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ABSTRACT

Regulators of G-protein signaling (RGS) proteins are GTPase-
activating proteins (GAPs) that bind to Ga subunits and atten-
uate G protein signaling, but where these events occur in the
cell is not yet established. Here we investigated, by immuno-
fluorescence labeling and deconvolution analysis, the site at
which endogenous Ga-interacting protein (GAIP) (RGS19)
binds to Gai3-YFP and its fate after activation of §-opioid
receptor (DOR). In the absence of agonist, GAIP is spatially
segregated from Gai3 and DOR in clathrin-coated domains
(CCPs) of the cell membrane (PM), whereas Gai3-YPF and DOR
are located in non-clathrin-coated microdomains of the PM.
Upon addition of agonist, Gai3 partially colocalizes with GAIP in

CCPs at the PM. When endocytosis is blocked by expression of
a dynamin mutant [dyn(K44A)], there is a striking overlap in the
distribution of DOR and Gai3-YFP with GAIP in CCPs. More-
over, Gai3-YFP and GAIP form a coprecipitable complex. Our
results support a model whereby, after agonist addition, DOR
and Gai3 move together into CCPs where Gai3 and GAIP meet
and turn off G protein signaling. Subsequently, Gai3 returns to
non-clathrin-coated microdomains of the PM, GAIP remains
stably associated with CCPs, and DOR is internalized via clath-
rin-coated vesicles. This constitutes a novel mechanism for
regulation of Ga signaling through spatial segregation of a GAP
in clathrin-coated pits.

Ligand binding to G protein-coupled receptors (GPCRs)
causes activation of Ga and Gy subunits that in turn regu-
late multiple downstream effectors. Signaling is shut off by
regulators of G protein signaling (RGS) proteins that bind Ga
subunits through a conserved RGS domain and act as GT-
Pase-activating proteins (GAPs), accelerating GTP hydroly-
sis and inactivation (De Vries et al., 2000; Ross and Wilkie,
2000). The orchestration of these events and their localiza-
tion at the cellular level is a topic of high current interest.
Many GPCRs are thought to be associated in part with lipid
rafts or caveolae (Shaul and Anderson, 1998) on the plasma
membrane (PM). After ligand binding, they cluster in clath-
rin-coated pits, undergo dynamin-mediated endocytosis via
clathrin coated vesicles (CCVs) (Ferguson, 2001), and traffic
to early endosomes, where they are sorted for recycling to the
PM or delivered to lysosomes and degraded (Tsao and von
Zastrow, 2001). Gai subunits are assumed to interact with
GPCR at the PM (Neubig, 1994; Wedegaertner et al., 1996;
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Huang et al., 1997; Fishburn et al., 2000) and to remain at
the PM after receptor internalization (Wedegaertner, 1998;
Hughes et al.,, 2001). Nothing is known, however, about
where interaction between RGS proteins and Ga proteins
occurs or the fate of the GAP after this interaction.

We previously showed that GAIP (RGS19), which acts as a
GAP for the Gai subfamily of G proteins (De Vries et al.,
1995), is localized on clathrin-coated pits or microdomains
(CCPs) on both the PM and the trans-Golgi network (De
Vries et al., 1998). The localization of an RGS protein on
CCPs raises questions about where GAIP interacts with Gai
and its fate after receptor internalization.

To investigate these questions, we used a cell line,
293SFDOR, that stably expresses FLAG-tagged, 8-opioid re-
ceptor (DOR), a Gai-linked GPCR, because the trafficking of
this receptor has been well characterized in these cells (Tsao
and von Zastrow, 2001; Whistler et al., 2001). DOR is known
to be phosphorylated upon agonist binding (Whistler et al.,
2001), internalized in clathrin-coated vesicles (Keith et al.,
1996), and subsequently targeted to lysosomes where it is
degraded (T'sao and von Zastrow, 2000).

ABBREVIATIONS: GPCR, G protein-coupled receptor; GAP, GTPase-activating protein; RGS, Regulators of G-protein signaling; PM, plasma
membrane; CCV, clathrin-coated vesicle; GAIP, Ga-interacting protein; CCP, clathrin-coated domain of the cell membrane; DOR, §-opioid
receptor; DPDPE, [p-Pen?,p-Pen®]-enkephalin; mAb, monoclonal antibody; GFP, green fluorescent protein; YFP, yellow fluorescent protein; HRP,
horseradish peroxidase; HA, hemagglutinin; PAGE, polyacrylamide gel electrophoresis; PBS, polyacrylamide gel electrophoresis; PFA, parafor-
maldehyde; EM, electron microscopy ; PNS, postnuclear supernatant; AP-2, activator protein 2; EEA1, early endosome antigen 1.
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Our results support a dynamic model for the spatial regu-
lation of G protein signaling whereby activated, GTP-bound
Gai subunits together with activated DOR move from non-
coated to clathrin-coated microdomains of the PM, where
they bind GAIP. The inactivated (GDP-bound) Gai subunits
presumably move back to noncoated microdomains of the
PM, DOR are internalized, and GAIP remains stably associ-
ated with CCPs.

Materials and Methods

Animals and Reagents. [D-Pen?,D-Pen®]-enkephalin (DPDPE)
and protease inhibitor cocktail were purchased from Sigma (St.
Louis, MO), the chemiluminescence detection kit from Pierce (Rock-
ford, IL), and Alexa Fluor-568 conjugated human transferrin from
Molecular Probes (Eugene, Oregon).

Antibodies. Anti-GAIP (N) and anti-GAIP (C) raised against the
N and C termini, respectively, of GAIP were characterized previously
(De Vries et al., 1998). Mouse monoclonal (mAb) AP-2 «-adaptin and
dynamin-1 were provided by Dr. Sandra Schmid (The Scripps Re-
search Institute, La Jolla, CA). Anti-GFP serum (which recognizes
both GFP and YFP) was a gift from Dr. Charles Zuker (University of
California San Diego, La Jolla, CA), and the anti-GFP mAb (JL-8,
IgG,,) was from BD Biosciences Clontech (Palo Alto, CA). Affinity-
purified rabbit IgG against the common C terminus of GB subunits
(T20) was from Santa Cruz Biotechnology (Santa Cruz, CA), anti-
FLAG (M2) was from Sigma-Aldrich, and polyclonal anti-clathrin
heavy chain was from Affinity BioReagents (Golden, CO). The an-
ti-HA and anti-early endosome antigen 1 (EEA1) mAbs were from
Covance Research Products (Richmond, CA) and BD Transduction
Laboratories (Lexington, KY), respectively. HRP-conjugated goat an-
ti-rabbit IgG was from Bio-Rad (Hercules, CA). Highly cross-ab-
sorbed Alexa Fluor-488 goat anti-rabbit and Alexa Fluor-594 goat
anti-mouse F(ab’), were from Molecular Probes (Eugene, OR), and
goat anti-rabbit and anti-mouse IgG gold (5 or 10 nm) conjugates
were from Amersham Biosciences (Piscataway, NJ).

Cell Culture, Transfection, and Ligand Uptake. Human em-
bryonic kidney 293 cells (293SFDOR) that stably express FLAG-
tagged DOR (Keith et al., 1996) were used for all the experiments.
They were grown in Dulbecco’s modified Eagle’s/high glucose media
supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin
G, 100 U/ml streptomycin sulfate, and 0.3 mg/ml glutamine (Invitro-
gen, Carlsbad, CA). In some cases, these cells were transfected with
c¢DNA encoding HA-tagged, dominant-negative dyn(K44A) in the
pCB vector (obtained from Dr. Sandra Schmid) and/or cDNA encod-
ing for Gai3-YFP in the pcDNA3 vector (Weiss et al., 2001) using
FuGENESG6 (Roche Applied Science, Palo Alto, CA); 24 h after trans-
fection, they were processed for immunofluorescence and immuno-
electron microscopy. In some cases, culture medium was replaced
with Dulbecco’s modified Eagle’s/high-glucose media containing ei-
ther 5 uM DPDPE or 5 mg/ml Alexa Fluor-568 transferrin (Molecu-
lar Probes; Eugene, OR), for 1 to 30 min before processing for immu-
nocytochemistry or immunoprecipitation analysis.

Subcellular Fractionation, SDS-PAGE, and Immunoblot-
ting. Cells were scraped into ice-cold PBS containing protease in-
hibitors, passed (10 times) through a 30.5-gauge needle and centri-
fuged at 600g for 5 min at 4°C. The resulting postnuclear
supernatant was centrifuged (100,000g), and the pellet (crude mem-
brane fraction) was resuspended in a volume of PBS equal to that of
the supernatant. Proteins present in the supernatant and pellet
were separated on 12% SDS-polyacrylamide gels, transferred to
polyvinylidinedifluoride membranes (Millipore, Bedford, MA) and
immunoblotted with anti-GAIP (N) (1:3000) followed by HRP-conju-
gated goat anti-rabbit IgG (1:3000) in 5% fetal calf serum/PBS, 0.1%
Tween 20, for 1 h each. Detection was by enhanced chemilumines-
cence.

Immunoprecipitation. Cells were transfected with pcDNAGai3-
YFP, pCBHA-dyn(K44A), and GAIP in the pcDNA3 vector (De Vries
et al., 1996) as described above. Eighteen hours after transfection,
cells were homogenized in TBS containing protease inhibitors sup-
plemented with (1 mM NaVO, and 1 mM NaF); crude membrane and
cytosolic fractions were prepared as described above and solubilized
for 30 min in buffer A [0.5% deoxycholate, 1% Nonidet P-40, 50 mM
Tris, 150 mM NaCl, 1 mM EDTA, and 2.5 mM MgCl, (Levis and
Bourne, 1992)]. Gai3-YFP was immunoprecipitated from both cyto-
solic and membrane fractions using the anti-GFP mAb and collected
on protein A Sepharose CL-4B (Amersham Biosciences, Piscataway,
NJ). Immune complexes were washed three times in solubilization
buffer and separated on 12% SDS-PAGE. Proteins were transferred
onto polyvinylidene difluoride membranes and immunoblotted with
anti-GAIP (N) or anti-GFP mAb followed by protein A-HRP or goat
anti-mouse IgG.

Immunofluorescence and Immunoelectron Microscopy.
Cells were fixed in 2% paraformaldehyde (PFA) in 100 mM phos-
phate buffer, pH 7.4, for 25 min, permeabilized with 0.1% Triton
X-100 in PBS (10 min), and incubated for 1 h with primary rabbit
polyclonal or mouse mAbs, followed by incubation (1 h) with Alexa
Fluor-594 goat anti-mouse and/or Alexa Fluor-488 goat anti-rabbit
F(ab'),. For preparation of semithin cryosections, cells were fixed
with 4% PFA in the same buffer (45 min) followed by 8% PFA (15
min) at 4°C. Samples were then cryoprotected and frozen in liquid
nitrogen (De Vries et al., 1998). Sections (0.5-1.0 um) were cut at
—100°C using a Leica Ultracut UCT microtome with a Leica EMFCS
cryoattachment (Leica, Bannockburn, IL) and incubated in primary
antibodies (2 h) followed by appropriate secondary antibodies (1 h).
Cells and semithin sections were analyzed by deconvolution micros-
copy with the DeltaVision imaging system (Applied Precision, Issa-
quah, WA) coupled to a Zeiss S100 fluorescence microscope (Carl
Zeiss, Thornwood, NY). For cross-sectional images of cells, stacks
were obtained with a 150-nm step-width to optimize reconstruction
of the center plane image. Deconvolution was done on an SGI work-
station (Mountain View, CA) using Delta Vision reconstruction soft-
ware, and images were processed as TIF files using Photoshop 5.5
(Adobe Systems, Mountain View, CA).

Fluorescence images of double-labeled samples were quantified as
follows: PM areas were traced and selected using Photoshop, and
pixel areas with a pixel intensity of 50 or more were measured for
red, green and yellow pixels using NIH Image 1.62 software (http:/
rsb.info.nih.gov/nih-image/) (see Fig. 2). Data were expressed as
percentage of overlap with total GAIP or Gai3-YFP pixels.

For immunogold labeling at the electron microscope (EM) level (De
Vries et al., 1998), cells were fixed and cryoprotected as for semithin
sections. Ultrathin cryosections were prepared, placed on glow-dis-
charged nickel grids, stored on 2% gelatin/PBS at 4°C, and incubated
with primary antibodies followed by 5 or 10 nm gold, goat anti-
rabbit, or anti-mouse IgG in 10% fetal calf serum in PBS. Grids were
absorption stained with 0.2% neutral uranyl acetate, 0.2% methyl
cellulose, and 3.2% polyvinyl alcohol.

For routine EM, cells were fixed with 2.5% glutaraldehyde in 0.1
M cacodylate buffer for 2 h at room temperature, postfixed in 1%
0OsO, in 0.1 M cacodylate buffer (1 h) at room temperature, and
embedded as monolayers in LX-112 (Ladd Research, Williston, VT)
as described previously (De Vries et al., 1998). Sections were stained
in uranyl acetate and lead citrate and observed with the use of an
electron microscope (JEOL 1200 EX-II or Philips CM-10).

Results

GAIP Is Entirely Membrane Bound in 293SFDOR
Cells. Previously, we reported that GAIP is distributed in
both membrane and cytosolic fractions, and the amount
found in the two pools varies (60—-90%) among different cell
types. The membrane pool is largely associated with CCPs
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and CCVs and is most probably anchored to membranes via
palmitoylation (De Vries et al., 1996). When we determined
the distribution of GAIP in membrane (100,000g pellet) and
cytosolic (100,000g supernatant) fractions prepared from
293SFDOR cells, virtually all the GAIP found in the post-
nuclear supernatant (PNS) pelleted with the membrane frac-
tion (Fig. 1), indicating that GAIP is largely or exclusively
associated with membranes in these cells.

GAIP Colocalizes with Clathrin, AP-2, and Dynamin.
The distribution of GAIP in 293SFDOR cells resembled that
seen in other cell types in that it was found in a punctate
pattern along the cell membrane (PM) and in the Golgi region
by immunofluorescence (Fig. 2). To verify that GAIP is found
in CCPs in these cells, we carried out double immunofluores-
cence labeling for GAIP and CCV markers [i.e., clathrin,
AP-2, and dynamin (Brodsky et al., 2001)], before and imme-
diately after stimulation with the DOR agonist DPDPE, fol-
lowed by deconvolution analysis. We found that the distribu-
tion of GAIP overlaps with all three of these markers. When
the percentage of GAIP staining that overlaps with these
markers along the PM was quantified as shown in Fig. 2, the
overlap of GAIP with clathrin varied from 30 to 50% (Fig. 2),
AP-2 from 25 to 40% (Fig. 3, A and B), and dynamin from 10
to 25% (Fig. 3C). There was also a trend toward increased
overlap after agonist addition (e.g., from 35 to 45% for clath-
rin), but the increase was not statistically significant (Fig.
2E). Immunogold labeling of ultrathin cryosections at the EM
level confirmed that GAIP (small gold) is located on CCPs
that also label for clathrin (Fig. 4A), AP-2 (Fig. 4, B and C),
and dynamin (Fig. 4D). We also carried out labeling for
caveolin-la, a marker for caveolae (Anderson, 1998), but we
were unable to detect caveolin in these cells. We conclude
that in 293SDFDOR cells, as in other cell types (De Vries et
al., 1998), GAIP is present on CCPs with clathrin, AP-2, and
dynamin coats.

GAIP Does Not Traffic to Early Endosomes. After
stimulation of DOR, CCVs containing the receptor bud from
the PM and traffic to early endosomes (Tsao and von Zas-
trow, 2001). To determine whether GAIP also traffics to
endosomes after receptor stimulation, we carried out double
labeling for GAIP and EEA1, a marker for early endosomes
(Mu et al., 1995). GAIP did not colocalize with EEA1 either
before or 1 to 10 min after DPDPE addition (Fig. 3D). As a
positive control, cells were allowed to take up Alexa Fluor-
568 transferrin for 10 min; as expected, significant overlap
was seen between transferrin and EEA1 (data not shown).
Based on its consistent localization in CCPs and lack of

S P PNS

32 =
B Ry

Fig. 1. Distribution of GAIP in cell fractions. GAIP is found exclusively in
the membrane pellet (P) and is not detected in the supernatant or cyto-
solic fraction (S) prepared from a postnuclear supernatant (PNS) of
293SFDOR cells. Membrane (100,000g pellet) and cytosolic (100,000g
supernatant) fractions were prepared from the postnuclear supernatant
(PNS). The two fractions were normalized by volume as described under
Materials and Methods, and proteins were separated by 12% SDS-PAGE
and immunoblotted using anti-GAIP (N) (1:3000).

Spatial Regulation of Gai3/GAIP Interaction in Microdomains 13

overlap with EEA1, we conclude that GAIP does not traffic to
early endosomes and remains associated with CCPs after
agonist stimulation of DOR.

GAIP Colocalizes with DOR in dyn(K44A) Cells after
Agonist Stimulation. DOR is located on the PM in
293SFDOR cells, and after agonist stimulation, it is phos-
phorylated (Murray et al., 1998) and traffics first to endo-
somes and then to lysosomes (Tsao and von Zastrow, 2000).
To determine whether GAIP and DOR colocalize in the same

clathrin
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w
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1

% overlap of clathrin & GAIP
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E DPDPE  — +

Fig. 2. Methods for semiquantitation of overlapping pixels obtained by
deconvolution analysis. A, field from a merged deconvolution image of
cells incubated with DPDPE for 1 min and double-stained for GAIP
(green) and clathrin (red) showing overlap in their distribution (yellow
dots). The cell membrane area used for quantification is traced in white.
B to D, enlargement showing total pixels for GAIP, clathrin, and the
overlapping pixels of the merged image in the traced area. E, graph
showing summary of data obtained from cells (four each) incubated in the
presence (+) or absence (—) of DPDPE and then processed, traced, and
quantified as in A to D, Overlap in the distribution of GAIP and clathrin
varies from 30 to 50%. There is a slight increase (from ~36 to ~45%) in
overlap after agonist addition, but the increase is not statistically signif-
icant. 293SFDOR cells were incubated with or without DPDPE (1 min),
fixed in 2% paraformaldehyde, and processed for immunofluorescence as
described in detail under Materials and Methods. Cells were double-
labeled with rabbit anti-GAIP (C) and mouse anti-clathrin mAb followed
by Alexa Fluor-488 goat anti-rabbit and Alexa Fluor-594 goat anti-mouse
F(ab')2. Images were captured by deconvolution microscopy. Cell mem-
brane areas were traced using Photoshop 5.5 and total GAIP pixels
(green), clathrin pixels (red), and those positive for both GAIP and clath-
rin (yellow) within the traced area were measured using NIH Image
software. The percentage of the total GAIP pixels that overlap with
clathrin pixels in the PM region was then determined, and average and
S.D. were calculated. Scale bars, 2.5 pm.
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CCPs, we carried out double labeling for GAIP and FLAG-
DOR. GAIP and FLAG-DOR did not overlap significantly
(<5%) either before or after addition of DPDPE for 1 min
(Fig. 3, E-G). Similarly, no colocalization was observed at 3,
5, or 10 min after addition of agonist (data not shown).

We reasoned that because it takes <1 min for a CCV to
form and bud (Marsh and McMahon, 1999), it might be
difficult to capture the colocalization of DOR and GAIP in
CCPs if their codistribution is transient. To inhibit or slow
down the budding process, we transfected cells with domi-
nant-negative dyn(K44A), a dynamin mutant that inhibits
budding of CCVs, thereby trapping CCVs at the cell surface
and inhibiting receptor internalization (Damke et al., 1994).
In the absence of agonist, little or no (<5%) overlap was
found between GAIP and DOR in dyn(K44A)-transfected
cells; however, 30 min after adding DPDPE, a striking over-
lap was observed in coated pits located along the PM (Fig. 3,
H-J). The percentage overlap increased from <5 to ~45%
after agonist addition (Fig. 5). From these data, we conclude
that upon binding agonist, DOR moves from noncoated re-
gions of the PM into CCPs with GAIP; the process is so rapid
that it cannot be detected unless it is slowed down or syn-

FLAG-DOR

FLAG-DOR

chronized by expressing dyn(K44A), which produces “frozen”
intermediates.

We attempted to carry out double immunogold labeling for
FLAG-DOR at the EM level but were unsuccessful. To vali-
date the effectiveness of dyn(K44A) expression we carried out
routine EM on 293SFDOR cells expressing dyn(K44A) and on
controls. In nontransfected cells individual coated pits and
vesicles were scattered along the PM (Fig. 6A). By contrast,
in cells expressing dyn(K44A) groups of CCPs (Fig. 6, B-E) or
those in continuity with other vesicles (Fig. 6, D-E) or long
tubular structures in continuity with the PM were commonly
seen (Fig. 6, C and F). Some of these vesicles showed typical
dynamin rings at their elongated necks (Fig. 6, B, E, F)
comparable with those described previously in dyn(K44A)-
transfected cells (Damke et al., 1994; Baba et al., 1999).

GAIP Colocalizes with Gai3-YFP after Agonist Bind-
ing to DOR. We have shown previously that when Gai3-YFP
is expressed in COS cells, it is correctly targeted to the PM
and Golgi membranes (Weiss et al., 2001). To determine
where the interaction between GAIP and Gai3 takes place
after stimulation of DOR, we expressed Gai3-YFP (Weiss et
al., 2001) in 293SFDOR cells, labeled the cells for endogenous

Fig. 3. GAIP is localized in clathrin-
coated pits. A and B, colocalization (yel-
low dots) of endogenous GAIP (green) and
AP-2 (red) in the absence (—DPDPE) or
presence (+DPDPE) of agonist. C, colocal-
ization (yellow dots) of GAIP (green) with
dynamin (red). D, the distribution of
GAIP (green) and the endosome marker,
EEA-1 (red), does not overlap after ago-
nist treatment (10 min). E to G, little or
no overlap is seen in staining of GAIP
(green, E) with DOR-FLAG (red, F) after
DPDPE addition (1 min). G is the merged
image. H to J, in cells expressing mutant
dynamin (+K44A), there is a striking
overlap (yellow dots in merged image) in
the distribution of GAIP and DOR-FLAG
at the PM 30 min after DPDPE addition.
Whole cells (E-G) or semithin cryosec-
tions (A-D, H-J) prepared from parental
293SFDOR cells (A-G) or those express-
ing dyn(K44A) (H-J) were processed for
immunofluorescence as in Fig. 2 and in-
cubated with rabbit anti-GAIP (C) and
mouse AP-2, EEA1, or FLAG (M2) fol-
lowed by incubation with Alexa Fluor-488
goat anti-rabbit and Alexa Fluor-594 goat
anti-mouse F(ab’), and analysis by decon-
volution microscopy. Boxes indicate en-
larged areas. Scale bars, 2.5 um; scale
bars in boxed areas, 1 pm.
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GAIP and Gai3-YFP (with a GFP antibody), and carried out
deconvolution analysis (Fig. 7, A-D) and quantification of
overlapping pixels (Fig. 7TH) before and after agonist binding.
In the absence of agonist, GAIP showed its usual punctate
distribution in CCPs, whereas Gai3-YFP showed a more
uniform linear distribution along the PM (Fig. 7A). Rela-
tively little (~10%) overlap in their distribution was seen
along the PM. As reported previously, Gai3-YFP was also
found in CCPs concentrated in the Golgi region (Weiss et al.,
2001). After DPDPE addition (1 min), overlap between GAIP
and Gai3-YFP at the PM was significantly increased (to 30%)
(Fig. 7, B and H). In dyn(K44A)-transfected cells, there was
also little overlap (10%) at the PM before adding agonist (Fig.
7, C and H), but after agonist addition, the majority of the
GAIP (65%) at the PM colocalized with Gai3-YFP (Fig. 7, D
and H). These results demonstrate that Gai3-YFP and GAIP,

Spatial Regulation of Gai3/GAIP Interaction in Microdomains 15

for the most part, do not codistribute on the PM before
agonist addition; upon agonist binding Gai3-YFP, DOR,
and/or GAIP are able to move, redistribute within the PM
and colocalize in both parental and dyn(K44A)-expressing
cells.

GAIP Is Localized on Clathrin/AP-2 Coated Pits and
Gai3 on Noncoated Microdomains of the PM. The above
results raised the question of where GAIP and Gai3-YFP
meet—i.e., in CCPs, where GAIP is located, or on non—clath-
rin-coated regions of the PM, where Gai3-YFP is found at
steady state. When double immunofluorescence labeling for
Gai3-YFP with AP-2 was performed, little (~5%) or no over-
lap was detected in their distribution along the PM (Fig. 7E),
but overlap increased slightly (20%) after agonist binding
(Fig. 71). Similarly, in dyn(K44A) transfected cells, there was
little or no overlap (~5%) between Gai3-YFP and AP-2 stain-

Fig. 4. Immunogold labeling demonstrating colocalization of GAIP (small gold) with coated pit markers and G proteins along the PM. A to D, GAIP
is found on the same vesicles as clathrin (A), AP-2, (B and C), and dynamin (D) (large gold). E and F, labeling for Gai3-YFP (E) and G (F) subunits
is concentrated at the necks of CCPs. G to I, GAIP colocalizes with dynamin (G and I) and clathrin (H) on the same CCPs in dyn(K44A)-transfected
cells 30 min after agonist addition. J, GAIP colocalizes with Gai3-YPF on clusters of CCVs 30 min after agonist stimulation in dyn(K44A)-transfected
cells. Parental cells (A-F) or dyn(K44A)-transfected cells (G—J) were stimulated with DPDPE for 1 min or 30 min, respectively, and processed for
ultrathin cryosectioning. Sections were either labeled for Gai3-YFP (rabbit anti-GFP) (E) or rabbit GB (F) or double-labeled with rabbit anti-GAIP (5
nm gold) and mouse anti-clathrin heavy chain (A, H), anti-AP-2 (B-C), anti-dynamin (D, I), or anti-HA-dynamin (10 nm gold) (G) followed by goat
anti-rabbit IgG conjugated to 5 nm gold and goat anti-mouse IgG conjugated to 10 nm gold. Scale bar, 0.05 pum.
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ing along the PM in the absence of agonist; however, after
addition of agonist, there was a striking overlap (>60%)
between staining for Gai3-YFP and AP-2 (Fig. 7, F and 1)
along the PM. Instead of direct superimposition of red and
green dots, there was only partial overlap at the edges of the
dots, suggesting that G proteins are located near CCPs. In-
terestingly, the distribution of GB+y subunits did not overlap
with AP-2 either before or after agonist addition (Fig. 7G),
suggesting that Gai3-YFP disassociates from Gy subunits
that remain associated with non—clathrin-coated regions of
the PM after agonist binding.

After immunogold labeling, Gai3-YFP (Fig. 4E) and G
(Fig. 4F) were found all along the PM but were often clus-
tered at the neck of CCPs and were not usually seen deeper
in CCPs either before or after agonist addition. From these
results, we conclude that Gai3 and Gy subunits are located
on noncoated microdomains of the PM at steady state; for
GAIP and Gai3 to interact after G protein activation, Gai3
must move into CCPs together with DOR. In dyn(K44A)-
transfected cells, Gai3-YFP was also confined mainly to the
neck of the CCPs after agonist stimulation (Fig. 4J). By
contrast, GAIP (Fig. 4, G—J), clathrin (Fig. 4H), AP-2, and
dynamin (Fig. 41) were detected all around the coated pits in
both nontransfected cells (Fig. 3, A-F) and those transfected
with dyn(K44A) (Fig. 4, G-D).

Taken together, these findings indicate that GAIP, clath-
rin, AP-2, and dynamin are localized around the entire pe-
rimeter of coated pits, whereas Gai3-YFP and Gy are lo-
cated in noncoated regions of the PM and may be
concentrated at the neck of coated pits. We speculate that
upon agonist binding, GAIP and Gai3 meet at the neck of the
CCPs.
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Fig. 5. Semiquantitation of overlapping pixels obtained by deconvolution
analysis of GAIP and FLAG-DOR. There is little overlap (<5%) in the
distribution of GAIP and FLAG-DOR in either the presence or absence of
agonist in nontransfected cells (—~K44A). However, in cells transfected
with the dynamin mutant (+K44A), there is a dramatic increase (to
~45%) in the amount of overlap after adding agonist indicating that DOR
are trapped in CCPs containing GAIP. 293SFDOR cells were transfected
(+K44A) or not (—K44A) with mutant dynamin and incubated in the
absence (—) or presence (+) of DPDPE for 30 min and fixed and processed
for immunofluorescence as described under Materials and Methods. Cells
were doubly incubated with rabbit anti-GAIP (C) and mouse anti-FLAG
(M2) followed by Alexa Fluor-488 goat anti-rabbit and Alexa Fluor-594
goat anti-mouse F(ab’), and analysis by deconvolution microscopy.
Plasma membranes areas were traced, total GAIP pixels (green), FLAG
pixels (red), and those positive for both GAIP and FLAG (yellow) within
the traced area were calculated, and the percentage of the total GAIP that
overlaps with FLAG-DOR in the PM region was then determined and
average and S.D. was calculated as for Fig. 2.

GAIP and Gai3 Form a Coprecipitable Protein Com-
plex. Our immunofluorescence data indicated that GAIP,
Gai3-YFP, and DOR colocalize in CCPs, suggesting that
GAIP could bind to Gai3 in this location. To determine
whether Gai3 and GAIP interact in CCPs in vivo, we ex-
pressed GAIP, Gai3-YFP, and dyn(K44A) in 293SFDOR cells
and carried out immunoprecipitation with an anti-GFP mAb
on membrane and cytosolic fractions followed by immuno-
blotting for GAIP. We found that GAIP could be coimmuno-
precipitated with Gai3-YFP from membrane fractions (Fig. 8,
lanes 5—6) but not from cytosolic fractions (Fig. 8, lanes 3—4).
Moreover, GAIP was detected in immunoprecipitates ob-
tained from both stimulated and unstimulated (with DP-
DPE) cells. These results support our conclusion that the
interaction between GAIP and Gai3-YFP takes place in CCPs
and indicate that the interaction is stable enough to resist
detergent extraction and immunoprecipitation. The explana-
tion for our finding that GAIP is coimmunoprecipitated in

.ﬁ.': F

Fig. 6. Expression o
continuity with invaginations of the PM in 293SFDOR cells. A, nontrans-
fected cell showing the usual topography of an individual CCP at the PM.
B to F, Dyn(K44A) transfected cells showing accumulation of clusters of
CCPs with a variety of shapes and conformations. Some (E) resemble an
hourglass, others (B, E, F) bud from deep invaginations of the PM, and
many (B, E, F) have typical dynamin necklaces (arrows). Nontransfected
cells (A) or cells transfected with dyn(K44A) (B-F) were processed for
routine EM. In B to F, DPDPE was added for 30 min at 24 h after
transfection. Scale bar, 0.05 pm.
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both the presence and absence of agonist remains to be de-
termined.

Discussion

The purposes of this study were to determine GAIP’s site of
interaction with Gai3 and GAIP’s fate after agonist stimula-
tion of DOR, a Gai-linked GPCR. Our major findings are
that: 1) endogenous GAIP does not colocalize with Gai3-YFP
and DOR at the PM before agonist addition, whereas after
adding agonist, Gai3-YFP and DOR redistribute on the PM
and colocalize with GAIP in CCPs; 2) GAIP remains associ-
ated with CCPs at the PM, whereas DOR is internalized in
CCVs; and 3) DOR but not GAIP traffics to early endosomes.
We also found that when DOR is stimulated with agonist and
endocytosis is blocked with dyn(K44A), GAIP, Gai3-YFP, and
DOR colocalize on the same CCPs, indicating that Gai3

- DPDPE
- K44A

+ DPDPE
-K44A

GAIP
Gai3

- DPDPE
+ K44A

+ DPDPE
+ K44
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moves into CCPs, where it encounters GAIP, which is stably
associated with CCPs. Moreover, we found that when GAIP
and Gai3-YFP are cotransfected into cells stably expressing
DOR, GAIP and Gai3-YFP can be coimmunoprecipitated,
suggesting that they form a detergent-resistant protein com-
plex.

Based on our findings, we hypothesize the following model
for the fate of GAIP after agonist stimulation of DOR (Fig. 9):
1) before agonist stimulation, GAIP is found on clathrin-
coated microdomains, whereas DOR and Gai3 (GDP) are
found on noncoated regions of the PM; 2) after addition of
agonist, DOR binds and activates Gai3, which dissociates
from Gy subunits, and the DOR/Gai3(GTP) complex moves
within the plane of the PM to bind GAIP at the neck of a CCP.
The GPy subunits remain behind on noncoated microdo-
mains. GAIP acts as a GAP, returning Gai to its GDP-bound
form, and then dissociates from Ga. Ga redistributes back to

Fig. 7. Redistribution of Gai3-YFP to CCPs
after agonist addition. A, before agonist addi-
tion, there is relatively little overlap in the
distribution of GAIP (red) and Gai3-YFP
(green) along the PM. B, immediately (1 min)
after addition of DPDPE, overlap between
GAIP (red) and Gai3-YFP (green) is in-
creased as indicated by the yellow dots. C,
there is also little overlap in the distribution
of GAIP and Gai3-YFP before agonist addi-
tion in dyn(K44A) transfected cells. D, after
adding agonist (30 min) the majority of the
GAIP on the PM partially colocalizes with
Gai3-YFP in dyn(K44A) transfected cells. E,
in dyn(K44A) transfected cells relatively little
Gai3-YFP (green) colocalizes with AP-2 (red)
along the PM before agonist stimulation. F,
after stimulation with DPDPE for 30 min,
there is a dramatic increase in the overlap
between of Gai3-YFP (green) and AP-2 (red)
along the PM in dyn(K44A) transfected cells,
as most of the red dots along the PM colocal-
ize in part with Gai3. Note that there is only
partial superimposition (yellow) of staining
for Gai3-YFP (green dots) and clathrin (red
dots), suggesting close proximity but incom-
plete overlap. G, no overlap is seen in the
distribution of Gf3 (green) subunits and AP-2
(red) in dyn(K44A) transfected cells stimu-
lated for 30 min. H, bar graph showing re-
sults of quantification of overlapping pixels in
the PM region in cells doubly labeled for
GAIP and Gai3-YFP. After DPDPE addition,
the percentage overlap of total GAIP pixels
with Gai3-YFP pixels increased from 10 to
30%; in cells expressing dynamin mutant
(+K44A), overlap increased dramatically
from ~5 to 60% after agonist addition. I, sim-
ilar bar graph showing results of quantifica-
tion of overlapping pixels in the PM region in
cells doubly labeled for Gai3-YFP and AP-2.
Overlap of Gai3-YFP with total AP-2 pixels
increases dramatically from ~10 to 65% 30

+DPBPE, .

AP-2. p<0.05

1
-2 with Gai3-YFP,
1

®
1
2
1

% overlap of AP

= % overlap of GAIP with Gai3-YFP
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min after agonist addition to dyn(K44a)-
transfected 293SFDOR cells. Semithin cryo-
sections were processed as in Fig. 2, double-
labeled using mouse anti-GFP mAb and
either rabbit anti-GAIP (C), AP-2, or mouse
AP-2 and rabbit anti-Gp followed by Alexa
Fluor-594 goat anti-mouse and Alexa Fluor-
488 goat anti-rabbit F(ab’),. The percentage
of overlap of red and green pixels (PM only)
was determined as for Fig. 2. At least five
cells per treatment were analyzed to obtain
averages and S.D. Scale bars, 2.5 um; scale
bars in boxed areas, 1 um.

+
+
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non—clathrin-coated microdomains of the PM and reassoci-
ates with the GBy complex. 3) The receptors cluster in the
CCP, a CCV containing DOR starts to bud from the CCP, and
dynamin translocates from the cytosol to the budding CCV.
GAIP remains stably associated with clathrin-coated mi-
crodomains of the PM. 4) The CCV containing DOR separates
from the PM, loses its clathrin coat, and traffics to early
endosomes and subsequently to lysosomes, where the recep-
tor is degraded (Tsao and von Zastrow, 2000).

This represents a novel paradigm for spatial regulation of
G protein signaling through stable association of a GAP with
a specific type of membrane microdomain. The extent to
which this paradigm is unique for GAIP or applies to other
RGS proteins is unknown. However, most RGS proteins have
been shown to be present in both membrane and cytosolic
pools and several—i.e., mammalian RGSZ1, RGS3, RGS4,
RGS7, RGS9, and yeast Sst2—have been shown to be mem-
brane bound and or to translocate to specific membrane com-
partments upon G protein activation. Therefore, it seems
likely that this paradigm might apply to at least some other
RGS proteins. In the cell, this would have the advantage of
allowing for functional specificity of individual RGS proteins
by addressing them to specific subcellular sites.

It should be stressed that both GAIP (De Vries et al., 1998)
and Gai3 (Weiss et al., 2001) are located on intracellular (i.e.,
Golgi) membranes as well as the cell membrane. Our model
is based on the behavior of PM-associated GAIP, but we
assume that similar interactions occur in the Golgi, where
the functions of Gai3 remain largely unknown (De Vries et
al., 2000).

The above model rests on the assumption that GAIP re-
mains stably associated with CCVs after agonist stimulation.
An alternative but less likely possibility is that GAIP is
released from CCVs into the cytosol after binding Gai3. How-

IP: anti-GFP(mADb)

PNS SN p

DPDPE: - + - + - 4

IB: anti-GAIP| e e
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1 2 3 4 5 6

Fig. 8. Gai3 and GAIP form a coimmunoprecipitable protein complex. A,
PCDNAS3-GAIP, pCDNA3-Gai3-YFP, and pCB-K44A-dyn were tran-
siently transfected into 293SFDOR cells that stably express DOR. Cells
were then stimulated with 5 um DPDPE (lanes 2, 4, and 6), after which
they were homogenized and membrane (100,000g pellet) and soluble
(100,000g supernatant) fractions were prepared from a postnuclear su-
pernatant (PNS) as in Fig. 1. Immunoprecipitation (IP) was carried out
on both supernatant (SN) and pellet (P) fractions with anti-GFP mAb; the
precipitated proteins were then separated by SDS-PAGE and immuno-
blotted using anti-GAIP or anti-GFP. GAIP is detected in the IP obtained
from the membrane pellet (lanes 5 and 6) but not in the IP obtained from
the supernatant (lanes 3 and 4). Lanes 1 and 2, immunoblots of PNS
showing the total GAIP and Gai3-YFP in the PNS. The amount of protein
loaded was 2% of that used for immunoprecipitation.

IB: anti-GFP

-l

ever, this scenario would require removal of GAIP’s lipid
anchor, because GAIP is anchored to membranes via palmi-
toylation (De Vries et al., 1996). This seems unlikely; if GAIP
were constantly dissociating from CCVs, we would expect to
detect it in the cytosol, which is not the case. GAIP is entirely
membrane bound in 293SFDOR cells.

Our data imply that rather than a single CCV forming
from a single coated pit, CCVs can bud from clathrin-coated
microdomains that are stably associated with the PM. GAIP
represents a marker for at least one type of stable microdo-
main (i.e., the sites from which the Gai-linked receptor DOR
buds). This is consistent with previous findings suggesting
that CCVs bud from stable coated pits (Jin and Nossal, 1993).
Moreover, using GFP-tagged clathrin light chain, it was ob-
served that coated pit fluorescence frequently persists after
the emergence of one or multiple CCVs, suggesting that
CCVs bud from stable clathrin-coated sites on the PM (Gai-
darov et al., 1999).

It is of interest that GAIP and Gai3-YFP do not colocalize
before ligand stimulation but are able to redistribute within
the PM and to colocalize in CCPs after agonist binding in
both parental and dyn(K44A)-expressing cells. We did not see
colocalization of DOR and GAIP in parental cells after ligand
binding, probably because the internalization process is very
rapid; the entire process of vesicle formation and budding
from the PM takes less than a minute (Marsh and McMahon,
1999). By slowing internalization with dyn(K44A) and pro-
ducing “frozen” intermediates, it was possible to catch GAIP,
Gai3-YFP, and DOR in the same CCPs at the PM.
Dyn(K44A) expression has been shown to trap CCVs at the
cell surface (Damke et al., 1994) and thereby to block endo-
cytosis of DOR (Keith et al., 1996) as well as the transferrin
receptor and a number of other GPCRs (Gargnon et al., 1998;
Heding et al., 2000; Hinshaw, 2000).

There has been considerable debate concerning whether
components of G protein signaling complexes are restricted
in their distribution to specific domains of the PM or are able
to diffuse freely (Neubig, 1994; Steinberg and Brunton,
2001). Our results provide evidence for a novel paradigm for
spatial regulation of G protein signaling by restricting the
distribution of the RGS protein GAIP to specific clathrin-
coated microdomains, whereas GPCR and Gai are able to
move in and out of clathrin- and non—clathrin-coated mi-
crodomains of the PM. G proteins have been assumed to
remain associated with the PM after agonist stimulation
(Wedegaertner, 1998; Hughes et al., 2001). A potential ex-
ception is Gas; evidence has been obtained that it leaves the
PM and is either released into the cytosol (Wedegaertner et
al., 1996) or internalized (Yu and Rasenick, 2002) after re-
ceptor and G protein activation.

Recent studies have documented that G proteins (Shaul
and Anderson, 1998), as well as some signaling molecules,
are present in caveolae or lipid rafts, which represent cho-
lesterol and sphingolipid-rich microdomains of the PM (Si-
mons and Toomre, 2000; Ikonen, 2001), and it has been
suggested that lipid rafts act as organizing centers for GPCR
signal transduction. However, the majority of Gai subunits
are not associated with lipid rafts (Miotti et al., 2000; Moffett
et al., 2000), and most signaling molecules are associated
with both raft and nonraft regions of membranes as defined
by detergent-insolubility. In fact, there is now increasing
evidence that signaling molecules and receptors, including
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Fig. 9. Model for GAIP’s fate after stimulation of DOR. 1, at resting state GAIP is localized on CCPs of the PM, whereas DOR and inactive Gai/By
trimers are on noncoated regions of the PM. 2, after agonist addition, activated (GTP-bound) Gei and Gy subunits separate and signal to their
downstream effectors, and Gai3 and DOR move toward the clathrin-coated microdomain and bind GAIP at the neck of the CCP. GAIP acts as a GAP
for Gai returning Gai3 to its inactive, GDP-bound form. 3, Gai3 moves away from the CCP and reassociates with the GB+y subunits in non—clathrin-
coated domains of the PM. A CCV containing DOR starts to bud from the CCP, and dynamin translocates from the cytosol to the neck of the nascent
CCV. GAIP remains on the CCP. 4, the CCV containing DOR buds from the PM, loses its clathrin coat, and traffics to endosomes and onto lysosomes

(not shown), where DOR is degraded (Tsao and von Zastrow, 2000).

GPCR (Steinberg and Brunton, 2001) can move from lipid
rafts to nonraft domains and back again, and others can
cluster in lipid rafts and diffuse in the plane of the membrane
to be internalized via CCVs. For example, at resting state,
the EGF receptor is concentrated in caveolae; upon EGF
binding, the receptor exits caveolae, migrates to noncaveolar
domains of the PM and is internalized in CCVs (Anderson,
1998). Similarly, both cholera (Shogomori and Futerman,
2001) and Shiga toxins (Katagiri et al., 1999) are found in
lipid rafts at the PM and are internalized in CCVs. Interest-
ingly, cholesterol has been shown to be a component of coated
pits as well as caveolae, and cholesterol depletion inhibits
CCV budding (Rodal et al., 1999; Subtil et al., 1999) raising
the possibility that cholesterol-rich lipid rafts may be present
in CCPs and might serve to separate signaling components
within different parts of the coated pit. Further research is
needed to determine whether lipid rafts (which may be as
small as 20 nm) exist within coated pits and to establish the
mechanism by which GAIP remains on coated pits while
DOR is internalized in CCVs.
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