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Abstract

MAPKinase signalling is essential for cell growth, differentiation and cell physiology. G proteins and
tyrosine kinase receptors each modulate MAPKkinase signalling through distinct pathways. We report
here that RGS14 is an integrator of G protein and MAPKinase signalling pathways. RGS14 contains
a GPR/GoLoco (GL) domain that forms a stable complex with inactive Gial/3-GDP, and a tandem
(R1, R2) Ras binding domain (RBD). We find that RGS14 binds and regulates the subcellular
localization and activities of H-Ras and Raf kinases in cells. Activated H-Ras binds RGS14 at the
R1 RBD to form a stable complex at cell membranes. RGS14 also co-localizes with and forms a
complex with Raf kinases in cells. The regulatory region of Raf-1 binds the RBD region of RGS14,
and H-Ras and Raf each facilitate one another’s binding to RGS14. RGS14 selectively inhibits
PDGF-, but not EGF- or serum-stimulated Erk phosphorylation. This inhibition is dependent on H-
Ras binding to RGS14 and is reversed by co-expression of Gial, which binds and recruits RGS14
to the plasma membrane. Gial binding to RGS14 inhibits Raf binding, indicating that Gial and Raf
binding to RGS14 are mutually exclusive. Taken together, these findings indicate that RGS14 is a
newly appreciated integrator of G protein and Ras/Raf signalling pathways.
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1. Introduction

Heterotrimeric G proteins (G proteins) are molecular switches that regulate a broad range of
signalling events important for many aspects of cell and organ physiology. The regulators of
G protein signalling (RGS proteins) inactivate Ga-GTP subunits to negatively regulate G
protein signalling. In conventional signalling models [1], G proteins link cell surface receptors
of neurotransmitters and hormones to intracellular signalling events, and RGS proteins limit
the lifetime of those signalling events. RGS proteins are defined by a shared 130 amino acid
RGS domain which binds Ga-GTP to act as a GTPase activating protein (GAP) and inhibit G
protein signalling [2—4]. Family members are classified into six or more distinct subgroups
based on amino acid sequence identities and functional similarities. Many are relatively small
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(20-30 kDa) simple proteins with unremarkable features outside of the RGS domain, while
others are larger (60-160 kDa) more “complex” proteins with additional domains that bind
other protein partners to confer distinct signalling functions and/or act as novel integrators of
G protein signalling.

RGS14 is a highly unusual complex family member that contains a canonical RGS domain, a
tandem (R1 and R2) Ras/Rap binding domain (RBD) [5,6], and a GoLoco/GPR (GL) motif.
RGS14 was originally identified as a novel binding partner for the Ras-like GTPases, Rap1/2
[7]. The full-length sequence [8] encodes a ~62 kDa protein most closely related to RGS12
(85 kDa) and RGS10 (22 kDa). We and others show that RGS14 interacts selectively with the
Gi/o subfamily of G proteins to regulate their guanine nucleotide binding/hydrolysis activity
and signalling functions [9-13]. The RGS domain binds directly to activated Gi/oa-GTP to
confer non-selective GAP activity towards Gia and Goa. By contrast, we find that the GoLoco/
GPR (GL) motif binds specifically to inactive Gial- GDP and Gia3-GDP, but not Gia2 or
Goa, to act as an inhibitor of GDP dissociation (GDI) much like GBy subunits [10,12,13].
Furthermore, we have shown that RGS14 is actively recruited from the cytosol to the plasma
membrane by inactive Gial-GDP or Gia3-GDP [14]. This recruitment is mediated by the GL
domain of RGS14, and Gial/RGS14 form a stable complex at the plasma membrane in cells.
Other known Ga/GL protein complexes are thought to be involved with unconventional G
protein signalling pathways [15-17] that rely on the combined action of non-receptor guanine
nucleotide exchange factors (GEFs) and GL proteins in place of GBy subunits to regulate and
mediate Ga signalling. These pathways have been shown to be important for cell division,
neuronal development and synaptic plasticity in both lower and higher eukaryote [16,18]. Thus,
RGS14 may serve new functions that can be attributed to the action of its poorly understood
GL domain distinct from those contributed by its RGS GAP domain.

Both G proteins and tyrosine kinase growth factor receptors activate MAPKinase signalling by
distinct pathways [19-21]. MAPkinase signalling is important for many aspects of cell
physiology including cell growth, survival, and differentiation as well as neuronal development
and synaptic plasticity [22]. Since RGS14 tightly binds inactive forms of Gial/3 and also
contains tandem (R1 and R2) Ras/Rap binding domains (RBD), we investigated whether
RGS14 could integrate the actions of Gia, Ras and Raf kinases to regulate MAP kinase
signalling. We report that RGS14 binds activated H-Ras and its effectors Raf-1, B-Raf and A-
Raf to regulate PDGF-stimulated Erk phosphorylation, and that this activity of RGS14 is
regulated by its interactions with Gial. RGS14 is recruited by H-Ras to form a stable complex
at the plasma membrane, and it binds both H-Ras and/or Raf kinases either alone or together
in cells. Expression of RGS14 inhibits PDGF-stimulated Erk phosphorylation and this
inhibition is dependent on H-Ras binding, but is reversed by Gial which also blocks Raf
binding to RGS14. Our findings demonstrate that RGS14 serves as a novel scaffold to integrate
Gial and Ras/Raf/ MAPkinase signalling events through the action of its GL domain.

2. Experimental procedures

2.1 Plasmids and antibodies

The RGS14 cDNA used in this study was derived from rat (Genbank accession number of
U92279) as previously described [10]. Truncated Flag-Raf-1 (ARaf-1) and 3xHA-B-Raf were
kindly supplied by Dr. Haian Fu (Emory University). 3xHA-A-Raf cDNA was kindly supplied
by Dr. Deborah Anderson (Saskatchewan Cancer Agency). HA-Raf-1 was kindly supplied by
Dr. Ulf R. Rapp (Wirzburg University). Glu-Glu epitope (EE) tagged recombinant Gia1/
pcDNAZ3.1 plasmids, H-Ras 3xHA-tagged (N-terminus) plasmids and their constitutively
active/inactive mutants were purchased from UMR cDNA Resource Center (Rolla, Missouri).
The expression plasmids encoding RGS14 full-length, RGS14 deletion mutants coding for
amino acids 1-213, 213-544, 213-490 and 444-544 cloned in-frame into the pcDNA3.1
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(Invitrogen) were prepared as described previously [14]. Primer oligonucleotides encoding the
8 amino acid Flag tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) was used to generate N-
terminally Flag-tagged RGS14 (Flag-RGS14). Site directed mutagenesis of RGS14 was
performed by Quickchange Site Directed Mutagenesis kit (Stratagene). For the E92A, N93A
double mutation placed into RGS14, the codon GAG was replaced by GCG, and the codon
AAT was replaced by GCT; for the R333L mutation placed into RGS14, the codon AGA was
replaced by CTT; for the H406A mutation, CAC were replaced by GCA. To express XFP-
tagged Ric8A proteins in mammalian cells, the Nhel/Notl YFP- and CFP-Ric8A DNA
fragments described in Thomas, et al were subcloned into pcDNA3.1(+) (Invitrogen) [23].

Anti-Flag M2 antibody affinity gel was purchased from Sigma. Anti-Flag antibody, Alexa488-
conjugated goat anti-rabbit and Alexa546-conjugated goat anti-mouse antibodies were
purchased from Invitrogen. Anti-EE antibody was purchased from BD Biosciences.
Monoclonal anti-HA horseradish peroxidase (HRP) conjugate antibody and monoclonal anti-
HA TRITC (Rhodamine) conjugate antibody were purchased from Sigma. The following
antibodies were purchased from Santa Cruz Biotechnology: anti-B-Raf (F-7) mouse
monoclonal antibody (sc-5284), anti-Raf-1 (C-12) rabbit polyclonal antibody (sc-133), anti-
Raf-1 (E-10) mouse monoclonal antibody (sc-7267), and anti-Gia1(R-4) mouse monoclonal
antibody (sc-13533).

2.2 Confocal microscopy and fluorescence imaging

For cell imaging, HeLa cells were fixed for 10 min at room temperature with the following
buffer: 20 mM PIPES pH 7.0, 1 mM MgCl,, 0.5 mM EGTA, 1 mM glutaraldehyde, 1 pg/ml
aprotinin, 2 mM taxol, 0.1% Triton X-100, 2% paraformaldehyde. Fixed cells were
subsequently blocked for 60 min at room temperature with PBS containing 10% goat serum
and 1 mg/ml bovine serum albumin and incubated with a 1:1000 dilution of primary antibody,
rabbit anti-Flag (Sigma), mouse anti-EE (BD Scientific), or Rhodamine-conjugated mouse
anti-HA antibody (Sigma), for over night at 4°C. Cells were washed 3 times with PBS and then
stained with 1:200 dilutions of Rhodamine-conjugated goat anti-mouse and FITC-conjugated
goat anti-rabbit antibodies (Jackson Immuno-Research Laboratories) or Alexa553-conjugated
goat anti-rabbit and Alexa633-conjugated goat anti-mouse antibodies (Invitrogen) for 1 h at
room temperature. Cells were mounted with Vectashield mounting medium (Vector
Laboratories). Images were collected on an Olympus 1X51 inverted fluorescence microscope
(Olympus) using a 100x oil immersion objective. Immunofluorescence analyses also were
carried out using a LSM510 confocal laser scanning microscope (Zeiss). Images were acquired
using an 63x oil immersion objective and processed using the Zeiss LSM image browser
(version 2.801123) and Adobe Photoshop 7.0 (Adobe Systems).

2.3 Cell transfection and Ni-NTA pull-down assays of cell lysates

HeL a cells were obtained from the American Type Culture Collection. Cell transfections were
performed according to protocols described in our previous work [14]. RGS14 pull-down
assays were performed as described [10,14,24] with modifications. Cells were transiently
transfected with selected recombinant plasmids according to the methods described above.
Transfected cells were lysed in buffer containing 150 mM NaCl, 50 mM Tris-HCI (pH 8.0), 1
mM EDTA, 1 mM EGTA, 10 mM MgCl,, 50 pg/ml Aprotinin, 100 pg/ml Leupeptin, 1 uM
phenylmethylsulfonyl fluoride (PMSF) and 1% TritonX-100. Each lysate was incubated with
10 pg of either full-length Trx-H6-RGS14 or His6-Gia purified proteins for 2 hours. The
complexes were incubated an additional 1 h with 100 pl of Ni-NTA for 60 min. The Ni-NTA
beads were centrifuged and then washed five times for Raf-1 and seven times (for B-Raf) each
with 1 ml ice cold washing buffer. Protein complex were eluted into 100 pl Laemmli buffer.
Samples were separated by 11% SDS-PAGE and transferred to nitrocellulose membranes
(Millipore Corp., Bedford, MA) and immunoblotted with selected antibodies for visualization.
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2.4. Anti-Flag M2 antibody affinity gel immunoprecipitation and immunoblots

HelL a cells were seeded on 10 cm dishes and cDNA transfected using Lipofectamine 2000
(Invitrogen). For immunoprecipitation of expressed proteins, transfected cells were washed
three times in ice cold PBS and lysed in buffer as described above in Ni-NTA pull-down assay.
The lysate was cleared by centrifugation at 50,000 g for 30 min at 4°C. Protein concentrations
were determined using the Bradford reagent (Bio-RAD). Lysates were then mixed with 50 g
Flag M2 gel (Sigma) directed against the Flag-tagged fusion protein. The mixed complexes
were incubated for 2 h at 4°C with continuous rotation. Flag immunocomplexes were washed
three times for Raf-1 and six times for B-Raf in ice-cold TBS buffer. Immunoprecipitates were
suspended in a Laemmli sample buffer followed by boiling for 5 min. The protein samples
were resolved by 11% SDS-PAGE, transferred to a nitrocellulous membrane (Bio-RAD) and
probed with appropriate antibodies, e.g. HRP labeled monoclonal anti-Flag antibody (Sigma),
HRP labeled monoclonal anti-HA antibody (Sigma), or polyclonal anti-Raf-1 antibody (Santa
Cruz Biotechnology) followed by appropriate secondary antibody. Detection of
immunolabelled proteins was accomplished by using the ECL-Plus chemiluminescent system
(GE Healthcare).

2.5 Phospho-p44/42 Erk assay and statistical analysis

HelLa cells were seeded on 12-well plates and cDNA transfected with Lipofectamine 2000
(Invitrogen) as described above. After 24 h, transfected cells were switched into serum free
DMEM for 6 h. Cells then were stimulated with 25 ng/ml PDGF (Chemicon), 100 ng/ml EGF
(Sigma) or fetal calf serum, FCS (20% final) for the times described in the text. The reactions
were stopped by transferring cells to ice, and immediately lysed by removing media and the
addition of 400 pl/well Laemmli sample buffer. Recovered samples were then boiled for 5
min. The sample mixture was electrophoresed on 11% SDS-PAGE and transferred to
nitrocellulose membranes and probed for both active and total Erk using anti-phospho-p44/42
Erk polyclonal antibody (Cell Signalling) and anti-p44/42 Erk polyclonal antibody (Cell
Signalling), respectively. Detection of immunolabelled proteins was accomplished using the
ECL-Plus chemiluminescent system. Quantification of proteins was achieved by densitometry
using a Scion Imaging system. Numbers derived using this analysis from multiple experiments
were pooled and subjected to statistical analysis (paired t-test).

3. Results

3.1 RGS14 binds to and co-localizes with activated H-Ras in cells

RGS14 was first identified as a binding partner for the Ras-like GTPase, Rap1/2 [7]. Ras and
Rap each specifically bind RBD domains and RGS14 contains tandem (R1 and R2) RBDs
[7,25]. We tested if RGS14 could bind H-Ras. RGS14 (Flag-RGS14) was transfected together
with different forms of Ras (HA-Ras) in HeLa cells. We observed that RGS14 bound to and
co-immunoprecipitated with constitutively active (G/V mutant) H-Ras, but only weakly to wild
type H-Ras and not at all to inactive (S/N mutant) H-Ras in HeLa cell lystes (Fig. 1A). We
postulate that the weak binding of wild type H-Ras reflects a small population of active H-Ras-
GTP present in cell lysates. We also examined the influence of H-Ras on RGS14 subcellular
localization (Fig. 1B). When expressed alone in HeLa cells, RGS14-GFP localizes to the
cytosol and H-Ras to membranes, in particular the plasma membrane. Active H-Ras(GV)
localized most strongly to membranes, whereas inactive H-Ras(SN) failed to localize at
membranes. When RGS14 is co-expressed with different forms of H-Ras, active H-Ras(GV)
recruited RGS14 to the membrane. These findings strongly suggest that active H-Ras is a newly
described binding partner for RGS14.
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3.2. The first (R1) RBD domain of RGS14 is critical for H-Ras binding

We next examined which region of RGS14 is responsible for binding H-Ras. RGS14 contains
two contiguous Ras/Rap-binding domains (RBDs), R1 and R2 (Fig. 2A). Based on previous
studies, RBD domains present in Raf kinases and other proteins serve as specific binding sites
for activated Ras and Rap isoforms, and a conserved arginine residue within all RBDs is critical
for this interaction [9,26]. RGS14 contains an analogous arginine within the R1 RBD (R336)
whereas a histidine occupies the analogous residue in the R2 RBD (H409) [9]. Disrupting R336
inhibits Rap2 binding whereas disrupting this H406 does not [9,27,28]. To investigate H-Ras
interaction with RGS14, we introduced these same single substitution mutations (R333L or
H406A) into the R1 and R2 RBD domains, respectively, of Flag-tagged RGS14 (Fig. 2A and
2B). When each of these RGS14 mutants was co-expressed with either wild type H-Ras, active
H-Ras(GV) or inactive H-Ras(SN), we found that H-Ras was inhibited from binding to the
R333L mutant but not the H406 A mutant of RGS14 (Fig. 2B). This also was reflected in RGS14
subcellular localization (Fig. 2C). When co-expressed together in HeLa cells, the R333L
mutant of RGS14 failed to co-localize with active H-Ras(GV) whereas the H406A mutant co-
localized at membranes with active H-Ras(GV) in a pattern similar to wild type RGS14
(compare Fig. 2C to Fig. 1B). These findings indicate that active H-Ras(GV) binds the R1, but
not the R2 RBD of RGS14.

3.3. RGS14 binds to and co-localizes with Raf kinases in cells

The Raf kinases (Raf-1, B-Raf and A-Raf) are well described effectors of H-Ras. Therefore,
we examined if RGS14 could also interact with one or more of the Raf kinases. Initial studies
tested if purified recombinant His-RGS14 could bind any of the isoforms of Raf kinases (HA-
tagged Raf-1 or B-Raf) when expressed in HeL a cell lysates. We found that expressed B-Raf
and Raf-1 each bound purified His-RGS14 and were recovered by Ni-NTA resin (Fig. 3A).
Similar results were observed when Flag-RGS14 was co-expressed with HA-B-Raf and HA-
Raf-1 in HeLa cells. B-Raf and Raf-1 both were recovered following immuno-precipitation of
RGS14 using anti-Flag resin (Fig. 3B), but the proteins did not bind non-specifically to the
resin. RGS14-GFP also co-localized with either B-Raf or Raf-1 in both the cytosol and
membranes of HelL a cells as visualized by confocal microscopy (Fig. 3C). We also found that
RGS14 binds to and co-localizes with A-Raf in HeLa cells (Supplemental Figure 1). These
findings suggest that Raf kinases are newly identified binding partners of RGS14, or
components of RGS14-multi-protein complexes.

3.4. The N-terminal regulatory region of Raf kinases binds to the RBD region of RGS14

To elucidate the binding regions between Raf and RGS14, we generated four truncated forms
of Flag-RGS14 (Fig. 4A) including: 1) the isolated RGS domain (amino acids 1-213), 2) the
isolated RBD domains (213-490), 3) the RBD/GoLoco domains (213-544), or 4) the isolated
GoLoco domain (444-544). Each of the truncated forms of RGS14 was co-expressed together
with either HA-B-Raf or HARaf-1 in HeLa cells, and cell lysates were subjected to anti-flag
immuno-precipitation (Fig. 4A). We found that only those fragments containing the RBD
domains were able to bind either Raf-1 or B-Raf, but not those fragments containing only the
RGS domain or the GPR/GoLoco domain, thereby demonstrating that the tandem RBD domain
region is essential for Raf binding. In contrast to what was observed with H-Ras binding to
RGS14, introduction of the R333L or the H406A single point mutations into the RBDs failed
to alter Raf binding to RGS14 (data not shown).

Raf kinases share a conserved overall structural homology with three conserved domains
designated as CR1, CR2 and CR3 (Fig. 4B). The CR1 region, located within the N-terminal
region, contains a single RBD domain and a cysteine-rich zinc-binding domain (CRD). The
CR2 region, located between CR1 and CR3, contains a serine/threonine rich domain, whereas
the CR3, located in the C-terminal region, contains the serine/threonine (S/T) protein kinase
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catalytic domain. The CR1 and CR2 regions are important for the activation and regulation of
Raf kinase activity and have been defined as essential sites for protein—protein interaction
[29]. The N-terminal fragment region of Raf-1 (I-257) is able to homodimerize, whereas the
C-terminal Raf fragment, BXB-Raf (I-25/306—648), does not [19]. We generated a truncated
form of the Raf-1 (ARaf-1) missing the CR1 and CR2 regulatory regions but containing the
CR3/kinase domain. When full-length Raf-1 and ARaf-1 were compared for their capacity to
bind purified His-RGS14, we found that Raf-1, but not ARaf-1 bound RGS14, and was
recovered using the Ni-NTA resin (Fig. 4B).

3.5. H-Ras and Raf-1 facilitate one another’s binding to RGS14 to form a heterotrimeric

complex

Several scaffolding proteins have been identified that are important for the spatiotemporal
organization and context-specific signalling of the different MAPKinase signalling pathways
[30]. One hallmark of scaffolds is their capacity to facilitate binding and assemble functionally
related protein partners. Through the tandem RBD domains, RGS14 can bind active H-Ras
and Raf kinase independently. We examined if Flag-RGS14 could behave as a scaffold to bind
both HA-H-Ras(GV) and HA-Raf-1 simultaneously. All three proteins were co-expressed in
HeLa cells and cell lysates were subjected to anti-Flag immunoprecipitation. We found that
H-Ras and Raf-1 both co-precipitated with RGS14 (Fig. 5A). A complicating factor in these
experiments is that active H-Ras(GV), Raf-1 and RGS14 each bind one another independently,
so confirming that H-Ras(GV) and Raf-1 are binding to the same RGS14 molecule in cells is
technically difficult. To address this question we expressed each protein (Flag-RGS14, H-Ras
(GV) and Raf-1) independently in different sets of cells. Cell lysates of each protein were
prepared separately (Fig. 5B), and the amounts of expressed protein were quantified. The cell
lysates were then mixed in various combinations to control and equalize the amount of each
protein present in the samples. Proteins were then subjected to anti-Flag immunoprecipitation
and H-Ras and Raf-1 bound to recovered Flag-RGS14 were detected (Fig. 5B). We observed
that detectable amounts of H-Ras and Raf-1 each bound RGS14 independently, as before.
However, when lysates of each protein were all mixed together, we found that considerably
more active H-Ras and Raf-1 bound to RGS14. These findings are consistent with the notion
that RGS14 is a scaffold that assembles H-Ras and Raf-1 to form a stable RGS14/H-Ras/Raf-1
ternary complex.

3.6. RGS14 selectively inhibits PDGF-stimulated ERK phosphorylation

Various extracellular factors activate H-Ras and Raf kinases to stimulate MAP kinase
signalling pathways that culminate with the phosphorylation and activation of Erk1/2. These
include, but are not limited to, various growth factors (e.g. PDGF and EGF) and other mitotic
factors present in blood serum. Since RGS14 binds both H-Ras and Raf kinases, we examined
if RGS14 can modulate H-Ras/Raf-mediated Erk phosphorylation. We observe that HeLa cells
express cell surface receptors for PDGF, EGF and serum factors that, when activated, stimulate
Erk phosphorylation (Fig. 6). When cells were transfected with an RGS14 construct, we find
that RGS14 protein expression markedly inhibited PDGF-stimulated Erk phosphorylation (Fig.
6A). In contrast, RGS14 did not alter Erk phosphorylation stimulated by either EGF (Fig. 6B)
or 20% serum (Fig. 6C). These findings suggest that RGS14 binding to H-Ras and Raf kinases,
(as shown above), serves to inhibit PDGF-stimulated MAPKkinase signalling.

3.7. RGS14-mediated inhibition of PDGF signalling depends on H-Ras binding and is
reversed by Gial

We next examined the importance of H-Ras binding on RGS14 inhibition of PDGF signalling.
As shown earlier (Fig. 2), the R333L mutation placed into the R1 RBD domain prevents H-
Ras binding to RGS14. As shown in Figure 7A, RGS14 inhibits PDGF-stimulated Erk
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phosphorylation as before. However, in stark contrast, we observe that the R333L mutation of
RGS14 failed to inhibit PDGF-mediated Erk phosphorylation in HeLa cells (Fig. 7A),
indicating that RGS14 inhibition of PDGF signalling depends on H-Ras binding. We have
previously shown that RGS14 directly binds inactive Gial-GDP via its GPR/GoLoco domain,
and that Gial recruits RGS14 to form a stable complex at the plasma membrane [14].
Therefore, we next examined the influence of Gial binding on RGS14 inhibition of PDGF
signalling (Fig. 7B). We observed that co-expression of Gial reversed RGS14 inhibition of
PDGF signalling, whereas Gial alone had no effect of PDGF-stimulated Erk phosphorylation.
Taken together, these findings indicate that RGS14 inhibition of PDGF signalling depends on
H-Ras binding and that this inhibition is reversed by Gial binding to RGS14.

3.8. Gial binding to RGS14 inhibits Raf binding to RGS14

We next sought to understand the basis for Gial reversal of RGS14 inhibition of PDGF
signalling. HeLa cells were transfected with Flag-RGS14 alone or in the presence of Raf-1,
Gial and/or H-Ras(GV) (Fig. 8). Cell lysates were subjected to anti-Flag immuno-precipitation
and proteins bound to RGS14 were examined. As before, we observe that Raf-1, Gial and H-
Ras(GV) each bind to RGS14 independently. However, in each case where Gial and Raf-1
are both present, Gial binds RGS14 and Raf-1 does not. In contrast, Gial binding does not
affect H-Ras binding. This experiment was repeated in exactly the same way except with B-
Raf in place of Raf-1, and similar results were obtained (data not shown). That is, Gial reduced
the amount of B-Raf binding to RGS14. These findings suggest that Gial binding and Raf
binding to RGS14 are mutually exclusive.

3.9. Gial indirectly recruits Raf kinases to the plasma membrane

Since Gial inhibits Raf binding to RGS14 in cells, we examined Gial interactions with Raf
kinases. Initial studies examined if Gial binds to Raf kinases. HeL a cell lysates expressing
either Raf-1 or B-Raf were mixed with purified His6-Gial. When Gial was recovered by Ni-
NTA pull-down and examined for the presence of bound Raf, we found that neither Raf-1 nor
B-Raf bound to purified Gial (Fig. 9A). However, we also observed that expression of Gial
recruited either B-Raf or Raf-1 to the plasma membrane in HeLa cells (Fig. 9B). When co-
expressed together with RGS14 and either B-Raf or Raf-1, Gial recruited both proteins to the
plasma membrane (Fig. 9C). In parallel studies, we also found that Gial recruited A-Raf to
the plasma membrane (Supplemental Figure 2). Together, these findings suggest that Gia.l
does not directly regulate Raf activity, but somehow contributes to the co-ordinate translocation
of the signalling complex to the plasma membrane.

4. Discussion

RGS14 is a highly unusual signalling protein that contains two distinct Ga interaction sites
(RGS domain and GL domain) and tandem (R1 and R2) RBD domains that are known in other
proteins to bind Ras and Rap GTPases. Indeed, RGS14 was first identified as a novel Rap1/2
binding partner [7]. We and others have shown previously that the RGS domain of RGS14 is
a promiscuous and nonselective GAP for active forms of Gio and Goa, and that the GL domain
is a selective GDI for Gia, but not Goa [7,10-12,27]. We subsequently reported that the GL
motif of RGS14 selectively binds inactive Gial-GDP and Gia3-GDP, but not Gia2, and that
both of these Gia isoforms strongly recruit RGS14 to the plasma membrane to form a tight
complex with the GL domain to influence the dynamic subcellular localization of RGS14
[14]. Here we expand those findings to show that RGS14 binds activated H-Ras and its Raf
kinase effectors (Raf-1, B-Raf and A-Raf) to modulate their signalling. H-Ras and Raf each
bind RGS14 independently, but the two proteins appear to facilitate one another’s binding to
RGS14. Alternatively RGS14 may facilitate formation of the H-Ras/Raf complex which, in
turn, binds more efficiently to RGS14. Active H-Ras selectively binds the R1 RBD domain of
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RGS14 and the Raf kinases also bind within the RBD region. We find that expression of RGS14
markedly inhibits PDGF-stimulated activation of Erk1/2 and that this inhibition is dependent
on H-Ras binding but is reversed by co-expression of Gial. In follow-up studies to understand
this better, we found that Gial binding inhibited Raf binding to RGS14, suggesting that the
binding of Gial and Raf are mutually exclusive. These findings demonstrate that RGS14
regulates the activity of multiple GTPases with distinct functions, and are consistent with the
idea that RGS14 is a newly appreciated integrator of G protein (Gica) and Ras/Raf signalling.

RGS14 is one of only two known proteins (RGS12 the other) that contains three different
binding domains for distinct GTPases, and it sits at the intersection of three families of
signalling proteins that contain either an RGS domain, a GL domain(s) or an RBD domain(s).
Recent studies indicate that proteins containing GL domains (GL proteins) modulate
unconventional G protein signalling pathways and events that do not involve cell surface
GPCRs [15,17,18]. Much of the previous work on RGS14 focuses on its presumed role as an
RGS protein that modulates GPCR/G protein signalling. However, based on our findings here
and our understanding of other proteins that contain GL domains, we propose that RGS14 is
a newly appreciated integrator of unconventional G protein signalling and MAPKinase
signalling. Our reported findings provide the framework of a model to describe how these
functionally opposing domains work together to bind and modulate the functions of inactive
and active Ga, and Ras/Raf/MAP kinase signalling.

Our proposed model highlights the GL domain as the first point of contact between Ga and
RGS14, which differs from conventional models that highlight the RGS domain in this role
[2,4]. We envision RGS14 to function primarily as a GL protein that also contains an RGS
domain. We have proposed that RGS14 is complexed with subsets of Gia1l-GDP or Gia3-GDP
via its GL domain and these complexes are devoid of GBy [14]. Our findings presented here
are consistent with additional features of this model. We postulate that a non-receptor GEF
such as Ric8A and/or possibly others [17,31] stimulates nucleotide exchange and GTP binding
to Gia which, in turn, promotes dissociation of RGS14 because the GL domain does not bind
Go-GTP. This is consistent with our recent observation that Ric8A interacts with RGS14 to
promote Gial dissociation (C. Vellano et al, unpublished observation). Once free from Gial,
RGS14 is available to bind active H-Ras and Raf kinase to inhibit MAPKinase signalling, as
we show here. In this model, the lifetime of the RGS14-Ras/Raf complex is limited by the RGS
domain, which could restore Gia-GDP and promote reformation of Gia-GDP/GL-RGS14
complex, and consequential dissociation of Raf and H-Ras. Consistent with this idea, we find
that Gial and Raf-1 binding to RGS14 is mutually exclusive. An arrangement that incorporates
the RGS domain into the same protein restricts the RGS domain pairing to the Ga pre-selected
by the GL domain (Gial or Gia3). This configuration imparts spatially restricted RGS/Ga
selectivity and eliminates the necessity for intrinsic RGS/Ga selectivity. This is consistent with
our earlier observation that the RGS domain is a non-selective GAP for Gi/oa [10]. We
speculate that the RGS domain activity is regulated and unavailable as a GAP until the correct
conformation is achieved. Consistent with this idea, we observe that both the GL domain
[24] and the N-terminal region containing the RGS domain of RGS14 are phosphorylated (F.J.
Shu, D.P. Cowan et al, unpublished observation), which could be important mechanisms for
regulating these protein interactions.

Such a model exhibits many mechanistic parallels with established models of conventional
GPCR/Ga signalling (1) except that a non-receptor GEF substitutes for a GPCR and the GL
motif of RGS14 substitutes for GBy [23,31,32]. Of note, similar models have been proposed
for proteins known to regulate cell division (but unrelated to MAPkinase signalling) in lower
eukaryotes including worms and flies [32—-34]. However, distinct GL and RGS proteins are
thought to act in these systems whereas, in the case of RGS14 shown here, the RGS activity
is already built into the GL protein and pre-positioned nearby to terminate RGS14 inhibition
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of Ras/Raf signalling. While some components of the working model are speculative, most are
consistent with our observed findings and provide a framework for further experiments. Our
previous work shows that RGS14 can modulate conventional GPCR/Ga. (e.g. M2ChoR/Gia)
signalling in membranes, and the model presented here does not rule out a parallel role for
RGS14 in conventional GPCR/Ga signalling, as we have proposed [10,35]. RGS14 may serve
a (poorly understood) role in unconventional G protein signalling pathways involving non-
receptor (GPCR) GEFs alone, or these in concerted action with GPCRs.

RGS14’s closest relative, RGS12, also was shown to bind H-Ras and B-Raf to inhibit PDGF
Erk phosphorylation, though no Gio. regulation of this activity was reported. RGS12 inhibition
of PDGF signalling may be mediated by direct binding to the PDGF receptor [36] suggesting
that RGS14 and RGS12 serve distinct functions. Consistent with this idea, RGS14 and RGS12
share both overlapping and distinct sequence and predicted domains structures (63% identity;
70% similarity), and have very different patterns of subcellular distribution. RGS12 localizes
to punctate structures in the nucleus and cytosol [37,38], while RGS14 is distributed diffusely
throughout the cytosol where it shuttles in/out of the nucleus and also accumulates at
centrosomes and the plasma membrane with Gial/3 [11,28].

The exact mechanism by which RGS14 inhibits PDGF-stimulated MAPKinase signalling is
unclear. We propose that RGS14 could serve as a molecular scaffold that sequesters active H-
Ras and Raf from their signalling pathways to passively inhibit signalling. We favor this idea
which is consistent with our proposed model. Alternatively, RGS14 could directly alter H-Ras
or Raf-1 activity, perhaps by stimulating Ras GTPase activity and/or inhibiting Raf kinase
activity. H-Ras binds specifically to the R1 RBD, and previous work has shown that the RBD
domains of other proteins simply serve as binding sites for active Ras-GTP or Rap-GTP, but
do not directly alter GTP binding to or GTP hydrolysis activity of these GTPases [5,6].
Consistent with these reports, we previously showed the RGS14 failed to alter Rap GTP
binding/GTPase activity [10,24]. This would suggest that RGS14’s effect on MAPKinase
signalling is likely that of a passive scaffold that sequesters H-Ras and Raf. Alternatively
RGS14 may serve to redirect Ras/Raf kinase activity away from MEK/Erk towards a different
substrate and pathway. In this regard, RGS14 may act in a fashion similar to the well-described
scaffold 14:3:3, which also binds Raf kinases to passively modulate their signalling activity.
Further studies are required to determine if RGS14 redirects Raf kinase activity or if it competes
with 14:3:3 for Raf binding.

Our previous work has shown that RGS14 is most highly expressed in neurons of adult brain
[10], most notably within the hippocampus (Sarah E. Lee, et al, unpublished observation, and
also http://www.brain-map.org). GL proteins studied thus far have been shown to be important
for cell division, but also for neuronal development and synaptic plasticity in both lower and
higher eukaryotes [16,18]. Several studies have implicated a possible role for RGS14 in cell
division [28,39,40]. However, since RGS14 is highly enriched in mitotic incompetent neurons
of adult brain, it must serve functions distinct from (or in addition to) those relating to cell
division. Within hippocampal neurons, MAPKinase signalling pathways play a crucial role in
regulating various aspects of neuronal differentiation and synaptic plasticity [22]. It is possible
that RGS14 serves an important, though as yet poorly defined role in regulating these processes.
Other signalling proteins that share similar properties with RGS14 as scaffolds, GL proteins,
and/or as regulators of MAPkinase signalling have been shown to play important roles in
synaptic plasticity. For example, the mammalian partner of insceutable (mPins, aka LGN or
AGS5) protein and RGS14 both contain GL/GPR motifs, are modulated by Ric8A [31], and
are stabilized by Gia-GDP binding at the plasma membrane and centrosomes. In addition,
mPins/LGN/AGSS is reported to regulate opposing pulling forces during cell division of
mitotic competent non-neuronal cells [41]. However, mPins/LGN/AGSS5 also is expressed in
mitotic incompetent adult hippocampal neurons (as is RGS14) and is enriched in synaptic
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membranes where it associates with PSD-95 and MAGUK scaffolding proteins in a Gial-
dependent manner to influence their trafficking and NMDA receptor surface expression [42].
Of note, we observe here (Fig. 9) that Gial does not bind Raf-1, yet is capable of recruiting
this kinase to the plasma membrane along with RGS14, suggesting the involvement of a larger
multi-protein signalling complex like PSD-95 or MAGUK. This also is consistent with a recent
report showing that the FRMPD1 protein serves as a scaffold to regulate the subcellular
localization and interactions of the GPR/GL-protein AGS3 and Gia3 [43]. Other scaffolding
proteins play a key role in synaptic plasticity. Loss of Shank, a key scaffolding component of
the postsynaptic density (PSD) of hippocampal neurons, results in mice that exhibit smaller
dendritic spines, decreased synaptic transmission, but enhanced learning and memory [44].
Also, loss of the adaptor protein N-Shc/Shc-C, which directly links NMDA and BDNF-
receptors to MAPKinase signalling in hippocampal neurons, yields mice that exhibit enhanced
spatial learning and memory [45]. These reports support the idea that RGS14 may serve
functions complimentary to those of other scaffolding proteins in neuronal synaptic plasticity.

5. Conclusion

We report that RGS14 binds activated H-Ras and Raf-1 kinases, both independently and
together in cells. RGS14 inhibits PDGF stimulated MAPKinase activity in a H-Ras dependent
manner. This inhibition of signaling and Raf-1 binding to RGS14 is reversed by Gial,
suggesting that Gial binding and Raf-1 binding to RGS14 are mutually exclusive. Gial
expression in cells also recruits Raf-1 to the plasma membrane suggesting a larger Gi-regulated
signalling complex. Together, our findings here suggest that RGS14 serves as a newly
appreciated scaffold that integrate G protein and H-Ras/Raf/ MAP kinase signalling events.
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RGS

RBD
GPCR
MAPKkinase
GPR/GoLoco (GL)
GEF

GDI

GAP
NuMA
Ric-8A
AGS

PSD
NMDA
LGN

MAGUK
Frmpdl
BDNF
PDGF

EGF

GFP

CFP
SDS-PAGE

regulators of G protein signalling
Ras/Rap binding domain

G protein coupled receptor
Mitogen-activated protein kinases

G protein regulatory motif

guanine exchange factor

guanine nucleotide dissociation inhibitor
GTPase activating protein

nuclear mitotic apparatus protein
resistance to inhibitors of cholinesterase 8A
activator of G-protein signalling
postsynaptic density
N-methyl-D-aspartic acid

lateral geniculate nucleus, and Leu-Gly-Asn rich protein (aka mPINs

or AGS5)

membrane-associated guanylate kinase
FERM and PDZ domain containing 1
brain-derived growth factor
Platelet-derived growth factor
Epidermal growth factor

green fluorescent protein

cyan fluorescent protein

sodium dodecy!l sulfate polyacrylamide gel electrophoresis
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Figure 1. RGS14 binds and co-localizes with activated H-Ras in cells

(A) RGS14 co-immunoprecipitates (co-1P) with active H-Ras from HeLa cell lysates. HeLa
cells were co-transfected with Flag-tagged (Flag-RGS14) together with individual HA-tagged
H-Ras (HA-H-Ras) isoforms including the activated (G/V) mutant isoform, or the inactive (S/
N) mutant isoform, respectively. Whole-cell extracts were subjected to immunoprecipitation
followed by immunoblot with the indicated antibodies. Cell extracts transfected with individual
H-Ras isoforms alone were set as controls. The cell lysate shown in the lanes represent 5% of
the whole cell extracts used for IP. (B) RGS14 co-localizes with active H-Ras(GV), but not
inactive H-Ras(SN) on the plasma membrane. HeLa cells were transfected with HA-H-Ras,
RGS14-GFP or RGS14-GFP together with wild type HA-H-Ras, active HA-H-Ras(G/V) or
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inactive HA-H-Ras(S/N), respectively. After transfection, cells were fixed, and HA-H-Ras
isoforms were immunostained with Rhodamine-conjugated anti-HA antibody. Proteins were
visualized by confocal microscopy as described in Experimental Procedures. RGS14 was
detected by intrinsic fluorescence of GFP using confocal microscopy. Scale bars equal 10 pum.
Results are representative of at least three separate experiments for each condition.
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Figure 2. H-Ras binds the first (R1) RBD of RGS14

(A) Schematic diagram illustrating RGS14 constructs including point mutants of R333L within
the R1 RBD, and H406A within the R2 RBD, as described. (B) Disruption of the R1 RBD, but
not the R2 RBD, prevents H-Ras binding. HeLa cells were co-transfected with Flag-tagged
RGS14 (Flag-RGS14) mutants together with individual HA-tagged Ras (HA-H-Ras) isoforms
including the active (G/V) mutant or the inactive (S/N) mutant isoforms, respectively. Whole-
cell extracts were subjected to anti-Flag immunoprecipitation (IP) followed by immunoblot
with the indicated antibodies. The cell lysate shown in the lanes represent 5% of the whole cell
extracts used for IP. (C) Disruption of the R1 RBD, but not the R2 RBD, alters co-localization
of active H-Ras(GV) with RGS14 in HeL a cells. HelLa cells were co-transfected with HA-H-
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Ras(GV) and either the Flag-RGS14 R333L mutant or H406 mutant, constructs. After
transfection, cells were fixed, and HA-H-Ras isoforms were immunostained with anti-HA-
Rhodamine antibody as described. Flag-RGS14 was immunostained by anti-Flag rabbit
polyclonal antibody followed by FITC labeled goat anti-rabbit secondary antibody. Proteins
were visualized by confocal microscopy as described. Scale bars equal 10 pum. Results are
representative of at least three separate experiments for each condition.
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Figure 3. RGS14 binds Raf kinases

(A) Protein interaction trap (pull-down) assays to detect Raf complexed with purified RGS14.
Cell lysates expressing either HA-Raf-1 or HA-B-Raf were incubated with purified Trx-H6-
RGS14 and, following recovery by Ni-NTA, proteins were detected by anti-HA (Raf-1 or B-
Raf) or anti-His (RGS14) antibody, respectively. (B) RGS14 co-immunoprecipitates (IP) with
Raf kinases from cell lysates when expressed in cells. HeLa cells were co-transfected with
Flag-tagged (Flag-RGS14) together with individual HA-tagged Raf kinase (HA-Raf-1 or HA-
B-Raf) isoforms, respectively. Whole-cell extracts were subjected to immunoprecipitation
followed by immunoblot with the indicated antibodies. The cell lysate shown in the lanes
represents 5% of the whole cell extracts used for IP. (C) RGS14 and Raf kinases co-localize
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in the cytosol of cells. RGS14-GFP and Rafs (HA-Braf or HA-Raf-1) were co-transfected into
Hela cells. After transfection, cells were fixed, and Rafs were immunostained with anti-HA
antibody (Raf-1 or B-Raf) as described. RGS14-GFP was detected by autofluorescence.
Proteins were visualized by confocal microscopy as described. Scale bars equal 10 pm. Results
are representative of at least three separate experiments for each condition.
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Figure 4. The N-terminal regulatory region of Raf kinases binds to the RBD region of RGS14
(A) The RBD region of RGS14 is required for Raf binding. Schematic diagram illustrating
truncated Flag-RGS14 fragments used to co-immunoprecipitate with Raf kinases, as described
in Experimental Procedures. RGS14 RBD domains are required for Raf binding. For
immunoblots (below), HeLa cells were co-transfected with constructs expressing individual
truncated Flag-RGS14 fragments together with HA-tagged Raf constructs (HA-Raf-1 or HA-
B-Raf), respectively. Whole-cell extracts were subjected to immunoprecipitation followed by
immunoblot analysis with the indicated antibodies. Only RGS14 fragments containing the
RBD regions are able to bind either Raf-1 or B-Raf. Cell lysates shown in the lanes represent
5% of the whole cell extracts used for IP. (B) The N-terminal regulatory region of Raf-1 is
required for RGS14 binding. Schematic diagram illustrating full-length Raf-1 and a truncated
Raf-1 fragment missing the regulatory domains (CR1, CR2) but containing a functional kinase
domain. HeLa cell lysates containing either HA-Raf-1 or HAB- Raf were mixed with purified
Trx-H6-RGS14 and subjected to protein interaction trap assays (Ni- NTA pull-down).
Recovered proteins were subjected to immunoblot analysis with anti-Raf-1 antibody and anti-
Flag (to detect RGS14) antibody, respectively. Results are representative of at least three
separate experiments for each condition.
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Figure 5. H-Ras and Raf facilitate one another’s binding to RGS14 to form a heterotrimeric
complex

(A) RGS14 forms a heterotrimeric protein complex with Raf kinase and active H-Ras. HelLa
cells were co-transfected with Flag-RGS14 together with either HA-Raf-1 kinase or active H-
Ras(GV), or with both HA-Raf and HA-Ras(GV) together, respectively. Whole-cell extracts
were subjected to immunoprecipitation (IP) and recovered proteins detected by immunoblot
analysis using anti-HA antibodies to detect H-Ras(GV), anti-Raf-1 antibodies to detect Raf-1,
or with anti-Flag to detect RGS14. Cell lysates shown in the lower panel represent 5% of the
whole cell extracts used for IP. Results are representative of at least three separate experiments
with similar results. (B) H-Ras and Raf-1 facilitate one another’s binding to RGS14. HA-Raf-1,
HA-Ras(GV) and Flag-RGS14 were each expressed independently in different sets of HelLa
cells. The relative amounts of expressed protein were determined in each extract, and
appropriate volumes of extract containing equal amounts of expressed protein were mixed as
described in experimental procedures. Resulting protein complexes were subjected to

:Flag

IP
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immunoprecipitation with anti-Flag resin, followed by immunoblot analysis with the indicated

antibodies above. The cell lysates shown in the left lane represent 5% of the whole cell extracts
used for IP.
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Figure 6. RGS14 inhibits PDGF-stimulated p42/44 Erk (Erk1/2) phosphorylation in HelLa cells
HelLa cells expressing either empty vector (control) or a Flag-RGS14 construct were treated
with either with (A) PDGF-AB, 20 ng/ml; (B), EGF, 100 ng/ml; or (C) fetal calf serum, 20 %
final. Cells were treated for 10 min and compared to unstimulated cells as control. Protein
extracts (100 ug) were prepared and subjected to immunoblot analysis using anti-phosphoErk
p42/44 antibody (Erk1/2), anti-Flag (for RGS14) and anti-p-COP (loading control). Erk1/2
phosphorylation results from three to five separate experiments for each condition were
quantitated by densitometry analysis and the results pooled and averaged (+/— SEM), as
described in Experimental Procedures. Immunoblot results are shown from a single
representative experiment used for densitometry. Differences in control and stimulated
conditions were compared and subjected to statistical analysis (paired t-test). RGS14 inhibited
PDGF-stimulated Erk1/2 phosphorylation significantly (*P<0.01).
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Figure 7. RGS14 inhibition of PDGF-signaling depends on H-Ras binding and is reversed by Gial
(A) RGS14 inhibition of PDGF-signaling depends on H-Ras binding. HeLa cells transfected
with either empty vector (control), Flag-RGS14 or with the R333L mutant of Flag-RGS14
were stimulated with PDGF-AB (25 ng/ml) for 10 min. Phosphorylation of Erk1/2 in PDGF-
AB was detected in cell lysates by immunoblot analysis using the anti-phosphoErk42/44
antibody. Results from three separate experiments were quantified by densitometry analysis
and the pooled results averaged (+/— SEM) as described in Experimental Procedures.
Immunoblot results are shown from a single representative experiment used for densitometry.
Differences in unstimulated basal and stimulated conditions were compared and subjected to
statistical analysis (paired t-test). RGS14 significantly inhibited PDGF-stimulated Erk1/2
phosphorylation (*P<0.05) but RGS14(R333L) did not. (B) RGS14 inhibition of PDGF-
signalling is reversed by Gial. HeL a cells transfected with either empty vector (control), Flag-
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RGS14, Flag-RGS14 and Gial-EE together, or with Gial-EE alone, were stimulated with
PDGF-AB (25 ng/ml) for 10 min. Phosphorylation of Erk1/2 in PDGF-AB was detected in cell
lysates by immunoblot analysis using the anti-phosphoErk p42/44 antibody. Results from three
separate experiments were quantified by densitometry analysis and the pooled results averaged
(+/— SEM) as described in Experimental Procedures. Immunoblot results are shown from a
single representative experiment used for densitometry. Differences in unstimulated basal and
stimulated conditions were compared and subjected to statistical analysis (paired t-test).
RGS14 inhibition of PDGF-stimulated Erk1/2 phosphorylation was significantly reversed by
co-expression of Gial (*P<0.01), whereas Gial alone had no effect on PDGF signalling.
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Figure 8. Gial inhibits Raf kinase binding to RGS14
HelLa cells were transfected with HA-Raf-1 alone or in the presence of either Flag-RGS14,
Flag-RGS14 plus Gial-EE, RGS14 plus HA-H-Ras(GV) or Flag-RGS14 plus H-Ras(GV) and
Gial-EE. Cells were transfected as indicated by the labels above the lanes in the gel. Cell
extracts were prepared and subjected to anti-Flag immunoprecipitation (IP), and recovered
proteins were detected by immunoblot analysis using anti-HA (H-Ras and Raf-1), anti-EE
(Gial) or anti-Flag (RGS14). The cell lysates shown in the lanes represent 5% of the whole
cell extracts used for IP. Results are representative of at least three separate experiments for
each condition.
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Figure 9. Gial does not bind Raf kinases, but does recruit Raf kinases to the plasma membrane in

cells

(A) Gial does not bind Raf kinases. Purified His6-Gial was incubated with cell extracts
expressing either HA-Raf-1 or HA-B-Raf kinase. Samples were subjected to protein interaction
trap assays (Ni-NTA pull-down) and recovered proteins were detected by immunoblot analysis.
(B) Gial and Raf kinases co-localize at the plasma membrane. EE-tagged Gial, Raf-1 or B-
Raf were transfected into HeLa cells alone or Gial-EE and each Raf kinase were co-transfected
together. After transfection, cells were fixed, and Rafs were detected by immunostaining with
anti-HA antibody and Giol was detected using the anti-EE antibody, as described. (C) Gial
recruits RGS14 and Raf kinases to the plasma membrane. HeLa cells were transfected with

Cell Signal. Author manuscript; available in PMC 2011 March 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shuetal.

Page 27

RGS14-GFP, Gial-EE and either HA-Raf-1 or HA-B-Raf., respectively. Rafs and Gial were
detected as described above. RGS14-GFP was detected by autofluorescence of GFP. Proteins
were visualized by confocal microscopy as described. Scale bars equal 10um. Results are
representative of at least three separate experiments for each condition.
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