistant D2 receptors was de-
tected both in the absence and presence of dopamine (Fig.
3 C). Significant internalization of D2 receptors was also
observed in the presence of high concentrations (1 uM) of
the potent D2 antagonist haloperidol, further suggesting
that D2 receptors undergo significant, constitutive (ligand-
independent) endocytosis (Fig. 3 C, inset). Quantitation
of these results revealed that D2 receptors internalized
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nearly as rapidly as D1 receptors (¢, =5 min). However,
in contrast to the exclusively agonist-induced internaliza-
tion of D1 receptors, ~25% of the surface population of
D2 receptors was internalized at steady state in the ab-
sence of agonist, compared with <5% net internalization
for the D1 receptor. In the presence of dopamine, net in-
ternalization of D2 receptors was stimulated two- to three-
fold (Fig. 3 D). These observations suggest that, in addi-
tion to the constitutive internalization of D2 receptors
observed in the absence of ligand or presence of antago-
nist, D2 receptors also exhibited a significant agonist-
induced component of rapid endocytosis. Importantly,
these biochemical assays of receptor internalization were
performed in the absence of bound antibodies, suggesting
that neither the constitutive nor agonist-induced compo-
nents of receptor endocytosis were induced by antibody
binding.

Interestingly, in addition to gel bands corresponding to
the molecular mass of the monomeric, complex-glycosy-
lated D2 receptor (50-60 kD), we also observed specific
bands of immunoreactive receptor protein resolving at

35



70

L |

=)
=
1

W 4= th
=}
~rrrrr

175 m—
B3 -
0] —

475 w—

(%o protected)

[
=

10

32,5

D2 receptor internalization

Figure 3. Localization and
endocytosis of D2 receptors
in HEK293 cells. The local-
ization of FLAG-tagged D2
receptors expressed in stably
transfected HEK293 cells
was examined (as in Fig. 2) in
cells incubated for 30 min in
the absence (A) or presence
(B) of 10 wM dopamine. (C)
Constitutive and agonist-
induced internalization of
D2 receptors was assayed
biochemically using cell sur-
face biotinylation. The total
amount of biotinylated sur-
face D2 receptor and the effi-
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indicated in lanes 1 (Total)
and 2 (Strip), respectively.
Receptor internalization was
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the absence of ligand (inset, lane 1), in the presence of 1 M haloperidol (inset, lane 2), or in the presence of 1 uM haloperidol com-
bined with 10 uM dopamine (inset, lane 3). The D2 antagonist haloperidol did not by itself induce endocytosis but was unable to inhibit
endocytosis of receptors observed in the absence of agonist, confirming that this endocytosis occurs constitutively. (D) Quantitation of
these results by densitometric scanning of biotinylation data obtained in the absence (dashed line) or presence (solid line) of 10 uM
dopamine. Each data point represents the mean from multiple experiments (n = 3-4), and error bars represent the standard error of the

mean.

higher apparent molecular mass. Two of these bands, re-
solving at ~100 and 150 kD, are consistent with dimeric
and trimeric forms of the receptor protein, which have
been observed previously with several types of G protein—
coupled receptor including the D2 receptor (Hebert et al.,
1996; Ng et al., 1996; Cvejic and Devi, 1997). The relative
amount of these bands varied from experiment to experi-
ment, and these apparent oligomers were not unique to
the D2 receptor (a faint band corresponding to dimeric D1
receptors is apparent in the gel shown in Fig. 2). However,
the band electrophoresing at ~70 kD was observed consis-
tently, is unlikely to represent oligomeric receptor, and
was not observed in similar analyses of the D1 receptor.
These observations suggest the possibility of a specific dif-
ference in the posttranslational processing of the D2 re-
ceptor, which may be relevant to its mechanism of endocy-
tosis (see below).

D1 and D2 Receptors Are Selectively Endocytosed by
Distinct Dynamin-dependent and
-independent Mechanisms

To investigate molecular mechanisms mediating the sub-
type-specific endocytosis of dopamine receptors, we exam-
ined receptor internalization in HEK293 cells expressing
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K44E mutant dynamin, which specifically inhibits clath-
rin-mediated endocytosis in a dominant negative manner
(Herskovits et al., 1993; Damke et al., 1994). D1 receptors
remained associated with the plasma membrane (Fig. 4, A
and C, respectively) in cells expressing K44E mutant dy-
namin (Fig. 4, B and D), both in the absence and presence
of dopamine (although dopamine-induced clustering of re-
ceptors at the cell surface was observed, see arrows). Con-
firming this hypothesis, K44E mutant dynamin strongly in-
hibited dopamine-induced internalization of D1 receptors
measured biochemically using the biotinylation assay (Fig.
4, E and F). However, wild-type dynamin expressed at
similar levels did not block endocytosis of D1 receptors
(data not shown), indicating the specificity of this inhibi-
tion. Furthermore, many of the D1 receptor clusters ob-
served in the plasma membrane of dopamine-treated cells
colocalized with clathrin, and endocytosis of D1 receptors
was strongly inhibited in cells exposed to mildly hyper-
tonic media (0.4 M sucrose) which inhibits clathrin func-
tion in these cells (Heuser and Anderson, 1989; Keith et al.,
1996). Taken together, these observations strongly sug-
gest that D1 receptors are endocytosed exclusively by a
dynamin-dependent mechanism involving clathrin-coated
pits.

We obtained significantly different results when inter-
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E Figure 4. Endocytosis of D1
receptors is dynamin de-

'C'Qv —~ Q‘- pendent. Stably transfected

iy : J’ ; HEK?293 cells expressing

S _FF g S5 FLAG-tagged D1 receptors
F8&SSFSFS -

G S S were transiently transfected

with an expression plasmid
encoding HA-tagged wild-
- type or K44E mutant dy-
namin, as described in Ma-
terials and Methods, and
receptor localization was vi-
sualized by fluorescence mi-
croscopy. In cells incubated
in the absence of agonist, D1
receptors (A) were localized
exclusively in the plasma
membrane, whereas mutant
dynamin  was  observed
throughout the cytoplasm
(B). In the presence of
dopamine, D1 receptors
failed to endocytose in cells
expressing mutant dynamin
(C and D, respectively) and
instead clustered in small
puncta that remained associ-
ated with the plasma mem-
brane (C, arrows). Identical

O - dopamine
W +dopamine

% receptor internalized

Untransfected K44E

experiments performed using wild-type dynamin did not block internalization of D1 receptors (not shown), indicating that the inhibi-
tion caused by the K44E dominant negative mutant is biochemically specific. (E) The effect of mutant dynamin on D1 receptor endocy-
tosis was analyzed biochemically using the surface biotinylation assay. Mutant dynamin blocked D1 receptor internalization observed in
the presence of dopamine (compare lanes 4 and 6) and also blocked the small amount of residual endocytosis observed in the absence of
agonist (compare lanes 3 and 5). (F) The effect of mutant dynamin on D1 receptor internalization was quantitated by densitometric
scanning of streptavidin blots. This analysis indicated that K44E mutant dynamin reduced agonist-induced internalization of D1 recep-
tors observed after 30 min in the presence of 10 pM dopamine by ~85% (compare bars 2 and 4).

nalization of D2 receptors was examined in the same man-
ner. Fluorescence microscopy demonstrated numerous en-
docytic vesicles containing antibody-tagged D2 receptors
both in the absence and presence of dopamine (Fig. 5, A
and C), even in cells expressing K44E mutant dynamin at
high levels (Fig. 5, B and D). These experiments were per-
formed in parallel with those shown in Fig. 4, using compa-
rable levels of mutant dynamin expression and identical
experimental conditions. Biochemical analysis of receptor
internalization using the biotinylation assay further sup-
ported the observation that the D2 receptor endocytosed
when coexpressed with mutant dynamin. Neither the con-
stitutive nor dopamine-induced components of net inter-
nalization of D2 receptors were detectably inhibited by
K44E mutant dynamin (Fig. 5, E and F). Interestingly,
whereas agonist-induced internalization of D2 receptors
was not significantly inhibited in cells overexpressing
K44E mutant dynamin (Fig. 5 F, compare bars 2 and 4),
constitutive internalization of D2 receptors measured in
the same cells was actually enhanced by approximately
twofold (Fig. 5 F, compare bars 1 and 3). This obser-
vation is reminiscent of previous studies demonstrating
that blockade of dynamin-dependent endocytosis causes a
compensatory upregulation of alternate endocytic mecha-
nism(s) (Damke et al., 1995). However, as our results rep-
resent net internalization determined both by endocytosis
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and recycling of receptors (see below), we cannot rule out
the possibility that this effect on net internalization of re-
ceptors may reflect a dynamin-dependent change in recep-
tor recycling.

Both D1 and D2 Receptors Recycle to the Plasma
Membrane Rapidly After Endocytosis

Having observed endocytosis of D1 and D2 receptors by
distinct mechanisms, we next questioned whether these
mechanisms target receptors differentially to degradative
or recycling pathways. A biochemical assay of surface-
biotinylated receptors was used to examine receptor deg-
radation. These experiments indicated that the rate of deg-
radation of both D1 and D2 receptors (¢;, >7 h, Fig. 6, A
and B) was significantly slower than the rate of receptor
internalization (¢, =5 min, Figs. 2 and 3), indicating that
D1 and D2 receptors are targeted inefficiently to lyso-
somes and suggesting that both receptors recycle effi-
ciently to the plasma membrane.

To detect receptor recycling, we assayed the reappear-
ance of biotinylated receptors at the cell surface by recov-
ery of their susceptibility to membrane-impermeant re-
ducing agent. Internalized D1 receptors (Fig. 7 A, lane 1)
rapidly recovered susceptibility to cleavage by extracellu-
lar glutathione during a subsequent incubation of cells in
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the absence of dopamine (Fig. 7 A, lanes 2-4). The same
assay indicated that a significant proportion of internal-
ized D2 receptors also returned to the plasma membrane
under these conditions (Fig. 7 B). Quantitation of these re-
sults confirmed this conclusion and indicated that both D1
and D2 receptors recycle significantly more rapidly (¢,
=30 min) than they degrade (¢, >7 h, Fig. 6). In addition,
D1 and D2 receptors labeled with mAb were observed by
fluorescence microscopy to redistribute from endocytic
vesicles to the cell surface within 30 min (Fig. 7, D-G).
Interestingly, the apparent rate of D2 recycling mea-
sured using the biochemical assay was slower than that of
the D1 receptor (Fig. 7 C). However, because of the con-
tinuous endocytosis of D2 (but not D1) receptors in the
absence of agonist, these assays are expected to signifi-

Figure 5. Endocytosis of D2 receptors
is dynamin independent. Stably trans-
fected HEK293 cells expressing

FLAG-tagged D2 receptors were tran-
siently transfected with K44E mutant
dynamin and analyzed by fluorescence

ey

% receptor internalized

microscopy after incubation for 30 min
in the absence (A and B) or presence
(C and D) of 10 pM dopamine. In con-
trast to the complete blockade of D1
receptor internalization caused by
dominant negative mutant dynamin,
endocytosis of D2 receptors, both in
the absence and presence of agonist,
was readily detected (A and C, ar-
rows). Biochemical assay of D2 recep-
tor internalization using the surface
biotinylation assay confirmed that
K44E mutant dynamin did not inhibit
either the constitutive (compare lanes 3
and 5) or agonist-induced components
(compare lanes 4 and 6) of D2 receptor
endocytosis (E, quantitated in F).

O - dopamine
B +dopamine

20k

10

Untransfected

K44

cantly underestimate the rate and extent of D2 receptor
recycling. Indeed, using the steady-state assumption (frac-
tion of internalized receptors = Kendocytosis/Krecyclings this ne-
glects the much slower rate of D2 receptor degradation),
the data in Fig. 3 B suggest that the D2 receptor recycles
with similar rapid kinetics as that of the D1 receptor.

Endocytosis of D1 and D2 Receptors by Distinct
Membrane Vesicles in Neuroblastoma Cells

We next examined whether D1 and D2 receptors are en-
docytosed by distinct membrane vesicles in neuroblastoma
cells and, if so, whether this selectivity is maintained in
cells overexpressing both receptors. To accomplish this,
D1 and D2 receptors tagged with different epitopes were

A B
100@ ~ _ Fi .

o . r - Q igure 6. Neither D1 nor D2 receptors undergo
g % 90t T~ rapid degradation. The degradation rates of bio-
3 3 T tinylated D1 or D2 receptors (A and B, respec-
& o 80r T tively) were determined in the absence of agonist
— o * © (dashed line) or in the continuous presence
_ _ 70+ (solid line) of the chemically stable D1 or D2 re-
%D %D ceptor agonists 6-chloro-PB (10 pM) or quin-
£ i 60 pirole (10 wM), respectively, as described in Ma-
g g I terials and Methods. Each data point represents
@ Y the mean fraction of biotinylated receptor re-
e 2 50l maining at various time points (expressed as a

o =) L]
o0 ” percentage of the total amount of biotinylated
° 2 surface receptor determined at + = 0), deter-
mined from densitometric scanning of streptavi-
W ————T— 7T T T I din blots from multiple experiments (n = 3). Er-
01 2 3 4567 01 2 345 67 ror bars represent the standard error of the

time (hrs) time (hrs) mean.
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Figure 7. Both D1 and D2 receptors
recycle back to the plasma membrane
after endocytosis. A biochemical assay
using surface biotinylation was used to
determine the recycling of endocytosed
receptors (inaccessible to cleavage by
glutathione) back to the plasma mem-
brane (where they become susceptible
to cleavage by glutathione). HEK293
cells expressing FLAG-tagged D1 re-
ceptors were stimulated for 30 min in
the presence of 10 uM dopamine to
drive endocytosis, chilled to 4°C to ar-
rest membrane trafficking, and then re-
incubated at 37°C to allow recycling for
5 min (A, lane 2), 15 min (lane 3), or 30
min (lane 4). D1 receptor completely
recycled within 15 min when compared
with the total pool of endocytosed D1
receptor (compare lanes 1 and 3). The
identical experiment was performed
using HEK293 cells expressing FLAG-
tagged D2 receptors at comparable lev-
els (B). Total endocytosed D2 recep-
tors observed after incubation of cells
for 30 min in the presence of 10 pM
dopamine were determined (lane 1)
and compared with the amount of in-
ternalized D2 receptor remaining in
identical cells that were washed exten-
sively on ice to remove agonist after
stimulating endocytosis, then reincu-
bated at 37°C in the absence of agonist
for either 15 min (lane 2) or 30 min
(lane 3). This analysis indicated that a
significant amount of D2 receptor recy-
cles back to the plasma membrane
within 30 min (compare lanes 1 and 3).
These biochemical data were quanti-
tated by densitometric scanning of
streptavidin blots to compare the recy-
cling of D1 and D2 receptors (C, solid
line and dashed line, respectively).
Each data point represents the mean

fraction of receptors that became accessible to glutathione (expressed as a percentage of the total internalized pool determined at ¢t = 0)
from determinations performed in duplicate from samples prepared in two independent experiments. Error bars represent the standard
error of the mean. (D-G) Recycling of endocytosed D1 and D2 receptors was visualized by fluorescence microscopy. FLAG-tagged D1
or D2 receptors expressed in HEK293 cells were labeled in the plasma membrane with M1 mAb, and receptor endocytosis was allowed
to occur for 30 min in the presence of 10 wM dopamine. Cells were then chilled on ice to arrest membrane trafficking, washed exten-
sively to remove residual dopamine, and antibodies attached to receptors remaining in the plasma membrane were eluted by washing
intact cells in the presence of EDTA, thereby specifically labeling only D1 or D2 receptors located in endocytic vesicles (D and F, re-
spectively). Cells were then incubated at 37°C for 30 min in the absence of agonist, and recycling of antibody-labeled D1 and D2 recep-
tors back to the plasma membrane was visualized by fluorescence microscopy (E and G).

coexpressed in Neuro2A cells and preincubated in the
presence of mAb and dopamine at 4°C. This allowed D1
and D2 receptors present in the plasma membrane to be
labeled with antibodies and bind agonist under conditions
that do not allow endocytosis of receptors. Then cells were
rapidly warmed to 37°C in the continued presence of
dopamine to allow endocytosis of both antibody-labeled
receptors, and receptor localization was visualized in cells
fixed after initiating the pulse of endocytosis. In cells
warmed to 37°C for short time periods (e.g., 4 min, Fig. 8),
endocytosis of antibody-labeled D1 and D2 receptors (Fig.
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8, A and B, respectively) was readily detected in the same
cells. Significantly, most endocytic vesicles observed at
this time point were selectively enriched in D1 or D2 re-
ceptors, whereas colocalization of receptors in the same
vesicles was observed only rarely at this time point [Fig. 8
C, note the differential membrane localization of D1
(green) and D2 (red) receptor immunoreactivity]. The
distinct membrane localization of D1 and D2 receptors
was particularly apparent by examination of regions close
to the plasma membrane at higher magnification (Fig. 8
C, inset).
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Figure 8. Selective endocytosis of D1
and D2 receptors by distinct mem-
brane vesicles in neuroblastoma cells.
Neuro2A neuroblastoma cells coex-
pressing the HA-tagged D1 and
FLAG-tagged D2 receptors were sur-
face labeled at 4°C with specific mAbs

Discussion

In this study, we compared the endocytic trafficking of two
structurally homologous subtypes of dopamine receptor
that are of particular physiological interest. We observed
that these receptors are selectively endocytosed in the
same cells by distinct mechanisms and primary endocytic
membranes. These observations constitute, to our knowl-
edge, the first example of subtype-specific sorting of sig-
naling receptors by distinct endocytic membranes when
coexpressed in the same cells, and they provide a favor-
able system for examining the membrane trafficking of
signaling receptors after endocytosis by distinct mecha-
nisms.
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in the presence of 10 uM dopamine, as
described in Materials and Methods.
Cells were then warmed to 37°C for
various time periods in the continued
presence of dopamine, to allow en-
docytosis of both receptors to occur,
then cells were fixed and processed for
dual label fluorescence microscopy to
visualize the localization of D1 and D2
receptors in the same cells. At short
times after warming cells (e.g., 4 min),
internalized D1 and D2 receptors were
visualized predominantly in different
endocytic vesicles, as apparent in the
monochrome image pairs (A and B, re-
spectively) and emphasized in the
merged color image (C, D1 immunore-
activity is indicated in green and D2 in
red). This differential localization of
receptors was most pronounced upon
examination of regions close to the
plasma membrane at higher magnifica-
tion (C, inset), where endocytic mem-
branes differentially concentrated in
D1 (arrowheads) or D2 (arrows) re-
ceptors were observed.

In principle, molecular sorting operations that mediate
the selective membrane trafficking of signaling receptors
could occur at multiple locations within the cell. In the
case of constitutively endocytosed receptors that transport
nutrient ligands (e.g., LDL and mannose-6-phosphate re-
ceptors), individual receptors are endocytosed by similar
clathrin-coated pits but differ subsequently in their sorting
between different membrane trafficking pathways after
delivery to the same early endosomes (Trowbridge et al.,
1993). Thus, studies of nutrient receptors have clearly es-
tablished that a great deal of molecular sorting occurs in
early endocytic vesicles after the initial endocytosis of re-
ceptors (Kornfeld and Mellman, 1989). Conversely, en-
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docytosis mediated by a clathrin-independent mechanism
can deliver nutrient ligands and toxins to the same early
endosomes as endocytosis mediated by clathrin-coated
pits, suggesting that distinct endocytic mechanisms may
play a redundant function in delivering cargo to the same
early endosomes (Hansen et al., 1993). The present obser-
vations indicate that structurally homologous G protein—
coupled signaling receptors are efficiently sorted in the
plasma membrane by distinct endocytic mechanisms, even
when overexpressed in heterologous cell types. Such effi-
cient sorting at the cell surface may be of particular impor-
tance for controlling the activation-dependent membrane
trafficking of signaling receptors, including dopamine re-
ceptors, which can be inactivated by protein phosphoryla-
tion significantly more rapidly than they are endocytosed
(Tiberi et al., 1996). Thus, the molecular machinery re-
quired to appropriately target receptors in response to
agonist stimulation may be able to recognize activated
receptors only in the plasma membrane and not after en-
docytosis.

Dynamin-dependent endocytosis of certain G protein—
coupled receptors is mediated by phosphorylation-depen-
dent association of activated receptors with beta-arrestin,
which can then serve as an adapter protein for recruiting
receptors into clathrin-coated pits (Goodman et al., 1996;
Goodman et al., 1998). This mechanism may apply to the
agonist-induced endocytosis of the D1 receptor, as ligand-
dependent phosphorylation of this receptor has been dem-
onstrated previously (Ng et al., 1994a; Tiberi et al., 1996).
The mechanism of dynamin-independent endocytosis of
D2 receptors remains to be elucidated. Sequence examina-
tion indicates that, despite extensive conservation in trans-
membrane and extracellular domains, the cytoplasmic do-
mains of the D1 and D2 receptors are highly divergent.
Furthermore, our biochemical studies suggest that D2 re-
ceptors may differ in their posttranslational modification
from D1 receptors (Fig. 3). In particular, the ~70-kD form
of the receptor protein is not consistent with oligomeric
receptor complexes, and does not correspond to phos-
phorylated receptor forms identified in previous studies
(Ng et al., 1994b). The ~70-kD form of D2 receptor can
also be observed using metabolic labeling of cells with
[3*S]methionine and is not reduced to monomeric size by
digestion with PNGase F, suggesting that this difference in
apparent molecular mass is not caused by N-linked glyco-
sylation (Vickery, R.G., and M. von Zastrow, unpublished
observations). Thus, other posttranslational modifications
may distinguish the D2 receptor and play a role in the al-
ternate mechanism of D2 receptor endocytosis. The possi-
ble role of ubiquitination is particularly interesting in view
of the well established role of this posttranslational modi-
fication in promoting dynamin-independent endocytosis
of the G protein—coupled receptor Ste2p in Saccharomy-
ces cerevisine (Hicke and Riezman, 1996; Hicke et al.,
1998). However, this process is ligand induced and can be
facilitated by clathrin (Tan et al., 1993). Therefore, it will
be interesting to determine to what extent the alternate
mechanism of D2 receptor endocytosis observed in mam-
malian cells may be similar to endocytosis of mating factor
receptors in yeast. Interestingly, the D2 receptor contains
20 lysine residues located in various cytoplasmic domains,
most of which are not conserved in the D1 receptor. How-
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ever, we have not yet determined whether any of these
residues is ubiquitinated in mammalian cells, or indeed
whether ubiquitination plays any role in the membrane
trafficking of D2 receptors. Studies in progress, which are
attempting to define specific cytoplasmic residues that dis-
tinguish the endocytic properties of D1 and D2 receptors,
may provide further insight into these questions.

We initially expected that the selective endocytosis of
D1 and D2 receptors by distinct mechanisms might target
individual receptors directly from the cell surface to differ-
ent recycling and degradative pathways, as predicted from
the results of previous studies (Valiquette et al., 1990;
Hausdorff et al., 1991; Zhang et al., 1996). Our biochemi-
cal studies suggest that this is not the case because both D1
and D2 receptors, although endocytosed by distinct mech-
anisms, recycle to the plasma membrane with similarly
high efficiency and are degraded relatively inefficiently.
However, we cannot state at the present time the extent to
which these early endocytic pathways remain separated or
converge during the process of D1 and D2 receptor recy-
cling.

What physiological role might this efficient sorting of
signaling receptors in the plasma membrane serve? In the
case of neurons, where D1 and D2 receptors mediate dis-
tinct postsynaptic and presynaptic functions, it is tempting
to speculate that the selective endocytosis of D2 receptors
by a distinct, dynamin-independent mechanism may play
an important role in presynaptic physiology. Postsynaptic
D1 receptors are located in the somatodendritic plasma
membrane (Hersch et al., 1995; Yung et al., 1995; Hersch
et al., 1997), as are constitutively endocytosed nutrient re-
ceptors (Cameron et al., 1991; Jareb and Banker, 1998).
Presynaptic D2 receptors, in contrast, are localized in the
same presynaptic membrane specializations at which syn-
aptic vesicle release and recycling occur. Despite this close
proximity, the extremely high concentration of dopamine
present in synaptic vesicles makes it physiologically imper-
ative to keep D2 autoreceptors physically separated from
endocytosed synaptic vesicle membranes. Indeed, immu-
nohistochemical studies suggest that synaptic vesicle mem-
branes are not enriched in presynaptic D2 receptors, even
under conditions of strong synaptic activation that greatly
increase the rate of synaptic vesicle membrane recycling
(Sesack et al., 1994). Thus, the selective endocytosis of D2
receptors by a distinct mechanism could efficiently sepa-
rate presynaptic autoreceptors from synaptic vesicle mem-
brane components immediately upon endocytosis, thereby
circumventing the need to sort autoreceptors from a com-
mon endocytic intermediate (Cameron et al., 1991; Cam-
eron et al., 1993). Although further studies will be neces-
sary to test this hypothesis, it is interesting to note that D1
and D2 receptors are differentially distributed among dis-
tinct endocytic vesicles at the cell periphery and in ex-
tended cell processes of neuroblastoma cells at the earliest
stages of endocytosis.

These studies indicate that D1 and D2 receptors are also
efficiently sorted when overexpressed in nonneural cells,
suggesting that the endocytosis of structurally homologous
signaling receptors by distinct membranes is highly con-
served and may mediate other important physiological
function(s). Recent studies of both G protein—coupled re-
ceptors and receptor tyrosine kinases suggest that dy-
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namin-dependent endocytosis delivers signaling receptors
to endocytic membranes required for mitogenic signal
transduction via a subset of downstream effectors (Vieira
et al., 1996; Daaka et al., 1998). Thus, it is possible that the
efficient segregation of D1 and D2 dopamine receptors
among distinct endocytic membranes may play an impor-
tant role in determining the fidelity of subtype-specific re-
ceptor signaling. Indeed, whereas D2 receptors can be
demonstrated to couple promiscuously to multiple down-
stream effectors when studied in vitro, receptor-mediated
signal transduction observed in vivo is remarkably specific
(Missale et al., 1998). Therefore, our results suggest a new
role of distinct endocytic mechanisms in physically segre-
gating structurally homologous signaling receptors in the
plasma membrane and shortly after endocytosis, where
functional interaction between receptors and specific ef-
fector molecules is required for physiologically appropri-
ate signal transduction.

In summary, these results establish a new level of molec-
ular selectivity in the endocytic membrane trafficking of
signaling receptors. This selectivity is highly conserved in
diverse cell types and segregates structurally homologous
subtypes of G protein—coupled signaling receptor at the
plasma membrane and at a very early stage in the endo-
cytic pathway. So far, studies of the endocytosis of signal-
ing receptors have focused primarily on dynamin-dependent
mechanisms, even though there is increasing evidence that
distinct, dynamin-independent mechanism(s) mediate the
endocytosis of certain signaling receptors. These results
provide the first evidence that dynamin-dependent and
-independent endocytic mechanisms play a role in distin-
guishing the properties of structurally homologous recep-
tors coexpressed in the same cells, suggesting a new role of
distinct endocytic membrane trafficking mechanisms in
mediating the physiological specificity of cellular signal
transduction.
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