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ABSTRACT: The R7 family of RGS proteins (RGS6, -7, -9, -11) is characterized by the presence of three
domains: DEP, GGL, and RGS. The RGS domain interacts with GR subunits and exhibits GAP activity.
The GGL domain permanently associates with Gâ5. The DEP domain interacts with the membrane
anchoring protein, R7BP. Here we provide evidence for a novel interaction within this complex: between
the DEP domain and Gâ5. GST fusion of the RGS7 DEP domain (GST-R7DEP) binds to both native and
recombinant Gâ5-RGS7, recombinant Gâγ complexes, and monomeric Gâ5 and Gâ1 subunits. Co-
immunoprecipitation and FRET assays supported the GST pull-down experiments. GST-R7DEP reduced
FRET between CFP-Gâ5 and YFP-RGS7, indicating that the DEP-Gâ5 interaction is dynamic. In transfected
cells, R7BP had no effect on the Gâ5/RGS7 pull down by GST-R7DEP. The DEP domain of RGS9 did
not bind to Gâ5. Substitution of RGS7 Glu-73 and Asp-74 for the corresponding Ser and Gly residues
(ED/SG mutation) of RGS9 diminished the DEP-Gâ5 interaction. In the absence of R7BP both the wild-
type RGS7 and the ED/SG mutant attenuated muscarinic M3 receptor-mediated Ca2+ mobilization. In the
presence of R7BP, wild-type RGS7 lost this inhibitory activity, whereas the ED/SG mutant remained
active. Taken together, our results are consistent with the following model. The Gâ5-RGS7 molecule can
exist in two conformations: “closed” and “open”, when the DEP domain and Gâ5 subunit either do or do
not interact. The closed conformation appears to be less active with respect to its effect on Gq-mediated
signaling than the open conformation.

G protein mediated signaling is a major mode of signal
transduction in eukaryotic cells. Binding of an agonist to a
heptahelical G protein coupled receptor (GPCR) activates
the heterotrimeric G protein by catalyzing the exchange of
GDP for GTP on the GR subunit. The activated G protein
modulates the activity of their downstream effectors until
GTP hydrolysis returns the G protein to the resting GDP-
bound state. Regulators of G protein signaling (RGS)1

constitute a diverse family of proteins which modulate this
signaling cascade in many ways (1, 2). They are best known
for their ability to accelerate GTP hydrolysis by GR subunits
(GAP activity), which results in rapid signal turnoff (2, 3).
All RGS proteins contain a canonical RGS box of about 120
amino acids, which is responsible for the association with
the GR subunit. Many members of the RGS family also
contain additional domains, which are responsible for the
diverse functions of these molecules and on the basis of
which RGSs are classified into subfamilies (2, 4, 5).

The RGS7 family of proteins (R7 family) is comprised of
RGS6, -7, -9, and -11, all of which contain the C-terminal
RGS box, a DEP (Dishevelled,Egl-10, Pleckstrin) domain

localized in the N-terminal part of the molecule, and a
centrally positioned GGL (G-gamma-like) domain. In both
vertebrates and invertebrates, members of this RGS family
have only been found in the nervous system (6, 7). It appears
that each family member is expressed in distinct regions of
rodent brain, with RGS7 being the most abundant and widely
distributed (8). The most extensively studied member of the
R7 family is RGS9, which is expressed as two splice
versions, RGS9-1, shown to regulate rod and cone pho-
totransduction (9-13), and RGS9-2, which regulates dopam-
ine and opioid signaling in basal ganglia (14, 15). In vitro
studies have demonstrated that mammalian R7 family
members possess GAP activity toward Gi/o but not Gq family
R subunits (16, 17). At the same time, RGS7 has been shown
to attenuate Gq-mediated Ca2+ mobilization in transfected
cells (18-21). In Caenorhabditis elegans, the R7 family
orthologues Egl-10 and Eat-16 regulate Go- and Gq-mediated
signaling, respectively (22).

A distinctive feature of R7 family RGS proteins is that
they exist as stably associated heterodimers with Gâ5; neither
R7 RGS proteins nor Gâ5 have been found apart from each
other in native tissues (20, 23, 24). Similar to the R7 family
RGSs, Gâ5 has been detected only in neuronal tissues and
cells (25-27). Gâ5-RGS association requires the presence
of the GGL domain, which binds with high affinity to Gâ5

but not to other Gâ subunits (28-30). While the functional
role of Gâ5 in the dimer is still not clear (27, 31, 32), it has
been established that Gâ5-RGS association is necessary for
the stabilization of the heterodimer against the proteolysis,
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both in reconstituted cellular systems and in animal models
(20, 33-35).

The DEP domain was identified through sequence analysis
of pleckstrin and was found to be common to many signaling
proteins such as Dishevelled and Egl-10. In these proteins,
the DEP domain consists of approximately 70-80 amino
acids. The functions of DEP domains are poorly understood
(36). Some sequence homology exists among the various
DEP domains, and key three-dimensional features, such as
the core ofR helices and theâ sheets, are predicted to be
similar on the basis of NMR studies of Dishevelled and
Pleckstrin DEP domains (37, 38). A cluster of basic residues
on a portion of the surface has been proposed to mediate
membrane localization, and a strong electric dipole created
by three charged residues on the surface of mouse Dishev-
elled (mDvl1) has been suggested as being responsible for
mediating protein-protein interactions (37). Perhaps the most
significant advance in understanding the role of the DEP
domain in the R7 family of RGS proteins has been the
discovery of membrane anchoring proteins R9AP and R7BP,
both of which bind to the R7 family DEP domains (39). It
was shown that, in addition to attaching RGS7 and RGS9
to the membranes, both R9AP and R7BP affect the regulation
of G protein signaling by these RGS protein complexes (40-
42). Another potential binding partner associated with RGS7
via the DEP domain is snapin, a protein associated with the
SNARE complex in neurons, which was identified in a yeast
two-hybrid screen with an N-terminal portion of RGS7 as
the bait (43). This finding is particularly intriguing because
R7BP and R9AP display weak similarity to SNARE proteins
(42).

In this study, we present an unexpected finding for both
the DEP domain and Gâ5: a direct interaction between the
DEP domain of RGS7 and G proteinâ subunits.

MATERIALS AND METHODS

Antibodies.Affinity-purified anti-peptide rabbit polyclonal
antibodies raised against RGS7, RGS9, Gâ5, and Gâ1 have
been described earlier (20). Antibody against GFP was from
Clontech, and anti-FLAG antibody was from Sigma.

Cloning of GST-DEP Constructs.The following constructs
were generated for bacterial expression and subsequent
purification.

(A) GST-R7DEP. Nucleotides 100-372 (corresponding to
amino acids 34-124 of bovine RGS7) were PCR amplified
from full-length RGS7 using the forward primer 5′-GGAAT-
TCATGCAAGATGAAAAAAACGGA-3 ′ and the reverse
primer 5′-GGAAGCTTTCAGTGATGGTGATGGTGAT-
GTTCCGGCTCCCAACAATTT-3′. This fragment was cloned
into the pGEX-KG vector linearized withEcoRI/HindIII. The
double mutation, E73S/D74G, was introduced using the
forward primer 5′-AAGAACTTAACCATAAGCGGAC-
CAGTGGAGGCACTC-3′ and the reverse primer 5′-GAGT-
GCCTCCACTGGTCCGCTTATGGTTAAGTTCTT-3′.

(B) GST-R9DEP. Nucleotides 163-456 (corresponding to
amino acids 20-117 of bovine RGS9) were amplified using
the forward primer 5′-GTGGAATTCTAATCGAGGCCCT-
TGTGAAGGAC-3′ and the reverse primer 5′-CACGTC-
GACTTCAGCCGGCCACTGCTGGG-3′. The purified DNA
fragment was cloned into the pGEX-KG vector atEcoRI
andSalI sites.

Purification of GST-DEP Constructs.GST fusion proteins
were expressed inEscherichia coliand purified on glu-
tathione beads using a standard protocol described earlier
(44). Briefly, 1 L bacterial cultures were grown to an OD600

of 1.0 at 37°C. Protein expression was induced with the
addition of 0.4 mM IPTG for 1.5-2 h at 30°C. Cells were
pelleted and stored at-70 °C until further use. Pellets were
resuspended in STE (100 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 1 mM EDTA) buffer containing DNase, lysozyme, 5
mM DTT, and protease inhibitors. The cell suspension was
briefly sonicated on ice. Sarkosyl (final concentration of
1.5%) and Triton X-100 (final concentration of 2%) were
added to the cell lysate accompanied by shaking at room
temperature for 1 h. Thereafter, the lysate was centrifuged
at 19000 rpm at 4°C for 30 min. The clarified lysate was
batch processed using GST-Sepharose 4B beads (GE) using
a standard batchwise procedure. After elution from the beads,
the proteins were concentrated using a Centricon filter
cartridge with a 10 kDa cutoff, desalted on Sephadex G-25
preequilibrated with buffer containing 100 mM Tris-HCl,
pH 8.0, 150 mM NaCl, and 15% glycerol, and stored frozen
in aliquots at-80 °C. The concentration of the frozen GST-
R7DEP protein stock was 2.5 mg/mL (∼65µM); the protein
precipitated at concentrations above 100µM. The purity of
GST fusions was verified by SDS-PAGE (protein degrada-
tion products constituted less than 10% of total), and the
concentration was determined using the Bio-Rad protein
assay kit using bovine serum albumin as a standard. The
amount of GST fusion proteins used in the pull-down assays
was also verified by SDS-PAGE with subsequent Coo-
massie staining (for example, see Figure 7B).

Constructs for Expression in Mammalian Cells. (A)
∆DEP-RGS7. RGS7 cDNA was cloned into the pcDNA3
vector atBamHI andNotI sites. A construct lacking the DEP
domain,∆DEP-RGS7, was generated using PCR mutagen-
esis for the removal of nucleotides 100-375 corresponding
to amino acids 34-125.

(B) RGS7249-469. This RGS7 construct, which lacks the
DEP domain and the linker region, was generated by PCR
amplification of nucleotides 745-1410 (corresponding to
amino acids 249-469) using the forward primer 5′-CCG-
GATCCACCATGGAAACTAAACCTCCCACA-3′ and the
reverse primer 5′-CCGCGGCCGCTTAATAAGACTGAAC-
GAGGCT-3′. The fragment was cloned into the pcDNA3
vector linearized withBamHI/NotI.

(C) YFP-R71-248. Nucleotides 1-744 (corresponding to
amino acids 1-248 of the full-length bovine RGS7) were
amplified using the forward primer 5′-CCAAGCTTATG-
CAAGATGAAAAAAACGGA-3 ′ and the reverse primer 5′-
CTGAAGCTTTGGTGTGGGTGTGTGGGTAG-3′. The frag-
ment was cloned into the pEYFP-N1 vector atHindIII and
SalI sites.

(D) Full-Length RGS7 ED/SG Mutant (RGS7ED/SG). RGS7
cDNA was cloned into the pcDNA3 vector atBamHI and
NotI sites. The double mutation E73S/D74G was introduced
using the same primers used for the GST-R7DEP double
mutation.

Cell Culture and Transfection.COS-7 cells were cultured
in Dulbecco’s minimum essential medium supplemented with
10% fetal bovine serum and penicillin/streptomycin. CHO-
K1 cells were cultured in F-12K nutrient mixture (Kaighn’s
modification; Gibco) with 10% fetal bovine serum and
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penicillin/streptomycin. Twenty-four hours prior to trans-
fection, the cells were plated to achieve a density of 0.8×
106-1.0 × 106 cells per 100 mm plate. Transfection was
carried out using lipofectamine 2000 (Invitrogen) as per the
manufacturer’s instructions. The DNA ratio of RGS7 to Gâ5
was maintained at 5:1, with a total of 8.0µg of DNA per
plate. LacZ DNA was used as a control to ensure that the
total DNA per plate used in the COS-7 cotransfection assays
remained constant. Forty-eight hours after transfection, cells
were washed with HBSS, harvested, and used for immuno-
precipitation and pull-down assays or were pelleted and
stored at-70 °C for use in FRET assays.

In Vitro Translation. To obtain35S-Met-labeled proteins,
the rabbit reticulocyte in vitro translation/transcription system
(Promega) was used according to the manufacturer’s instruc-
tions as described previously (29).

Preparation of Brain Homogenates.Mouse brains were
homogenized in lysis buffer (20 mM Tris-HCl, pH 7.5, 1
mM EDTA, 50 mM NaCl, 2 mMâ-mercaptoethanol) and
centrifuged at 50000g for 20 min at 4 °C. The pellet
containing the membranes was washed and resuspended in
the same buffer containing 1% sodium cholate. This suspen-
sion was left on ice for 30 min and then centrifuged at
50000g for 30 min, and the supernatant was used as the
membrane extract.

GST Pull Down.Glutathione-Sepharose 4B beads were
prewashed with PBS plus 0.1% CHAPS, incubated at 4°C
with purified recombinant GST or the GST fusion proteins
for 1 h, and washed three times with PBS plus 0.1% CHAPS
to remove excess protein. The slurry was incubated for 1-2
h at 4 °C on a rotary shaker with the various lysates as
determined by the experiment. At the end of the incubation,
the beads were settled by gravity, and the supernatant was
collected as the unbound fraction. The resin was extensively
washed and subsequently eluted with the addition of SDS-
containing sample loading buffer. In a typical assay, the
packed volume of the GST resin was 30µL, the amount of
loaded GST fusion protein was 10µg, and the volume of
the protein lysate was 300µL. The total protein concentration
in the brain or transfected cell lysates was 2.5-5.0 mg/mL.
The beads were washed three times with 600µL of PBS
plus 0.1% CHAPS buffer and eluted with 30µL of 2× SDS
sample loading buffer. The unbound and eluted fractions
were resolved by gel electrophoresis and analyzed by western
blotting. We found that the pull-down assays worked most
efficiently if the protein extracts from brain or transfected
cells were prepared using 1% cholate. Triton X-100 at 0.1%
nearly completely inhibited the pull down of Gâ5-RGS7
complexes by GST-R7DEP.

Immunoprecipitation from COS-7 Cell Lysates.Forty-eight
hours after transient transfection with the required constructs,
COS-7 cells were washed with HBSS and then harvested in
lysis buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2
mM MgSO4, 5% glycerol, and protease inhibitors). The
suspension was freeze-thawed, passed through a 19 gauge
needle, and incubated, with shaking, at 4°C for 1 h, and the
resulting lysate was centrifuged at 14000 rpm for 30 min.
The supernatant was incubated with protein A-Sepharose
that had been previously washed and bound to the RGS7
antibody, as described earlier (20). After 2-3 h of incubation
on a rotating platform at 4°C, beads were washed and eluted
with 2× SDS sample loading buffer. The unbound and

immunoprecipitated fractions were analyzed by western
blotting.

Confocal Microscopy. Twenty-four hours prior to trans-
fection, cells were plated to achieve a density of 1× 105

cells on 22 mm glass coverslips in a six-well plate.
Transfection was carried out using lipofectamine 2000
(Invitrogen) as per the manufacturer’s instructions. Following
the transfection, the coverslips were washed twice in PBS
and then fixed in 4% paraformaldehyde for 25 min at room
temperature. Coverslips were then rinsed with PBS, mounted
on slides for confocal microscopy, and imaged using a Zeiss
LSM 510 laser scanning confocal microscope.

FRET. FRET assays were performed with transiently
transfected COS-7 cell lysates. COS-7 cells were grown to
70% confluency and transfected in 100 mm plates. Cells were
harvested, and the lysates were obtained using the same
procedures as for immunoprecipitation and GST pull downs.
Protein assays were performed to determine the total protein
concentrations in the supernatants, which were then adjusted
with PBS to attain the same concentration (typically, 2 mg/
mL). We used two methods to study the effect of GST-
R7DEP on FRET within the YFP-RGS7 and CFP-Gâ5 fusion
proteins.

In the first method (see Figure 5), FRET between CFP-
and YFP-tagged proteins was determined as described in
detail earlier (21, 45). Briefly, the cell lysates were placed
in a 4 mL quartz cuvette in a photon counting spectrofluo-
rometer (PTI, Inc.), and the emission spectra were recorded
at room temperature with continuous mixing of the lysate
with a magnetic stirrer. CFP was excited at 433 nm (2-4
nm slit width, depending on the intensity of fluorescence
signal), and the spectra were obtained between 465 and 555
nm. The emission peak of YFP was observed at 524-525
nm. For each recording, three spectral scans were performed
to obtain the average, which was used in subsequent
calculations. The following spectra were recorded. First, the
spectra from the lysate containing both the CFP and YFP
fusion proteins, i.e., CFP-Gâ5 and YFP-RGS7, were mea-
sured. Second, fluorescence was measured from the lysate
expressing CFP-Gâ5/RGS7; this control provided us with
the measure of CFP fluorescence bleed-through into the YFP
emission channels. Third, fluorescence was measured from
lysate expressing YFP-RGS7 alone; this was an estimation
of the background excitation of YFP at 433 nm. The baseline
fluorescence of the cell lysate was determined using cells
containing no fluorescently tagged proteins. This “empty”
spectrum was subtracted from the spectra recorded from the
lysates containing the fluorescent proteins. Then, the “CFP-
only” and “YFP-only” spectra were subtracted from the “CFP
+ YFP” spectrum to detect the increase of YFP fluorescence
that occurred due to FRET. These differential spectra are
presented in Figure 4. As previously described (21, 45), in
order to correct for the difference between the YFP level in
different lysates containing the fusions, for example, CFP-
Gâ5/YFP-RGS7 and untagged Gâ5/YFP-RGS7, the amount
of YFP was determined by measuring the YFP emission
when it was excited at 465 nm at which there is maximal
YFP excitation. If there was a difference, it was factored
into the calculation of the difference between the spectra.

In the second method, we monitored the change in
fluorescence of CFP and YFP using only one cell lysate
containing both the donor and acceptor, CFP-Gâ5/YFP-
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RGS7. In this simplified assay, the contribution of CFP
bleed-through and background fluorescence were not deter-
mined, and therefore the actual FRET value was not
calculated. Rather, we determined the specific GST-R7DEP-
induced change in total fluorescence. The CFP-Gâ5/YFP-
RGS7 cell lysate was obtained from transfected COS-7 cells
and split in three 2 mL aliquots. GST-R7DEP or GST stocks
(65 µM) or the storage buffer was added, with constant
stirring, to the cuvette with the cell lysate. We excited the
lysate with 433 nm and scanned the emission between 450
and 550 nm using a JASCO FP-6500 spectrofluorotometer.
The instrument was programmed to record each spectrum
three times and obtain the average; the difference between
the individual spectras was less than 0.01% of the average.
The values at the peaks corresponding to the maximum of
CFP emission (490 nm) and YFP (525 nm) were logged in
as “total CFP fluorescence” and “total YFP fluorescence”,
respectively. We monitored the changes in these values upon
addition of GST-R7DEP, GST, or the storage buffer in which
the GST or GST-R7DEP stocks were prepared. To study
the dose dependence of this fluorescence change from added
GST-R7DEP, the stock solution was consecutively added
to the lysate in 50µL increments. GST stock or the buffer
was added in a similar manner to the control aliquots of the
lysate. Upon addition of each portion of the GST-R7DEP
or GST stock, the recorded fluorescence values dropped by
approximately 2.5% due to the dilution of the lysate. To
calculate the specific effect of GST-R7DEP, the CFP and
YFP fluorescence values determined upon addition of GST
(FGST) were subtracted from the values obtained with GST-
R7DEP (FDEP). The difference is positive for CFP and
negative for YFP. The difference betweenFGST and FDEP

was proportional to the GST-R7DEP concentration. The
effect of GST is identical to the effect of the buffer.

R7BP-Expressing Stable CHO-K1 Cells.A stable cell line
expressing R7BP (CHO-R7BP) was generated through clonal
selection on geneticin. Clones were analyzed by western blot,
and six were selected and characterized with respect to
recruitment of RGS7 to the membrane. The clone with the
highest R7BP expression was used in the experiments.

Ca2+ Mobilization Assay.CHO-K1 or CHO-R7BP cells
were transiently transfected, using a standard protocol (21),
with cDNAs for M3 muscarinic receptor, RGS7 and Gâ5,
or Lac Z, as required by the experiment. Transfected cells
were grown on coverslips and 48 h later were washed with
2% FBS in HBSS. Cells were the incubated in 2% FBS in
HBSS containing 1µM fura-2AM for 45 min at ambient
temperature in the dark. This was followed by a 30 min
incubation in Locke’s buffer to permit the deesterification
of fura-2AM. The coverslips were then secured in a flow
chamber and mounted on the stage of a Nikon TE2000
inverted fluorescence microscope. The cells were continu-
ously perfused with Locke’s buffer and stimulated with 100
µM carbachol in the same buffer. The images were collected
in real time every 2 s using a 20× UV objective lens and
recorded using Metafluor software. The excitation wave-
lengths were 340 and 380 nm, and the emission was set at
510 nm. Free Ca2+ concentration was determined from the
fluorescence measurements using the fura-2 Ca2+ imaging
calibration kit (Molecular Probes) according to manufactur-
er’s instructions.

RESULTS

The Recombinant DEP Domain of RGS7 Binds to NatiVe
Gâ5 and Gâ1 Complexes.To identify the potential binding
partners of the DEP domain of RGS7, we generated a GST
fusion construct containing the amino acids 34-124 of
bovine RGS7, termed GST-R7DEP or R7-DEP throughout
this study. Using glutathione-Sepharose coupled to this GST
fusion protein as an affinity matrix for the analysis of brain
extracts, we unexpectedly found that it retained native RGS7-
Gâ5 complexes (Figure 1A,B). Similarly, GST-R7DEP bound
to the Gâ5L-RGS9 complex solubilized from the preparations
of bovine photoreceptor outer segments (OS). The Gâ5-RGS
complexes from either source did not bind to the beads with
GST or the GST fusion of the putative DEP domain of RGS9
(amino acids 20-117), indicating that the interaction of Gâ5-

FIGURE 1: Interaction of the DEP domain of RGS7 with native
Gâ5-RGS complexes. GST fusions of the DEP domains of RGS7
or RGS9 (R7-DEP, R9-DEP) or GST were immobilized on
glutathione-Sepharose beads. The beads were incubated batchwise
with extracts from mouse brain or bovine photoreceptor outer
segments (OS), as described in Materials and Methods. After the
slurry was spun down and the unbound material was collected, the
resin was washed and eluted with SDS-PAGE sample buffer. The
unbound (U) and eluted (E) material was analyzed by western blot.
(A) Mouse brain or bovine OS extracts were subjected to pull down
with GST fusion of the RGS7 DEP domain, using GST as the
negative control. The fractions from the pull-down assay were
probed with the antibodies to RGS7 or RGS9, respectively. (B)
Mouse brain extract was subjected to pull down, and the fractions
were probed for the presence of Gâ subunits Gâ5 and Gâ1. (C)
DEP domains of RGS7 and RGS9 were compared in their ability
to bind Gâ5 complexes in brain and OS extracts. (D) The amount
of Gâ5-RGS7 bound to the GST-R7DEP beads was determined as
a fraction of total Gâ5-RGS7 in the brain extract. Gels were scanned
and analyzed with Scion software. To ensure that the amount of
Gâ5 loaded in the unbound and eluted lanes was within the linear
range of the film and scanner, material in the eluate was 5 times
more concentrated relative to the unbound (see Materials and
Methods for details). Data show the mean( standard deviation
from eight independent experiments.

6862 Biochemistry, Vol. 46, No. 23, 2007 Narayanan et al.



RGS complexes with GST-R7DEP was specific. The eluates
from GST-R7DEP beads did not contain any distinct proteins
detectable by Coomassie or silver stain (data not shown).
However, the antibody against Gâ1 revealed its presence in
the eluates from the GST-R7DEP beads (Figure 1B),
suggesting that the DEP domain cannot distinguish between
the Gâ subunit subtypes.

GST-R7DEP Interacts with Recombinant Gâ5 and Gâ1.
To determine which entities, Gâ, Gγ, or RGS, are responsible
for the interaction with the RGS7 DEP domain, we used
GST-R7DEP for the pull-down of recombinant Gâ5 and Gâ1

subunit complexes. Figure 2A shows that in vitro translated
Gâ5 specifically bound to the beads with GST-R7DEP but
not to the beads with GST. In contrast, other in vitro
translated proteins, such as GR subunits, GRi or GRq, did
not bind to GST-R7DEP under the same conditions. Similar
to in vitro translated Gâ5, Gâ subunits type 1 or 5 transiently
expressed in cultured COS-7 or HEK 293 cells also associ-
ated with the DEP domain of RGS7. Like their native
counterparts (Figure 1), these recombinant Gâ subunits did
not bind to GST or the DEP domain of RGS9, supporting
the specificity of the interaction with RGS7 DEP under these
conditions. Importantly, the interaction of either Gâ1 or Gâ5

with GST-R7DEP was unaffected by the presence of Gγ.
Although we cannot rule out that (a fraction of) the Gâ
subunits were associated with endogenous Gγ subunits
present in either the transfected cells or reticulocyte lysate,
this observation indicated that the Gâ is sufficient for
interaction with the DEP domain. To rule out the potential
contribution of any additional molecules present in the
cellular extracts or reticulocyte lysate, we used a purified
recombinant Gâ1γ2 complex (Figure 2C). We detected a
robust interaction of this Gâγ complex with the RGS7 DEP
domain. Taken together, these results indicate that the DEP

domain of RGS7 can directly bind to G proteinâ subunits,
apparently regardless of their subtype.

Effect of R7BP on Membrane Association of the Gâ5-RGS7
Dimer and Its Interaction with R7-DEP.We investigated the
effect of the recently discovered binding partner of the RGS7
DEP domain, R7BP, on the interaction between the DEP
domain and Gâ5; RGS7 and Gâ5 (wild type or YFP fusion)
were cotransfected with FLAG-tagged R7BP in either
transiently transfected COS-7 (data not shown) or stably
transfected R7BP-expressing CHO (CHO-R7BP) cells (Fig-
ure 3). Consistent with the original report (42), confocal
microscopy showed that R7BP promoted localization of the
RGS7 complex to the plasma membrane (Figure 3A).
Noteworthy, tagging the N-terminus of RGS7 with YFP did
not prevent the RGS7-R7BP interaction. Biochemical frac-
tionation of cell lysates (Figure 3B) confirmed that R7BP
partitioned primarily to the membrane. The endogenous Gâ1,
which we used as the membrane marker, was found only in
the membrane pellet, showing that the cytosolic fraction was

FIGURE 2: Interaction of the RGS7 DEP domain with recombinant
Gâ5 or Gâ1. (A) Gâ5 or the GR subunits GRi and GRq were
translated in vitro in the presence of [35S]methionine and subjected
to pull-down assay with the GST fusion of the RGS7 DEP domain
(R7-DEP). The unbound (U) and eluted (E) material was resolved
by SDS-PAGE, transferred to nitrocellulose, and detected by
autoradiography. (B) Left panel: Western blot (anti-Gâ5 antibody)
of the unbound (U) and eluted (E) fractions from the GST-R7DEP
pull down of the Gâ5γ2 complex transiently expressed in HEK 293
cells. Right panel: Pull down with the DEP domains of RGS7 and
RGS9 of the transiently expressed Gâ1γ2 complex; the fractions
were probed with anti-Gâ1 antibody. (C) The homogeneous
baculovirus-expressed Gâ1γ2 complex (2.5µL of 1 mg/mL stock)
was subjected to the pull down with GST-R7DEP, and the fractions
were analyzed by western blot using anti-Gâ1 antibody.

FIGURE 3: Effect of R7BP on the association of Gâ5-RGS7 with
cell membranes and GST-R7DEP. (A) YFP-RGS7 and Gâ5 were
transiently expressed in either control CHO-K1 cells or the CHO
cell line stably expressing FLAG-tagged R7BP (CHO-R7BP). The
cells were grown on glass coverslips, fixed, and visualized by laser
confocal microscopy to detect YFP fluorescence. Shown are typical
images from three independent transfection experiments. (B) CHO
cells were lysed by hypotonic shock and freeze-thawing, and the
lysate was centrifuged at 14000 rpm for 30 min to obtain membrane
(M) and cytosolic (soluble, S) fractions. The soluble fraction was
stored, and the pellet was resuspended in hypotonic buffer with
1% cholate. Lysate was vortexed vigorously and centrifuged at
14000 rpm for 20 min, and the supernatant was retained. These
fractions were analyzed by western blot with antibodies against
Gâ1, Gâ5, RGS7, and FLAG tag. (C) The membrane extract of the
CHO-R7BP cells cotransfected with Gâ5 and RGS7 was subjected
to the pull down with GST-R7DEP, and the fractions were analyzed
by western blot using antibodies against Gâ5, RGS7, and FLAG
tag.
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free of residual membranes. There was a clear increase in
the amount of RGS7 and Gâ5 in the membrane fraction
(Figure 3B) of CHO-R7BP compared to wild-type CHO
(CHO-K1) cells. However, a portion of Gâ5 and RGS7 was
still found in the soluble fraction in the presence of R7BP,
corroborating the presence of YFP fluorescence in the cytosol
(Figure 3A). Next, we subjected the detergent extract from
the membranes to the pull-down assay with GST-R7DEP
(Figure 3C). Our results were similar to those obtained with
the native tissues (Figure 1A,B). We also found that the GST-
R7DEP pull down of Gâ5-RGS7-R7BP was similar to the
pull down of the Gâ5-RGS7 dimer (Figure 4A). Therefore,
we further investigated the DEP-Gâ5 interaction using lysates
of cells transfected with only two cDNAs, Gâ5 and RGS7.

The Interaction between the RGS7 DEP Domain and Gâ5

Is Dynamic.Our data on brain and OS extracts suggested
that recombinant R7-DEP binds to the native Gâ5-RGS
complexes, which implied that the presence of the endo-
genous DEP domain could not completely prevent this
interaction. One of the mechanisms allowing this interaction
could be the competition of the exogenous GST-R7DEP with
the endogenous DEP domain for the same site on Gâ5. In
this scenario, the deletion of the intrinsic DEP domain should
enhance the association of R7-DEP with a DEP-less Gâ5-
RGS7 complex. To test this, we prepared two RGS7
constructs lacking the DEP domain:∆DEP-RGS7, which
lacks amino acids 34-125 (putative DEP domain), and
RGS7249-469, which lacks the first 248 amino acids encom-
passing the DEP domain along with the N-terminus and the
linker region (Figure 4). These constructs were transiently
expressed in COS-7 cells together with Gâ5, and the resulting
heterodimers were subjected to the pull-down assay using
GST-R7DEP. Our data showed that both DEP-less constructs
bound to GST-R7DEP much more efficiently than the full-
length RGS7-Gâ5 (Figure 4A). We explain the increased
efficiency of the pull down as resulting from the lack of
competition from the intrinsic DEP domain.

To confirm this conclusion, we used a reciprocal pull
down, where the DEP domain was soluble and the Gâ5-RGS
complexes were immobilized via an antibody against the
C-terminus of RGS7 (Figure 4C). In this alternative assay,
we utilized the N-terminal portion of RGS7 encompassing
the DEP domain and the linker region (amino acids 1-248)
fused to the C-terminus of yellow fluorescent protein, YFP-
R71-248. Fusion to YFP enabled detection of this construct
using an anti-GFP antibody. YFP-R71-248 was cotransfected
in COS-7 cells together with Gâ5 and either full-length
RGS7,∆DEP, or RGS7249-469. The cell lysates were immu-
noprecipitated with the antibody against the C-terminus of
RGS7, and the fractions were probed for the presence of
YFP-R71-248. We found that YFP-R71-248 was retained by
the protein A beads with anti-RGS7 antibody, showing that
the N-terminal portion of RGS7, apparently via the DEP
domain, can physically associate with the Gâ5-RGS7 dimers.
Furthermore, co-immunoprecipitation tended to be more
efficient with the DEP-less RGS7 constructs, supporting our
data from the GST pull-down experiments (Figure 4A).
Together, these results indicate that the exogenously added
DEP domain competes with the intrinsic DEP domain present
in full-length RGS7 for binding to Gâ5.

To permit the association of the exogenously added DEP
domain with Gâ5, the intramolecular interaction between the

intrinsic DEP and Gâ5 must be dynamic, permitting the
competition between the exogenous and endogenous DEP
domains. To investigate this hypothesis, we devised a
protein-protein binding assay based on fluorescence reso-
nance energy transfer (FRET). The advantage of this

FIGURE 4: Endogenous DEP domain reduces the interaction of
RGS7-Gâ5 dimers with the recombinant RGS7 DEP. (A) COS-7
cells were transfected with full-length RGS7,∆DEP-RGS7, and
RGS7249-469. The schematic drawings of these constructs depict
the approximate location of the DEP (diamond), GGL (gray
rectangle), and RGS (black rectangle) domains along the RGS7
polypeptide (black line). All of the constructs were cotransfected
together with Gâ5 cDNA to ensure their stability. Total cell lysates
were prepared 48 h posttransfection and incubated with GST-
R7DEP or GST bound to glutathione-Sepharose beads. Unbound
(U) and eluted (E) fractions were analyzed by SDS-PAGE and
detected after western blotting. The filters were first probed with
the antibody against RGS7, developed, and subsequently probed
with the antibody against Gâ5. Since each antibody detected a single
band and the antigens differed significantly in molecular weight,
stripping of the blots between the probing with the two antibodies
was not required. (B) The amount of the DEP-less Gâ5-RGS7
constructs bound to the GST-R7DEP beads was compared to that
of the full-length Gâ5-RGS7. Gels were scanned and analyzed with
Scion software as described in the legend to Figure 1D and in more
detail in Materials and Methods. Data show the mean( standard
deviation from three (DEP-less constructs) and four (full-length
RGS7) independent experiments. (C) As in (A), cells were
transfected with either RGS7,∆DEP-RGS7, or RGS7249-469

constructs together with Gâ5. In addition, the transfection mixture
contained the plasmid encoding the fusion of yellow fluorescent
protein (YFP) with the first 248 amino acids of RGS7, YFP-
RGS71-248. Cell lysates prepared as in (A) were subjected to
immunoprecipitation with an antibody against the C-terminus of
RGS7 bound to protein A-Sepharose. The unbound (U) and eluted
(E) fractions were analyzed by western blotting with anti-GFP
antibody to detect the YFP-RGS71-248 fusion protein.
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approach is that the interaction is detected in solution and
does not require trapping of the protein complex on a solid
phase and the required washes. In FRET, the energy from
the photoexcited fluorophore (“donor”) is transferred to the
acceptor fluorophore without emission, and the acceptor then
emits this energy at the longer wavelength. Since energy
transfer efficiency drops exponentially as the distance
between the fluorophores increases, FRET can be used to
study the physical interaction between a pair of fluorescently
tagged molecules. We employed the previously characterized
(21, 45) CFP-Gâ5 and YFP-RGS7 fusions as the FRET
energy donor and acceptor, respectively. No FRET was
registered between CFP-Gâ5 and YFP or YFP-RGS7 con-
structs and CFP (data not shown).

We reasoned that if the exogenously added GST-R7DEP
can compete with the intrinsic DEP domain in the pull-down
assay (Figure 4), one could expect it to do so in solution.
The dissociation between the intrinsic Gâ5 and DEP domain
within the Gâ5-RGS7 dimer might increase the distance
between CFP and YFP tags, leading to a possible reduction
in FRET. This was exactly what we observed: GST-R7DEP,
but not GST alone, decreased FRET (Figure 5A), pointing
to the dynamic nature of the DEP-Gâ5 association within

the Gâ5-RGS dimer. The FRET reduction did not exceed
15-20% of the total FRET signal.

Measuring FRET requires subtraction of CFP fluorescence
in the YFP emission channel (“bleed-through”) and of YFP
background fluorescence from the spectra obtained from
samples containing both CFP-Gâ5 and YFP-RGS7. There-
fore, additional spectra must be recorded from control cells
expressing only CFP-tagged and only YFP-tagged molecules.
The inherent variability of protein expression in transient
transfection made the calculations of FRET and comparison
of different experiments difficult. To circumvent these
technical problems, we used a simplified method based on
the measurements of changes intotal fluorescence in the
same COS-7 cell lysate, which contained full-length YFP-
RGS7 and CFP-Gâ5 (Figure 6). In this approach, the
background (nonspecific fluorescence of the cell lysate, CFP
bleed-through to the YFP channel, and the emission of 433
nm excited YFP) was not subtracted from the recorded
measurements, and so the bona fide FRET could not be
determined. However, there is no variability in this back-
ground because the measurements are performed on the same
lysate preparation. The very low “noise” in this method
allowed us to reliably detect the specific effect of GST-
R7DEP on fluorescence of the CFP-Gâ5/YFP-RGS7 com-
plex. For this purpose, we compared the changes in total
YFP and CFP fluorescence upon addition of the increasing
amounts of GST-R7DEP or GST (FDEP and FGST, respec-
tively). Consecutive additions of GST-R7DEP or GST
resulted in incremental dilutions of the lysate and corre-
sponding reduction of total fluorescence (Figure 6A,B). The
reduction detected in the presence of GST was identical to
that caused by addition of the buffer in which GST or GST-
R7DEP was prepared. This confirmed that, for both YFP
and CFP, the reduction ofFGST represented the dilution-
dependent drift of the baseline. The addition of GST-R7DEP
elicited a stronger reduction of YFP fluorescence compared
to GST: FDEP < FGST ) Fbuffer (Figure 6A). The difference
betweenFGST andFDEP is very small compared to the total
fluorescence, but it can be reliably detected because we use
identical aliquots of the same lysate for these measurements.
We think that the value ofFDEP is lower than the value of
FGST because of the reduction in the amount of energy YFP-
RGS7 receives from CFP-Gâ5. Importantly, the effect of
GST-R7DEP on fluorescence of the donor fluorophore, CFP-
Gâ5, was opposite to its effect on YFP:FDEP > FGST ) Fbuffer

(Figure 6B). The fact that the donor fluorescence increases
concurrently with the decrease of the acceptor fluorescence
strongly indicates that GST-R7DEP attenuates FRET be-
tween CFP-Gâ5 and YFP-RGS7 (Figure 6C). The fact that
the absolute value of drop in YFP fluorescence is higher
than the increase in CFP fluorescence is consistent with the
fact that YFP is a brighter emitter than CFP. The GST-
R7DEP-mediated FRET reduction was dose-dependent within
the range of concentrations of GST-R7DEP that we were
able to achieve (up to 10-5 M). The simplest interpretation
of these results is the competition of GST-R7DEP with the
endogenous DEP domain for the binding site on Gâ5.

The PutatiVe Binding Site for Gâ5 on the RGS7 DEP
Domain. An important step in the characterization of a
protein-protein interaction is the identification of the binding
site through generation of interaction-deficient mutants. The
design of an RGS7 DEP mutant incapable of Gâ5 binding

FIGURE 5: Fluorescence resonance energy transfer from CFP-Gâ5
to YFP-RGS7 is reduced by the GST fusion of the RGS7 DEP
domain. To measure FRET, COS-7 cells were transiently transfected
with plasmids encoding YFP-RGS7 and CFP-Gâ5. Control cells
were cotransfected with YFP-RGS7 together with untagged Gâ5
and with CFP-Gâ5 together with untagged RGS7. The lysates of
these cells were subjected to spectroscopic analysis, as described
in Materials and Methods. Shown are the resulting FRET spectra
obtained after subtraction of the YFP background fluorescence
during the CFP excitation and CFP bleed-through into the YFP
emission channel. (A) Right panel: GST-R7DEP (black symbols)
or buffer (open symbols) was added to the lysate prior to recording
of the spectra. Left panel: GST (black symbols) or buffer (white
symbols) was added to an aliquot of the same lysate. (B) Western
blot showing the expression of the fluorescent proteins in COS-7
lysate (15µg of total protein) that was used in these experiments.
(C) Our model: The drawing illustrates YFP fused to the N-
terminus of RGS7 and CFP fused to the N-terminus of Gâ5, which
form a strong FRET pair. This state represents the closed conforma-
tion of the Gâ5-RGS7 heterodimer. In the presence of GST-R7DEP
fusion (black circle depicts GST), the intrinsic DEP domain cannot
reassociate with Gâ5, but since the YFP fluorophore remains
sufficiently close to the CFP tag, FRET can still occur, albeit to a
lesser degree. This state represents the open conformation of the
Gâ5-RGS7 molecule.
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was aided by our finding that the DEP domain of RGS9 does
not bind to Gâ5. The alignment of DEP domains revealed
that the most striking difference in the distribution of charged
amino acids was the absence in RGS9 of the negative charge
at the position corresponding to Asp-74 in RGS7 (Figure
7A). A negatively charged amino acid is present at this
position in all R7 RGSs except RGS9 and even in the DEP
domains of Dishevelled, Rho1GEF, and RhoGAP. We
hypothesized that the negative charge is important for the

interaction with Gâ5 and replaced Glu-73 and Asp-74 of
RGS7 with Ser and Gly residues, which are present at the
corresponding positions in the DEP domain of RGS9. This
ED/SG mutant was expressed as a GST fusion inE. coli
and utilized in pull-down assays. The purity of the recom-
binant ED/SG mutant, GST-R7DEP, and GST-R9DEP was
confirmed by SDS-PAGE (Figure 7B). Extracts of mouse
brain and COS-7 cells expressing Gâ5 associated with RGS7
and RGS7249-469 were subjected to the pull down (Figure
7D). These experiments showed that there was at least a 10-
fold reduction in the amount of Gâ5 that was pulled down
by the ED/SG mutant relative to the wild-type DEP domain
of RGS7. The ED/SG mutant, however, retained the ability
to bind R7BP (Figure 7C), which showed that the overall
folding of the DEP domain was not compromised by the
mutation and that R7BP and the Gâ subunits likely associate
with two distinct surfaces of the DEP domain.

The Effect of the E73S/D74G Double Mutation (ED/SG)
on the Function of the Gâ5-RGS7-R7BP Complex.Previous
studies showed that the Gâ5-RGS7 complex can attenuate
Gq-mediated Ca2+ response to muscarinic M3 receptor

FIGURE 6: Dose-dependent effect of GST-R7DEP on the CFP-Gâ5/
YFP-RGS7 dimer. COS-7 cells were transiently transfected with
YFP fusion of full-length RGS7 (YFP-RGS7) and CFP-Gâ5. Three
2 mL aliquots of the cell lysate were analyzed using a fluorescence
spectrophotometer. To one portion of the lysate was added purified
GST-R7DEP (black diamonds), another aliquot was mixed with
GST (black squares), and the third aliquot was mixed with buffer
(white squares). The protein stocks (65µM) or buffer was added
to the quartz cuvette in 50µL increments with continuous stirring.
After each addition, total fluorescence values at the YFP maximum
(525 nm, shown in panel A) and CFP maximum (490 nm, panel
B) were determined; the excitation wavelength was set at 433 nm,
and the spectra were taken as described in Materials and Methods.
(A) Raw data showing a single representative experiment where
525 nm fluorescence is plotted against the concentration of GST
or GST-R7DEP in the mixture. Note that theY axis starts with
7500 arbitrary fluorescence units, and the specific effect of GST-
R7DEP is small. However, it is clearly discernible compared to
the effect of lysate dilution, which is seen as the stable decline of
the signal in the presence of buffer or GST. (B) Total 490 nm (CFP
emission maximum) fluorescence recorded in the same experiment;
raw data. (C) Summary of data from four independent experiments
(independent COS-7 cell transfections).Y axis: Data show the
difference between fluorescence recorded in the presence of GST-
R7DEP (FDEP) and fluorescence measured in the presence of GST
(FGST), FDEP - FGST (mean( standard deviation). Black symbols
designate YFP fluorescence; white, CFP. Note that theFDEP - FGST
difference is negative for YFP and positive for CFP. The lines
connecting the values represent a linear regression fit of the data
(r2 > 0.94 for both YFP and CFP).

FIGURE 7: Potential Gâ5 binding site on RGS7 DEP. (A) Amino
acid sequence alignment of putative DEP domains of R7 RGS
proteins. Multiple sequence alignment was generated by MAFFT
using an iterative refinement method and JTT200 scoring matrix
(61, 62) and ESPript 2.2 (63). Identical residues are shaded in red.
Conserved blocks of amino acids are represented as blue boxes.
Abbreviations: hu, human; bv, bovine; ce,C. elegans; sc,Saccha-
romyces cereVisiae. The arrow indicates the position of the two
acidic residues, Glu73 and Asp74, of RGS7 that were mutated. (B)
Commassie-stained gel illustrating the purity of the GST fusion
proteins: GST-R7DEP, GST-R9DEP, and the mutant of GST-
R7DEP (ED/SG), where amino acids Glu73 and Asp74 in RGS7
were substituted by Ser and Gly, respectively. Equal amounts of
these proteins were loaded on the glutathione beads in the
subsequent pull-down assays. (C) The ED/SG mutant was tested
for its ability to bind transiently expressed R7BP (FLAG antibody).
(D) Left panel: Representative experiment where the Gâ5-
RGS7249-469 complex was transiently expressed in COS-7 cells and
subjected to the pull down with the indicated GST fusion proteins.
The unbound (U) and eluted (E) fractions were analyzed by western
blot with the Gâ5 antibody. Right panels: Mouse brain extract was
subjected to the pull down, and the fractions were probed with either
anti-RGS7 or anti-Gâ5 antibodies.
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stimulation in transfected cells (20, 21). Here, we used this
assay to study the effect of the ED/SG mutation on the
function of full-length RGS7 protein (Figure 8). The
RGS7ED/SG mutant was transiently expressed together with
Gâ5 and the M3 receptor in CHO-K1 cells. To test the role
of R7BP, we used the CHO cell line stably expressing R7BP,
CHO-R7BP. The rationale behind using the stable R7BP
transfection was to limit the number of transiently transfected
cDNAs to three. Western blot analysis showed that, similar
to the wild-type RGS7, the RGS7ED/SGmutant was localized
to the membranes in the presence of R7BP, showing that
the ED/SG mutation did not affect the R7BP interaction with
the Gâ5-RGS7 dimer (Figure 8A). We then recorded the
changes in free Ca2+ concentration in response to carbachol

using the ratiometric dye, fura-2, in control CHO-K1 (data
not shown) and in the CHO-R7BP cells (Figure 8B). The
results of these recordings (Figure 8C) revealed two novel
effects. First, we found that R7BP prevented Gâ5-RGS7
from exerting its negative effect on the carbachol-induced
calcium mobilization. This negative effect of R7BP on Gâ5-
RGS7 in this Gq-mediated pathway contrasts with its positive
effect on Gâ5-RGS7 reconstituted with the Gi and GIRK
channel inXenopusoocytes (42). Second, we observed a
dramatic difference between the wild type and RGS7ED/SG

mutant (Figure 8C, black bars) in their ability to reduce the
amplitude of Ca2+ response in the presence of R7BP. In the
absence of R7BP, the mutant and wild-type RGS7 complexes
inhibited Ca2+ responses to a similar degree (Figure 8C, gray
bars). These results indicate that the inhibition of M3 receptor
signaling by the Gâ5-RGS7-R7BP complex occurs more
efficiently when the interaction between the DEP domain
and Gâ5 is reduced.

DISCUSSION

G proteinâ subunits exist as obligatory heterodimers with
Gγ subunits or, in the case of Gâ5, with Gγ-like (GGL)
domains of the R7 subfamily of RGS proteins. A hallmark
feature of Gâγ complexes is their ability to interact with a
large array of structurally diverse binding partners: GR
subunits, receptors, effectors, phosducins, etc. (for reviews,
see refs46-49). The key finding of this study is the novel
interaction involving Gâ subunits, an interaction with the
DEP domain of RGS7.

Specificity of the DEP Domain-Gâ Interaction. We
discovered the interaction of the DEP domain of RGS7 with
Gâ subunits through the utilization of a GST pull-down assay
(Figures 1 and 2). The results of this experiment met the
basic criteria of binding specificity, such as the lack of Gâ
retention on the beads with immobilized GST and the lack
of association of GST-R7DEP fusion with the bulk of the
proteins in the cellular lysates and with key molecules such
as GR subunits. The specificity of the GST-R7DEP pull
down with Gâ5 was corroborated by alternative assays such
as immunoprecipitation (Figure 4C) and FRET (Figures 5
and 6).

Despite the reasonably high homology between the DEP
domains of RGS7 and RGS9, the GST fusion of the RGS9
DEP domain did not bind to Gâ subunits under the same
conditions (Figure 1C). This finding supported the specificity
of the R7-DEP interaction with Gâ subunits even further
and provided us with the strategy to determine the structural
basis of the interaction. We focused on a particular conserved
aspartic acid, D74 in RGS7, because it was present in all
R7 RGS proteins and even in other proteins such as RhoGAP
and Dishevelled but is replaced with a serine residue in
RGS9. In RGS7, as well as RGS6, Egl-10, and Eat 16, this
conserved Asp is adjacent to a Glu residue, presumably
creating a significant negative charge. The substitution of
these two amino acids, Glu and Asp, with the corresponding
amino acids in RGS9 (Ser and Gly) was sufficient to
diminish the DEP-Gâ5 interaction, strongly indicating that
the negative charge is essential for binding Gâ5 (Figure 7C).
Importantly, this mutation did not affect binding of the DEP
domain to R7BP, indicating that the overall structure of the
molecule remained intact. We cannot yet conclude that E73/

FIGURE 8: Effect of the ED/SG mutation and R7BP on the function
of the Gâ5-RGS7 complex. The double mutation E73S/D74G was
introduced into the full-length RGS7 in the pcDNA3 plasmid. The
RGS7ED/SGmutant was transiently transfected, along with Gâ5 and
muscarinic M3 receptor cDNAs into wild-type CHO-K1 and CHO-
R7BP cells. (A) Western blot analysis showing the similar
distribution of the wild-type RGS7 and RGS7ED/SGmutant between
the membrane and cytosolic fractions of CHO-R7BP cells. (B)
Carbachol-induced Ca2+ transients in CHO-R7BP cells. Cells were
transfected with M3 receptor, Gâ5, and either wild-type RGS7 or
the RGS7ED/SG mutant. Cells were plated on glass coverslips and
loaded with fura-2, and fluorescence was recorded in real time as
described in Materials and Methods. The application of 100µM
carbachol (Cch) is denoted with the black bar. Shown are
representative traces from single cells. (C) The mean amplitude(
SD of the Ca2+ responses from five independent experiments. In
each experiment, traces were recorded from 20 randomly selected
carbachol-responding cells. The determined average response was
expressed as the percent value compared to the average response
of cells transfected only with M3 receptor (in the absence of RGS7,
Gâ5, and R7BP), which was set as 100% response. Black bars
represent CHO-R7BP cells. Gray bars represent CHO-K1 cells.
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D74 of RGS7 constitutes the bona fide binding site for Gâ5.
However, considering the location of these residues in the
currently available NMR structure for a similar DEP domain
(37), this appears to be a reasonable prediction.

Since the monomeric Gâ5 subunit can bind to GST-R7DEP
(Figure 2), the binding site for the DEP domain is likely to
be present on the Gâ chain rather than within the GGL
domain. Since Gâ1 and Gâ5 subunits were similar in their
binding to the RGS7 DEP domain, it is likely that the binding
site is located in a conserved region of Gâ. Further structural
studies will be required to find out if there are additional
binding sites for the DEP domain within other parts of the
RGS7 molecule.

The fusion of the DEP- and GGL-encoding genes, which
evidently occurred during the evolution, caused Gâ5 to be
permanently tethered to the DEP domain via the linker
region. In this study we focused on the hypothesis that this
Gâ-R7DEP interaction represents the intramolecular associa-
tion between the Gâ5 subunit and the DEP domain. Indeed,
it appears that, unless an additional mechanism can reduce
the DEP-Gâ5 binding affinity, the interaction between the
intrinsic entities would be favored over the interaction with
a competing free Gâγ. However, at this point we do not
rule out that the DEP domain of RGS7 or other DEP domains
can interact with canonical Gâγ subunit complexes origi-
nating from the activated G proteins.

Possible “Open” and “Closed” Conformations of the Gâ5-
RGS7 Complex.Canonical Gâ subunits (types 1-4) are
involved in two kinds of protein-protein interactions: the
permanent association with Gγ and dynamic interactions
involving Gâγ subunits. The association with the cognate
Gγ subunits occurs cotranslationally and is essential for
stability of both Gâ and Gγ molecules (50-52). According
to the crystal structures of Gâγ dimers, there are numerous
points of direct contact between theâ and γ chains, and
accordingly, they dissociate only under denaturing conditions.
Compared to the Gâ-Gγ association, interactions of Gâγ
complexes with GR, effectors, and other binding partners
have a relatively low affinity, and they are dynamically
regulated by the signaling events in the G protein pathway.

Gâ5 is permanently associated with GGL domains, which
is crucial for the stability of the Gâ5 and RGS subunits.
Several studies have shown that, in vitro, Gâ5 can associate
with Gγ, and these Gâ5-Gγ complexes can interact with GR
subunits and effectors (25, 53, 54). Although available
evidence argues against the existence of Gâ5-Gγ complexes
in vivo, these experiments indicated that, like other Gâ
subunits, Gâ5 is able to participate in dynamic interactions
with other signaling proteins. However, physiologically
relevant binding partners of the Gâ5-GGL module of the Gâ5-
RGS dimers have not been found. In this paper, we have
identified the DEP domain of RGS7 as a binding partner of
Gâ5. The pull down of the full-length RGS7-Gâ5 complex
by GST-R7DEP (Figures 1-3), the enhanced binding of the
DEP-less RGS7 constructs (Figure 4), and FRET (Figures 5
and 6) all indicate that the endogenous DEP domain can be
displaced from Gâ5/GGL. We think that these results can
be best explained by the following model: in contrast to
the permanent Gâ5-GGL interaction, the interaction between
Gâ5 and the DEP domain is dynamic in nature, and the Gâ5-
RGS7 complex can exist in (at least) two distinct conforma-
tions, open, when the DEP domain does not make contact

with Gâ5, and closed, when the DEP domain is in physical
contact with Gâ5.

Importantly, the fact that native Gâ5-RGS7 and Gâ5-RGS9
complexes do interact with GST-R7DEP indicates that the
open conformation exists in situ. According to the estimates
based on the quantification of the pull-down data, this
fraction does not exceed 5-10% of the total Gâ5-RGS7
amount (Figure 1D). However, because this pool appears to
represent the “active” state of the RGS7 complex, it is likely
to be significant. Supporting the idea that the RGS7 complex
can exist in more than one form, Hepler and colleagues found
that brain membrane RGS7 could be separated into two pools
distinct in detergent solubility (55). It is tempting to speculate
that the distinct native pools of the Gâ5-RGS7 complex,
identified by the Hepler group and in our current study, may
participate in different signaling pathways, depending on the
localization and the conformational state of the complex.

Potential Role of the Gâ5-DEP Interaction.To explore
the significance of the DEP-Gâ5 interaction, we mutated the
putative Gâ5 binding site on the RGS7 DEP domain and
tested the functional activities of the resulting Gâ5-RGS7
and Gâ5-RGS7-R7BP complexes (Figure 8). Our results
showed that, like wild-type RGS7, the RGS7ED/SG mutant
attenuated M3 receptor-induced Ca2+ mobilization. However,
the mutant retained its activity in the presence of R7BP,
whereas R7BP abolished the activity of the wild-type RGS7.
This allowed us to infer that when Gâ5 and DEP are
dissociated, Gâ5-RGS7 is more active with respect to
inhibition of Gq-mediated signaling. When Gâ5 and DEP
domains interact, the molecule assumes the closed conforma-
tion, which is less active toward Gq-mediated signaling.
Testing this hypothesis will require further investigation.

In addition to the regulation of RGS7-mediated effects on
G protein signaling, the DEP-Gâ5 interaction may play other
role(s). It was previously found that the N- and C-terminal
fragments of Egl-10, aC. elegansorthologue of RGS7,
complemented each other in mimicking the functional
activity of Egl-10 (56). Egl-10 negatively regulates Go-
mediated signaling in the worm, whereas a similar RGS
protein, Eat-16, regulates the Gq-mediated pathway. The
severed C-terminal portion of Egl-10 could regulate either
Go- or Gq-mediated signaling. Thus, the N-terminus of Egl-
10 determines the selectivity of the RGS complex to the
specific G protein pathway. The direct interaction between
the DEP domain and Gâ5 identified in our current study may
explain the complementation results inC. elegans. It is
reasonable to expect that in mammals the DEP-Gâ5 interac-
tion also contributes to the specificity of receptor-effector
coupling. Another possibility is that the DEP-Gâ5 interaction
plays a role in other intriguing phenomena whose signifi-
cance is currently not understood: the nuclear localization
of Gâ5-RGS7 (42, 57, 58) and the potential relationship
between Gâ5-R7 and SNARE complex (43). Since Gâ5

localizes to the nucleus when reconstituted with RGS7 but
not Gγ (58), it is possible that the Gâ5-DEP, rather than the
Gâ5-GGL, interaction is essential for nuclear targeting. The
recently discovered interaction of Gâγ with SNARE com-
plexes (59, 60) hints at the influence that Gâ5 may have on
the interaction of DEP with snapin or R7BP, which itself
slightly resembles SNARE proteins (42). Such an effect of
Gâ5 could play a role in neuronal vesicular trafficking and
fusion.

6868 Biochemistry, Vol. 46, No. 23, 2007 Narayanan et al.



The intradomain interaction identified in this study high-
lights the apparent advantage of modular molecules such as
the R7 family of RGSs. Compared to diffusion, which may
limit the rate of interactions involving simpler molecules like
RGS4, the multidomain architecture permits coordination and
acceleration of signaling events. Experiments presented in
this paper show that, not unlike the G proteins themselves,
the Gâ5-R7 complexes may be “breathing” molecules, which
undergo conformational changes that alter their functional
activity.
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