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Regulators of G protein Signaling (RGS) promote deactiva-
tion of heterotrimeric G proteins thus controlling the magni-
tude and kinetics of responses mediated by G protein-coupled
receptors (GPCR). In the nervous system, RGS7 and RGS9-2
play essential role in vision, reward processing, and movement
control. Both RGS7 and RGS9 -2 belong to the R7 subfamily of
RGS proteins that form macromolecular complexes with
R7-binding protein (R7BP). R7BP targets RGS proteins to the
plasma membrane and augments their GTPase-accelerating
protein (GAP) activity, ultimately accelerating deactivation of G
protein signaling. However, it remains unclear if R7BP serves
exclusively as a membrane anchoring subunit or further modu-
lates RGS proteins to increase their GAP activity. To directly
answer this question, we utilized a rapidly reversible chemically
induced protein dimerization system that enabled us to control
RGS localization independent from R7BP in living cells. To
monitor kinetics of Ga deactivation, we coupled this strategy
with measuring changes in the GAP activity by bioluminescence
resonance energy transfer-based assay in a cellular system con-
taining p-opioid receptor. This approach was used to correlate
changes in RGS localization and activity in the presence or
absence of R7BP. Strikingly, we observed that RGS activity is
augmented by membrane recruitment, in an orientation inde-
pendent manner with no additional contributions provided by
R7BP. These findings argue that the association of R7 RGS pro-
teins with the membrane environment provides a major direct
contribution to modulation of their GAP activity.

In the nervous system, signaling through transmembrane G
protein-coupled receptors (GPCRs)? plays a crucial role in a
number of fundamental processes including differentiation,
neurotransmission, and synaptic plasticity (1). Upon binding to
an extracellular ligand, GPCRs undergo a conformational
change that leads to activation of intracellular heterotrimeric
Gapyproteins. This process involves dissociation of G proteins
into GaGTP and GBy subunits freeing them for the interaction

* This work was supported by National Institutes of Health Grants DA036596
and DA026405 (to K. A. M.). The authors declare that they have no conflicts
of interest with the contents of this article. The content s solely the respon-
sibility of the authors and does not necessarily represent the official views
of the National Institutes of Health.

" To whom correspondence should be addressed: Dept. of Neuroscience, The
Scripps Research Inst. Florida, 130 Scripps Way, Jupiter, FL 33458. Tel.:
(561)-228-2770; Fax: (561)-228-2775; E-mail: kirill@scripps.edu.

2The abbreviations used are: GPCR, G protein-coupled receptor; GAP,
GTPase-activating protein; RGS, regulator of G protein signaling; R7BP,
R7-binding protein; MOR, u-opioid receptor.

SASBMB

MARCH 25,2016 +VOLUME 291+-NUMBER 13

with downstream effectors (2). The magnitude of the response
depends on the amount of time G proteins spend in their acti-
vated state. Therefore, timely deactivation of G proteins is cru-
cial for determining the overall extent of signaling.

Deactivation of G proteins is controlled by Regulators of G
protein signaling (RGS) proteins which act as GTPase-activat-
ing proteins (GAPs) accelerating the rate of GTP hydrolysis on
the Ga subunit thereby promoting return of G protein to its
inactive GaBy heterotrimeric state. It is currently well accepted
that the RGS-catalyzed G protein deactivation is essential for
determining timing, extent and sensitivity of G protein signal-
ing in a number of GPCR pathways (3, 4). Among more than 30
known RGS proteins in mammalian genomes, critical roles for
the signaling in the nervous system has been attributed to the
R7 family that includes RGS6, RGS7, RGS9, and RGS11. Two
members of the R7 family in particular, RGS7 and long splice
isoform of RGS9: RGS9-2, ensure timely Ga deactivation
required in key neuronal processes including vision, motor
control, reward behavior, and nociception (5). For example, the
broadly expressed RGS7 has been shown to play key role in
synaptic communication of ON-bipolar neurons in the retina
(6), regulation GABA neurotransmission in hippocampus (7),
and control of morphine reward through u-opioid receptor
(MOR) signaling in the nucleus accumbens (8). RGS9-2
expression is restricted to the striatum where it also regulates
signaling through MOR (9) and D2 dopamine receptors (10)
and is involved in reward signaling, motor control and neuro-
pathic pain (11-16).

Inneurons, the function of RGS7 and RGS9 -2 is regulated by
their association with several binding partners. Both RGS pro-
teins form an obligatory heterodimer with type 5 G protein
B-subunit (GB5), which facilitates their folding and provides
proteolytic stability (17-19). In addition, both RGS7/Gf5 and
RGS9-2/Gp5 form complexes with small palmitoylated pro-
tein R7-binding protein (R7BP), which plays essential role in
controlling their membrane localization and stability (20-25).
Another binding partner, the orphan receptor GPR158, is a
selective membrane anchor for RGS7, which is similarly critical
for RGS7 expression and membrane localization in the nervous
system (26, 27).

Targeting to the plasma membrane is a consistent theme in
regulation of RGS7/GB5 and RGS9-2/GB5 function. Both
RGS7/GB5 and RGS9-2/GP5 are largely cytoplasmic when
expressed in heterologous system (28 —31), although a fraction
of RGS7 has been shown to undergo palmitoylation thought to
promote its membrane localization (32, 33). The RGS7/GB5
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and RGS9 -2/GB5 complexes can be effectively recruited to the
plasma membrane via interaction with their substrate, acti-
vated Gao (33) or membrane anchors R7BP (20, 24) and
GPR158 (27). In the case of R7BP, this membrane recruitment
has been reported to result in augmentation of RGS9 -2 and
RGS7 GAP activity toward its substrates Gai and Gao, acceler-
ating termination of the G protein driven responses (21, 34).
The mechanism behind this stimulatory effect is unclear. On
the one hand, membrane recruitment of RGS proteins may
facilitate G protein deactivation by increasing the proximity to
of RGS proteins to their membrane-bound substrate Ga-GTP
(21,27, 34). On the other hand, R7BP has been also proposed to
act as an allosteric modulator of RGS proteins (35, 36). How-
ever, the impact of membrane association relative to possible
direct effects of R7BP is unknown.

In this study we examined the contribution of membrane
localization of RGS7 and RGS9 -2 in regulation of MOR recep-
tor signaling. We implemented a reversible-chemical dimeriza-
tion system to control RGS localization independent of binding
partners and evaluated real-time changes in GAP activity with
and without R7BP in live cells. Our results show that membrane
recruitment of RGS is sufficient for attaining the full potentia-
tion of their GAP activity. This finding suggests that augmen-
tation of RGS activity by R7BP may result from positioning R7
RGS proteins in the context of lipid environment.

Experimental Procedures

DNA Constructs—The cloning of R7BP, GB5S, and RGS9 -2
has been described (20, 28). RGS7 was obtained from Missouri
S&T c¢DNA Resource Center. The KRas membrane targeting
construct (37) as well as the BRET biosensors Venus155-239-
Gp1, Venusl-155-Gvy2, were provided by Nevin A. Lambert
(Medical College of Georgia, Augusta, GA) (38). Cloning of
masGRK3ctNluc reporter has been described (7). The In-Fu-
sion HD Cloning Kit (Clontech, Mountain View, CA) was used
to generate the following constructs used in this study (all in
pcDNA3.1): mSNAP,, RGS7-P2A-GR5, mCherry-RGS7-P2A-
G5, FKBP-mCherry-RGS7-P2A-GB5, mCherry-RGS7-FKBP-
P2A-GB5, RGS9-2-P2A-GB5, mCherry-RGS9-2-P2A-Gf35,
FKBP-mCherry-RGS9 -2-P2A-GB5, mCherry-RGS9—2-FKBP-
P2A-Gp5, sR7BP, sR7BP-FKBP, Venus-sR7BP-FKBP, and
Venus-R7BP. mCherry was cloned from pmCherry-N1 (Clon-
tech), SNAP, was cloned from pENTR4-SNAP, (provided by
Eric Campeau/Addgene plasmid # 29652), and FKBP was
cloned from Lyn-FKBP-FKBP-CFP (provided by Tobias
Meyer/Addgene plasmid # 20149). Detailed cloning strategies
and a list of primer sequences are available upon request.

Cell Culture—NG108 —15 cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum, sodium hypoxanthine
(0.1 mm), aminopterin (0.4 um), thymidine (16 uMm), penicillin
(100 units/ml), and streptomycin (100 ug/ml) at 37 °C in a 5%
CO, humidified incubator. Cells were transfected at ~80%
confluence in 35-mm plates using Lipofectamine PLUS (2.5 ul)
and LTX (4 pl) reagents for Bioluminescence Resonance
Energy Transfer assay as previously described with modifica-
tion (34). MOR, GaoA, Venus155-239-Gp1, Venusl-155-
Gv2, masGRK3ct-Nluc, and SNAP-KRas constructs were
transfected at a 1:2:1:1:1:1 ratio. Experiments using RGS7,
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RGS9-2, or R7BP constructs were used at a 1:0.5:1 ratio relative
to MOR. A total of 2.5 ug was transfected in each experiment
using an empty vector to normalize the total amount of plasmid
DNA. rCD1 and FK506 were purchased from Sirius Fine Chem-
icals (Bremen, Germany) and used at a final concentration of
1 pum.

Confocal Microscopy—Cells were grown on poly-L-lysine
coated coverslips, handled as stated above, fixed in a 4% para-
formaldehyde/2% glucose solution for 10 min at room temper-
ature, and mounted on slides with DAPI Fluoromount-G
(SouthernBiotech). Confocal images were obtained using a
Zeiss LSM 880 under a 20X objective (Carl Zeiss). DAPI and
mCherry channels were overlaid using Image] software.

Fast Kinetic BRET Assay—As we have previously described
(34), cells were detached in 5 mm EDTA in PBS at room tem-
perature, centrifuged at 750 X g for 5 min, and resuspended in
PBS containing 0.5 mMm MgCl, and 0.1% glucose. Approxi-
mately 75,000 cells were added to a 96-well plate followed by an
equal volume of Nano-Glo Luciferase Assay Substrate (Pro-
mega, Madison, WI). BRET measurements were recorded at
room temperature on a POLARstar Omega micro plate reader
(BMG Labtech, Cary, NC) utilizing two emission photomulti-
plier tubes enabling simultaneous detection of light from
masGRK3ct-Nluc (475 nm) and GB1y2-Venus (535 nm) with a
resolution of 50 milliseconds for every data point. BRET signal
was calculated as the ratio of raw 535 nm intensity divided by
the raw 475 nm intensity, which was then normalized by sub-
tracting the baseline BRET ratio prior to agonist application
and expressed as a percent of maximal BRET signal.

Western Blotting—Following BRET assay samples were cen-
trifuged and resuspended in PBS supplemented with 150 mm
NaCl, 1% Triton X-100, and Complete protease inhibitor mix-
ture (Roche, Indianapolis, IN). Cells were lysed by sonication,
centrifuged at 14,000 rpm for 20 min at 4 °C, and total protein
concentration of the supernatant was determined using the
Pierce 660 nm Protein Assay Reagent. Samples were dena-
tured in SDS/urea sample buffer, resolved on PAGEr Gold
Gels (Lonza, Basel, Switzerland), and transferred to PVDF
membranes for detection with the following primary anti-
bodies: sheep anti-RGS9-2 (20), rabbit anti-RGS7 (39),
rabbit anti-R7BP (40), mouse anti-GAPDH (Millipore;
AB2302). Species-specific HRP-conjugated secondary anti-
bodies and SuperSignal West Pico ECL (Pierce) was used to
capture the signal on film.

Statistical Analysis—Western blots were quantified using
Image] software. The relative expression of RGS was deter-
mined by subtracting the band density from cells only express-
ing endogenous RGS proteins. For each BRET experiment a
single exponential fit, 1/7 (s~ '), was obtained from the deacti-
vation phase of the curve. A kg, rate constant was determined
by subtracting the basal deactivation rate of cells only express-
ing endogenous RGS proteins. To compare GAP activity across
experiments, kg, values were then normalized to RGS expres-
sion from Western analysis and presented as kg ,p/€xpression
(s™"). A minimum of three biological replicates were performed
for each experiment.
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FIGURE 1. Reversible chemical dimerization system controls RGS/Gf5 subcellular localization on a minute timescale. A, NG108-15 cells were trans-
fected with mCherry-RGS7/GB5 and mCherry-RGS9-2/Gf35, which revealed that these proteins were predominantly in the cytosol. Co-transfection with R7BP
localized both RGS7/GB5 and RGS9-2/G5 to the plasma membrane. Localization of FKBP-mCherry-RGS/GB5 was also cytosolic. Co-transfection of FKBP-
mCherry-RGS/GB5 with R7BP localized the complex on the membrane and therefore recapitulated conditions of non FKBP-tagged RGS/G5. DAPI stain (blue)
was used to visualize the nucleus. B, schematic representation of the reversible chemically-induced dimerization system used to manipulate protein localiza-
tion. C, representative confocal imaging of living NG108-15 cells co-transfected with mSNAP; and FKBP-mCherry-RGS7/GB5 or FKBP-mCherry-RGS9-2/G35.
Time course reveals localization dynamics after addition of rCD1 and FK506. All treatments are at 1 um final concentration. D, quantitation was performed by
co-transfection with Venus-tagged membrane anchor (not shown) to compare percentage fluorescence intensity of mCherry-RGS co-localization with Venus.
(mean = S.E; n = 3 independent experiments. ¥, p < 0.05; Student’s paired t test).

Results

Real-time Reversible System for Rapid Membrane Recruit-
ment and Release of RGS/GB5 Complexes in Living Cells—
separate the contribution of protein-protein interactions from
the effects of changes in the subcellular localization we sought
to develop a system where we can measure RGS GAP activity as we
change its association with the plasma membrane. To achieve this,
we applied a recently described chemically induced dimerization
system that allows controlling protein-protein interactions by a set
of small molecule drugs in a rapid and completely reversible man-
ner (41). The system utilizes interaction between two proteins,
SNAP, and FKBP, which dimerize upon binding to a cell permea-
ble small molecule rCD1. This interaction is rapidly disrupted by
addition of a second small molecule FK506 that serves as a com-
petitive antagonist.

We positioned SNAP, to the plasma membrane, by append-
ing it to the C-terminal membrane-targeting domain of K-Ras,
which contains a polybasic cluster of amino acids followed by a
site for prenylation, calling the resulting construct mSNAP,.
The matching counterpart, FKBP was fused with the fluores-
cent protein mCherry and added to the N terminus of RGS7
and RGS9-2 (Fig. 1, A and B). When expressed in NG108-15
together with GB5 both FKBP-mCherry-RGS7 and FKBP-
mCherry-RGS9 -2 localized exclusively to the cytoplasm (Fig.
1A). This localization was no different than distribution of
RGS7/GB5 and RGS9-2/GB5 complexes tagged only with
SASBMB
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mCherry but not FKBP (Fig. 14) and matched previously
documented localization of these proteins in transfected cells
(28, 29, 31). Furthermore, FKBP-mCherry-RGS7 or FKBP-
mCherry-RGS9 -2 complexes with G35 retained their ability to
be completely recruited to the plasma membrane upon co-ex-
pression with R7BP (Fig. 14).

Co-expression of FKBP-mCherry-RGS7 or FKBP-mCherry-
RGS9 -2 with mSNAP, at the baseline untreated conditions did
not change their cytoplasmic localization (Fig. 1, B and C).
We next applied rCD1 to the cells co-expressing mSNAP;
with either FKBP-mCherry-RGS7 or FKBP-mCherry-RGS9 -2
while monitoring changes in protein localization (Fig. 1C). We
observed progressive recruitment of fluorescence to the plasma
membrane that resulted in ~90% membrane localization in 20
min (RGS7: 88.5% * 7.1, RGS9-2: 94.1% =* 5.9) and achieved
complete translocation after 30 min (RGS7: 98.3% * 4.2,
RGS9-2:96.1% = 5.1) (Fig. 1, Cand D). Conversely, addition of
FK506 caused extensive and rapid loss of the fluorescence from the
plasma membrane and its even redistribution in the cytosol, which
quantitatively matched basal conditions within 5 min (RGS7:
4.9% * 4.8, RGS9-2:6.2% * 5.2). Notably the translocation kinet-
ics were similar for both RGS7 and RGS9 -2 complexes and were
consistent with published applications of this dimerization system
(41-43) ultimately enabling us to modulate RGS localization in
living cells independent of native membrane anchors. In all subse-
quent experiments, we chose 30 min rCD1 and 5 min FK506 incu-
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FIGURE 2. Characterization of RGS/G35 subcellular localization on MOR-Gao signal transduction. A, schematic representation of the fast kinetic BRET
assay used to monitor G protein activation and deactivation in live cells. B, representative trace of BRET ratio demonstrating the RGS-dependent deactivation
of G proteins in this assay. A single exponential curve fit, 1/7, was obtained from the deactivation phase of the curve and plotted as a bar graph (mean * S.E.;
n = 3;% p<0.005;** p <0.001; Student’s paired t test). C, in cells co-transfected with FKBP-RGS7/G5, plot of deactivation phase of experiment shows kinetics
during basal conditions, addition of rCD1, and addition of rCD1 followed by FK506 treatment. D, deactivation kinetics in cells co-transfected with FKBP-RGS9 -
2/GP5. E-G, negligible effect of rCD1 and FK506 in the absence of FKBP-tagged proteins. H, RGS7 expression determined by Western blotting during basal (b),
30 min rCD1 treatment (r), and 30 min 1 um rCD1 followed by 5 min 1 um FK506 treatment (rf). |, RGS9 -2 expression determined by Western blotting during
basal (b), rCD1 (r), and rCD1 followed by FK506 (rf) treatment. J, kg ap quantification was calculated by subtracting FKBP-RGS7/Gf35 deactivation rate (1/7) from
the deactivation rate of cells expressing only endogenous RGS, which was then normalized to RGS7 expression levels obtained from Western blot analysis. This
was performed from basal, rCD1, and rCD1 followed by FK506 conditions. K, kg ap quantification for FKBP-RGS9-2/Gp5. Each BRET trace and Western blot is

from a single experiment representative of three independent experiments.

bation conditions to achieve complete translocation and reversal
of RGS localization back to the cytosol.

Direct Recruitment of RGS7 and RGS9-2 to the Plasma
Membrane Potentiates GAP Activity, in the Absence of Mem-
brane Anchors—To examine the impact of changes in subcel-
lular localization on the activity of RGS/GB5 complexes we
used a real-time Bioluminescence Resonance Energy Transfer
(BRET)-based assay to monitor kinetics of G protein deactiva-
tion in living cells while inducing and reversing recruitment of
RGS proteins on the membrane. In this assay (34, 38),
NG108 -15 cells are transfected with w-opioid receptor (MOR)
together with Gao, a preferred substrate of RGS7 and RGS9 -2,
and reporter constructs GBy-Venus, and GRK3ct-Nluc (Fig.
2A). Activation of MOR with agonist morphine, initiates signal-
ing during which Venus-tagged Gy interacts with the NLuc-
tagged effector GRK3ct, generating the BRET signal. Subse-
quent application of the antagonist naloxone leads to response
deactivation, which is rate limited by the GTP hydrolysis on the
Gao (34). Subsequent re-association of Gao-GDP with the GBy
quenches the BRET signal. RGS proteins speed up the rate of
GTP hydrolysis on the G subunits and thereby accelerate the
deactivation phase of the response. Consistent with this notion
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and our previous work (27, 34, 44), we observed that FKBP-
mCherry-RGS7 or FKBP-mCherry-RGS9 -2 co-expressed
with G35 significantly accelerated the deactivation phase of the
response (Fig. 2B). Thus, monitoring kinetics of the response
deactivation provides a convenient real-time measure of
changes in RGS catalytic activity toward Gao.

Using this system we evaluated the activity of FKBP-
mCherry-RGS7/GB5 or FKBP-mCherry-RGS9-2/GB5 pro-
teins co-expressed with the mSNAP; membrane recruiting
module at three time points: basal (cytosolic RGS/Gf5), 30 min
after rCD1 treatment (RGS/Gp5 recruited the plasma mem-
brane), and 5 min after the addition of FK506 (reversal of RGS/
Gp5 to the cytosol). Treatment with rCD1 substantially accel-
erated the deactivation kinetics of the response mediated by
FKBP-mCherry-RGS7/GB5, whereas application of FK506
completely reverted this activity back to basal levels (Fig. 2C).
Similar behavior was also observed with FKBP-mCherry-
RGS9-2/Gp5 (Fig. 2D). We next performed a series of controls
to validate this approach. We observed no effects of rCD1 or
FK506 on response deactivation kinetics when they were added
in the absence of RGS expression (Fig. 2E) or when wild-type
RGS7 or RGSY -2 were used instead of FKBP tagged constructs
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FIGURE 3. R7BP-mediated localization of RGS/G5 increases GAP activity. A, schematic representation of reversible chemically-induced dimerization
system where soluble R7BP contains the FKBP-binding partner (sR7BP-FKBP). B, visualization of R7BP reversible dimerization in NG108-15 cells co-transfected
with Venus-tagged sR7BP-FKBP and mSNAPf for comparison with cells transfected with Venus-tagged full-length R7BP. C, representative confocal images of
NG108-15 cells co-transfected with mSNAP; and mCherry-RGS7/GB5 or mCherry-RGS9-2/GB5 under basal, 30 min of rCD1 (1 um), and 30 min of rCD1 (1 um)
followed by 5 min of FK506 (1 um) treatment. DAPI stain (blue) was used to visualize the nucleus. D-G, cells were co-transfected with RGS7/GB5 or RGS9-2/GB5
in the presence of sR7BP-FKBP and WT-R7BP. BRET assay was performed and the deactivation phase during basal, rCD1, and rCD1 followed by FK506 treatment
was plotted. H-K, Western blot analysis was used to determine RGS expression level. L-M, kgp quantification was calculated as described above. Each BRET

trace and Western blot is from a single experiment representative of three independent experiments.

(Fig. 2, F and G). Western blot analysis further revealed that
rCD1 and FK506 did not impact RGS7 or RGS9 -2 expression
levels (Fig. 2, H and I). We next quantified RGS activity by
calculating kg ,p parameter that reports acceleration in Gao
deactivation kinetics induced by RGS proteins, following normal-
ization to protein expression levels. Comparison of kg , » revealed
that membrane rCD1 membrane recruitment similarly aug-
mented catalytic activity of both RGS7 and RGS9-2, to about
3-fold relative to baseline levels and the effect was completely
reversible by the FK506 (Fig. 2, / and K). Thus, direct recruitment
of RGS7 and RGS9 -2 enhances their GAP activity toward Gao.
R7BP-mediated Recruitment of RGS/GBS5 to the Plasma
Membrane Potentiates GAP Activity—Both RGS7 and RGS9 -2
can also be targeted to the plasma membrane by the association
with their membrane anchor R7BP and this binding has also
been reported to augment the GAP activity of the RGS proteins
(21, 34). Therefore, we next examined the impact of controlled
localization of RGS7 and RGS9 -2 via R7BP. To reversibly con-
trol its cellular localization, we made R7BP soluble by replacing
its constitutive membrane targeting sequence located at the C
terminus with FKBP resulting in a “soluble” R7BP construct
(sR7BP-FKBP) compatible with the chemical dimerization sys-
tem (Fig. 3A). To verify this approach cells were transfected
with an N-terminal Venus-tagged sR7BP-FKBP, which local-
ized in the cytosol (Fig. 3B). Membrane translocation kinetics
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and reversal following rCD1 and FK506 treatment were then
examined and found to be similar to FKBP-RGS experi-
ments. When co-expressed in mSNAP, containing cells with
mCherry-tagged RGS7/GB5 or RGS9-2/GB5, sSR7BP-FKBP
was able to translocate RGS to the plasma membrane within
30 min of rCD1 application followed by complete reversal to
the cytosol after 5 min of FK506 treatment (Fig. 3C), recapit-
ulating the behavior of RGS proteins in direct recruitment
experiments.

Importantly, the addition of rCD1 accelerated the Gao deac-
tivation kinetics of the response in the system containing
sR7BP-FKBP upon termination of MOR signaling (Fig. 3, D and
F). This effect was completely reversed after addition of FK506,
which released the R7BP-RGS complexes back to the cytosol.
In contrast, when the same experiment was performed with
wild-type R7BP, we saw no influence of rCD1 or FK506 on
deactivation kinetics (Fig. 3, E and G). The treatments had no
significant effect on the expression level of RGS proteins
(Fig. 3, H-K) as assessed by Western blotting. The relative
RGS content was used to normalize the data while calculat-
ing the kgp values (Fig. 3, L and M). Comparison of kgp
between treatments and conditions revealed that rCD1
increases the catalytic activity of both RGS7 and RGS9 -2
~3-fold and brings it to the level seen with wild-type R7BP.
These data indicate that that membrane targeting through
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FIGURE 4. Direct recruitment of RGS/G 35 to the membrane increases GAP activity which is not further potentiated by R7BP. A, schematic representation
of reversible chemically-induced dimerization system with FKBP-mCherry-RGS in the presence of sR7BP. B, cells were co-transfected with sR7BP and FKBP-
mCherry-RGS7/G5. BRET assay was performed and the deactivation phase during basal, rCD1, and rCD1 followed by FK506 treatment was plotted. C, Western
blot analysis was used to determine expression levels of RGS7 and R7BP. D, cells were co-transfected with sR7BP and FKBP-mCherry-RGS9-2/G5. BRET assay
was performed, and the deactivation phase during basal, rCD1, and rCD1 followed by FK506 treatment was plotted. E, Western blot analysis was used to
determine expression levels of RGS9-2 and R7BP. F-G, kg ap quantification was calculated for FKBP-RGS/G5 in the presence of sR7BP and plotted with kg p for
FKBP-RGS/GP5 in the absence of R7BP (data from Fig. 2). Dotted line shows maximum kg value observed in this system when higher amount of RGS were used

in the transfection. Each BRET trace and Western blot is from a single experiment representative of three independent experiments.

sR7BP-FKBP or wild type R7BP has the same impact on aug-
menting RGS/GB5 GAP activity.

The GAP Activity of RGS/GBS5 Localized on the Membrane Is
Not Further Potentiated by R7BP—To test whether interaction
with R7BP may lead to further potentiation of RGS/Gp5 activ-
ity, we studied the effect of soluble R7BP devoid of FKBP tag
(sR7BP) on the activity of FKBP-RGS/GB5 complexes before
and after their membrane recruitment to the membrane via
mSNAP, (Fig. 4A). Similar to prior experiments, treatment
with rCD1 accelerated the deactivation of the response cata-
lyzed by FKBP-mCherry-RGS7 and FKBP-mCherry-RGS9 -2
in the presence of sSR7BP (Fig. 4, B and D). Again, this effect was
completely reversible by the application of FK506. Western blot
analysis revealed that no changes in levels of RGS or sR7BP
were induced by treatments, and respective band density values
were used to normalize kg, values (Fig. 4, C and E). The result-
ing data were then plotted together with data from Fig. 2 to
compare the effect of FKBP-RGS/GB5S when bound or
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unbound to R7BP (Fig. 4, F and G). Analysis of these data
reveals that both baseline and membrane-potentiated GAP
activity of RGS7/GB5 and RGS9 -2/GB5 complexes are quan-
titatively identical regardless of R7BP presence. Additional
experiments with higher amounts of transfected RGS proteins
have revealed that observable kg, values do not reach satura-
tion under these conditions ruling out that R7BP fails to further
augment RGS activity due to the ceiling effect.
Membrane-mediated Increase in Catalytic Activity of RGS/
GBS Is Insensitive to their Orientation on the Plasma
Membrane—W e next examined the role of the RGS/G35 com-
plex orientation relative to the plasma membrane in facilitating
their catalytic activity. RGS/G5 proteins bind R7BP via their
N-terminal DEP domain. Thus by fusing FKBP to the N termi-
nus of RGS we mimicked the native orientation of the complex
during recruitment to the membrane. To understand the rele-
vance of this orientation to modulation of catalytic activity, we
next inverted the orientation of RGS/Gp5 at the plasma mem-
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and rCD1 followed by FK506 treatment was plotted for: B, mCherry-RGS7-FKBP/G5; C, mCherry-RGS7-FKBP/GPS5 in the presence of sR7BP; D, mCherry-RGS9 -
2-FKBP/G5; E, mCherry-RGS9-2-FKBP/Gf5 in the presence of sR7BP. F-I, Western blot analysis was used to determine expression levels of RGS and R7BP. J-K,
kap quantification was calculated as described above. Dotted line shows maximum kgp value observed in this system when higher amount of RGS were used

in the transfection. Each BRET trace and Western blot is from a single experiment representative of three independent experiments.

brane. This was achieved by fusing FKBP to the C terminus of
mCherry-tagged RGS7 and RGS9-2 (Fig. 5A4). Surprisingly,
addition of rCD1 accelerated deactivation kinetics in the pres-
ence of both mCherry-RGS7-FKBP and mCherry-RGS9 -2-
FKBP (Fig. 5, Band D). This effect was completely reversible by
FK506, indicating that it was caused by changes in protein local-
ization (Fig. 5, Cand E). Western blotting analysis did not reveal
any significant changes in protein expression levels (Fig. 5, F-I).
Analysis of the kg p values indicated significant enhancement
in catalytic activity of both RGS7 and RGS9 -2 upon membrane
recruitment. The changes in the activity were indistinguishable
between the absence and presence of sR7BP (Fig. 5, / and K)
indicating that R7BP had no effect on either baseline or mem-
brane-augmented activity of RGS complexes.

RGS GAP Activity Is Equivalently Potentiated by Membrane
Recruitment Regardless of Molecular Environment—Having
established the operational range within which the GAP
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activity of RGS proteins does not reach saturation, we sought
to directly compare the effects of various membrane recruit-
ment modes. This was achieved by normalizing the levels of
GAP activity to the maximal levels and comparing the result-
ing values across conditions (Fig. 6). This analysis reveals
that the activity of both RGS7 and RGS9 -2 complexes were
similarly potentiated by membrane recruitment by ~3-fold
from ~ 20-30% to 70 —80% relative to maximal activity lev-
els. Importantly, the GAP activity values on the membrane
reached the same values regardless of the mechanism of
recruitment, membrane orientation, and the identity of the
RGS complex. Furthermore, in each instance the potentia-
tion was fully reversible by the dissociation of the complexes
from the membrane. These data suggest that membrane
recruitment potentiates the activity of RGS/GB5 complexes
regardless of their orientation on the membrane or associa-
tion with R7BP.
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Discussion

In this study we found that RGS7 and RGS9 -2 association
with the plasma membrane is sufficient for increasing their cat-
alytic activity of deactivating Ga signaling. We first developed a
reversible chemically induced protein interaction scheme to
manipulate RGS subcellular localization on a minute timescale.
Using this system in combination with highly sensitive cell-
based BRET assay to measure RGS activity, we found that RGS
plasma membrane recruitment directly correlates with
increases in the GAP activity toward Gao in a signaling system
based on MOR. Curiously, addition of the R7BP did not result
in further potentiation of the GAP activity of R7 RGS com-
plexes. These results suggest R7BP serves purely as a membrane
targeting element that does not directly contribute to the GAP
activity of RGS/G5 complexes.

In general, GPCR signaling components are tightly inte-
grated with the plasma membrane to efficiently receive and
propagate external stimuli. GPCRs are transmembrane pro-
teins, the GaBy subunits are subject to post-translational lipid
modifications for membrane attachment, and many effector
molecules are either transmembrane (adenylate cyclases, GIRK
channels, etc.) or membrane associated (GRKs, Phospho-
lipases, etc.) proteins. Therefore, targeting RGS proteins to the
membrane is essential to regulate GPCR signaling. Although a
fraction of RGS7 has been reported to undergo palmitoylation
(32) or be recruited to the membrane through Gao (33), both
RGS7 and RGSY -2 are predominantly cytosolic proteins which
rely on membrane anchors for membrane recruitment (28 —
31). Thus, it appears natural that the activity of RGS proteins is
modulated by membrane-associated binding partners. RGS7 is
localized to the plasma membrane by direct binding to R7BP or
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GPR158 and in either case this has been shown to accelerate Ga
deactivation in transfected cells (27, 34). Similarly, RGS9-2 is tar-
geted to the membrane by association with R7BP, an event that
also accelerates G signal termination in transfected cells (34).

In the context of the membrane, several factors may play a
role in the regulation of RGS GAP activity. The placement of
RGS on the membrane where Ga is co-localized may augment
the activity of RGS proteins through increased likelihood for
interaction simply due to proximity. The membrane further
increases the frequency of collision between molecules by
restricting diffusion to a two-dimensional plane as opposed to a
three-dimensional cytosolic space. There are also biochemical
principles to consider. For example, different lipid modifica-
tions may result in a non-random distribution throughout the
membrane. This makes it plausible for palmitoylated R7BP to
exist in such lipid raft microdomains as other palmitoylated
proteins (i.e. Gao). Lipid raft compartmentalization may fur-
ther impact signaling due to G protein subunit diversity (16 G,
5 G, 12 Gy) providing hundreds of possible heterotrimeric
combinations (45, 46), each of which with a differing intrinsic
lipid modification footprint (i.e. Go is palmitoylated and myr-
istoylated whereas G+l is farnesylated) (47).

In addition to diffusional/proximity effects, membrane asso-
ciation is increasingly documented to impact the activity of the
signaling molecules by allosteric effects. Such mechanism
where the membrane acts directly as an allosteric modulator
over protein function was documented for RhoGEFs (48, 49)
whose catalytic activity is enhanced by tethering to phospho-
lipid vesicles and for phospholipase C-B (PLC-) whose ability
to hydrolyze phosphatidylinositol 4,5-bisphosphate requires
electrostatic displacement of the inhibitory “cap” by charged
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lipid heads of the membrane (50). Similarly, the results of our
study show that the primary role in modulating the activity of
RGS/GBR5 complexes belongs to the plasma membrane.
Although the exact mechanisms and structural basis of this
effect remain to be fully elucidated, we think that the lack of the
orientation effect suggests that the enhancement of RGS/Gf5
GARP activity toward Gao is likely achieved by passive proximity
mechanism rather than active membrane induced allosterism.

Apart from the effects of the membrane, the activity of RGS/
G5 complex have been suggested to be regulated allosterically
by interaction with their membrane-anchoring proteins. Retina
specific membrane anchor R9AP is capable of facilitating the
GAP activity of RGS11/GB5 toward Gao (51). Because RGS11/
G5 efficiently associates with the membranes independently
from R9AP binding, it was concluded that this potentiation
resulted from additional allosteric effects in the context of the
membrane. Outside of the membrane association, ROAP/
R7BP-like domain in orphan receptor GPR158 was shown to
facilitate GAP activity of RGS7 toward Gao in solution (26).
Because it was observed in a purified recombinant system, this
augmentation is also likely to result from allosteric affects
directly associated with RGS7/G5 binding to GPR158 frag-
ment. Allosterism was also implicated in the action of R7BP in
transfected cell system, where it facilitated complex formation
of RGS7/GB5 and RGS9-2/GB5 with the effector channel
GIRK (35). However, in that study the effects of R7BP on the
catalytic activity of RGS complexes were not assessed directly,
and hence the contribution of the membrane recruitment ver-
sus protein-protein interaction to the action of R7BP remained
unknown.

Surprisingly, our investigation concludes that association of
RGS7/GB5 and RGS9-2/GR5 with the plasma membrane is
sufficient to fully potentiate their catalytic activity. This obser-
vation is consistent with the lack of the functional effect pro-
duced by R7BP in solution when tested in recombinant system
with purified components (26), which indicates that just bind-
ing to R7BP does not alter GAP activity of RGS/Gf35 complexes.
Considering these results together, the most parsimonious
explanation of our findings is that the main role of R7BP in
regulating the activity of RGS complexes may be in bringing
them to the membrane environment, which in turn directly
potentiates the GAP activity by increasing the proximity of RGS
proteins to their substrates, activated Ga-GTP.

While the present study did not detect significant effects of
R7BP on the GAP activity of Gao, binding to R7BP has been
documented to result in conformational changes in RGS7/GB5
and that altering the dynamics of these changes affects the abil-
ity of RGS7/Gp5 to regulate signaling via M3 muscarinic recep-
tor (36). Thus it is possible that that R7BP still exerts allosteric
effects on RGS/GB5 complexes, which affect their interactions
with GPCRs instead of directly influencing the catalytic GAP
activity of the RGS domain.

In summary, our study highlights the importance of RGS
localization to the membrane in providing timely termination
of GPCR signaling. Regulation of the membrane association of
R7 RGS proteins with multiple binding partners and membrane
environment thus serves as a key event that can powerfully
shape cellular and behavioral responses to neurotransmitters.
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