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Interactions of cytosolic G protein coupled receptor kinase 2 (GRK2) with activated G protein coupled
receptors (GPCRs) induce receptor phosphorylation and desensitization. GRK2 is recruited to active M3muscarinic receptors (M3R) with the participation of the receptor, Gaq and Gbg. Since we have shown
that signaling efﬁcacy of Gbg is governed by its Gg subtype identity, the present study examined whether
recruitment of GRK2 to M3R is also Gg subtype dependent. To capture the dynamics of GRK2recruitment concurrently with GPCR-G protein activation, we employed live cell confocal imaging and
a novel assay based on Gbg translocation. Data show that M3R activation-induced GRK2 recruitment is
Gg subtype dependent in which Gbg dimers with low PM-afﬁnity Gg9 exhibited a two-fold higher GRK2recruitment compared to high PM afﬁnity Gg3 expressing cells. Since 12-mammalian Gg types exhibit a
cell and tissue speciﬁc expressions and the PM-afﬁnity of a Gg is linked to its subtype identity, our results
indicate a mechanism by which Gg proﬁle of a cell controls GRK2 signaling and GPCR desensitization.
© 2018 Elsevier Inc. All rights reserved.
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1. Introduction
Activated GPCRs control the majority of cellular functions by
modulating effectors including phospholipase Cb (PLCb), ion
channels, Rho family guanine nucleotide exchange factors through
the release of active Ga (GaGTP) and Gbg [1]. Therefore, GPCR activities are highly regulated to prevent to excessive signaling and
GRKs are key players in this process. GRKs interact and phosphorylate active GPCRs [2,3]. Subsequent binding of b-arrestin to the
GPCRs facilitate clathrin-coated endocytosis of GPCRs [4]. Internalized GPCRs are either re-sensitized and transported back to
plasma membrane (PM) or degraded in endosomes and lysosomes,
respectively [5].
There are seven mammalian GRKs, GRK1-7. They are grouped
into three subfamilies: GRK1 and 7 are visual, GRK2 and 3 are in badrenergic, while GRK4, 5 and 6 represents the third subfamily [6].
Among them, GRK2, 3, 5 and 6 are ubiquitously expressed and
recruitment of GRK2 and 3 to GPCRs on PM (GRK-recruitment) is
governed by Gaq, Gbg and phosphatidylinositol 4,5-bisphosphate
[2,7,8]. Furthermore, recent evidences show that in addition to
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GPCRs, GRK phosphorylates a signiﬁcant number of non-GPCR
targets and regulate functions including cell cycle progression
and cell migration [2,9]. Therefore, GRK2 is been considered a
promising therapeutic target for many pathological conditions
including cardiac diseases [10]. GRKs, by virtue of their regulatory
nature, possess a multi-domain structure. GRK2 shares a ~270
amino acid (aa) central catalytic protein kinase domain ﬂanked by,
(i) a C-terminal pleckstrin homology (PH) domain containing a Gbg
binding site with a variable-length (~105e230 aa) [11], and (ii) a
~185 aa regulator of G protein signaling (RGS) homology (RH)
domain at the amino terminus (Nt) with a putative Gaq/11 interface
and a second Gbg binding site [12,13].
Using M3Rs and mutants of GRK2, requirement of Gbg for
GRK2-recruitment to M3R has been demonstrated [8]. Our recent
work shows that Gg subunit of Gbg plays a key role in determining
efﬁcacy of Gbg signaling since Gg tunes Gbg-PM interactions in a
Gg subtype dependent manner [14]. Previous studies demonstrated
that Gbg translocate from the PM to internal membranes (IMs) with
distinct rates based on their Ct properties of Gg subtypes [15]. We
also showed that both prenylation-type and properties of 5e6
residue pre-CaaX region of Gg determine the PM-afﬁnity of Gbg
[14]. Farnesylated Gg subunits (g1, 9 and 11) consist less hydrophobic and less positively charged pre-CaaX regions, while geranylgeranylated Gg subunits (all except g1, 9 and 11) contain
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hydrophobic and positively charged pre-CaaX regions. Low PMafﬁnity results farnesylated Gg types to detach from PM and
translocate to IMs faster than geranylgeranylated Gg types. Distinct
translocation rates and extents observed for Gg1-13 upon GPCR
activation indicate diverse membrane afﬁnities of Gbg [14e16]. We
demonstrated that Gg3 expressing cells (Gg3-cells) induce a robust
activation of Gbg effectors; PI3K and PLCb, while Gg9-cells elicit
attenuated activities [14]. Macrophages with endogenous Gg3
exhibited enhanced migrations in response to chemokine pathway
activation, while Gg9 expression attenuated this migration.
Therefore, considering that Gg regulates Gbg signaling activity and
Gbg control GRK2-recruitment, in the present study we examined
whether GRK2-recruirment to M3R is controlled in a Gg subtype
dependent manner. The ﬁndings not only exhibit that M3Rmediated GRK2-recruitment is Gg type dependent, it unveils molecular details of GRK2-G protein interactions.
2. Results and discussion
2.1. M3R-induced PM recruitment of GRK2 is Gg-subtype
dependent
Both GaqGTP and Gbg are required for GRK2-recruitment and
subsequent stabilization of GRK2-M3R interactions upon M3R
activation [8]. Since cells with distinct origins express unique
combination of Gg subtypes and we have shown that Gg subtype
dictates PM afﬁnity and effector activation ability of Gbg [14], our
goal was to examine whether GRK2-recruitment is also Gg-subtype
dependent. HeLa cells were transfected with M3R, YFP-GRK2, aq-

CFP and either mCherry (mCh)-Gg3 or Gg9. Gg3 and Gg9 were
expressed since they exert the highest and the lowest PM afﬁnities
for Gbg, respectively. Mean ﬂuorescence change in cytosol was
measured to quantify extents of cytosolic GRK2-recruitment to
M3R. Rates of Gg3 or Gg9 translocations from PM to IMs were also
quantiﬁed using their IM ﬂuorescence and then calculating half
time (Tt1/2). Upon activation of M3R with carbachol (10 mM), cellsGg9 exhibited a robust GRK2-recruitment, indicated by reduction
of cytosolic YFP ﬂuorescence of tagged GRK2 (by 33.52 ± 4.53,
Relative Fluorescence Units -RFU) (Fig. 1A, C). Initial-fast ﬂuorescence reduction in cytosol was followed by a slow-gradual increase,
indicating return of recruited GRK2 (~290 s). During this recovery,
ﬂuorescence intensity in cytosol changed from 33.52 ± 4.53 RFU to
22.94 ± 4.10 RFU. In contrast, Gg3-cells exhibited a three-fold
weaker GRK2-recruitment (13.88 ± 1.73 RFU). Additionally, only a
weak recovery was observed (Fig. 1B and C). Nevertheless, halftime
of GRK2-recruitment in Gg9 (14.00 ± 0.82 s) and Gg3
(16.68 ± 1.37 s) - cells were nearly similar.
Kinetics of Gg9 and Gg3 translocation in the presence and
absence of GRK2 in HeLa cells expressing Gaq was examined
(Fig. 1D). No signiﬁcant difference in Tt1/2 of Gg3 in the presence
(444.77 ± 28.79 s) and absence (488.66 ± 58.61 s) of GRK2 was
observed (Fig. 1D, purple plots). However, Gg9 exhibited a signiﬁcantly reduced Tt1/2 in cells expressing GRK2 (267.19 ± 20.97 s)
compared to cells without GRK2 transfection (53.00 ± 12.03 s)
(Fig. 1D, black curve). Additionally, translocation dynamics of Gg9
in the presence of GRK2 exhibited a biphasic nature, although
reasons are unclear. Compared to the ability of high PM afﬁnity Gg
types including Gg3 to exhibit enhanced PI3K and PLCb signaling

Fig. 1. Expression of Gg types and mutants with distinct translocation rates modiﬁes M3R activation mediated GRK2 recruitment to PM. A. M3R activation induced mCh-g9
translocation (left) and PM recruitment of GRK2 (right) in HeLa cells expressing M3-untagged, aq-CFP (not shown), GRK2-YFP, and mCh-g9. B. Images show Gg3 translocation (left)
and minor PM-recruitment of GRK2 (right) upon M3R activation. Note disappearance of PM-bound Gg3 and g9 (white arrows) and GRK2 appearance on PM (yellow arrows). C. Plot
shows differential GRK2-recruitment behaviors by cells expressing Gg9 and Gg3. D. Gg translocation to IMs upon M3R activation. E. Gg mutants with altered Ct. F, G. M3R
activation-induced GRK2-recruitment in cells expressing Gg mutants; (F) Gg9-g3Ct or (G) Gg3-g9Ct and M3, aq-CFP, and GRK2-YFP. Yellow arrow/ minor and white arrow /
robust GRK2-recruitments. Plots shows GRK2-recruitments and Gg mutants translocations with respect to WT Gg3 and Gg9. Scale bar: 5 mm n > 10 cells from 3 independent
experiments. Error bars: SEM. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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[14], these observed differences in GRK2-recruitment suggest the
opposite effect that low PM afﬁnity Gg9-cells induced a three-fold
higher GRK-recruitment than Gg3-cells. This distinct nature of
GRK2-recruitment as well as the signiﬁcantly deviated translocation behavior of Gg9 in cells expressing GRK2 and Gg9 not only
suggests that GRK2-Gbg interacts, but also indicates that Gbg
controls GRK2-recruitment in a Gg-dependent manner. We anticipate that low PM-afﬁnity of Gg9 promotes complete heterotrimer
dissociation, resulting in highly mobile free Gbg9, allowing complete exposure of GaqGTP and activated M3R for GRK interactions.
This mobility may allow Gbg to spatially reorient and sandwich
GRK2 between M3R and Gbg. Extended translocation kinetics of
Gg9 in GRK2-cells is likely due to Gbg-GRK2 interactions upon
heterotrimer dissociation. GaGTP and activated GPCR in Gg3-cells
may not be sufﬁciently exposed due to restricted mobility of Gg3.
This could block both aqGTP-GRK2 Nt and Gbg-GRK2 Ct interactions at PM. Collectively these data suggest that differential
GRK2-recruitment can be attributed to PM-afﬁnities of major Gg
types expressed in a cell.
2.2. Ct of Gg governs the extent of GRK2-recruitment
The goal was to examine whether observed differences in GRK2recruitment in Gg9 and Gg3 -cells are governed by their distinct
PM-afﬁnities. We demonstrated that PM-afﬁnity of a Gg is dictated
by the sequence of its Ct [14]. Therefore, GRK2-recruitment was
examined in HeLa cells expressing M3R, aq-CFP, and Ct mutants of
Gg3 and Gg9. To increase PM-afﬁnity of Gg9, a mutant of Gg9 in
which Ct motif was replaced with Ct of Gg3 (Fig. 1E), and to reduce
PM-afﬁnity of Gg3, a mutant Gg3 with Ct motif replaced with tCt of
Gg9 were employed. Extents and halftimes of GRK2-recruitment in
HeLa cells expressing both wild type (WT) and mutant Gg types are
listed in Table 1. Extent in Gg9-g3Ct cells exhibited over a three-fold
reduction compared to Gg9-cells (Fig. 1F - right top black plots).
This GRK2-recruitment resembled extent exhibited by Gg3-cells
(Fig. 1C). Observed reduction in Tt1/2 of Gg9-g3Ct mutant
compared to WT Gg9 (Fig. 1F-black plots), and increased GRK2recruitment exhibited by Gg3-g9Ct-cells (Fig. 1G-purple curves)
compared to Gg3-cells indicates that PM-afﬁnity of Gg is likely to
control the extent of GRK2-recruitment. Collectively, these data
indicate that Ct of Gg controls extent of GRK2-recruitment to
activated M3R. Additionally, these data also suggest that M3R
activation induced Tt1/2 of Gg and extent of GRK2-recruitment are
linked. Recovery of recruited GRK2 back to cytosol observed in Gg9g3Ct-cells was comparable to response exhibited by Gg9-cells.
However, recapitulating GRK2 behavior in Gg3-cells, recovery of
GRK2 back to cytosol was not observed in Gg3-g9Ct-cells (Fig. 1Gpurple curves).
2.3. Inhibition of M3R-induced GRK2-recruitment by gallein is Ggsubtype dependent
Gallein, an inhibitor of Gbg signaling, selectively blocks GbgGRK2 interactions and thus reduces GPCR-mediated GRK2recruitment [17]. To identify Gaq and Gbg contributions and

Table 1
Extent of GRK2-recruitment presence of wild type (WT) and mutant Ggs and their
Tt1/2.
Gg sub type/mutant

GRK2-recruitment extent (RFU)

GRK2 Tt

Gg3
Gg9
Gg3 with g9 Ct
Gg9 with g3 Ct

13.88 ± 1.73
33.52 ± 4.53
19.20 ± 1.90
9.03 ± 1.54

16.68 ± 1.37
14.00 ± 0.82
21.95 ± 1.26
20.35 ± 0.89

½

(s)

3

whether Gg-type modulates Gbg-contribution to GRK2recruitment, HeLa cells expressing M3R, aq-CFP, GRK2-YFP and
either mCh-Gg9 or mCh-Gg3 were used. Cells were incubated with
10 mM gallein for 15 min before M3R activation using 10 mM
carbachol. GRK2-recruitment is shown in Fig. 2A and extents are
given in Table 2. Compared to extent of GRK2-recruitment in Gg9cells (Fig. 1C- black curve), gallein treated Gg9-cells exhibited a
three-fold reduction (Fig. 2A-black plot). However, compared to
extent of GRK2-recruitment in Gg3-cells (Fig. 1C, purple curve),
response exhibited by gallein treated Gg3-cells remained nearly
similar (Fig. 2A, purple curve). Additionally, extent of GRK2recruitment by endogenous Gbg in the presence and absence of
gallein was examined (Fig. 2B and C). GRK2-recruitment with
endogenous Gbg exhibited in between recruitment properties
exhibited by Gg3 and Gg9 -cells (Fig. 2B). This can be understood by
examining the RNAseq data of Gg types in HeLa cells (Fig. 2C). HeLa
cells express more moderate PM afﬁnity Gg types compared to
either low or high PM afﬁnity Gg types. The observed Gb1 translocation Tt1/2 that reﬂect the average translocation of the endogenous Gg was between Gg3 and Gg9, validating the RNAseq data
[18]. Interestingly, extent of GRK2-recruitment in HeLa cells with
endogenous Gbg was unaffected by gallein treatment. Gg3-cells
also exhibited a similar behavior upon gallein treatment. These
results can be explained by assuming a minimum participation or
an inhibitory action of Gg3 on GRK2-recruitment. In either case,
inhibitory effect of gallein in Gg3-cells expected to be minimum.
According to RNAseq data, only 23% of Gg in HeLa cells are fast
translocating Gg11. Similar to Gg9, this subtype is also farnesylated.
Even if Gg11 promotes GRK2-recruitment, geranylgeranylated
Gg12 and Gg5 in HeLa cells are likely to behave like Gg3, superseding Gg11 contribution. Collectively, these data further indicate
that M3R activation induced GRK2-recruitment is Gg type
dependent.
2.4. Gbg generation proximal to activated M3R is essential to
induce PM recruitment of GRK2
Goal was to examine whether Gbg and activated M3R, independent of Gaq, are sufﬁcient to induce GRK2-recruitment. HeLa
cells transfected with M3R, aq-CFP, GRK2-YFP, and mCh-Gg9 were
incubated for 30 min with a Gq-inhibitor, YM-254890 [19]. We
previously demonstrated that CXCR4 activation generates a substantial amount of free Gbg [15]. Here, both M3R and endogenous
CXCR4 in HeLa cells were simultaneously activated using a cocktail
of 10 mM carbachol and 50 ng/mL SDF-1a. Images show that control
Gg9-cells exhibited regular GRK2-recruitment and a robust Gg9
translocation (Fig. 2D-left). Both M3R and CXCR4 should be
contributing to this Gg9 translocation. Cells incubated with YM254890 failed to recruit GRK2 upon addition of the cocktail
(Fig. 2D-right). However, a strong Gg9 translocation was still
observed, indicating Gi-heterotrimer activation by CXCR4 (Fig. 2D,
right-white arrow). Plot shows GRK2-recruitment. The robust
GRK2-recruitment (solid line) was attenuated in cells incubated
with YM-254890 (Fig. 2D-dotted line). Assuming YM-254890bound heterotrimer does not obstruct activated M3R, lack of
GRK2-recruitment likely suggests that M3R-GRK2 and GRK2-Gbg
interactions, without GaqGTP, are insufﬁcient to restrain GRK2 at
M3R. Additionally, lateral diffusion of CXCR4-generated Gbg9 along
PM is likely to be required to promote Gbg-GRK2 interactions.
Nevertheless, if CXCR4-generated Gbg is not proximal enough to
activated M3R or is spatially restricted to interact with M3R-GRK2
complex, same lack of GRK2-recruitment can be incurred. A similar
result can be observed if YM-254890-bound heterotrimer spatially
hinders M3R-GRK2 interactions too. We also show that CXCR4
activation alone cannot recruit GRK2 (Fig. S1A), indicating the
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Fig. 2. A, B. Gallein differentially inhibits M3R activation-induced PM recruitment of GRK2. A. A HeLa cell expressing M3R, aq-CFP, GRK2-YFP, mCh-g3 (left) or mCh-g9 (right),
in the presence of 10 mM gallein (for 15 min). Upon carbachol addition, Gg3-cells exhibited nearly a similar GRK2-recruitment and a rapid recovery compared to gallein-untreated
cells (Fig. 1A and B), while Gg9-cells showed attenuated GRK2-recruitment and a minor recovery. White arrow /Gg9 translocation, yellow arrows/GRK2 recruitment. B. HeLa cell
expressing M3R, aq-CFP, GRK2-YFP, mCh-GPI and incubated with or without 10 mM gallein (15 min). Gallein treated cells exhibited an attenuated GRK2-recruitment on carbachol
addition and a fast recovery compared to solvent-DMSO treated control cells. C-E. Distally-generated Gbg on GRK2-recruitment to activated M3R in the absence of Gqheterotrimer activation. C. RNAseq proﬁle of Gg types in HeLa cells. D. HeLa cells expressed M3R, aq-CFP, GRK2-YFP, and mCh-g9. M3R and endogenous CXCR4 in HeLa cells
were activated using 10 mM carbachol and 50 ng/ mL of SDF-1a in the presence and absence of Gaq inhibitor YM-25489. Left images show DMSO-treated control cells exhibiting
both mCh-g9 translocation and GRK2-recruitment. Right side images show YM-25489 treatment inhibiting only GRK2-recruitment, while exhibiting Gg9 translocation. Plot shows
corresponding differential GRK2-recruitments. E. GRK- recruitment in HeLa cells expressing Opn4-YFP incubated with 50 mM 11-cis retinal, activated by 515 nm light and examined
under following conditions: I. Without expressing Gaq, II. In Gaq expressing cells, III. In Gaq expressing and 100 ng/mL PTx-treated cells (5 h at 37  C), IV. In Gaq expressing cells
incubated with YM-25489 (1 mM, 5 min at 37  C). Corresponding plot shows that although Opn4 generates Gbg locally through Gi-heterotrimer activation, lack of GaqGTP prevented GRK2-recruitment. PTx-treated cells exhibited GRK2-recruitment. Scale bar: 5 mm n > 10 cells from at 3 independent experiments. Error bars: SEM. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

Table 2
M3R-induced extent of GRK2-recruitment in the presence of gallein.
Test

GRK2-recruitment Extent (RFU)

Gg3 þ gallein
Gg9 þ gallein
Without Gg þ without gallein
Without Gg þ with gallein

17.65 ± 2.39
11.55 ± 3.06
19.66 ± 2.55
15.07 ± 2.60

possible involvement of activated M3R or both M3R and Gaq in
GRK2-recruitment. However, in the presence of activated M3R in
HeLa cells without overexpressed Gaq, GRK2-recruitment was not
observed (Fig. S1B). This suggests that, GRK2-recruitment to activated M3R is also stoichiometric. While this may also indicate the
crucial nature of Gaq for this process, since limited endogenous
Gaq expression also limits the Gbg generation upon M3R activation, it is difﬁcult to ascertain if activated M3R and Gaq alone,
without Gbg, is sufﬁcient for GRK2-recruitment.
To examine if Gbg generated proximal to activated Gq-coupled

GPCR is capable of GRK2-recruitment, we employed optical activation of melanopsin (Opn4). Opn4 was initially recognized as a
Gq-coupled GPCR that helps light mediated visual and non-visual
signaling [20,21]. Recently, we showed that Opn4 activates both
Gq and Gi/o heterotrimers with a nearly equal efﬁciency (Fig. S2)
[22]. Here we show that Opn4 activation induces both Gbg9
translocation and PIP2 hydrolysis in HeLa cells expressing Opn4,
YFP-PH and mCh-Gg9. PIP2 hydrolysis indicates Gq-pathway activation while PTx-sensitive Gg9 translocation shows Gi pathwayactivation [22]. GRK2-recruitment in HeLa cells expressing GRK2mCh, Opn4-YFP and with and without Gaq-expression, incubated
with 50 mM 11-cis retinal was examined upon Opn4 optical activation (Fig. 2E). Since lmax of Opn4 is ~500 nm, YFP imaging activated Opn4. HeLa cells expressing Gaq exhibited GRK2-recruitment
upon Opn4 activation while without Gaq expression, cells failed to
recruit GRK2 (Fig. 2E I-II). Since we previously showed Gi/o heterotrimer activation by Opn4 in the presence of Gaq inhibitor YM254890, Opn4 induced GRK2-recruitment in the presence of YM254890 was examined. Regardless of Opn4-induced activation of
Gi/o heterotrimers and Gbg generation, YM-254890 completely
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abolished GRK2-recruitment (Fig. 2E IV). Additionally, inhibition of
Gi/o heterotrimer activation by Opn4 using pertussis toxin (PTx)
did not perturb Opn4 induced GRK2-recruitment (Fig. 2E III).
Collectively, this data suggests that activated Gq-GPCR and Gbg, in
the absence of Gaq, is insufﬁcient to induce GRK2-recruitment. Two
lines of evidence suggest that Gbg only interacts with GRK2 that is
already recruited to PM by other means. First, GRK2 interact with
Gbg only when GRK2-Ct is targeted to the PM using an optogenetic
method [23]. Second, we show that Gbg alone is incapable
recruiting GRK2, because GRK2-recruitment upon CXCR4 activation
was not observed (Fig. 2D, right-white arrow).
2.5. Potential mechanisms governing Gg-type dependent PM
recruitment of GRK2
We showed that PI3K and PLCb activation by Gi-coupled GPCRs
through Gbg is proportional to the PM-afﬁnity of major Gg types in
cells [14]. The higher the PM afﬁnity of major Gg, as Gg3 in RAW
264.7 cells, the greater was the PIP3 production and Ca2þ mobilization. This phenomenon was understood using the fact that both
PI3K and PLCb activities require their PM localization to reach the
substrate PIP2. Interestingly, the PM afﬁnity of Gg appears to have
the opposite effect on the GRK2-recruitment; low PM afﬁnity Gg9-

5

cells exhibiting the highest recruitment, and high PM afﬁnity Gg3cells showing a relatively lower GRK2-recruitment. Structural data
show that, in G protein heterotrimer, distance between lipid anchors in Ga and Gg are closer (~19 Å) (Fig. 3) [19]. Upon M3R
activation, Nt of GRK2 primarily interacts with GaqGTP while Ct
interacts with Gbg (Fig. 3A and B). Released Gbg from GaGTP moves
~115 Å while its b propeller rotates by ~90 to accommodate GRK2
between GaqGTP and Gbg [24]. Can all Gbg complexes exhibit this
level of mobility at PM? GasGTP signaling without physical dissociation of activated Gs heterotrimers has been shown [25]. Further
supporting this, generated Gbg was not able activate G-protein
coupled inwardly rectifying potassium (GIRK) channels [26]. Using
ﬂuorescence recovery after photobleaching (FRAP), we examined
relative mobilities of Gg3 and Gg9 in GPCR unstimulated cells
(Fig. 3C). Compared to Gg3, Gg9 exhibited a ﬁve-fold higher
migration along PM. Considering lack of PM interacting hydrophobic residues in Ct of Gg9 and its relatively weak farnesyl lipid
anchor compared to Gg3, Gbg9 is likely possesses the required
mobility to rotate and laterally move. Although Gbg9 translocate
from PM to IMs upon GPCR activation, GPCR deactivation results in
complete reversal, indicating that Gbg9 continuously searches PM
for binding partners [18]. Therefore, we propose that Gbg with Gg9
and other low PM-afﬁnity Gg types have sufﬁcient mobility to

Fig. 3. A. Left image shows receptor-down view of Gaqbg crystal structure (PDB ID: 3AH8). Ga-green, Gb-yellow, and Gg-red. Red circle denotes the region of Gaq-GPCR interaction
and the orange circle shows protruding-out lipid anchors on Ga (myristoyl, palmitoyl) and Gg (farnesyl or geranylgeranyl) to interact with PM. Right side image shows crystal
structure of GRK2 (cyan) in complex with GaqGTP and Gbg (PDB ID: 2BCJ). Since Nt was absent in the structure 2BCJ, Nt helix (pink) from structure 3AH8 was superimposed. Note
orientation of b propeller of Gbg is rotated ~90 0 and moved ~115 Å to accommodate GRK2. B. Cross sectional view showing relative orientation of GaqGTP and Gbg at PM in when in
complex with GRK2 (GRK2 is not shown). Note the myristoyl, palmitoyl groups at Nt of Ga and geranylgeranyl group at Ct of Gg interacting with PM. C. Images of HeLa cells
expressing either mCh-g9 or mCh-g3, before, immediately after, and after recovery of half-cell photobleaching using a 594 nm laser (50 mW). Middle plot shows dynamic ﬂuorescence recovery after photobleaching (FRAP) (yellow arrow). Bar chart show FRAP-halftime for Gg9 and Gg3. (mean ± S.E.M, n ¼ 3 for g9 and n ¼ 4 for g3. white box ¼ Area of
photobleaching. Scale bar: 5 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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interact with GRK2. We also anticipate that GRK2 forms transient
interactions with newly exposed GaqGTP and receptor in M3R
system. It is likely that its weaker PM afﬁnity eventually allows
Gbg9 to dissociate from GRK2 upon receptor phosphorylation, return to IMs together with reversal of GRK to cytosol. These dynamic
associations and dissociations can be a likely cause for the bi-phasic
nature of Gg9 translocation observed in GRK2 expressing cells
(Fig. 1).
In summary, our data demonstrate that the extent of this PM
recruitment of GRK2 is controlled by major Gg type/s expressed in a
cell. We also show that GRK2-recruitment to activated M3R requires proximally generated Gbg. Our data suggest that PM-afﬁnity
as well as mobility of Gbg on the PM, governed by Ct properties of
associated Gg, are crucial regulators of Gbg-GRK2 interactions and
GRK-recruitment. Since Gg types show cell and tissue type speciﬁc
distributions, our ﬁnding indicates an important role of Gg subtype
diversity in GPCR desensitization and internalization.
3. Materials and methods
DNA constructs and reagents, Cell culture and Transfections,
Live cell imaging and data analysis, Determination relative mobility
of Gg9 and Gg3 are provided in detail in Supplementary Material.
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