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In the present study, we investigated the function and the mechanism of action of RGS3, a member of a
family of proteins called regulators of G protein signaling (RGS). Polyclonal antibodies against RGS3 were
produced and characterized. An 80-kDa protein was identified as RGS3 by immunoprecipitation and immuno-
blotting with anti-RGS3 antibodies in a human mesangial cell line (HMC) stably transfected with RGS3 cDNA.
Coimmunoprecipitation experiments in RGS3-overexpressing cell lysates revealed that RGS3 bound to alu-
minum fluoride-activated Ga11 and to a lesser extent to Gai3 and that this binding was mediated by the RGS
domain of RGS3. A role of RGS3 in postreceptor signaling was demonstrated by decreased calcium responses
and mitogen-activated protein (MAP) kinase activity induced by endothelin-1 in HMC stably overexpressing
RGS3. Moreover, depletion of endogenous RGS3 by transfection of antisense RGS3 cDNA in NIH 3T3 cells
resulted in enhanced MAP kinase activation induced by endothelin-1. The study of intracellular distribution
of RGS3 indicated its unique cytosolic localization. Activation of G proteins by AlF4

2, NaF, or endothelin-1
resulted in redistribution of RGS3 from cytosol to the plasma membrane as determined by Western blotting
of the cytosolic and particulate fractions with RGS3 antiserum as well as by immunofluorescence microscopy.
Agonist-induced translocation of RGS3 occurred by a dual mechanism involving both C-terminal (RGS do-
main) and N-terminal regions of RGS3. Thus, coexpression of RGS3 with a constitutively active mutant of Ga11
(Ga11-QL) resulted in the binding of RGS3, but not of its N-terminal fragment, to the membrane fraction and
in its interaction with Ga11-QL in vitro without any stimuli. However, both full-length RGS3 and its N-terminal
domain translocated to the plasma membrane upon stimulation of intact cells with endothelin-1 as assayed by
immunofluorescence microscopy. The effect of endothelin-1 was also mimicked by calcium ionophore A23187,
suggesting the importance of Ca21 in the mechanism of redistribution of RGS3. These data indicate that RGS3
inhibits G protein-coupled receptor signaling by a complex mechanism involving its translocation to the mem-
brane in addition to its established function as a GTPase-activating protein.

A variety of hormones, neurotransmitters, and other stimuli
elicit their cellular effects by binding to seven transmembrane-
spanning receptors. A common feature of these receptors is
coupling to and activation of heterotrimeric GTP-binding pro-
teins (G proteins) in a ligand-dependent manner. The process
of activation of G proteins involves an exchange of GDP for
GTP, resulting in the dissociation of Ga from Gbg subunits,
which further transduce the signal to a variety of G protein
effectors (5, 30). Ga is a diverse family of proteins subdivided
by function and sequence homology into several groups, in-
cluding as, ai, aq/11, and a12, etc. (28). Among the most estab-
lished functions of alpha subunits of G proteins are direct
activation (as) or inhibition (ai) of adenylyl cyclase, opening of
Ca21 channels (as) and K1 channels (ai), activation of cGMP-
phosphodiesterase (at), and stimulation of phospholipase C
(aq).

Recent genetic studies (11, 15, 22) have revealed the exis-
tence of proteins united by sequence homology and function
into a family named regulators of G protein signaling (RGS).
In vitro experiments demonstrated that RGS proteins bind
directly to Ga in its active GTP-bound state and increase its
GTPase activity, thus inactivating Ga (1, 2, 21, 35). In terms of

specificity, RGS1, -4, and -10 and GAIP (G-a interacting pro-
tein) bound with much higher affinity to ai than to aq and did
not bind to as and a12 at all. However, the signaling studies
demonstrated that both Gi- and Gq-mediated signal transduc-
tion were inhibited by RGS4 and GAIP (15, 19, 20, 37).

RGS3 is one of the less-studied members of the RGS family.
In vitro experiments with purified glutathione S-transferase-
fusion RGS3 suggested its ability to bind aq (25); however, ai

was not investigated. The role of RGS3 in cell signaling is not
clear either. Although data from two groups have shown its
inhibitory effect on G protein-linked activation of mitogen-
activated protein (MAP) kinase, they are contradictory in
terms of the influence of RGS3 transient overexpression on
Gq-mediated activation of phospholipase C (PLC) (9, 25).
Therefore, the purpose of this work was to investigate the
function and the mechanism of action of RGS3, with RGS3
antibodies as a tool and RGS3-overexpressing stable cell lines
as an intact cellular experimental model.

The present work demonstrates that (i) RGS3 binds to the
activated form of Ga11 (a member of the Gaq/11 family), which
results in the inhibition of a G11-mediated increase in intra-
cellular calcium concentration and MAP kinase phosphoryla-
tion; (ii) activation of G proteins (a11) induces translocation of
RGS3 from the cytosol to the plasma membrane; and (iii) in-
tracellular redistribution of RGS3 occurs by a calcium-induced
and G protein-mediated mechanism.
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MATERIALS AND METHODS

Materials. Human RGS3 cDNA, previously cloned by Druey et al. (15), was
excised from pRC/CMV and inserted into pcDNA3.1 (Invitrogen, San Diego,
Calif.) in forward and reverse (antisense) orientations. RGS3(1-380) cDNA was
amplified by PCR from the original RGS3 cDNA template and subcloned into
pcDNA3.1. Mouse Ga11-WT and Ga11-Q209L cDNAs were kindly provided
by Hiroshi Itoh (Yokohama, Japan). Anti-RGS10, anti-aq/a11, anti-aq, anti-a11,
and anti-ai3 antibodies were from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Both anti-aq/a11 and anti-a11 but not anti-aq antibodies specifically recognized
the same band corresponding to a11 in human mesangial cells (HMC). No aq was
detected in HMC with either anti-aq/a11 or anti-aq antibodies. Guanine nucle-
otides and protease inhibitors were from Boehringer Mannheim (Indianapolis,
Ind.). Endothelin-1 (ET-1) was from Calbiochem (Cambridge, Mass.).

Production and affinity purification of RGS3 antibodies. The RGS3(40-52)
peptide containing N-terminal cysteine was synthesized for antibody production
based on the best immunogenic properties as determined by amino acid se-
quence analysis with the Wisconsin Sequence Analysis Package program (Mad-
ison, Wis.). The peptide was conjugated to maleimide-activated bovine serum
albumin (Pierce, Rockford, Ill.) and purified from reaction compounds by dial-
ysis. The conjugate (260 mg) was injected twice into a white male rabbit with a
2-week interval. The antiserum was tested by Western blotting with cell lysates
from human embryonic kidney 293 (HEK293) cells transiently transfected with
RGS3 cDNA (Fig. 1). Affinity purification of antibodies was performed on
agarose beads coupled to cysteine-RGS3(40-52) by SulfoLink reagent (Pierce).
RGS3-specific antibodies were washed and eluted from the column with Immu-
noPure Gentle antigen/antibody binding and elution buffers (Pierce), respec-
tively.

Cell culture and development of stable transfected cell line. HEK293 cells and
mouse NIH 3T3 fibroblasts (American Type Culture Collection) were main-
tained in Dulbecco modified Eagle medium supplemented with 2 mM glutamine,
100 U of streptomycin per ml, 100 U of penicillin per ml, and 10% fetal bovine
serum or 10% calf serum. HMC were kindly provided by Jean-Daniel Sraer
(Paris, France) and cultured in RPMI supplemented with 5% fetal bovine serum,
10 mM HEPES, 2 mM glutamine, 100 U of streptomycin per ml, and 100 U of
penicillin per ml, as described previously (31). The rat pulmonary arterial smooth
muscle cell line PAC1 (27) was kindly provided by Abraham Rothman (San
Diego, Calif.) and was maintained as HEK293 cells were. For transient overex-
pression of proteins, cells were transfected with 10 mg of DNA per 10-cm-
diameter dish with LipofectAMINE reagent (Gibco BRL, Gaithersburg, Md.) or
SuperFect reagent (Qiagen Inc., Valencia, Calif.). For development of stable cell
lines, transfected HMC, PAC1, and NIH 3T3 cells were cloned in the presence
of 0.4, 0.8, and 1 mg of geneticin G418 (Gibco BRL) per ml, respectively.
Geneticin-resistant clones were tested for RGS3 expression by Western blotting
with RGS3 antiserum.

Immunoprecipitation and Western blot analysis of RGS3. Cells were washed
twice with ice-cold phosphate-buffered saline (PBS) and lysed in the buffer,
which contained 25 mM HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 1%
Triton X-100, 10 mM MgCl2, and protease inhibitors (1 mg of leupeptin per ml,
1 mg of aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride. The lysates were
cleared from insoluble material by centrifugation at 14,000 rpm for 15 min and
incubated with RGS3 antiserum (normally 1 to 2 ml of antiserum per 100 mg of
protein) for 2 h at 4°C on a rotator, followed by incubation with protein A-
Sepharose for another hour. The immunoprecipitates were washed three times
with 1 ml of the same buffer, boiled in Laemmli buffer for 5 min, subjected to
electrophoresis, and analyzed by Western blotting with a 1:1,000 dilution of
RGS3 antiserum.

Measurement of calcium responses. Intracellular Ca21 responses were mea-
sured with fura-2 as described previously (18). Cells were maintained at 37°C
throughout all incubations and experimental measurements. Serum-starved cells
grown on glass coverslips were incubated with fura-2/AM (8 mM) for 1 h. After
being washed with HEPES-buffered saline (pH 7.4), the cells were incubated
with HEPES-buffered saline for an additional 30 min. Each coverslip was washed
twice immediately before it was placed into the recording chamber of a spec-
trofluorimeter (Hitachi F2000). Excitation wavelength alternated between 340
and 380 nm during measurement of emission fluorescence at 510 nm. The ratio
of emission fluorescence at an excitation wavelength of 340 nm versus emission
fluorescence at an excitation wavelength of 380 nm (R340/380) was then calcu-
lated. After a stable baseline recording was obtained, ET-1 (1027 M) was added,
and the response was monitored in real time. All measurements were corrected
for autofluorescence, with cells treated as described above except that fura-2 was
omitted. Autofluorescence values for control and transfected cells were essen-
tially identical.

Phosphorylation and activation of MAP kinase. Serum-starved cells were
stimulated with ET-1 (100 nM) or phorbol 13,14-myristate acetate (PMA; 100
nM) for 5 min at 37°C, washed twice with ice-cold PBS and lysed in Triton X100
buffer as described above. Cell lysates were directly analyzed by Western blotting
with MAP kinase antibodies (electrophoretic mobility shift) or phospho-specific
MAP kinase antibodies or subjected to immunoprecipitation with anti-p42 MAP
kinase antibodies, followed by MAP kinase assay with myelin basic protein as a
substrate, as described previously (34).

Binding of RGS3 to the membrane. The crude membrane and cytosol fractions
were prepared as described previously (17). Briefly, the cells were homogenized
in the buffer containing 25 mM HEPES (pH 7.5), 250 mM sucrose, 1 mM EDTA,
and protease inhibitors (as described above). Homogenates were cleared from
the debris by centrifugation (2,000 3 g, 5 min), and the membranes were sepa-
rated from cytosol by centrifugation at 50,000 3 g for 30 min. The supernatant
(cytosol) was set aside, and the pellet (membranes) was washed once again and
resuspended by sonication in the same buffer. After this procedure, the main
RGS3 immunoreactivity was found in the cytosol (Fig. 7). Binding of RGS3 to
the membrane was measured by incubation of equal amounts (per protein) of
mixed membrane and cytosol fractions for 30 min at 4°C in the presence of the
compounds indicated in Fig. 7, followed by membrane separation as described
above. The membrane and cytosol fractions were then analyzed by Western
blotting with anti-RGS3 or anti-G11 antibodies.

Indirect immunofluorescence microscopy. The cells grown on glass chamber
slides were fixed in Bouin’s solution containing 0.9% picric acid, 5% acetic acid,
and 10% formaldehyde for 15 min at room temperature. The cells were then
washed three times with 50% ethanol and twice with PBS, and the nonspecific
binding was blocked for 30 min with 2% bovine serum albumin in PBS containing
2% normal goat serum. The cells were then incubated with affinity-purified
polyclonal RGS3 antibodies (10 mg/ml) for 30 min, and washed four times with
PBS, followed by incubation with 1:100 dilution of rhodamine-conjugated goat
anti-rabbit immunoglobulin G (Pierce) for 30 min. The slides were additionally
washed four times with PBS, and the coverslips were mounted with Gel/Mount
aqueous mounting medium (Fisher, Pittsburgh, Pa.) and observed with a fluo-
rescent microscope. Because the enhanced green fluorescent protein (EGFP)
lost its fluorescence during the fixation procedure, visualization was achieved by
immunofluorescence with monoclonal GFP antibodies (Clontech) in combina-
tion with fluorescein-conjugated goat anti-mouse antibodies (Pierce).

RESULTS

Stable overexpression and identification of RGS3. In order
to investigate the role of RGS3 in G protein-coupled receptor
signaling and the mechanism of action of RGS3, we developed
stable cell lines overexpressing RGS3. A human glomerular
mesangial cell line (HMC), previously developed and charac-
terized by Sraer et al. (31), was chosen as a host for two
reasons. First, these cells do not express a detectable level of
endogenous RGS3 as determined by immunoprecipitation fol-
lowed by Western blotting with RGS3 antiserum (Fig. 1); sec-
ond, HMC retained their characteristic endogenously ex-
pressed G protein-coupled ET-1 receptors, employed in the
present work to evaluate the function of RGS3. Figure 1 shows

FIG. 1. Stable transfection of RGS3 cDNA in glomerular mesangical cells.
RIPA lysates from parental HMC stably transfected with pcDNA3.1 or
pcDNA3.1/RGS3 were immunoprecipitated with RGS3 antiserum. Anti-RGS3
immunoprecipitates or total cell lysates were analyzed by Western blotting with
RGS3 antiserum.
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an anti-RGS3 Western blot analysis of cell lysates from pa-
rental HMC, the cells stably transfected with pcDNA3.1 or
pcDNA3.1/RGS3. Several bands were recognized by RGS3
antiserum in total cell lysates from parental and pcDNA3.1-
transfected HMC. However, the major immunoreactive signal
was produced by an 80-kDa protein from cells transfected with
RGS3 cDNA. The identity of this band as RGS3 was con-
firmed by immunoprecipitation with RGS3 antiserum (Fig. 1),
which was blocked by RGS3(40-52) peptide used as an antigen
for antibody production (data not shown).

Coimmunoprecipitation of RGS3 with Ga subunits. Several
members of the RGS family have been reported to bind di-
rectly to an activated form of Gai (10, 11, 18, 29) and to induce
its GTPase activity (1, 2, 10, 19, 21, 35). GDP-AlF4

2-, but not
the GTP- or the GTPgS-bound form of ai was found to be
preferable for binding RGS proteins in vitro (6, 35). RGS1, -4,
and -10 and GAIP bound directly to ai but not to as (21, 35) or
aq (10, 11). Only one study has addressed this issue in respect
to RGS3 and reported coprecipitation of purified RGS3 with
aq in vitro (25). We investigated the ability of RGS3 to bind
endogenous members of Gai and Gaq/11 families by coimmuno-
precipitation. Using the isoform-selective antibodies, we found
that ai3 and a11 (but not aq) are the major isoforms of the Gai
and Gaq/11 families, respectively, endogenously expressed in
HMC (data not shown). Therefore, the subsequent experi-
ments were focused exclusively on these isoforms.

When G proteins were kept inactive in the presence of GDP
alone, no significant coimmunoprecipitation of RGS3 with a11
and ai3 was detected (Fig. 2). The addition of AlF4

2 during
immunoprecipitation of RGS3 resulted in a significant binding
of RGS3 to a11 as determined by Western blotting of RGS3
immunoprecipitates with anti-aq/a11 antibodies. Consistent
with binding characteristics of RGS1, RGS4, and GAIP to ai
(1, 35), RGS3 interacted only with the GDP-AlF4

2-bound
form of endogenous a11 and failed to bind a11 in the presence
of GTP or GTPgS (Fig. 2). Western blot analysis of the same
RGS3 immunoprecipitates with anti-ai3 antibodies revealed a
very weak but consistent ai3-immunoreactive signal only in the
presence of AlF4

2 (Fig. 2). These data indicate that under
these experimental conditions, activation of G proteins with
AlF4

2 induces a physical association of RGS3 with endoge-
nous a11 and, to a much lesser degree, with ai3.

RGS3 contains a conserved region homologous within the
family of RGS proteins (RGS domain) and a large N-terminal
region which has no significant homology with any known
protein (15). In order to validate the importance of the RGS
domain of RGS3 in the binding of a11, we examined the ability
of truncated RGS3(1-380), which lacks the RGS domain, to
bind a11. As shown in Fig. 3, a band with an apparent molec-
ular size of 70 kDa was identified as RGS(1-380) in human
embryonic kidney 293 cells transiently transfected with RGS3
(1-380) cDNA. Immunoprecipitation of cell lysates with RGS3
antiserum did not reveal any significant binding of RGS3(1-
380) to a11 in the presence or absence of AlF4

2. As was
expected, under the same conditions AlF4

2 induced binding of

FIG. 2. Coimmunoprecipitation of RGS3 with Ga11 and Gai3. HMC/RGS3
cells were lysed in Triton X-100 buffer as described in Materials and Methods,
and the lysates were immunoprecipitated for 2 h with RGS3 antiserum in the
presence of 10 mM GDP, 10 mM GDP plus 30 mM AlF4

2, 10 mM GTP, or 10 mM
GTPgS as indicated. Immunoprecipitates (IP; from 1 mg of protein) or total cell
lysates (L; 50 mg of protein) were analyzed by immunoblotting with anti-RGS3,
anti-aq/11, or anti-ai3 antibodies as indicated.

FIG. 3. Truncated RGS3(1-380) does not bind a11. Human embryonic kid-
ney 293 cells were transiently transfected with RGS3 cDNA (lanes 1 to 3) or with
RGS3(1-380) cDNA (lanes 4 to 6) and lysed in Triton X-100 buffer 2 days after
transfection. The cell lysates were immunoprecipitated for 2 h with RGS3 anti-
serum in the presence of 10 mM GDP with or without 30 mM AlF4

2, as indicated.
The RGS3 immunoprecipitates (IP) and total cell lysates (L) were analyzed by
immunoblotting with anti-RGS3 or anti-aq/11 antibodies as indicated.

FIG. 4. Inhibition of ET-1-induced Ca21 responses by RGS3 overexpression.
Serum-starved HMC/pcDNA3.1 or HMC/RGS3 cells were loaded with fura-2/
AM, as outlined in Materials and Methods. The fluorescence ratio R340/380 was
monitored as an index of cytosolic Ca21 in the recording chamber of a spec-
trofluorimeter. The presence of ET-1 (1027 M) is indicated by the bar above the
traces. Shown are representative single traces from eight to nine individual
experiments.
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the full-length RGS3 to a11 in the lysates from HEK293 cells
transiently transfected with RGS3 cDNA (Fig. 3).

Taken together, these data indicate that in our experimental
model, RGS3 binds preferably to AlF4

2-activated a11 com-
pared to ai3 and that this binding is mediated by the RGS do-
main of RGS3.

RGS3 inhibits ET-1-induced signaling. Gaq/11 were original-
ly described as activators of phospholipase C (30). One of the
downstream effects of PLC activation is inositol trisphosphate
(IP3)-induced calcium mobilization followed by capacitative
calcium entry (3, 4). Increasing evidence suggests that G11 is
also responsible for the second phase (Ca21 entry) of calcium
response (24, 26). Therefore, in order to elucidate the physi-
ological role of RGS3-G11 interaction, we first examined the
effect of stable RGS3 overexpression on G protein-induced
calcium rise in HMC cells. An increase of intracellular free-
calcium concentration in response to ET-1 has been previously
demonstrated in a variety of cells, including glomerular mes-
angial cells (29). In the present study, ET-1 elicited biphasic
Ca21 responses in HMC/pcDNA3.1 cells (Fig. 4), typical of
those previously reported in glomerular mesangial cells. The
biphasic profile consisted of an initial transient increase in
cytosolic [Ca21]i, determined as a fluorescent ratio (R340/380)
equal to 0.63 6 0.04 (n 5 9), followed by a slow decline over
time toward the resting level. By contrast, in HMC/RGS3 cells,
the response of cytosolic [Ca21] to ET-1 was significantly at-
tenuated, having an initial rise in the R340/380 equal to 0.41 6
0.06 (n 5 8; P , 0.01 versus HMC/pcDNA3.1), with the second
sustained phase not significantly different from the baseline
(Fig. 4). This demonstrates a physiological role of RGS3 as an
inhibitor of G protein signaling, presumably inhibiting both
ET-1-induced activation of phospholipase C and calcium in-
flux.

It was previously demonstrated that RGS3, as well as some
other mammalian members of the RGS family, inhibited G
protein-activated MAP kinase pathway in cells transiently co-

transfected with RGS cDNA and receptor cDNA (9, 15). We
examined whether stable RGS3 overexpression would influ-
ence MAP kinase activity in the HMC expressing a natural
amount of receptors. As shown in Fig. 5a, ET-1 and PMA
induced phosphorylation and activation of MAP kinase in
HMC transfected with vector alone, as determined by Western
blotting with phospho-specific MAP kinase antibodies and by
myelin basic protein (MBP) phosphorylation assay of MAP
kinase activity. A stable overexpression of RGS3 in HMC sig-
nificantly attenuated phosphorylation and activation of MAP
kinase induced by ET-1 by an average of 50%. By contrast, G
protein-independent activation of MAP kinase by PMA in
HMC/RGS3 was not significantly different from the one in
HMC/pcDNA3.1 (Fig. 5A).

To ensure that the inhibitory effect of RGS3 overexpression
on ET-1-induced MAP kinase activity was not a result of sub-
cloning procedure, we performed similar experiments on pul-
monary arterial smooth muscle cell line PAC1 (27), also stably
expressing RGS3 (PAC1/RGS3). Consistently, the effect of
ET1, but not PMA, on MAP kinase phosphorylation and ac-
tivity, measured by MBP phosphorylation and by gel retarda-
tion of MAP kinase, was significantly smaller in PAC1/RGS3
than in PAC1/pcDNA3.1 (Fig. 5b).

Taken together, these data demonstrate a regulatory role of
RGS3 in G protein-induced signaling in a cellular model with
endogenous G proteins and receptors.

Regulatory role of endogenous RGS3 in ET-1-induced MAP
kinase activity. We have found that NIH 3T3 fibroblasts ex-
press significant amounts of RGS3 (Fig. 6A) and therefore
could be used as a model for a study of endogenous RGS3. In
our experiments, ET-1 at a concentration of 1 nM elicited a
maximal effect on MAP kinase phosphorylation in NIH 3T3
cells as determined by immunoblotting of cell lysates with
phospho-specific MAP kinase antibodies (Fig. 6B) and by gel
retardation assay (Fig. 6C). Transfection of these cells with
RGS3 cDNA in antisense orientation abolished the expression
of endogenous RGS3 (Fig. 6A) and resulted in significant
increase of MAP kinase phosphorylation induced by ET-1 at
concentrations of 1 nM and even more dramatically at 10 and
100 nM (Fig. 6B and C). As assayed by densitometry of the
shifted (phosphorylated) pp42 band over the total amount of
MAP kinase [pp42/(p42 1 pp42)], 60 versus 10% of total MAP
kinase was phosphorylated in response to 10 nM ET-1 in
RGS3-depleted versus control NIH 3T3 cells (Fig. 6D). This
demonstrates a role of endogenous RGS3 in the regulation of
Gq/11-coupled receptor signaling. Transfection of RGS3 anti-
sense cDNA in NIH 3T3 cells did not affect the expression of
a Gai-specific member of the RGS family, RGS10 (21), as
determined by immunoprecipitation and immunoblotting of
cell lysates with anti-RGS10 antibodies (data not shown).
Phosphorylation of MAP kinase induced by lysophosphatidic
acid (Gi-linked), epidermal growth factor (G protein indepen-
dent) and fetal bovine serum was not altered in RGS3-de-
pleted cells (data not shown).

Intracellular redistribution of RGS3 from the cytosol to the
membrane fraction in vitro. We further investigated the cel-
lular distribution of RGS3 in HMC/RGS3 cells. Since RGS
proteins interact with Ga subunit, it would be reasonable to
assume a colocalization of RGS and Ga in the membrane.
Surprisingly, after crude preparation of membranes from
HMC/RGS3, we detected RGS3 immunoreactivity almost ex-
clusively in the cytosol, while a11 was in the membrane fraction
as expected (Fig. 7). However, activation of G proteins with
AlF4

2 or NaF in the presence of Mg21 resulted in redistribu-
tion of RGS3 from the cytosol to the membrane fraction (Fig.
7, lanes 3 and 4, respectively). Omission of Mg21 or F2 from

FIG. 5. Inhibition of ET-1-induced MAP kinase activity by RGS3 overex-
pression. Serum-starved HMC (A) or PAC1 cells (B) stably transfected with
pcDNA3.1 or pcDNA3.1/RGS3 were stimulated with 100 nM ET-1 or PMA for
5 min, as indicated. Cell lysates were subjected to the MAP kinase assay with
MBP as a substrate or analyzed by Western blotting with anti-MAPK, or phos-
pho-MAPK antibodies as indicated. Data represent the results of at least three
experiments.
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the incubation mixture abolished redistribution of RGS3 (Fig.
7, lanes 5 and 6).

In order to demonstrate that redistribution of RGS3 reflects
the binding of RGS3 to the activated a11, we determined
whether RGS3 would bind to the membrane fraction in the
presence of constitutively active a11 without the addition of
AlF4

2. Immunoprecipitation of RGS3 from the lysates of
HEK293 cells transiently overexpressing RGS3 together with
GTPase-deficient mutant of a11 (a11-QL) revealed a signifi-
cant binding of a11-QL to RGS3 under the basal conditions
(Fig. 8A). Interestingly, some coimmunoprecipitation of RGS3
with the wild-type a11-WT was also observed. This could re-
flect the presence of residual amounts of GTP-bound a11-WT
unable to be inactivated by RGS3 because of its dramatic
overexpression. On the other hand, RGS3 could interact with
GDP-bound a11 with low affinity, detectable under these ex-
perimental conditions. Nevertheless, RGS3 bound to a11-QL
with much higher efficiency than to a11-WT, and no binding
was detected with endogenous a11 under the basal conditions
(Fig. 8A). Overexpression of a11-QL in HEK293 cells also
resulted in an increase of RGS3 immunoreactivity in the crude
membrane fraction in the absence of AlF4

2 (Fig. 8B). No
significant difference in membrane-bound RGS3 was detected
between the cells transfected with the vector and a11-WT
cDNA (data not shown). Moreover, consistent with the lack of
interaction between RGS3(1-380) and a11 (Fig. 3), this RGS3
fragment also failed to bind to the membrane fraction in the
presence of a11-QL (Fig. 8B).

These data indicate that the binding of RGS3 to the mem-
brane fraction in vitro is, at least in part, a result of interaction
of RGS3 with GTP-bound a11. However, some observations
suggested the possibility that other mechanisms are involved in
intracellular redistribution of RGS3. First, a significant amount

of RGS3 remained in the cytosolic fraction in the presence of
a11-QL (Fig. 8B) compared to the effect of AlF4

2 (Fig. 7).
Second, we were not able to detect the intracellular redistri-
bution of RGS3 after stimulation of intact cells with physio-

FIG. 6. Effect of antisense RGS3 cDNA on ET-1-induced MAP kinase phosphorylation in NIH 3T3 cells. NIH 3T3 cells were stably transfected with the full-length
RGS3 cDNA in reverse orientation [RGS3(-)] or with the vector alone, as indicated. Serum-starved cells were stimulated with different concentrations of ET-1 for 5
min. The total cell lysates were analyzed by immunoblotting with RGS3 antiserum (A), phospho-MAPK antibodies (B), or anti-p42/p44 MAPK antibodies (C). (D) The
intensity of shifted (pp42) and unshifted (p42) MAPK (C) was analyzed by densitometry and represented as a percent of pp42 over the total (p42 plus pp42) MAPK.
Data represent the results of two independent experiments.

FIG. 7. Redistribution of RGS3 from the cytosol to the membrane. The
crude membrane and cytosol fractions were prepared from HMC/RGS3 as
described in Materials and Methods. Equal amounts (per protein) of membranes
and cytosol were mixed together in the presence of 10 mM GDP with or without
10 mM MgCl2, 10 mM NaF, and/or 30 mM AlCl3 as indicated. After incubation
for 30 min at 4°C, the membranes were separated from the cytosol again by
centrifugation, and the fractions were analyzed by Western blotting with anti-
RGS3 or anti-aq/11 antibodies.
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logical activators of a11 followed by crude membrane prepa-
ration. This might be explained by unstability of RGS3-a11
complex and/or by requirement of other factors necessary for
RGS3 redistribution. To address this issue, we next used the
immunofluorescence technique, which allowed us to preserve
the intracellular structure and to view more precisely the dis-
tribution of RGS3 after stimulation with agonists.

Agonist-induced translocation of RGS3 from the cytosol to
the plasma membrane in intact cells. Whole-cell immunoflu-
orescent microscopy demonstrated that RGS3 was diffusely
localized predominantly in the cytoplasm of intact HMC/RGS3
cells (Fig. 9A). In some cells, occasional appearance of RGS3
was observed at the edge of the cell, probably due to the basal
activity of G proteins. No significant immunofluorescence of
HMC/pcDNA3.1 cells stained with RGS3 antibodies was ob-
served (data not shown). Likewise, no labeling of HMC/RGS3
cells was detected when the primary antibodies were omitted
during the staining procedure (data not shown). Incubation of
HMC/RGS3 cells with ET-1 resulted in significant membrane
ruffling viewed as small microprojections, different in size and
amount per cell. These structures probably represent cytoplas-
mic processes or extensions common for glomerular mesangial
cells in vivo (23) and have also been shown to be induced by
angiotensin II (32). In ET-1-stimulated cells, RGS3 appeared
to be concentrated in the membrane ruffles, although a signif-

icant amount still remained in the cytoplasm (Fig. 9B). Con-
focal immunofluorescent microscopy of ET-1-stimulated cells
labeled with RGS3 antibodies showed significantly reduced
cytoplasmic staining compared to whole-cell microscopy and
indicated a distinctive membrane localization of RGS3 within
the ruffles (Fig. 10C). By contrast, the green fluorescent pro-
tein variant (EGFP), coexpressed with RGS3 for control pur-
poses, showed relatively diffuse staining in the cytoplasm and,
if trapped in the ruffles, was not present in the membrane (Fig.
10B and D).

In order to determine whether redistribution of RGS3 was
dependent exclusively on RGS3-a11 interaction, we performed
similar immunofluorescence experiments on HMC stably over-
expressing RGS3(1-380) fragment lacking the RGS domain,
which did not interact with a11 (Fig. 3) and did not bind to the
membrane fraction in the presence of a11-QL in vitro (Fig.
8B). Surprisingly, similar to the full-length RGS3, its N-termi-
nal fragment also translocated to the membrane upon stimu-
lation of HMC/RGS3(1-380) cells with ET-1 (Fig. 9E). This
indicates that the N-terminal domain of RGS3 is important for
its translocation, which could involve a mechanism(s) other
than the interaction of RGS3 with a11.

IP3-induced increase of intracellular Ca21 and diacyl glyc-
erol-mediated activation of protein kinase C (PKC) are the
most proximal to PLC second messengers involved in ET-1
signaling. Therefore, we investigated whether these pathways
could mediate the ET-1-induced intracellular redistribution of
RGS3. No significant translocation of RGS3 and RGS3(1-380)
to the plasma membrane was observed after activation of PKC
by PMA (data not shown). However, stimulation of cells with
calcium ionophore A23187 resulted in increased membrane
staining of RGS3, with a striking similarity to ET-1-induced
redistribution of RGS3 (Fig. 9C). Moreover, A23187 elicited a
similar effect on N-terminal fragment RGS3(1-380) (Fig. 9F).

Taken together, these data suggest that agonist-induced trans-
location of RGS3 is a complex process which occurs in a Ca21-
and G protein-dependent manner and involves both N-termi-
nal and C-terminal domains of RGS3.

DISCUSSION

In the present study we describe three major findings. First,
we demonstrate the physiological role of RGS3 as an inhibitor
of Gaq/11 signaling, using intact cellular models with endoge-
nous expression of receptors and G proteins as well as RGS3.
Second, we describe a cytosolic localization of RGS3 and
translocation of RGS3 to the plasma membrane after activa-
tion of G proteins. Finally, we show the importance of the
N-terminal domain of RGS3, suggesting a dual role for RGS3
in cellular signaling.

RGS proteins were first described as inhibitors of Gi-medi-
ated signaling (15, 22). In vitro experiments demonstrated that
RGS1, -4, and -10 and GAIP function as GTPase-activating
proteins for the alpha subunit of the Gi family (1, 2, 21, 35).
AlF4

2-activated ai/ao were found to bind directly to purified
RGS proteins (1, 21, 35), while aq bound with much lower
affinity (1), and as did not bind at all (1, 21, 35). In terms of
RGS3, only one study has addressed the issue of its interaction
with G proteins and reported that RGS3 bound to aq applying
purified proteins in vitro (25). Our study expanded this obser-
vation and demonstrated that RGS3 binds to endogenous G11
(Fig. 2), most likely by its conserved RGS domain (Fig. 3).
Consistent with other members of the RGS family, RGS3 in-
teracted only with activated a11, with a clear preference to the
GDP-AlF4

2-bound conformation (Fig. 2). The failure to co-

FIG. 8. Binding of RGS3 to the membrane as a result of interaction with
constitutively active a11-QL. Human embryonic kidney 293 cells grown on 10-cm-
diameter dishes were transiently cotransfected with 5 mg of pcDNA3.1/RGS3, or
5 mg of pcDNA3.1/RGS3(1-380) together with 5 mg of pCMV5, pCMV5/a11-
WT, or pCMV5/a11-QL, as indicated. The cells were lysed in Triton X-100 buffer
(A) or subjected to crude membrane and cytosol preparation (B) 2 days after
transfection. The cell lysates were immunoprecipitated for 2 h with RGS3 anti-
serum (A, lanes 1 to 3) or preimmune serum (A, lane 4). The immunoprecipi-
tates and total cell lysates (A) or crude membrane and cytosol fractions (B) were
analyzed by immunoblotting with anti-RGS3 or anti-a11 antibodies, as indicated.
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immunoprecipitate a11 with RGS3 in the presence of GTP
does not reflect a lack of interaction between RGS3 and
GTP-bound a11 but, rather, may be a result of increased GTP
hydrolysis and a subsequent release of RGS3 from inactivated
a11. Supporting this possibility is the fact that RGS3 bound to

constitutively active GTPase-deficient Q209L mutant of a11 in
the absence of AlF4

2 (Fig. 8).
We further confirmed that binding of RGS3 to Ga11 results

in inhibition of G protein-linked signaling. A biphasic increase
of intracellular free Ca21 concentration is a common response
in Gq/11-coupled receptor signaling, and the effect of RGS
proteins on this component of signaling has not been studied
before. Since Ga11 is the major representative of the known
members of Gaq/11 family in HMC, it is probably responsible
for the ET-1-induced increase in [Ca21]i in our system. In the
present work, stable overexpression of RGS3 in HMC resulted
in significant attenuation of both initial and the second phase
of Ca21 response to ET-1 (Fig. 4).

Inhibition of G protein-induced MAP kinase activity by
RGS proteins has been established by transient cotransfection
of RGS cDNA together with cDNA for specific receptor (9,
15). Using two independent stable cell lines, we demonstrate
that RGS3 inhibits MAP kinase activity induced by endoge-
nous Gq/11-coupled ET-1 receptors (Fig. 5). Moreover, deple-
tion of endogenous RGS3 by antisense technique resulted in
enhanced ET-1-induced phosphorylation of MAP kinase in the
NIH 3T3 cellular model involving physiological amounts of
RGS3 and ET-1 receptors (Fig. 6). Overexpression of anti-
sense RGS3 cDNA did not alter phosphorylation of MAP
kinase induced by lysophosphatidic acid (data not shown),
which is known to activate this pathway via a Gi-dependent
mechanism (33). This supports our coimmunoprecipitation
data showing relatively weak binding of RGS3 to ai3 (Fig. 2).

The role of endogenous RGS proteins in mammalian cells

FIG. 9. Immunofluorescent microscopy of RGS3 and RGS3(1-380) after
stimulation of cells with ET-1 and A23187. HMC/RGS3 (A to C) or HMC/RGS3
(1-380) (D to F) was incubated without (A and D) or with 300 nM ET-1 (B and
E) or 10 mM A23187 (C and F) for 10 min, followed by indirect immunofluo-
rescence microscopy with affinity-purified RGS3 antibodies as described in Ma-
terials and Methods. Magnification; 3 100.
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has not been studied before. In our experiments, RGS3 deple-
tion resulted in an increased maximal MAP kinase response
rather than in sensitivity to ET-1 (Fig. 6). This is consistent
with the effect of RGS4 overexpression on G protein signaling
in both mammalian (20, 37), and yeast (15) systems, showing

the reduction of maximal response without affecting the po-
tency of the agonist. Moreover, gain-of-function mutations of
the yeast RGS, Sst2p, had a similar effect on G protein-depen-
dent pheromone response (13). However, Sst2 loss-of-function
mutations (the model, somewhat similar to RGS3 depletion in
our experiments) resulted in increased potency but not in in-
creased efficacy of pheromone (12). This may suggest differ-
ences between the function of various RGSs or may reflect the
differences in experimental models and the readout of final
responses.

Perhaps the most intriguing and unexpected finding of the
present work is the cytosolic localization of RGS3 (Fig. 7 and
8). The other mammalian RGS GAIP was reported to be
membrane bound and behaved as integral membrane protein
(10). The yeast RGS Sst2p was also found in the membrane
and copurified with G proteins during cell fractionation (14).
In fact, the membrane colocalization of RGS and G proteins
would be a reasonable assumption, considering the function of
RGS as a Ga-interacting protein. . However, our cell fraction-
ation experiments (Fig. 7 and 8) as well as immunofluorescent
microscopy (Fig. 9) clearly indicate that RGS3 is a predomi-
nantly cytosolic protein. One might speculate that RGS3 may
serve some function in cytoplasm other than interaction with G
proteins, suggesting a dual role of RGS3 in cellular signaling.
Our additional experiments support this hypothesis by detect-
ing a 28-kDa protein which coimmunoprecipitates with both
full-length and N-terminal fragment of RGS3 from cell lysates
of transfected HMC cells labeled with [35S]methionine (data
not shown).

Agonist-induced translocation of RGS3 is another impor-
tant aspect of its function which also involves both G protein-
dependent and -independent mechanisms. In our experiments,
in vitro binding of RGS3 to the crude membrane fraction was

FIG. 9—Continued.
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detectable only under conditions which provided a stable
RGS3-G11 complex (Fig. 7 and 8). This binding was mediated
by the RGS domain of RGS3 and probably reflected an inter-
action of RGS3 with the activated Ga subunit. Immunofluo-
rescence microscopy permitted detection of RGS3 transloca-
tion induced by physiological agonist ET-1 (Fig. 9 and 10) but
also indicated the importance of [Ca21]i rise in the mechanism
of translocation, which alternatively was mediated by N-termi-
nal domain of RGS3 (Fig. 9). This may suggest that agonist-
induced redistribution of RGS3 is a biphasic process consisting
of (i) Ca21-dependent, N-terminal domain-mediated translo-
cation of RGS3 and (ii) RGS domain-mediated binding of
RGS3 to G protein. On the other hand, in vitro binding of
RGS3 to the membrane fraction induced by AlF4

2 (Fig. 6) was
more efficient than the one mediated by constitutively active
a11-QL (Fig. 8). Considering the ability of AlF4

2 to stimulate
other GTP-binding proteins (7), one might suggest the pos-
sibility of other targets of RGS3 in the membrane. In this re-
gard it is necessary to mention that constitutively active Gai2
(Q207L) induced translocation of RGS4 to the membrane by a
mechanism independent of RGS4-G protein interaction (16).
The fact that RGS4 consists almost entirely of the RGS do-
main may suggest that the mechanism of its recruitment to the
membrane is different from that of RGS3, wherein G protein-

independent component of RGS3 redistribution is mediated
by its N-terminal domain. In addition, this may suggest that the
RGS domain itself may have targets distinct from G proteins
and function other than GAP for Ga subunits.

In conclusion, this work demonstrates that inhibition of G
protein signaling by RGS3 is a complex process involving its
translocation from the cytosol to the plasma membrane in
addition to its established interaction with G proteins. Our
data also suggest the possibility of cytosolic function of RGS3
distinct from the inactivation of G proteins.
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FIG. 10. Confocal images of RGS3 and EGFP after stimulation of cells with ET-1. HMC were transiently cotransfected with RGS3 cDNA (A and C) and EGFP
cDNA (B and D), serum starved, and incubated without (A and B) or with (C and D) 300 nM ET-1 for 10 min, followed by immunofluorescent staining as described
in Materials and Methods. Shown are the RGS3 (red) and EGFP (green) images of the optical section at the bottom of the cells. Bars, 10 mm.
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