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ABSTRACT: The heterotrimeric G protein subunit,Rs, can move reversibly from plasma membranes to
cytoplasm in response to activation by GPCRs or activating mutations. We examined the importance of
the unique N-terminus ofRs in this translocation in cultured cells.Rs contains a single site for palmitoylation
in its N-terminus, and this was replaced by different plasma membrane targeting motifs. These N-terminal
Rs mutants were targeted properly to plasma membranes, capable of coupling activated GPCRs to effectors,
and able to constitutively stimulate cAMP production when they also contained an activating mutation.
However, when activated by a constitutively activating mutation or by agonist-activatedâ-AR, these
N-terminal Rs mutants failed, for the most part, to undergo redistribution from plasma membranes to
cytoplasm, as assayed by immunofluorescence microscopy, or from a particulate to soluble fraction, as
assayed by subcellular fractionation. These results highlight the importance of the extreme N-terminus of
Rs and its single site of palmitoylation for facilitating activation-induced translocation and provide insight
into the mechanism of this G protein trafficking event.

Many proteins require association with the plasma mem-
brane (PM) for proper functioning, and in many cases,
membrane localization of signaling proteins is regulated and
reversible. The heterotrimeric (Râγ) G proteins1 are typically
found at the PM where they interact with receptors and
effectors. Binding of theR subunit to theâγ dimer is critical
for its proper targeting to the PM (1-5). However, when
the heterotrimer is activated and theR and âγ subunits
dissociate, theR subunit must rely on its intrinsic membrane
binding ability to remain associated with the PM.

All GR subunits are acylated at the N-terminus by the fatty
acids myristate and/or palmitate, and these modifications are
required for proper membrane localization (6-8). Myristate
provides only low-affinity binding to membranes (9). There-
fore, other mechanisms of membrane binding, such as
positive charges or protein-protein interactions, would be
required to efficiently anchor myristoylated proteins to
membranes (10). On the other hand, palmitate has sufficient

binding energy to stably anchor a protein to membranes (7).
With the exception ofRt, all G proteinR subunits contain
palmitate (16-carbon, saturated fatty acid) attached through
labile, reversible thioester linkages to one or more cysteines
at the amino terminus (11). Palmitoylation, due to its
reversibility, thus provides the potential to be an important
mechanism for regulating a protein’s attachment to mem-
branes. Indeed, several G proteinR subunits undergo more
rapid depalmitoylation upon activation by an appropriate G
protein-coupled receptor (GPCR) (12-16). Furthermore, at
least one G proteinR subunit,Rs, undergoes rapid activation-
induced subcellular redistribution.Rs can translocate from
the PM to the cytoplasm upon receptor triggered activation,
mutational activation, or cholera toxin-mediated activation
(17-22). The redistribution ofRs in response to theâ-ad-
renergic receptor (â-AR) agonist, isoproterenol, is rapid
(about 10 min) and is reversible by theâ-AR antagonist,
propanolol (18). When activated byâ-AR, redistributedRs

does not appear to colocalize with internalized receptors, nor
does its redistribution require endocytosis of theâ-AR,
suggesting that redistribution ofRs is independent of GPCR
trafficking.

Translocation ofRs from PM to cytoplasm correlates with
demonstrations of activation-induced depalmitoylation ofRs

(12-14). However, the importance of depalmitoylation in
the observed activation-induced cytoplasmic shift ofRs

remains to be defined. Inhibitors or activators of the
depalmitoylation reaction have not been identified. For other
G protein R subunits, much less evidence is available to
support activation-induced changes in subcellular localiza-
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tion. The N-termini of G proteinR subunits are quite diverse
in terms of amino acid sequence and combinations of lipid
modifications. MostR subunits are modified by two lipids,
either two palmitates or myristate plus palmitate;Rs appears
to contain only one attached palmitate. Thus, the presence
of only one site of reversible palmitoylation inRs may
underlie the reversible membrane localization ofRs. In this
model (11), rapid removal of the single palmitate from the
N-terminus ofRs would allow it to translocate off of the
PM.

To address the importance of the unique N-terminus of
Rs in activation-induced subcellular redistribution, we con-
structed several N-terminal mutants ofRs. In these mutant
proteins, the extreme N-terminus ofRs, which contains the
cysteine site of palmitoylation, was replaced by a variety of
potential membrane targeting motifs. We examined the effect
of these N-terminal changes on the activation-induced
redistribution ofRs. The results demonstrate that mutantRs

subunits containing alternative N-terminal plasma membrane
targeting motifs fail to translocate from the plasma membrane
to cytoplasm in response to activation.

EXPERIMENTAL PROCEDURES

Materials.HEK293 cells were obtained from the American
Type Culture Collection (CRL-1573). [2-3H]Adenine was
from Amersham Pharmacia Biotech. [9,10-3H]Palmitic acid
and [9,10-3H]myristic acid were from Perkin-Elmer Life
Science Products. 12CA5 monoclonal antibody was from
Roche Molecular Biochemicals, EE mouse monoclonal
antibody was a gift from Dr. Henry Bourne (UCSF), and
the â-AR polyclonal antiserum was a gift of Dr. Mark von
Zastrow (UCSF). Tissue culture reagents were from Medi-
atech and Life Technologies, Inc. Other reagents were from
Fisher Scientific and Sigma Biochemical Co.

Plasmid Constructions.HA-Rs and HA-Rq in pcDNA3 or
pcDNAI, containing the internal HA epitope sequence
(DVPDYA), have been described (1, 23). EE-Ri2-pcDNAI,
containing an internal EE epitope (EEYMPTE), has also been
used previously (24). N-Terminal mutants ofRs were
constructed by PCR mutagenesis, using the following 5′
mutagenic primers: 5′gcggcgtcgaccatgggctgcctaggcagtag-
taagaccgaggaccag3′ (RsN6S); 5′gcggcgtcgaccatgggctgcacct-
taagtagtaagaccgaggaccag3′ (myr+/palm+ Rs); 5′gcggcgtcgac-
catgggatccaccttaagtagtaagaccgaggaccag3′ (myr+/palm- Rs);
5′ggctagcgatatcatggggagtagcaagagcaagcctaaggaccccagcca-
gcgccggcgtaaggcgcagcgcgaggcc3′ (myr+/polybasicRs); 5′gcg-
gcgatatccatgactctggagtccatcatggcatgctgcctcggcaacagtaaga-
ccg3′ (2palm Rs); 5′ggctagcgatatcatggcgcccaagaaagggctgc-
tccagagactcttcaagcggcagcatcagaacaattccaagagtaaggcgcagc-
gcgaggcc3′ (polybasicRs). SP6 primer was used as the 3′
primer. For myr+/polybasicRs, 2palmRs, and polybasicRs,
PCR products were digested withEcoRV and XhoI and
ligated with HA-Rs pcDNA3 vector cut withEcoRV and
XhoI. The R201C activating mutation was introduced into
myr+/polybasicRs, 2palm Rs, and polybasicRs constructs
by ligating anEcoNI-XhoI fragment excised from HA-Rs-
RC pcDNA3 into appropriately digestedRs amino-terminal
mutants. ForRsN6S, myr+/palm+ Rs, and myr+/palm- Rs,
PCR products were digested withSalI andEcoRI and ligated
with HA-Rs-pcDNAI vector cut withSalI and EcoRI. The
RC activating mutation was introduced intoRsN6S myr+/

palm+ Rs and myr+/palm- Rs constructs by ligating an
EcoRI-BglII fragment excised from the mutants into ap-
propriately digested HA-Rs-RC pcDNAI. The resulting
constructs were verified by DNA sequencing (Kimmel
Cancer Center Nucleic Acids Facility) to contain no muta-
tions other than those desired. Humanâ1-pCMV5 and bovine
γ2-pcDNAI have been described (25).

Cell Culture and Transfection.HEK293 cells were main-
tained in DMEM containing 10% fetal bovine serum and
gentamicin as described previously (2). Transfections were
carried out with 1µg of total plasmid DNA in six-well cell
culture plates or 3µg of total plasmid DNA in 6 cm plates
using FuGENE 6 Transfection Reagent (Roche Molecular
Biochemicals) according to the manufacturer’s instructions.
Cells were transfected overnight, transferred to new plates
the next day, and grown for 24-30 h prior to subsequent
manipulations.

Metabolic Labeling and Immunoprecipitation.Radiola-
beling ofRs and the mutants with fatty acids was performed
essentially as described previously (1). Briefly, 48 h after
transfection COS cells in a 6 cmdish were incubated with
1 mL of media containing [9,10-3H]palmitic acid (1 mCi)
or [9,10-3H]myristic acid (0.25 mCi) for 4 h. Cells were
washed once with PBS and lysed (50 mM HEPES, pH 7.4,
150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 1
mM EDTA, 2.5 mM MgCl2, 1 mM PMSF, 2 µg/mL
leupeptin, 2µg/mL aprotinin), and the extracts were tumbled
for 1 h at 4°C. Nuclei and insoluble material were removed
by centrifugation. 12CA5 antibody was added, and samples
were tumbled for 2 h at 4°C. Twenty microliters of Protein
A/G Plus agarose (Santa Cruz Biotechnology, Santa Cruz,
CA) was added, and samples were then tumbled overnight
at 4 °C. The beads were pelleted by centrifugation at 200g
and washed with lysis buffer, and SDS-PAGE sample buffer
was added. Samples were heated to 65°C for 1 min. An
aliquot was then fractionated by 10% SDS-PAGE. The
SDS-PAGE gel was soaked for 20 min each in 50%
methanol/10% acetic acid, 10% methanol/10% acetic acid,
and Amplify (Amersham Pharmacia Biotech). Gels were then
dried and subjected to fluorography at-80 °C using
Hyperfilm MP (Amersham Pharmacia Biotech). Bands were
photographed using a Kodak DC40 imaging system, and
images were processed using Adobe Photoshop and Canvas7

SE version 8.6.
Subcellular Fractionation.Soluble and particulate fractions

were isolated as previously described (2). Briefly, HEK293
cells were transfected with the indicated amounts of each
expression plasmid in 6 cm plates. Twenty-four hours after
transfection, the cells were transferred to 10 cm plates and
grown for 48 h. Cells were washed with phosphate-buffered
saline and then lysed in 0.5 mL of hypotonic lysis buffer by
10 passages through a 27-gauge needle. Cells were centri-
fuged to pellet nuclei and intact cells, and the supernatant
was centrifuged at 150000g to obtain soluble and particulate
fractions. Fractions were resolved by 10% SDS-PAGE,
transferred onto PVDF-Plus (Micron Separations, Inc.), and
probed with 12CA5 or EE monoclonal antibody. Bands were
visualized by chemiluminescence and quantitated using a
Kodak DC40 imaging system. Graphs were prepared using
GraphPad Prism version 3.0a.

Immunofluorescence Microscopy.Immunofluorescence
localization was performed as described previously (2).
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Briefly, HEK293 cells were transfected with the indicated
amounts of each expression plasmid. Twenty-four hours after
transfection in six-well plates, cells were replated on glass
coverslips and grown for 24-48 h. In some experiments cells
were treated in the absence and presence of 10µM â-AR
agonist isoproterenol at 37°C. Cells expressing HA-Rs, HA-
Rs mutants, or HA-Rq were then fixed with 3.7% formalde-
hyde in phosphate-buffered saline (PBS) for 15 min. Cells
expressing EE-Ri2 were fixed in methanol at-20 °C for 20
min. Coverslips were incubated in blocking buffer (2.5%
nonfat milk and 1% Triton X-100 in PBS) for 30 min.
Samples were then incubated with 12CA5 (3µg/mL) and/
or â-AR-specific rabbit polyclonal antiserum (1:1000 dilu-
tion) (18) or EE (20µg/mL) mouse monoclonal antibodies
in blocking buffer for 1 h. The cells were washed with
blocking buffer and incubated in a 1:100 dilution of Alexa
594 goat anti-mouse and/or Alexa 488 goat anti-rabbit
(Molecular Probes, Eugene, OR) secondary antibodies for
30 min. The coverslips were washed with 1% Triton X-100
in PBS, rinsed in distilled water, and mounted on glass slides
with 10 µL of Prolong Antifade reagent (Molecular Probes,
Eugene, OR). Microscopy was performed with an Olympus
BX60 microscope with a Sony DKC-5000 digital camera
and images processed with Adobe Photoshop. Transfections
were repeated at least three times, and hundreds of cells were
examined for each construct. Representative pictures were
taken of cells displaying low to intermediate levels of
expression.

Subcellular localization of each expressedR subunit was
determined and quantitated in terms of the number of cells
displaying a particular subcellular localization phenotype.
Three independent observers who were blinded to the identity
of the expressedR subunit analyzed at least 150 cells. Only
cells displaying low levels of expression were counted. Cells
were monitored by taking images with the CCD camera to
ensure that cells being counted all gave a visible but not
saturated image at identical exposure times. Subcellular
localization of each counted cell was classified as one of
three phenotypes: (1) predominantly PM; (2) combination
of PM and cytoplasm; or (3) cytoplasm only. Predominant
PM localization was defined as bright staining at a cell’s
periphery and lacking a visible negatively stained nucleus
or nuclear shadow. A combination of PM and cytoplasm
staining (PM/cytoplasm) was defined as some degree of
visible sharp staining at a cell’s periphery and the presence
of a nuclear shadow. Such a nuclear shadow is consistent
with cytoplasmic and/or intracellular membrane localization,
since staining in areas surrounding the nucleus typically
produces the appearance of a dark nucleus in these experi-
ments. Cytoplasmic only localization was defined as no
visible staining at a cell’s periphery, diffuse staining
throughout the cell’s interior, and the presence of a nuclear
shadow. The number of cells displaying each localization
phenotype was expressed as a percentage of the total along
with 95% confidence interval (CI). Statistical analysis of the
data was performed using a two-sample binomial proportion
test (26).

Confocal Microscopy.Coverslips were prepared for con-
focal microscopy exactly as described above under Immu-
nofluorescence Microscopy. Representative images were
recorded at the Kimmel Cancer Center Confocal Microscopy
Facility using a Bio-Rad MRC-600 laser scanning confocal

microscope running CoMos 7.0a software and interfaced to
a Zeiss Axiovert 100 microscope with Zeiss Plan-Apo 63×
1.40 NA oil immersion objective. AllR subunit images were
recorded at identical gain and black level settings to ensure
that all analyzed cells were expressing similar low levels of
the R subunit. All R subunit samples were analyzed using
excitation at 568 nm, while dual-labeled samples were
analyzed using simultaneous excitation at 488 and 568 nm.
Images of “x-y” sections through the middle of a cell were
recorded.

Quantitation of confocal microscopy images of single cells
was performed using the Plot Profile tool of NIH ImageJ
software. The relative magnitude ofR subunit distribution
along a linear slice of the cell was quantitated, similar to
that described previously (27). The average pixel intensity
in 8-15 traces fromn g5 cells for eachR subunit was
determined and plotted. Gray values of the distribution curves
were normalized to 100. Histograms of wild type versus RC
activated or wild type versus isoproterenol activated are
presented together to reveal quantitative differences in plasma
membrane localization.

cAMP Assays.cAMP production was measured as de-
scribed previously (1). For measurements ofR2A-adrenergic
receptor-dependent cAMP accumulation, 24 h after trans-
fection HEK293 cells were reseeded into six wells of a 24-
well plate to provide three samples for basal cAMP
determination and three samples for agonist-stimulated
cAMP determination. [2-3H]Adenine (2µCi/mL) was added
to the each. All cells were grown for another 24 h. The cells
were washed with 0.5 mL of prewarmed wash buffer and
then incubated in wash media with 1 mM IBMX with or
without 10µM UK-14304 for 45 min at 37°C. The reactions
were terminated by lysing the cells in ice-cold 5% TCA
containing 1 mM cAMP and 1 mM ATP. [3H]cAMP and
[3H]ATP were separated on AG 50w-X4 Dowex and alumina
columns as described (23). The activity was defined as the
average of ([3H]cAMP)/([3H]cAMP + [3H]ATP) from trip-
licate samples. For measurements of constitutive cAMP
stimulation byRs mutants containing the R201C mutation,
24 h after transfection HEK293 cells were reseeded into two
sets of triplicates in separate 24-well plates to provide three
samples for cAMP determination and three samples for
determining protein expression levels. cAMP production was
measured in one set of samples as described above. For
determination of protein expression, cells were washed with
ice-cold PBS and then lysed in 0.4 mL of SDS-PAGE
sample buffer per well. Samples were harvested by scraping
with a pipet tip and repeated pipeting and boiled for 5 min.
Ten percent of each sample was resolved by 12% SDS-
PAGE, transferred to PVDF-Plus (Micron Separations, Inc.),
and probed with 12CA5 monoclonal antibody. Bands were
visualized by chemiluminescence and quantitated using a
Kodak DC40 imaging system. Thus, the protein level in each
experiment was determined to be the average intensity of
three measurements. Graphs were prepared using GraphPad
Prism version 3.0a.

Because of variability in levels of expressed protein upon
transfection of equal amounts of DNA for each mutant, all
activity was expressed relative to level of protein expression.
To determine the correct amount of DNA to transfect such
that we were in the linear range of protein expression and
activity, we transfected increasing concentrations of DNA
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for each of theRsRC constructs and assayed the cAMP
production as above. Two hundred nanograms of DNA was
determined to be in the linear range when activity was plotted
versus DNA concentration.

To verify that expressing the activity relative to protein
levels resulted in increased accuracy, the variability of the
raw activity numbers was compared to the variability in
activity determined by dividing calculated activity by
expressed protein. Variability was determined by calculating
the coefficient of variation [(standard deviation/average)×
100] for each expressed construct. Dividing calculated
activity by expressed protein resulted in a 48-90% decrease
in the coefficient of variation compared to uncorrected
activity for each of the expressed constructs. Therefore,
correcting for the level of expressed protein resulted in a
significant increase in accuracy of the measurements.

cRNA Synthesis and Electrophysiology. Xenopusoocytes
were isolated as described (28, 29). cDNA constructs were
linearized by restriction enzymes and purified using Geneclean
(Bio 101). Capped cRNA for theCaenorhabditis elegans
dopamine receptordar-1,2 human Kir 3.2, and the various
Rs subunits were made using T7 RNA polymerase or SP6
RNA polymerase. mRNA synthesis for channel, receptor,
or G protein constructs was confirmed by loading aliquots
of synthesis reactions on denaturing formaldehyde-agarose
gels. Individual oocytes were injected with 5-10 ng (in 50
nL) of various constructs either singly or in combination.
Total cRNA concentration was kept constant between
injections. Currents were recorded 48-72 h after injection.
Standard recording solution was KD-98 (98 mM KCl, 1 mM
MgCl2, 5 mM K-HEPES, pH 7.5) unless otherwise stated.
Microelectrodes were filled with 3 M KCl and had resis-
tances of 1-3 MΩ and 0.1-0.5 MΩ for voltage and current
electrodes, respectively. In addition, current electrodes were
back-filled with 1% agarose (in 3 M KCl) to prevent leakage
as described (28). Recordings were made at room temper-
ature using a Geneclamp 500 amplifier (Axon Instruments).
Oocytes were voltage clamped and perfused continuously
with different recording solutions. Currents were evoked by
500 ms voltage commands from a holding potential of-10
mV, delivered in 20 mV increments from-140 to 60 mV
to test for inward rectifying potassium currents. Data were
recorded at a holding potential of-80 mV, and drugs were
added at the indicated concentrations to the bath with a fast
perfusion system. Data collection and analysis were per-
formed using pCLAMP v6.0 (Axon Instruments) and Origin
v5.0 (MicroCal) software. For subtraction of endogenous and
leak currents, records were obtained in ND-96 (96 mM NaCl,
2 mM KCl, 1 mM MgCl2, 5 mM Na-HEPES, pH 7.5), and
these were subtracted from recordings in KD-98 before
further analysis.

RESULTS

Subcellular Localization of Wild Type and Mutationally
ActiVated R Subunits.Most heterotrimeric G proteins are
primarily associated with the plasma membrane. Immuno-
fluorescence microscopy was utilized to examine the sub-
cellular distribution ofRs, Ri, or Rq in their inactivated and

activated states (Figure 1A). Images of representative cells
are presented in Figure 1A, and quantitation based on
observations of many cells is provided in Table 1. When
cells were transiently transfected with epitope-tagged, wild-
type forms ofRs, Ri, or Rq, eachR subunit was detected
predominantly at cellular plasma membranes, as seen by the
bright staining at the periphery of cells (Figure 1A1, 1A3,
1A5 and Table 1). To examine the effect of activation on
each of the G proteins, the cells were transiently transfected
with the sameR subunits containing an arginine to cysteine
(RC) constitutively activating mutation. As expected, theRs-
RC subunit displayed a diffuse distribution throughout the
cytoplasm with only faint staining at the PM (Figure 1A2

2 S. Sanyal, R. F. Wintle, E. Bigras, D. Merz, T. E. He´bert, J. G.
Culotti, and H. H. M. Van Tol, manuscript in preparation.

FIGURE 1: Immunofluoresence microscopy and subcellular frac-
tionation of wild-type and mutationally activatedRs, Ri, and Rq.
(A) HEK293 cells were transiently transfected with 1µg of wild-
typeRs (1), RsRC (2), wild-typeRi (3), RiRC (4), wild-typeRq (5),
or RqRC (6). Cells were fixed, andR subunits were visualized by
indirect immunofluorescence with 12CA5 (1, 2, 5, and 6) or EE
(3, 4) antibodies followed by secondary antibodies, as detailed under
Experimental Procedures. (B) HEK293 cells were transiently
transfected as in (A). Soluble and particulate fractions were isolated
as described under Experimental Procedures. The results shown
are the means( SD for n ) 3-5 experiments. Asterisks indicate
statistical difference between wild-type and RC-activatedR subunits
in amount in the particulate fraction (t-test; p < 0.001). A
representative western blot is shown with the bands corresponding
to the columns in the graph immediately above.
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and Table 1) (18). However, examination of activatedRiRC
(Figure 1A4) showed pronounced plasma membrane staining,
and there appeared to be no change in localization compared
to the unactivatedRi (Table 1).RqRC displayed mostly strong
staining at the cell periphery (Figure 1A6) consistent with
plasma membrane localization, but in addition, a small but
significant decrease in plasma membrane localization com-
pared toRq was observed (Table 1). Therefore, of the three
R subunits examined onlyRs appears to undergo dramatic
activation-induced redistribution, whileRq displays a lesser
ability to redistribute upon activation, consistent with a
previous report (30).

Activation-dependent localization of these three G proteins
was also examined by cell fractionation. Consistent with the
immunofluorescence microscopy results, activatedRsRC
displayed a significant decrease in membrane localization,
as assessed by appearance in a particulate fraction, compared
to unactivatedRs while there was no significant difference
between activated and unactivatedRi and Rq (Figure 1B).
The acylation state of the G proteins is a potential candidate
for the differential results of activation on PM localization.
Rs is singly modified by palmitate and is known to be
depalmitoylated in the RC activating mutant (14). However,

Ri is both myristoylated and palmitoylated, whileRq is dually
modified with two molecules of palmitate (Figure 2). We
sought to determine whether these differences have any role
in the observed difference in their localization upon activa-
tion.

N-Terminal Mutants ofRs with Different PM Localization
Motifs. To address the importance of the N-terminus ofRs

in its activation-induced subcellular redistribution, we con-
structed mutants ofRs designed to replace the single cysteine
site of palmitoylation with alternative membrane targeting
motifs. Initially, we sought to create anRs similar to theRi

family that is modified by both myristate and palmitate.
Although Rs contains a glycine immediately after the
initiating methionine amino acid, this glycine is not a
substrate for myristoylation, presumably because other
N-terminal amino acids prevent proper recognition by an
N-terminal myristoyl transferase (6). To try to produce a
mutantRs that would be palmitoylated and myristoylated,
we mutated the asparagine at position 6 to serine (Figure 2)
in order to reproduce the highly conserved serine present in
approximately 75% of myristoylated proteins (10). Surpris-
ingly, thisRsN6S mutant was not found to be myristoylated,
though it did retain its ability to be palmitoylated (Figure

Table 1: Quantitation of Immunofluorescence Microscopy of Wild-Type and Mutationally ActivatedR Subunitsa

PM
% (95% CI)

PM/cytoplasm
% (95% CI)

cytoplasm
% (95% CI)

Rs
b 87.1 (77.8, 96.4) 12.9 (3.6, 22.2) 0 (0, 0)

RsRCb 4.1 (0, 9.6) 58.7 (45.1, 72.4) 37.2 (23.8, 50.6)
Rq

c 93.0 (85.9, 100) 7.0 (0, 14.1) 0 (0, 0)
RqRCc 70.2 (57.5, 82.9) 23.3 (11.6, 35.0) 6.5 (0, 13.3)
Ri 95.9 (90.4, 100) 4.1 (0, 9.6) 0 (0, 0)
RiRC 94.7 (88.5, 100) 5.3 (0, 11.5) 0 (0, 0)
2palmRs 92.2 (84.8, 99.6) 7.8 (0.4, 15.2) 0 (0, 0)
2palmRsRC 74.4 (62.3, 86.5) 22.0 (10.5, 33.5) 3.5 (0, 8.6)
myr+/palm+ Rs 98.1 (94.3, 100) 1.9 (0, 5.7) 0 (0, 0)
myr+/palm+ RsRC 98.7 (95.6, 100) 1.3 (0, 4.4) 0 (0, 0)
myr+/palm- Rs

c 7.2 (0, 14.4) 53.6 (39.8, 67.4) 39.2 (25.7, 52.7)
myr+/palm- RsRCc 0 (0, 0) 27.5 (15.1, 39.9) 72.5 (60.1, 84.9)
myr+/polybasicRs 88.4 (79.5, 97.3) 11.6 (2.7, 20.5) 0 (0, 0)
myr+/polybasicRsRC 81.5 (70.7, 92.3) 18.5 (7.7, 29.3) 0 (0, 0)
polybasicRs 81.3 (70.5, 92.1) 17.3 (6.8, 27.8) 1.3 (0, 4.4)
polybasicRsRC 91.4 (83.6, 99.2) 7.9 (0.4, 15.4) 0.7 (0, 3.0)

a The indicated subunits were expressed in HEK293 cells, and subcellular localization was determined using immunofluorescence microscopy.
As described further under Experimental Procedures, the subcellular localization pattern of the expressedR subunit was defined as predominantly
plasma membrane (PM), plasma membrane and cytoplasm (PM/cytoplasm), or cytoplasm with no detectable plasma membrane staining (cytoplasm).
Approximately 150 cells were examined in each case, and the percentage of cells displaying each subcellular localization along with the 95%
confidence interval (CI) is indicated in the table.b Significant difference in plasma membrane localization betweenRs andRsRC (p < 0.01; two-
sample binomial proportion test).c Significant difference in plasma membrane localization betweenRq andRqRC and between myr+/palm- Rs and
myr+/palm- RsRC (p < 0.05; two-sample binomial proportion test).

FIGURE 2: N-terminal sequences ofRs mutants. The N-terminal sequences ofRs, Ri, andRq and N-terminalRs mutants are shown. Sites of
G protein lipid modification are indicated. Myristoylated glycines are indicated in outline format. Palmitoylated cysteines are indicated in
italic outline. Conserved residues between differentR subunits are shaded. Amino acid changes introduced intoRs to create the N-terminal
mutants are shown in bold. The lipid modification status is indicated at the right.
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3A). Since the single mutation was not sufficient for
myristoylation, we created a second mutant, myr+/palm+ Rs,
in which residues 4 through 6 ofRs were replaced with the
corresponding residues fromRi (Figure 2). Metabolic labeling
indicated that these additional changes were sufficient to
induce myristoylation ofRs while retaining palmitoylation
(Figure 3A), as is seen in theRi family members. Myr+/
palm+ Rs incorporated more radiolabeled palmitate relative
to wild-type Rs (Figure 3A). This observation is consistent
with tighter membrane association of myr+/palm+ Rs com-
pared to wild-typeRs (compare Figure 1B and Figure 4) and
may reflect a higher stoichiometry of palmitoylation of myr+/
palm+ Rs. The myr+/palm- Rs mutant was constructed by
introducing the well-characterized C3S mutation (18, 23) in
the myr+/palm+ mutant. As expected, myr+/palm- Rs was
found to be myristoylated (Figure 3B) but not palmitoylated
(not shown) since the cysteine required for palmitoylation
had been removed. In order to have a mutant ofRs that is
myristoylated but contains an N-terminal sequence differing
from that found in GR proteins, we replaced the first 16
amino acids ofRs with amino acids 1-16 from the Src
protein to create the myr+/polybasicRs mutant (Figure 2).

This N-terminal region of the Src protein is myristoylated
and also contains basic residues found to be important in
membrane binding (31, 32). Furthermore, these first 16
residues of Src were previously found to be sufficient to
target GFP to the PM (33). We confirmed that myr+/
polybasicRs does incorporate myristate as expected (Figure
3B). To examine the effect of two palmitates, a 2palmRs

mutant was designed which replaced the first three amino
acids ofRs with the first 10 amino acids ofRq (Figure 2).
Metabolic labeling showed that this mutant does efficiently
incorporate palmitate (Figure 3C) but not myristate (Figure
3B). Since the sequence was taken directly fromRq, it is
presumed that both cysteines are capable of being palmi-
toylated, as suggested forRq (23, 34, 35). This is supported
by the observation that the intensity of the signal observed
for 2palm Rs is stronger than that observed for all of the
proteins containing only one known site of palmitoylation
(Figure 3C). The 2palm mutant was also analyzed by
treatment with hydroxylamine, a reagent that has been
demonstrated to cleave thioester-linked palmitate from cys-
teine residues. Treatment with hydroxylamine resulted in loss
of labeling of the 2palmRs mutant whereas the labeling in
a control gel treated with Tris buffer was not lost. This
confirms that the labeling is due to palmitoylation of cysteine
residues (Figure 3C). Likewise, radiolabeled palmitate
incorporated into wtRs or myr+/palm+ Rs was sensitive to
hydroxylamine (Figure 3C).

The last mutant, polybasicRs, was designed to targetRs

to plasma membranes in the absence of any lipid modifica-
tions. Amino acids 546-565 of G protein-coupled receptor
kinase 5 (GRK5) comprise a polybasic region that is required
for plasma membrane localization of GRK5 (36), and this
sequence is sufficient to target GFP to the plasma membrane
(A. Pronin and J. Benovic, unpublished observation). The
polybasicRs mutant was created by replacing the first 16
residues ofRs with this polybasic stretch of 20 amino acids
from GRK5, thus creating a mutantRs that should be targeted
to the PM in the absence of myristoylation or palmitoylation
(Figure 2). To study the subcellular localization and signaling
functions of the numerous mutants ofRs (Figure 2) in both
wild-type and RC-activated forms, we focused on transient
expression of the subunits in HEK293 cells.

Subcellular Localization ofRs Mutants and Effect of the
RC Mutation.To examine the subcellular localization ofRs

and theRs mutants containing the RC constitutively activating
mutation, the G proteins were transiently transfected in
HEK293 cells, and the cells were lysed and fractionated into
soluble (cytosolic) and particulate (membrane) fractions. The
comparison of constructs with and without the RC mutation
was used as a measure of change in localization based on
activation. Consistent with previous results demonstrating
an activation-induced redistribution ofRs from membrane
to cytosol (18), the majority (60%) of wild-typeRs was found
in the particulate fraction while only 25% of theRsRC mutant
remained in the particulate fraction (Figure 1B). The myr+/
palm+, myr+/polybasic, and polybasicRs mutants were
observed to be strongly associated with the particulate
fraction (84-98% membrane fraction) and did not undergo
any significant shift upon introduction of the RC activating
mutation (Figure 4). In contrast, the myr+/palm- Rs mutant
was observed to have greatly reduced localization to the
particulate fraction (approximately 58%), consistent with

FIGURE 3: Palmitoylation and myristoylation ofRs mutants. COS
cells were transiently transfected with 3µg of Rs or the indicated
Rs mutants. Later (48 h) they were incubated with 1 mCi/mL [3H]-
palmitic acid or 0.25 mCi/mL [3H]myristic acid for 4 h. The cells
were lysed, andRs proteins were immunoprecipitated with the
12CA5 antibody. Proteins were subjected to SDS-PAGE and
visualized by fluorography. (A) Palmitoylation and myristoylation
were determined for wild-typeRs, N6SRs, and myr+/palm+ (m+/
p+) Rs. Although the Rs bands appear to be doublets in this
experiment, this was not reproduced in other experiments (e.g., B
and C, below) and may represent an artifact of gel drying and
fluorography rather than two forms of expressedRs. (B) The
myristoylation status was compared for myr+/palm+ (m+/p+),
myr+/palm- (m+/p-), myr+/polybasic (m+/polyb), and 2palm
mutants. (C) After [3H]palmitic acid labeling, immunoprecipitation,
and SDS-PAGE, identical gels were incubated in the absence or
presence (+HYDROX) of 1 M hydroxylamine, pH 7. The sensitivty
to hydroxylamine treatment is shown for palmitate attached to wild-
type Rs, myr+/palm+ (m+/p+), and 2palm mutants.
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other reports of myr+/palm- mutant R subunits of theRi

family (37). When the RC activating mutation was added to
myr+/palm- Rs, a small shift to cytosolic localization was
observed with approximately 45% found in the particulate
fraction. Interestingly, the retention of myr+/palm+ RsRC in
the particulate fraction, rather than showing a more soluble
fractionation similar to myr+/palm- RsRC, suggests that this
mutant is not significantly in the depalmitoylated form. On
the other hand, others have demonstrated thatRi undergoes
receptor-activated depalmitoylation, but receptor activation
does not promote increased solubility ofRi (16). The 2palm
Rs was the only other subunit to show a change upon
mutational activation with 70% of the unactivated protein
particulate but only 53% of the activated protein present in
the particulate fraction. The nonpalmitoylatedRs (C3S)
mutant was found to be mostly (60%) in the cytosol, as
described previously (23), and likewise, mutationally acti-
vatedRsC3S,RC is predominantly soluble (not shown). Thus,
these subcellular fractionation results suggest that the alterna-
tive amino-terminal membrane targeting motifs completely
abolish or hinder, in the case of myr+/palm- and 2palmRs,
activation-induced redistribution ofRs.

To extend the fractionation results, we determined the
subcellular localization ofRsRC mutants by performing
immunofluorescence microscopy (Table 1) and confocal
microscopy (Figure 5) on cells transiently transfected with
each G proteinR subunit construct. As previously observed,
the wild-typeRs was located predominately at the plasma
membrane, whileRsRC was mostly cytoplasmic (Figure 1A1,
1A2, Table 1, and Figure 5A). To further confirm the
localization of wild-typeRs andRsRC, each was colocalized

with plasma membrane localized GRK5 (36) or cytoplasmic
GRK2 (38) using quantitative analysis of confocal micros-
copy (Supporting Information). Plasma membrane localiza-
tion displayed sharp peaks at the extremities of the distri-
bution graphs while cytoplasmic localization was evidenced
by the absence of peaks (whole cell staining) or wide peaks
(cytoplasmic and nonnuclear staining) (distribution plots,
Figure 5, and Supporting Information). Most of the unacti-
vated mutants displayed predominant plasma membrane
localization (Figure 5B,C,E,F and Table 1) which was
indistinguishable from wtRs (Figure 5A and Table 1).
However, myr+/palm- Rs appeared to bind to all cellular
membranes indiscriminately (Figure 5D), as was previously
demonstrated forRz containing the C3S mutation to prevent
palmitoylation (39). Inclusion of the RC activating mutation
in each mutant had variable effects on localization for each
mutant. The 2palmRsRC mutant retained mostly plasma
membrane staining (Figure 5B), but there appeared to be a
slight increase in cytoplasmic staining, based on quantitation
of many cells (Table 1), although this was variable from cell
to cell. The myr+/palm+ RsRC mutant (Figure 5C and Table
1) and myr+/polybasicRsRC mutant (Figure 5E and Table
1) displayed strong PM staining; thus, these two mutants
were unaffected by inclusion of the activating mutation. The
myr+/palm- RsRC mutant displayed mostly a staining pattern
consistent with nonspecific membrane staining (Figure 5D),
and in addition, a small decrease was observed in the low
level of plasma membrane staining relative to unactivated
myr+/palm- Rs (Table 1). The polybasicRsRC mutant
remained at the PM (Figure 5F and Table 1) and, addition-
ally, displayed some nuclear staining that was observed to a

FIGURE 4: Localization of N-terminal mutants ofRs by cell fractionation. HEK293 cells were transfected with 3µg of each mutant, either
unactivated or containing the RC mutation. The cells were grown for 48 h, and the proteins were fractionated into particulate and soluble
fractions as decribed in Experimental Procedures. MutantRs proteins in each fraction were visualized by SDS-PAGE followed by western
blotting with 12CA5 antibody. The bands were quantitated and are represented as a percent of total detected soluble and particulateRs. The
results shown are the means( SD for n ) 5-8 experiments. Asterisks indicate statistical difference between wild-type and RC-activated
R subunits in amount in the particulate fraction (t-test;p < 0.01). A representative western blot is shown with the bands corresponding to
the columns in the graph immediately above.
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lesser extent with the unactivated form (Figure 5F). Fur-
thermore, the differences and similarities between wild-type
and RC-activatedRs subunits, as described above, were

readily defined and quantitated by analyses of pixel intensity
across linear slices of single cells (Figure 5, distribution
plots). The large difference seen in the distribution plots in

FIGURE 5: Subcellular localization of N-terminal mutants ofRs by confocal immunofluorescence microscopy. HEK293 cells were transfected
with 1 µg of variousRs mutants, either unactivated or containing the RC mutation, grown for 48 h, and fixed with 3.7% formaldehyde.
Cells were permeabilized and incubated with 12CA5 antibody and Alexa 594 conjugated anti-mouse antibody, and images were recorded
using a confocal laser scanning microscope as described under Experimental Procedures. Representative images are shown of unactivated
(left panel) or RC-activated (middle panel)Rs (A), 2palm Rs (B), myr+/palm+ Rs (C), myr+/palm- Rs (D), myr+/polybasicRs (E), and
polybasicRs (F). Bar ) 10 µm. The right panel (distribution) shows the relative average magnitudes of the unactivated (solid line) or
RC-activated (broken line)R subunit concentration along linear slices of images from single cells. The traces shown represent the average
pixel intensity in 8-15 traces fromn g5 cells for eachR subunit. The sharp peaks at either end of a histogram trace correspond to plasma
membrane localization, while an increase in magnitude of the central portion of the trace reflects increased staining in the cell’s interior
(i.e., localization to cytoplasm and/or intracellular membranes). Note that in the traces forRsRC forms (A, broken line) and both forms of
myr+/palm- (D) a central “dip” in the plot is found corresponding to the lack of theR subunits in the nucleus. For polybasicRsRC (F,
broken line) a central “bump” in the plot is found corresponding to the partial nuclear localization of thisR subunit.
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Figure 5A clearly shows the difference in subcellular
distribution of Rs versusRsRC. Note thatRs, and most of
the otherRs mutants, show a plot with a concave central
portion and sharp peaks at either end, which is indicative of
plasma membrane localization. On the other hand, a plot of
RsRC distribution (Figure 5A) shows the wider peaks and/
or higher intensity in the central portion typical of cytoplas-
mic localization. Other plasma membrane localizedRs

mutants show little or no change in the distribution plots
upon RC activation (Figure 5). Thus, these conventional and
confocal immunofluorescence results suggest that, in most
cases, the alternative N-terminal membrane targeting motifs
were effective in preventing the RC mutation-induced shift
of Rs to the cytoplasm.

Localization of Rs N-Terminal Mutants upon Agonist
Stimulation.Previous results utilizing cells stably transfected
with Rs and/orâ2-adrenergic receptor (â2-AR) have demon-
strated that addition of theâ2-AR agonist isoproterenol causes
a reversible redistribution ofRs from plasma membrane to
cytoplasm (18). To allow a more rapid analysis ofRs mutants,
we have now developed a transient transfection system to
visualizeâ2-AR-induced redistribution ofRs. When HEK293
cells were cotransfected withâ2-AR, GRs, Gâ1, and Gγ2,
the addition of isoproterenol promoted a redistribution ofRs

from plasma membrane to cytoplasm as observed by both
conventional (Table 2) and confocal (Figure 6A) immunof-
luorescence microscopy. In addition, theâ2-AR underwent
well-described (40, 41) internalization via endocytic vesicles
as seen by punctate cytoplasmic staining (Figure 6A). Using
this transient transfection system, we assayed the ability of
the amino-terminalRs mutants to translocate from the plasma
membrane to the cytoplasm uponâ2-AR activation.â2-AR
localized to plasma membranes in the basal state and
efficiently internalized in response to isoproterenol when
coexpressed with eachRs mutant (not shown). The 2palm
Rs mutant (Figure 6B), the myr+/palm+ Rs mutant (Figure
6C), the myr+/polybasic Rs mutant (Figure 6E), and the
polybasicRs mutant (Figure 6F) showed no change in plasma
membrane staining upon addition of agonist as determined
by confocal microscopy. Furthermore, these differences and
similarities between wild-type andâ2-AR-activatedRs sub-

units were readily defined and quantitated by analyses of
pixel intensity across linear slices of single cells (Figure 6,
distribution plots). As described above in Figure 5 for the
comparison ofRs versusRsRC, only Rs showed a dramatic
change in the shape of the distribution plot (Figure 6A,
distribution plot) upon activation by isoproterenol-stimulated
â2-AR. Likewise, quantitation by immunofluorescence mi-
croscopy of populations of expressing cells (Table 2)
supported the confocal microscopy results (Figure 6), with
the exception of polybasicRs which showed a small decrease
in plasma membrane localization after isoproterenol treatment
(Table 2). Last, unactivated myr+/palm- Rs shows weak
plasma membrane localization, butâ2-AR activation de-
creases its plasma membrane localization further (Figure 6D
and Table 2). Subcellular fractionation into particulate and
soluble portions was not used for the analysis of receptor-
stimulated redistribution ofRs. Previous results demonstrated
small and variable increases ofRs in the soluble fraction after
â2-AR activation (14, 17); thus, in this case, subcellular
fractionation was not a robust assay for analyzing loss of
translocation by the N-terminalRs mutants. In summary,
conventional and confocal immunofluorescence microscopy
revealed that the N-terminal mutants ofRs, with the exception
of myr+/palm- Rs, are defective in their ability to undergo
â2-AR-stimulated dissociation from plasma membranes.

Signaling Ability ofRs N-Terminal Mutants.The ability
of Rs and theRs mutants to couple an activated GPCR to
effector was assayed in two ways. First, aXenopusoocyte
system was used to demonstrate the ability of N-terminalRs

mutants to couple to an activated GPCR. We have demon-
strated previously that coexpression of a number of Gi-
coupled receptors including M2 muscarinic receptors and
GABAB receptors with Kir 3.2 inXenopusoocytes leads to
channel activation after receptor stimulation (42). A number
of GRs-coupled receptors can regulate Kir 3.2 channels in
oocytes when coexpressed with mammalianRs (29, 43). This
obligate requirement forRs renders these receptors an
excellent system for comparingRs mutants. We have used a
C. elegansGRs -coupled receptor DAR-1,2 which, like the
â2-AR, requiresRs for functional coupling to Kir 3.2 channels
in oocytes. However, unlike theâ2-AR, the coupling of

Table 2: Quantitation of Immunofluorescence Microscopy of Isoproterenol-Induced Redistribution ofR Subunitsa

PM
% (95% CI)

PM/cytoplasm
% (95% CI)

cytoplasm
% (95% CI)

Rs
b 98.0 (94.1, 100) 2.0 (0, 5.9) 0 (0, 0)

Rs + isob 0.65 (0, 2.9) 44.8. (31.0, 58.6) 54.5 (40.7, 68.4)
2palmRs 96.9 (92.0, 100) 3.1 (0, 8.0) 0 (0, 0)
2palmRs+ iso 95.5 (89.7, 100) 4.5 (0, 10.3) 0 (0, 0)
myr+/palm+ Rs 92.4 (85.1, 99.8) 7.6 (0.2, 14.9) 0 (0, 0)
myr+/palm+ Rs+ iso 82.1 (71.5, 92.7) 16.6 (6.3, 26.9) 1.3 (0, 4.5)
myr+/palm- Rs

b 14.1 (4.5, 23.7) 73.7 (61.5, 85.9) 12.2 (3.1, 21.2)
myr+/palm- Rs+ isob 0 (0, 0) 10.9 (2.2, 19.5) 89.1 (80.5, 97.8)
myr+/polybasicRs 96.6 (91.5, 100) 3.4 (0, 8.5) 0 (0, 0)
myr+/polybasicRs+ iso 83.0 (72.6, 93.4) 17.0 (6.6, 27.4) 0 (0, 0)
polybasicRs

b 90.5 (82.4, 98.6) 9.5 (1.4, 17.6) 0 (0, 0)
polybasicRs+ isob 65.7 (52.5, 78.8) 30.9 (18.1, 43.7) 3.4 (0, 8.5)

a The indicatedR subunits, along withâγ andâ2-AR, were expressed in HEK293 cells. Cells on coverslips were incubated in the absence or
presence of 10µM isoproterenol (+iso) for 20 min, and subcellular localization was determined using immunofluorescence microscopy. As described
further under Experimental Procedures, the subcellular localization pattern of the expressedR subunit was defined as predominantly plasma membrane
(PM), plasma membrane and cytoplasm (PM/cytoplasm), or cytoplasm with no detectable plasma membrane staining (cytoplasm). Approximately
150 cells were examined in each case, and the percentage of cells displaying each subcellular localization along with the 95% confidence interval
(CI) is indicated in the table.b Significant difference in plasma membrane localization between basal and isoproterenol-stimulatedR subunits (p <
0.01; two-sample binomial proportion test).
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DAR-1 to endogenous G proteinâγ subunits is not variable,
and thus this receptor does not require coexpression of
mammalian Gâγ subunits as does theâ2-AR for maximal
coupling (29). In this system, channel activation is mediated
by released endogenous Gâγ subunits. When expressed with
wild-type Rs, stimulation with 1µM dopamine caused a
robust 368( 97% activation of homomultimeric Kir 3.2 over
basal currents (Figure 7A,E). Note that stimulation of DAR-1
expressed in the absence ofRs led to markedly reduced (57
( 8% over basal) channel activation (Figure 7B,E). Coex-
pression with variousRs mutants yielded varying degrees of
channel activation. Consistent with its membrane localization,
myr+/palm+ Rs also facilitated Kir 3.2 activation (Figure
7C,E). The polybasic, myr+/polybasic, and 2palmRs medi-
ated activation but to a lesser extent, and the C3SRs did not
significantly activate Kir 3.2 (41( 12% over basal current
levels) beyond the endogenous oocyteRs background (Figure
7D,E).

Second, the ability of eachRs mutant to couple a
coexpressedR2A-adrenergic receptor (R2-AR) to cAMP
production was measured in transfected HEK293 cells (1).
Agonist activation ofR2-AR stimulates cellular cAMP levels
when coexpressed withRs, butR2-AR is unable to couple to
endogenousRs, thus providing a useful system for analyzing

receptor coupling of transfected wild-type or mutantRs

subunits (23). In contrast,â2-AR efficiently activates en-
dogenousRs, thus precluding the use ofâ2-AR in transfected
HEK293 cells to measure signaling by coexpressedRs

subunits.R2-AR agonist stimulation resulted in a 2-6-fold
elevation in cAMP levels when wild-type or N-terminal
mutants ofRs were coexpressed with 2AR (Figure 8A). myr+/
palm+ Rs was slightly less efficient than wtRs (4-fold versus
6-fold) in coupling theR2-AR to cAMP production while
the other mutants consistently mediated cAMP stimulation
only 2-3-fold over unstimulated levels (Figure 8A). The
differing ability of Rs mutants to coupleR2-AR to cAMP
production (Figure 8A) parallels results obtained assaying
DAR-1 activation of Kir 3.2 channels inXenopusoocytes
(Figure 7).

Direct activation of the effector adenylyl cyclase, in the
absence of GPCR stimulation, was assayed usingRsRC or
eachRs mutant containing the activating RC mutation. In
this assay, expression ofRsRC in HEK293 cells consistently
raised cAMP levels more than 10-fold over unactivated wild-
typeRs alone (not shown) (1). As expected, each N-terminal
Rs mutant containing the RC mutation constitutively stimu-
lated cAMP production (Figure 8B). Moreover, all mutants
except myr+/palm- Rs stimulated cAMP production 2-4-

FIGURE 6: Confocal microscopy ofRs subunits afterâ2-AR activation. For these experiments, HEK293 cells were transfected with 350 ng
of â2-AR, 350 ng of the indicated HA epitope-taggedRs, 200 ng ofâ1, and 100 ng ofγ2. Cells were incubated for 20 min in the absence
(-iso) or presence (+iso) of 10µM isoproterenol. Cells were fixed and processed for immunofluorescence ofâ2-AR andRs as detailed
under Experimental Procedures.â2-AR was detected using a rabbit polyclonal antibody followed by Alexa 488 conjugated anti-rabbit
antibody, andRs was detected by 12CA5 mouse monoclonal antibody followed by Alexa 594 conjugated anti-mouse antibody. Representative
images are shown of unactivated (left panel) or isoproterenol-stimulated (middle panel)Rs (A), 2palmRs (B), myr+/palm+ Rs (C), myr+/
palm- Rs (D), myr+/polybasicRs (E), and polybasicRs (F). Colocalization ofâ2-AR with wt Rs is also presented in panel A. Bar) 10 µm.
The right panel (distribution) shows the relative magnitudes of the unactivated (solid line) or isoproterenol-activated (broken line)R subunit
concentration along linear slices of images from single cells. The traces shown represent the average pixel intensity in 8-15 traces from
n g5 cells for eachR subunit. The sharp peaks at either end of a histogram trace correspond to plasma membrane localization, while an
increase in magnitude of the central portion of the trace reflects increased staining in the cell’s interior (i.e., localization to cytoplasm
and/or intracellular membranes). Note that in the traces forRs +iso (A, broken line) and myr+/palm- with and without iso (D) a central
“dip” in the plot is found corresponding to the lack of theR subunits in the nucleus.
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fold better thanRsRC (Figure 8B). Thus,Rs mutants that
fail to translocate off the plasma membrane upon activation
show an enhanced ability to raise cellular levels of cAMP.

DISCUSSION

Inside the cell,Rs can move reversibly from plasma
membranes to cytoplasm in response to activation by GPCRs
or activating mutations within the G protein itself. The results
presented herein provide insight into the mechanism of this
regulated translocation and highlight the importance of the
unique N-terminus ofRs. Replacing the extreme N-terminus
of Rs with alternate membrane targeting motifs resulted in
mutantRs subunits that were correctly targeted to plasma
membranes but, in contrast to wild-typeRs, remained
attached to plasma membranes after activation.

FIGURE 7: Stimulation of Kir 3.2 by DAR-1 requires membrane-
associatedRs subunits. Oocytes were injected with cRNAs as
described in Experimental Procedures. Parts A-D show representa-
tive traces of oocytes held at-80 mV. Stimulation by 1µM
dopamine of DAR-1 with (A) wild-typeRs (palm+), (B) no
exogenousRs, (C) myr+/palm+ Rs, or (D) C3SRs is shown. (E)
Summary of results obtained for all mutants. Each of these
experiments was reproduced at least four times in different oocytes.
Data are presented as mean( SEM for percent stimulation of
activated currents over basal currents to control for variability in
oocyte expression levels. Asterisks denote statistical difference
between receptor expressed alone or with individualRs variants (p
< 0.05).

FIGURE 8: cAMP signaling byRs mutants. (A) HEK293 cells were
transfected with 500 ng ofR2A-AR-pCMV4, 200 ng ofâ1-pCMV5,
100 ng of γ2-pcDNAI, and 200 ng of pcDNA containing the
indicatedRs mutant. Cells were treated with or without 10µM UK-
14304 for 45 min, and cAMP accumulation was measured as
described in Experimental Procedures. Shown is a representative
experiment assayed in triplicate. (B) HEK293 cells were transfected
with 200 ng of pcDNA expression vectors forRs or each N-terminal
mutant ofRs containing the R201C activating mutation and 800
ng of pcDNA3, as indicated. The level of cAMP was determined
and normalized to protein expression level as decribed in Experi-
mental Procedures. Normalized cAMP produced in response to
activatedRsR201C was arbitrarily set at 1. The results shown are
the means( SD for three experiments, each assayed in triplicate.
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We used four different plasma membrane targeting motifs
to replace the single N-terminal site of palmitoylation ofRs:
(1) tandem myristoylation and palmitoylation (myr+/palm+),
as found in G proteinR subunits of theRi subfamily; (2)
dual palmitoylation (2palm), as found inRq; (3) myristoyla-
tion followed by a polybasic motif (myr+/polybasic), as found
in c-src; and (4) a 20 amino acid sequence from GRK5
lacking any known site of lipid modification (polybasic) (36).
An additional mutant, myr+/palm- Rs, was poorly localized
to plasma membranes, consistent with studies of other myr+/
palm- R subunits (39). However, the other four N-terminal
mutants described above localized to plasma membranes as
well as or better than wild-typeRs. However, critical
differences were revealed between the N-terminal mutants
and wild- type Rs when the subcellular localizations of
activated forms were compared.RsRC, containing the
constitutively activating arginine 201 to cysteine mutation,
shows a dramatic change in its localization. Whereas wild-
type Rs is found at plasma membranes, activatedRsRC
displays a pronounced shift to the cytoplasm, as assayed by
immunofluorescence (18) (Figure 1A), and a substantial shift
from a particulate to soluble cell fraction (17, 19) (Figure
1B). In contrast, the introduction of the RC activating
mutation into the N-terminal mutants had little or no effect
on subcellular localization (Figures 4 and 5). The 2palmRs

displayed a small shift to the cytoplasm, as observed by both
fractionation and immunofluorescence, upon RC mutational
activation. Importantly, the RC activating mutation failed to
induce a shift of the other N-terminal mutants to the
cytoplasm (Figures 4 and 5). Activation-induced redistribu-
tion of Rs was also tested by acute activation of coexpressed
â2-AR. Agonist activation ofâ2-AR induced no or small
(polybasicRs) changes in localization of the N-terminalRs

mutants, although wild-typeRs undergoes a rapid and
pronounced redistribution from plasma membranes to cyto-
plasm (Figure 6 and Table 2) (18). These results with both
mutational and GPCR-mediated activation ofRs indicate that
the alternate membrane binding motifs can overcome the
ability of wild-type Rs to redistribute from the plasma
membrane.

Rs may be unique among G proteinR subunits in its ability
to translocate from plasma membranes to cytoplasm in
response to activation. Activated forms of other G protein
R subunits remain firmly attached to membranes (Figure 1),
and rapid redistribution of other G proteinR subunits in
response to an activated GPCR has not been well described.
Our results suggest that this difference betweenRs and other
G proteinR subunits can be ascribed to differences in the
extreme N-termini of the G proteinR subunits. If unique
sequences (other than the short N-terminus), signaling
activities, or protein binding partners allowRs to translocate
from the plasma membrane in response to activation, the
N-terminal mutants should retain this translocating activity.
Instead, our results suggest that the extreme N-terminus
containing the single palmitoylated cysteine is of critical
importance. We propose, on the basis of these results, that
other G proteinR subunits display a weaker propensity for
activation-induced release from membranes due to the
presence of two rather than one covalently attached fatty acid.
WhereasRs appears to be modified by a single palmitate,
other G proteinR subunits contain two sites of palmitoylation
(e.g.,Rq) or tandem myristoylation and palmitoylation (e.g.,

Ri). Activation-induced depalmitoylation ofRs (12-14)
correlates with its activation-induced redistribution (18);
however,Ri and Rq also can undergo activation-induced
depalmitoylation (15, 16) yet fail to rapidly redistribute upon
activation. Thus, the presence of more than one covalently
attached fatty acid may decrease the likelihood that a G
protein R subunit would be released from the PM after
activation. Our results support this hypothesis. Taken to-
gether, the results presented here utilizing N-terminal mutants
of Rs are consistent with the model that regulated cycles of
acylation and deacylation constitute the underlying mecha-
nism for observations of activation-induced subcellular
redistribution ofRs (6, 18).

Although the singly palmitoylated N-terminus ofRs

appears to be important for allowing activation-induced
redistribution ofRs, other differences amongR subunits may
contribute to differing abilities to translocate from plasma
membranes to cytoplasm. In this regard, a singly palmito-
ylated Rz mutant did not redistribute from its plasma
membrane location after GPCR stimulation (39). Thus,
further studies of the importance of the extreme N-terminus
of Rs will require the construction and analysis of chimeric
R subunits in which portions of the N-terminus ofRi (or Rz)
are replaced with corresponding sequences fromRs with the
goal of creating anRi that undergoes activation-induced
redistribution.

Rodbell originally proposed the idea that certain G protein
subunits could dissociate from the plasma membrane upon
activation (44), and a number of studies, utilizing a variety
of cell types, have supported and extended this theory.
Agonist stimulation of Gs-coupled GPCRs in S49 cells (17,
21) or mastocytoma P-185 cells (20) increased the fraction
of cytosolicRs, while activation of membrane preparations,
from various cell types, by GPCR agonists or GTP analogues
causesRs to dissociate from membranes (20, 45-47). â-AR
activation in adipocytes (48) shifted Rs to a low-density
membrane fraction. Moreover, aâ-AR-induced shift of
endogenous, stably transfected (18), or transiently transfected
(this report)Rs from plasma membranes to cytoplasm has
been observed by immunofluorescence microscopy of HEK
293 cells. Aâ-AR-induced redistribution ofRs has also been
recently observed in live cells using a GFP-taggedRs (22).
Cholera toxin (CTX) ADP-ribosylates and activatesRs, and
likewise, CTX treatment can induce a translocation ofRs

from membranes to cytoplasm (17, 18, 22, 49). Last,
mutational activation ofRs results in a dramatic increase in
cytosolicRs in stably transfected S49 cyc- (17), MDCK (19),
or HEK293 (18) cells. Strikingly, in all three cell types,
greater than 80% of the stably expressed mutationally
activatedRs is found in a cytosolic fraction, whereas less
than 10% of stably expressed wild-typeRs is cytosolic.
Although our results (18) (this report) show that transfected
HEK293 cells provide a suitable system for analyzing
localization differences between activated and wild-typeRs

subunits, others have reported a lack of difference between
transiently transfected wild-type and mutationally activated
Rs in COS cells (50), suggesting that activation-induced
redistribution ofRs may be difficult to detect in some cell
systems.

Interestingly, Rq displays some propensity to change
subcellular localization upon activation. A GFP-tagged form
of RqRC showed decreased localization at plasma membranes

N-TerminalRs Mutants Biochemistry, Vol. 41, No. 30, 20029481



and increased localization in the cytoplasm of transfected
live cells, though no difference between wild-typeRq and
RqRC was found by fractionation (30). In agreement with
those results, we found no difference between wild-typeRq

andRqRC by fractionation (Figure 1B), but we did observe,
by immunofluorescence microscopy, a small but significant
decrease in plasma membrane localization ofRqRC (Table
1). In addition, we observed an effect of the N-terminus of
Rq when assayed in the context ofRs. The 2palmRs displayed
a small shift to the cytoplasm or soluble fraction, as observed
by immunofluorescence (Table 2) and fractionation (Figure
4), upon RC mutational activation, consistent with the idea
that Rq may have the ability to translocate off the plasma
membrane upon activation. Furthermore, stimulation of the
thyrotropin-releasing hormone (TRH) receptor has been
observed to cause a redistribution ofR11 (89% identical to
Rq) from the plasma membrane into intracellular bodies (51,
52). In contrast toRs, agonist-induced redistribution ofR11

required long-term agonist treatment (>2 h), and further
stimulation (>4 h) led to loss ofR11 from the cells (51, 52).
Further studies will more clearly define the similarities and
differences betweenRs andRq in this regard.

One potential function for activation-induced redistribution
of Rs is to desensitizeRs signaling by removing it from the
plasma membrane where GPCRs and the effector, adenylyl
cyclase, are located. Our results with mutationally activated
Rs and its N-terminal mutants are consistent with such a role.
RsRC is found predominantly in the cytoplasm with a small
fraction at the plasma membrane, and observations of rapid
palmitate turnover suggest thatRsRC cycles between the
plasma membrane and cytoplasm (14). N-Terminal mutants
of Rs, containing the activating RC mutation, remain at the
plasma membrane and, consistently, stimulate the production
of cellular cAMP at levels 2-4-fold higher thanRsRC
(Figure 8B). Thus, in this simple model, decreased plasma
membrane localization ofRs leads to less cAMP signaling,
while increased plasma membrane localization results in
increased signaling. Studies utilizingRs fused to a trans-
membrane tether or to the C-terminus of theâ2-AR also
suggest that tighter membrane binding can result in higher
levels of signaling. In membrane preparations of Sf9 cells,
tet-Rs (tethered to membrane via a membrane spanning
sequence) was activated byâ2-AR, as measured by GTPγS
binding, to a greater degree compared to wild-type expressed
Rs (53). In addition, a â2-AR-Rs fusion protein more
efficiently stimulated adenylyl cyclase compared to mem-
branes containing normalâ2-AR andRs (54). However, it is
likely that other factors, in addition to strength of membrane
binding, play roles in determining efficiency of adenylyl
cyclase stimulation byRs. These additional regulations may
include localization to lipid raft domains and interactions
with proteins other than adenylyl cyclase. Indeed, polybasic
RsRC displayed the highest level of cAMP stimulation
(Figure 8B); it is unclear why this particularRs mutant was
better than the other plasma membrane localizedRs mutants
(Figure 8B) in constitutive cAMP stimulation. Further
analysis of the importance of activation-induced redistribution
of Rs may require stable expression of the various N-terminal
mutants inRs-lacking cyc- cells.

In addition to regulating subcellular localization, changes
in the palmitoylation status ofRs may regulate interaction
with other proteins. Palmitoylated forms ofRz and Ri are

refractory to GTPase stimulation by GAIP (GR-interacting
protein) and RGS4 (regulator of G-protein signaling 4) (55),
suggesting that depalmitoylation may be necessary forR
subunits, at least of theRi subfamily, to be “turned off” by
RGS proteins. Very recently, the first RGS protein, RGS-
PX1, that interacts withRs was identified (56). It will be
important to determine whether thisRs/RGS-PX1 interaction
is also regulated by palmitoylation/depalmitoylation. Palmi-
toylation ofRs may affect its interaction with other proteins.
Depalmitoylation ofRs decreases its affinity forâγ (57), and
a myristoylated but nonpalmitoylatedRi1 is deficient in
coupling to a coexpressed GPCR (58). Depalmitoylation and/
or membrane release ofRs could regulate interactions with
tubulin; functional interactions with tubulin required the
N-terminus ofRs (59). Thus, activation-induced depalmi-
toylation and redistribution may regulate the function ofRs

in multiple ways.
Indeed, we found that the N-terminalRs mutants varied

in their ability to couple GPCRs to effector stimulation, as
measured in two different assays. Although all of the mutants
couple R2-AR to cAMP production in HEK293 cells or
DAR-1 receptors to Kir 3.2 channel activation in oocytes,
wt Rs consistently mediated a higher fold stimulation
compared to the mutants. Regions of the N-termini of GR
have been implicated as important sites for mediating
coupling to GPCRs (60). It is not clear, however, whether
the N-termini of GR affect interactions with GPCRs through
interactions withâγ, effects on GR C-termini (a well-
described site for GPCR interactions), direct interactions with
GPCRs, or specific roles for lipid modifications. Covalently
attached myristate and/or palmitate could promote or inhibit
interactions with different GPCRs via direct lipid-protein
interactions or could serve to help orient the G protein
heterotrimer. OurRs mutants do not distinguish between these
possibilities, but they do highlight a potential role for GR
N-termini in GPCR coupling.

The N-terminal mutants ofRs described here further define
the differences between agonist-induced trafficking ofâ2-
AR and Rs. Our previous results demonstrated that, under
conditions in whichâ2-AR internalization is blocked,Rs

redistribution is unaffected (18). Another report demonstrated
temporal and spatial separation of activated TRH receptors
and slowly internalizingR11 (52). Now we further separate
â2-AR endocytosis andRs translocation by showing that
N-terminal mutants ofRs remain at the plasma membrane
even thoughâ2-AR is efficiently internalizing (Figure 6).
This observation provides further evidence thatRs may not
accompany theâ2-AR during membrane vesicle trafficking.
Although it is clear that a large portion ofRs is translocated
to the cytoplasm upon receptor activation, a significant
amount remains associated with the plasma membrane
fraction (Figure 6) (18). This is consistent with a recent report
of more stable receptor-Gs interactions (61). Further studies
of differential receptor-G protein trafficking are required
to determine where their itineraries become separate. Inter-
estingly, theRs-specific RGS-PX1 has been localized to
endosomes (56), suggesting that this could be a site for
“turning off” (by GTP hydrolysis)Rs and/or reassembling a
Gs heterotrimer (62).

Last, our results with creating a myristoylatedRs help to
explain whyRs is not normally myristoylated even though
it contains a glycine at position 2. A majority of myristoy-
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lated proteins contain a serine or threonine at position 6 (10,
63), and it appears that, other than the invariant glycine, this
is the most critical position in terms of a consensus sequence
for myristoylation. IndeedRi, Ro, Rz, andRt all have a serine
a position 6.Rs, on the other hand, has an asparagine at this
position. When this asparagine was changed to a serine (Rs-
N6S),Rs remained nonmyristoylated (Figure 3), confirming
an earlier report (64). However, an additional change of
leucine 4 to threonine and glycine 5 to leucine (Figure 2),
to exactly match the first six amino acids ofRi1, allowed
myristoylation of thisRs mutant (myr+/palm+). More than
100 myristoylated proteins have been identified (63), and a
variety of amino acids can be accommodated at positions 4
and 5. Indeed, a search of the N-terminal sequences of
myristoylated proteins (10, 63) shows that leucine at position
4 is tolerated, as is glycine at position 5. However, so far
there are no examples of myristoylated proteins containing
both leucine 4 and glycine 5, consistent with the inability of
wild-type or N6SRs to be modified by myristate. Thus,
several amino acids appear to play a role in preventing the
myristoylation ofRs.

The N-termini of GR are regions of great diversity in terms
of amino acid sequence, length of the extension, and types
and combinations of lipid modifications present. It seems
likely that such differences will contribute to different
signaling functions and specificity. The work presented here
highlights the unique N-terminus ofRs and its role in
activation-induced translocation ofRs.
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