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SIGNAL TRANSDUCTION

Control of Gaq signaling dynamics and

GPCR cross-talk by GRKs

Guoqing Xiang"*t, Amanda Acosta-Ruiz't, Arthur Radoux-Mergault®, Melanie Kristt', Jihye Kim?,
Jared D. Moon', Johannes Broichhagen®, Asuka Inoue®, Francis S. Lee?, Miriam Stoeber?,

Jeremy S. Dittman', Joshua Levitz'>*

Numerous processes contribute to the regulation of G protein—coupled receptors (GPCRs), but relatively little is
known about rapid mechanisms that control signaling on the seconds time scale or regulate cross-talk between
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receptors. Here, we reveal that the ability of some GPCR kinases (GRKs) to bind Gag both drives acute signaling
desensitization and regulates functional interactions between GPCRs. GRK2/3-mediated acute desensitization
occurs within seconds, is rapidly reversible, and can occur upon local, subcellular activation. This rapid desensiti-
zation is kinase independent, insensitive to pharmacological inhibition, and generalizable across receptor fami-
lies and effectors. We also find that the ability of GRK2 to bind G proteins also enables it to regulate the extent and
timing of Gaq-dependent signaling cross-talk between GPCRs. Last, we find that G protein/GRK2 interactions en-
able a novel form of GPCR trafficking cross-talk. Together, this work reveals potent forms of Ga4-dependent GPCR
regulation with wide-ranging pharmacological and physiological implications.

INTRODUCTION

G protein-coupled receptors (GPCRs) respond to a wide array of
extracellular signals to initiate diverse intracellular signaling path-
ways via heterotrimeric G proteins. The temporal dynamics of
intracellular signaling, including the activation and deactivation
kinetics of the response to brief, extended, or repeated exposures,
are critical determinants of the biological effects of GPCR activation
(1). For example, recently developed fluorescent sensors for neurotrans-
mitters and neuromodulators have shown phasic patterns of brief,
seconds-long extracellular release events in vivo that reflect the
temporal profile of physiological receptor signaling (2-4). In con-
trast, activation of GPCRs with drugs, such as opioids, can lead to
signaling over hours or days that can elicit compensatory processes
such as tolerance (5). Furthermore, many different GPCRs are co-
expressed within the same cell (6-8), raising the possibility that GPCRs
cross-talk with each other in synergistic or antagonistic ways. For
example, Gayjo-coupled receptors can produce cytosolic Ca** elevations
that are dependent on simultaneous activation of a Gag-coupled
GPCR via synergistic binding of GBy and Gag to the common effec-
tor, phospholipase C-B (PLC-B) (9, 10). Together, this complexity
motivates a more complete understanding of general and receptor-
specific mechanisms of GPCR regulation in the context of a single
GPCR subtype and cross-talk between GPCRs.

Extensive work has been done to decipher the mechanisms of
GPCR desensitization, although the focus has been on slower pro-
cesses that evolve over minutes or hours (11, 12). GPCR kinases
(GRKs) and beta-arrestins (B-arrs) mediate homologous desensiti-
zation of many GPCRs via phosphorylation and clathrin-mediated
internalization, which typically happens on the tens of minutes time
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scale (13, 14). For the most part, B-arr-dependent mechanisms are
receptor specific: The propensity for desensitization is dependent
on the receptor’s ability to directly interact with GRKs and B-arrs.
For a given receptor, this can also be ligand specific as some “arrestin-
biased” agonists or modulators can preferentially promote B-arr-
dependent internalization (15, 16), while other “G protein-biased”
agonists can elude internalization (17, 18).

Compared to trafficking-dependent mechanisms, less is known
about GPCR desensitization over briefer time scales (<60 s), but
receptor-specific and nonspecific mechanisms have been observed.
Regulator of G protein signaling (RGS) proteins can control the
temporal dynamics of GPCR signaling by promoting guanosine
5’-triphosphate (GTP) hydrolysis with specificity at the level of G
protein subtypes (19), although GPCR-specific RGS mechanisms also
exist (20). Potassium channel tetramerization domain 12 (KCTD12)
mediates desensitization of y-aminobutyric acid type A (GABAg)
receptor (GABAgR) signaling on the seconds time scale via its ability
to bind both the GABAj, C-terminal tail and Gy proteins (21, 22).
At high expression levels, KCTD12 is also capable of nonspecific
desensitization of other Gai/,-coupled GPCRs (23), suggesting that
receptor nonspecific modes may also be physiological.

Rapid desensitization has also been shown to occur via GRK2 in
the context of Gai/o-coupled receptors and GBy-dependent gating
of G protein—coupled inward rectifier potassium (GIRK) channels.
Raveh et al. (24) found that GIRK currents elicited by the Al ade-
nosine receptor or the mu-opioid receptor (MOR), but not me-
tabotropic glutamate receptor 2 (mGluR2) or the M4 muscarinic
acetylcholine receptor, can be desensitized on the <5-s time scale by
GRK?2 in a kinase-independent but GBy binding-dependent way.
Similarly, we recently showed that mGluR3, but not mGluR2, can
be rapidly desensitized by GRK2 in a manner that is dependent on
Gy binding and an intact kinase domain, likely via specific interac-
tions with the mGluR3 C-terminal tail (25). Fluorescence imaging
studies have shown that rapid GRK2 recruitment can be directly to
the activated receptor and/or to activated G proteins, depending on
the receptor subtype and ligand (26, 27). Together, this indicates
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that complexity exists in the mode of GRK2 recruitment by GPCRs,
which may shape the extent, timing, and receptor specificity of ef-
fects on downstream signaling.

Despite clear biochemical and structural evidence that GRK2 and
GRK3 can bind to Gog (28-31), the functional consequences of this
interaction (28, 32-41), particularly in terms of temporal signaling
dynamics and GPCR cross-talk, are not well understood. We re-
cently showed that the Gag-coupled mGluRs, mGluR1 and mGluR5,
are insensitive to GRK and B-arr-mediated internalization, but their
intracellular Ca** responses to glutamate can be rapidly desensi-
tized by GRK2 (25). Here, we show that GRK2 or GRK3, but not
GRKS5 or GRKS6, can markedly reshape the dynamics of signaling by
mGluR1 and mGluRS5, to produce briefer and more repeatable re-
lease of intracellular Ca®* stores in response to a range of ligands
and subcellularly targeted photoactivation. Mechanistic analysis re-
veals a general mode of kinase-independent desensitization that is
dependent on Gog-GRK2 binding, which can sequester activated G
proteins from their effectors, such as PLC-B. This mechanism is not
receptor specific, as demonstrated with heterologously expressed
serotonin [serotonin 2A receptor (5-HT,5R)]-gated, acetylcholine
(muscarinic acetylcholine receptor type 3 (M3R)]-gated, and en-
dogenous adenosine 5'-triphosphate (ATP) [P2Y receptor (P,yR)]-
gated Gog-coupled GPCRs, and is insensitive to the widely used
GRK?2/3 kinase inhibitor compound 101. Furthermore, we find that
Gaio-coupled GPCRs can produce Go,g-dependent Ca®" responses
that are strongly desensitized by GRK2/3 binding to both Ga, and
GBy. Last, we find that Goy/GRK?2 interaction contributes to internal-
ization of Gaog-coupled GPCRs and can drive receptor cross-talk at the
level of internalization such that coactivation of Gag-coupled mGluR1
enhances internalization of the Go,-coupled MOR or mGlIuR3.
Together, this study shows not only that GRKSs play a central role in
phosphorylation-dependent internalization, but also that they
are also regulators of Goy signaling dynamics and GPCR cross-talk.

RESULTS

GRK2 and GRK3, but not GRK5 or GRK6, reshape Ca?*
signaling dynamics following group I mGluR activation

The precise timing of Ca®* signaling is a central aspect of many cel-
lular processes, and Gog-coupled receptors are one of the primary
drivers of intracellular Ca®" release via activation of PLC-p and sub-
sequent gating of inositol 1,4,5-trisphosphate (IP3) receptors (42, 43).
Motivated by our recent findings (25), we asked which GRKs can
alter the intracellular Ca** response to activation of mGluR1 or
mGluR5, the group I subfamily of mGluRs. These mGluR subtypes
are widely expressed Gog-coupled family C GPCRs that are en-
riched in neuronal dendrites where they control Ca**-dependent
processes, including synaptic plasticity (44). Despite a high degree
of sequence homology and functional overlap, each receptor pro-
duces distinct Ca®* responses, providing two distinct systems for
testing the effects of GRKs. mGluR1 activation typically leads to
slowly desensitizing transients, while mGIuR5 can produce rapid
protein kinase C-mediated oscillatory responses (45, 46). When co-
expressed in human embryonic kidney (HEK) 293T cells with the
red fluorescent Ca®" indicator red fluorescent genetically encoded
Ca®* indicators for optical imaging (R-GECO) (47), mGluR1 pro-
duced Ca®" responses to saturating glutamate that lasted the entire
3-min application period but showed partial desensitization that led
to a full width at half maximum (FWHM) value of 40 to 70 s (Fig. 1A

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

and fig. S1A). This desensitization is likely mediated in part by
GPCR-independent Ca®" store regulation (42), as well as potential
contributions from endogenous RGS proteins or GRKs.

Coexpression of GRK2 or GRK3, but not GRK5 or GRKS6, led to
Ca®* responses of similar amplitude to control conditions but with
FWHM reduced to 10 to 20 s and complete desensitization back to
baseline Ca®" levels within 30 s (Fig. 1, A and B, and fig. S1B), with-
out altering mGluR1 surface expression (fig. S1C). Single exponen-
tial fits of the desensitization kinetics revealed a threefold decrease
in Tgesensitization (fig. S1D), indicative of accelerated desensitization.
The initial rise time in response to glutamate was also decreased
from ~15 to ~5 s upon coexpression of GRK2 or GRK3 (Fig. 1, C
and D). Since these experiments were performed with relatively
slow perfusion speeds (exchange time ~ 5 s; see Materials and Meth-
ods), we used a fast perfusion system (exchange time ~ 0.5 s) to
confirm the effects of GRK2 on the initial response to glutamate.
We found very similar effects of GRK2 on both FWHM and rise
time (fig. S1, E to G). We also analyzed mGluR1 Ca®* responses to a
range of glutamate concentrations and found that across all doses,
GRK?2 accelerated both the desensitization and activation kinetics
(fig. S1, Hand I).

In response to glutamate, the initial Ca®* transient produced by
mGluR5 was briefer than for mGluR1 but was similarly sensitive
to GRK2 or GRK3, but not GRK5 or GRK6 (Fig. 1, E and F). GRK
coexpression also had no effect on mGluR5 surface expression (fig.
S1J). The rise time of mGluR5 responses was also accelerated by
GRK2 or GRK3 (fig. S1, Kand L). Unlike mGluR1, mGluR5 showed
oscillatory responses over the course of the 3-min glutamate appli-
cation (Fig. 1G). GRK2 or GRK3 coexpression decreased the pro-
portion of cells that showed oscillatory responses, with the majority
showing a single transient (Fig. 1H). Thus, GRK2 and GRK3 can
both shape the initial kinetics of mGluR5 responses and control the
duration of oscillatory signaling.

We further characterized the effects of GRK2 on group I mGluR
Ca®* signaling by asking if accelerated signaling kinetics were
dependent on the ligand type. Application of the widely used ortho-
steric group I mGluR agonist (S)-3,5-Dihydroxyphenylglycine
(DHPG) produced mGIuR1 Ca®* responses that were similarly altered
by GRK2 coexpression (fig. S2, A to C). In addition, coapplication
of the mGluR1 positive allosteric modulator (PAM) Ro 67-7476
(48) did not alter the sensitivity of glutamate responses to GRK2
coexpression (fig. S2, D to F). Last, we applied the mGIuR5-specific
agonistic PAM (“ago-PAM”) VU0360172 (VU036) (49) and observed
a similar GRK2-induced acceleration of desensitization and ON
kinetics (fig. S2, G to I) and a reduction in the proportion of cells
showing oscillations (fig. S2, J and K). Together, these data show
that GRK2 can reshape the Ca** signaling dynamics of group I
mGluRs without any apparent ligand specificity.

To assess the dependence of these effects on GRK2/3 expression
levels, we first titrated the amount of transfected GRK2 while main-
taining a constant amount of mGluR1 (see Materials and Methods).
We found that as we increased the amount of GRK2-green fluores-
cent protein (GFP) complementary DNA (cDNA) transfected, we
observed both an increase in fluorescence intensity (fig. S3A) and a
decrease in the FWHM and rise time of glutamate responses (fig. S3,
B to D). The effect of GRK2-GFP cotransfection on response kinetics
saturated at levels beyond 0.5 pg per well (used for all experiments
unless otherwise stated) but was clearly seen with as little as 0.01 pug
per well. It is worth noting that we observed a drop in transfection
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Fig. 1. GRK2 and GRK3, but not GRK5 or GRKG6, rapidly desensitize group | mGluR-mediated Ca?* responses. (A) Representative normalized average traces showing
kinetics of glutamate-induced R-GECO response to mGIuR1 activation. (B) Summary bar graph showing effects of GRK coexpression on FWHM. (C) Zoom-in to represent-
ative traces showing the effect of GRK2 on ON kinetics of R-GECO response. (D) Summary bar graph showing the effects of GRK coexpression on rise time. (E and F) Same
as (A) and (B), but for mGIuRS5. (G) Representative individual cell traces showing oscillatory responses, which are reduced with GRK2 coexpression. (H) Summary bar graph
showing the effects of GRKs on the proportion of cells showing oscillatory responses to glutamate. (I) Representative normalized average traces showing kinetics of
glutamate-induced R-GECO response to mGIuR1 activation in parental versus GRK2/3 double KO cells. (J) Summary bar graph showing the effects of GRK2/3 double KO
and GRK2 rescue on FWHM. (K) Summary histogram showing the distribution of FWHM values across individual cells for each condition and replicate in (J). Fifty to 80 cells
per experiment are used to produce a normalized histogram that is averaged across separate experiments to produce mean histograms with error bars. GRK2/3 KO pro-
duces a shift in the distribution toward higher FWHM values, while GRK2 rescue produces dose-dependent shifts toward lower values and a narrower distribution. In bar
graphs, each point represents an independent measurement; all graphs come from two to five separate experimental days, and error bars represent SEM. One-way

ANOVA with Tukey’s multiple comparisons tests. *P < 0.05, **P < 0.01, and ***P < 0.001.

efficiency with <0.01 pg per well GRK2-GFP DNA, which may par-
tially explain the lack of clear effect at the lowest concentration.
Next, to assess whether endogenous levels of GRK2/3 can control
the Ca®* response dynamics, we performed experiments in recently
reported GRK2/3 double knockout (KO) HEK293 cells (50). Com-
pared to parental cells, GRK2/3 double KO cells showed mGluR1-
driven glutamate responses with larger FWHM (Fig. 1, I and J), rise
time (fig. S3, E and F), and Tqesensitization (fig- S3G). To rescue the
effect of endogenous GRK2/3 deletion, we transfected GRK2 DNA
into GRK2/3 KO cells and found a dose-dependent decrease in
FWHM (Fig. 1]), rise time (fig. S3F), and Tqesensitization (fig. S3G) but
no alterations in the proportion of cells responding to glutamate

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

(fig. S3H). Single-cell analysis revealed a similar shift in the mean
FWHM due to GRK2/3 double KO and rescue, as shown in histograms
in Fig. 1K where high doses of GRK2 DNA (=10 ng) produced
narrower FWHM distributions. We also tested mGluR5 responses
and found that GRK2/3 KO cells showed a higher proportion of
cells showing glutamate-induced Ca** oscillations (fig. S31) but a
similar overall percentage of cells responding to glutamate (fig. S3J).
Together, these data show that different GRK2/3 expression levels
can control Go-driven Ca** signaling kinetics in a graded manner and
that endogenous GRK2/3 levels are sufficient to elicit clear regulation.

To determine whether the effects of GRK2 on mGluR1/5 Ca**
signaling kinetics are due directly to changes in Ca®' release from
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the endoplasmic reticulum (ER) versus changes in cytosolic Ca**
handling, we performed a similar experiment using the ER-targeted
calcium indicator “ER-GCaMP6” (51). Upon glutamate application,
a clear decrease in fluorescence was observed in cells expressing
mGluR1 (Fig. 2A). Coexpression of GRK2 markedly decreased the
FWHM (Fig. 2B) and rise time (Fig. 2C), as was seen with cytosolic
Ca®" responses (Fig. 1). As we previously reported (52), mGluR5
ER-GCaMP6 responses were oscillatory on a similar time scale to
cytosolic responses (Fig. 2D). GRK2 coexpression had a similar ef-
fect on mGIluR5 desensitization kinetics (Fig. 2E) and the propor-
tion of cells showing oscillatory responses (Fig. 2F). Together, these
data show that GRK2 can reshape the timing of Ca®" release from
the ER in response to mGluR1 or mGluR5 activation.

Canonical GRK-mediated desensitization depends on receptor
phosphorylation and internalization that leads to either receptor
degradation or recycling (14). The former leads to a long-lasting
down-regulation of ligand responses, while the latter leads to an ex-
tended refractory period (~15 to 60 min) where diminished re-
sponses will occur before surface receptor levels are restored. We
asked whether GRK2-mediated desensitization of mGluR1 Ca*" re-
sponses is reversible, enabling a rapid recovery on the ~5-min time
scale, or would lead to a longer-lasting inhibition. We applied a
recovery-from-desensitization protocol where a full 3-min glutamate
application was followed by a variable recovery period of 1 to 6 min
before reapplication of glutamate. Notably, GRK2 coexpression did
not preclude recovery and even accelerated the recovery of Ca** signal
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Fig. 2. Further characterization of the effects of GRK2 on group | mGluR Ca?* signaling. (A) Representative normalized average traces showing the effects of GRK2
coexpression on ER-GCaMP6f response to mGluR1 activation. (B and C) Summary bar graph showing the effects of GRK coexpression on FWHM (B) and rise time (C).
(D) Representative normalized single-cell traces showing the effects of GRK2 coexpression on ER-GCaMP6f response to mGluR activation. (E and F) Summary bar graph
showing the effects of GRK2 coexpression on FWHM (E) and the proportion of cells with oscillations (F). (G and H) Representative normalized average traces showing re-
covery from desensitization after variable time windows for control (G) and GRK2 coexpression (H). (I) Summary graph showing faster recovery with GRK2 coexpression.
(J) Schematic showing SNAP-mGIuR2-mGIuR5 chimera and “BGAG” PORTLs for optical agonism of mGIuR5 signaling. (K) Representative image showing photoactivation
area (purple circle) and representative normalized single-cell traces showing the whole-cell GCaMP6f response to brief photoactivation. (L) Summary bar graph showing
FWHM in response to photoactivation for different durations. (M) Summary graph showing increases in responsiveness in the absence of GRK2. Each point represents an
independent measurement; all graphs come from two to three separate experimental days, and error bars represent SEM. For (B), (C), (E), (F), and (L): unpaired t test; for
(L): two-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05 and **P < 0.01.
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amplitude compared to control conditions (Fig. 2, G to I). This shows
that rapid GRK2-mediated desensitization is reversible, consistent
with a trafficking-independent mechanism. The accelerated recovery
observed may be a consequence of the rapid desensitization of Ca**
release that leads to less store depletion and enables a more complete
recovery of baseline Ca** gradients compared to control conditions.

While GRK2 can clearly reshape the Ca®" response to global
agonist application on the tens of seconds to minutes time scale,
many GPCRs can be activated for briefer periods with agonist local-
ization confined to subcellular areas. For example, mGluR5 may be
activated following bursts of synaptic firing that can lead to extra-
synaptic glutamate elevations that are as briefas 1 to 5 s (53, 54). To
stimulate mGIuR5 with spatiotemporal precision, we used our re-
cently reported photopharmacological approach that uses a “PORTL”
(photoswitchable, orthogonal, remotely tethered ligand) termed
benzylguanine-azobenzene-glutamate (BGAG3,400) to photoactivate
a chimeric SNAP-tagged mGluR2-mGluR5 construct containing
the entire signaling transmembrane and regulatory C-terminal do-
mains of mGluR5 (Fig. 2]) (52, 55). We coexpressed SNAP-mGluR2-
mGluR5 with GCaMP6f in HEK293T cells and stimulated a 13-um?
area with 405-nm light for 1, 5, 10, or 30 s, which produced Ca**
transients with an FWHM of 10 to 15 s (Fig. 2K). Coexpression of
GRK2 decreased the FWHM of these responses across all photo-
activation times (Fig. 2L), showing that GRK2 can also shape re-
sponse kinetics within this spatiotemporally confined regime. Notably,
GRK2 coexpression also decreased the proportion of cells showing
responses to 1- or 5-s stimuli (Fig. 2M), suggesting that GRK2 may
also serve as a barrier to increase the threshold stimulation required
for a cellular response.

Mechanistic analysis of GRK2/3-mediated desensitization

of Gog-mediated signaling

Given the rapid onset and reversibility of GRK2 effects on mGluR1 and
mGluR5 Ca®" responses, we hypothesized that kinase-independent
G protein binding underlies GRK2 regulation. Multiple crystal struc-
tures of bovine GRK2 bound to GBy have been solved (56-62), and
one structure revealed simultaneous binding to GBy and Gayg via
the GRK2 pleckstrin homology and RGS homology (RH) domains,
respectively (31) (Fig. 3A).

We introduced mutations known to disrupt either GBy (R587Q)
(63) or Go,g (D110A) binding (34) and tested the ability of GRK2 to
regulate group I mGluR Ca”" responses. We also tested a “kinase-
dead” (K220R) mutation that prevents the enzymatic kinase activity
of GRK2 (64). Consistent with our prior study (25), GRK2-K220R
produced the same effects on FWHM and rise time as wild-type
GRK2 (Fig. 3, B to E, and fig. S4, A and B). In contrast, GRK2-
D110A coexpression did not alter Ca®* signaling kinetics. GRK2-
R587Q showed wild type-like effects (Fig. 3, B to E, and fig. S4, A and
B), with the exceptions of small decreases in the extent of FWHM
reduction for mGluR1 (Fig. 3C) and both percent cells oscillating
and rise time for mGluR5 (fig. S4, B and C), which were not signifi-
cantly different from wild-type GRK2. GRK2 mutants showed com-
parable expression to wild-type GRK2 (fig. S4D). Upon treatment
with a lower glutamate concentration (10 pM), GRK2-R587Q pro-
duced only a partial desensitization of mGluR1 responses compared
to wild-type GRK2 (fig. $4, E to G), indicating that GBy binding can
be a secondary contributor to rapid desensitization. Mutation to the
Gag binding site (D110A) also abolished the desensitizing effects of
GRK3, indicating that this is a general mechanism within the

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

GRK?2/3 subfamily (fig. S4, H to J). These results clearly demonstrate
that GRK2/3-mediated rapid regulation of group I mGluR Ca*" re-
sponses are kinase independent but dependent on Go, interaction.
Given this kinase independence, we asked whether the effects of
GRK2 would be sensitive to the widely used GRK2 kinase inhibitor
compound 101 (“cmpd101”). We compared crystal structures of
GRK2 with and without cmpd101 bound (57) and observed no clear
global conformational changes or local structural alterations at the
Gay interface (fig. S4K). Consistent with this, application of 30 pM
cmpd101 had no effect on the ability of GRK2 to rapidly desensitize
mGluR1-mediated glutamate responses (Fig. 3, F and G), although
it fully blocked agonist-induced internalization of the MOR as a
positive control (fig. S4L).

We also asked whether phospholipid interaction is necessary for
GRK2-mediated desensitization of Ca** responses. We produced the
double mutation K567E/R578E (Fig. 3A), which has been reported
to impair anionic phospholipid binding to reduce GRK2-mediated
GPCR phosphorylation and internalization (63) and abolish rapid
desensitization of GIRK channel activation by Gjj,-coupled GPCRs
(24). The K567E/R578E double mutation did not alter the ability
of GRK2 to accelerate desensitization of mGluR1-induced Ca®* re-
sponses (Fig. 3, H and I), suggesting a major role for phospholipid
interaction in GRK2/GRy, but not GRK2/Go,, binding. Consistent
with GRK2-R587Q data (fig. $4, E to G), responses to low-dose glu-
tamate were weakly sensitive to the K567E/R587E double mutation
(fig. S4, M and N).

Together, these data suggest a mechanism where GRK2 or GRK3
binds Gog-GTP at the plasma membrane to sequester it from the
effector, PLC-B (Fig. 4A). Consistent with this competitive binding
mechanism, crystal structures of Go,,-GRK2 (31) and Go,,-PLC-$3
(65, 66) have shown that the binding site for each partner involves a
nonidentical but highly overlapping surface on Gay (Fig. 4B). Since we
have previously shown that internalization of mGluR1 and mGIuR5
is modest and GRK2 independent (25), we hypothesized that group
I mGluR activation can rapidly recruit GRK2/3 to the plasma mem-
brane primarily via G proteins rather than through direct receptor
interaction. To test this, we used total internal reflection fluores-
cence (TIRF) microscopy to quantify the fluorescence increase as-
sociated with GRK2-GFP recruitment to the plasma membrane, as
we have done previously with kappa opioid receptors (27). mGluR1
activation with 1 mM glutamate led to a rapid, pronounced increase in
GRK2-GFP fluorescence, indicative of membrane recruitment on
the same time scale as functional desensitization (Fig. 4C). To test
whether this recruitment occurs via G proteins rather than direct re-
ceptor interaction, we applied the Gog blocker YM-254890 and
observed a near-complete loss of glutamate-induced GRK2 relocal-
ization (Fig. 4, Cand D). As a control, recruitment of GRK2-GFP by
the Goiyjo-coupled MOR was insensitive to YM-254890 (fig. S5, A, B).
We also tested GRK2 mutants and found that, while GRK2-D110A-
GFP showed wild type-like glutamate-induced membrane recruit-
ment, a clear impairment was found for GRK2-R587Q, which was
further reduced in a D110A/R587Q double mutant (fig. S5, C and
D). These data are consistent with the effect of YM-254890 (Fig. 4,
C and D), together arguing that GRK2-mediated desensitization of
mGluR1 Ca”* signaling is mediated primarily by receptor-independent
G protein/GRK interaction.

We next asked whether the simple competitive binding model
(Fig. 4A) is sufficient to describe our data. We first reasoned that a
three-state model, containing inactive (Gy), active (G), and desensitized
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Fig. 3. GRK2 effects on group | mGIuR Ca?* responses are dependent on Gogq binding, but insensitive to GRK2/3 kinase inhibitors and impaired phospholipid
binding. (A) Structural snapshots showing architecture of GRK2, including residues involved in binding GBy (purple), phospholipids (cyan), and Gogq (red) (PDB: TOMW).
(B to E) Representative normalized average traces (B and D) and summary bar graphs (C and E) showing the effects of active site (K220R) and G protein-binding site
(R587Q and D110A) GRK2 mutations on FWHM of responses to mGluR1 or mGIuR5 activation. (F and G) Representative normalized, average traces (F) and summary bar
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and error bars represent SEM. One-way ANOVA with Tukey’s multiple comparisons tests. *P < 0.05, **P < 0.01, and ***P < 0.001.

states (G), would serve as a minimal model that reproduces the
slowly desensitizing response to agonist under control conditions (see
Materials and Methods for details). In the presence of GRK2, a
fourth state (G3) was added to compete with Gy, thereby providing
a new route to deactivate the Ca”" signal on a faster time scale
(Fig. 4, E and F). This kinetic model could reasonably capture the
measured calcium signal time courses in the presence and absence
of GRK2, including the acceleration of both the ON and OFF kinet-
ics, with a minimal number of free parameters while forgoing a de-
tailed description of the various chemical species and the nonlinear
dynamics of IP;-triggered calcium release from ER stores (42, 43). A
simple explanation for the shortening of the rise time arises from

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

the fact that the ensemble time constants are functions of all the
transition rates rather than pure measures of individual transition
rates. In short, by accelerating the desensitization kinetics, GRK2/3
essentially blunt the rise and start the drop more quickly than it
would in the absence of G protein scavenging.

To examine the potential competition between GRK2 and PLC
for Gog-GTP, an equilibrium competition model was solved nu-
merically across a range of possible values for affinity and abun-
dance (Fig. 4, G and H). The fractions of Gog-GTP bound to GRK2 and
PLC were plotted as a function of GRK2 concentration while system-
atically varying the PLC concentration for two distinct PLC-binding
affinities (5 and 200 nM) based on previous binding studies (28, 65-67)
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Fig. 4. Go/GRK2 binding underlies a working model of rapid desensitization. (A) Schematic illustrating Go-GTP sequestration by GRK2 to desensitize PLC-B activation.
(B) Overlapping binding sites for PLC-B and GRK2 on Gag (PDB: 2BCJ). (C) Fluorescence intensity of GRK2-GFP (normalized to baseline) during TIRF microscopy time lapse.
YM-254890 (20 uM) was applied 30 min before imaging and present during acquisition. (D) Norm. GRK2-GFP fluorescence at t =3 min after glutamate addition. Control,
n=37 cells; YM-254890, n = 15 cells. Two-tailed Student’s t test with Welch's correction. (E) Normalized Gag-triggered Ca®* transients fit to a simple four-state (blue) or a
three-state (black) kinetic model in the presence or absence of GRK2. (F) A nonnormalized family of Ca** responses generated using the four-state kinetic model while
varying the Go=>Gjs rate constant (kgr) to mimic increasing GRK2 concentrations. (G) Equilibrium values of Goq bound to GRK (blue) and PLC (red) computed for a variety
of PLC and GRK concentrations for low-affinity (left) and high-affinity (right) PLC binding at a fixed concentration of Go,q and GRK affinity. (H) Using the equilibrium bind-
ing model, the fraction of PLC bound to Go plotted versus total Gag concentration for a family of GRK concentrations with high-affinity (black) or low-affinity (red) PLC
binding. (I) Schematic (left) and summary bar graph (right) showing the percentage of mGluR1-transfected cells responding to glutamate under control, GRK2, or GRK2-
CAAX conditions. (J and K) Representative nonnormalized traces (J) and summary bar graph (K) showing the effects of GRK2-CAAX on R-GECO response amplitudes.
(L) Dose-response curves for mGluR1-driven Ca* responses to glutamate with or without GRK2 coexpression. Each point represents an independent measurement; all
graphs come from two to four separate experimental days, and error bars represent SEM. For (D): unpaired t test; for (H) and (K): two-way ANOVA with Tukey’s multiple
comparisons test. *P < 0.05 and ***P < 0.001.
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(Fig. 4G). We modeled the GRK2 affinity of Ga,-GTP (5 nM) based
on two prior studies (28, 68). The fraction of Gag-GTP bound to
PLC was plotted versus total Go,-GTP over the same range of GRK2
concentration to show that, at equilibrium, increasing local GRK2
abundance could strongly suppress Go-GTP signaling via PLC over
a remarkably wide range of concentrations and affinities. These ki-
netic and equilibrium schemes support a parsimonious competi-
tion model for the observed inhibitory effects of GRK2 expression
on Gay signaling.

Our kinetic and equilibrium competition modeling suggests
some features of GRK2-mediated regulation of Goy signaling. First,
increasing levels of GRK2 should lead to a decrease in response am-
plitude to the point where Ca** responses to glutamate are fully pre-
vented with sufficient GRK2 levels. In our kinetic model, increasing
the local abundance of GRK2 would increase the transition rate
from Gy to Gs without affecting the other rate constants, resulting
in accelerated deactivation kinetics and a smaller peak response
(Fig. 4F). We tested this by tethering GRK2 to the membrane using
a GRK2-CAAX construct that uses a C-terminal prenylation se-
quence (69) to increase the effective plasma membrane concentra-
tion of GRK2. While GRK2 coexpression had no clear effect on the
percentage of cells responding to glutamate, GRK2-CAAX markedly
reduced this from ~70 to ~20% (Fig. 4I). Among the cells that did
respond, there remained a clear effect on FWHM and a substantial
>50% decrease in amplitude (Fig. 4, ] and K). These data indicate
that GRK2 expression level and localization are key determinants of
both the ability of cells to respond to GPCR activation at all and the
amplitude and timing of the response. Furthermore, our modeling
suggests that GRK2 decreases the amount of PLC-bound Go,q across
Gayg concentrations (Fig. 4H), which should produce a right shift in
the agonist dose-response curve. For this measurement, we turned
to JRCaMP1b, a red, genetically encoded Ca* sensor with a lower
affinity for Ca** than R-GECO (~300 versus ~700 nM) (70), which
should limit underestimation of signal amplitude due to fluorescence
saturation at micromolar Ca* levels that may occur upon Gog-
coupled GPCR activation (42, 43). As predicted, coexpression of
GRK2 shifted the glutamate dose response ~10-fold (Fig. 4L), indi-
cating that GRK2 serves as a buffer to raise the threshold for a large
signaling response.

On the basis of our model, we next predicted that other Gog-
dependent signaling processes should be sensitive to GRK2 in a
kinase-independent way. We tested this by measuring the activation
of mitogen-activated protein kinase (MAPK) signaling by mGluR5
following glutamate application using a standard Western blot as-
say with antibodies to phosphorylated or total extracellular signal-
regulated kinase 1/2 (ERK1/2). mGluR5 activation produced a clear
response to glutamate that peaked at 5 min after glutamate applica-
tion (Fig. 5, A and B). Coexpression of GRK2 substantially reduced
this response such that the peak was decreased by >30% (Fig. 5, B
and C). A similarly decreased response was observed with GRK2-
K220R, showing that kinase-independent GRK2-mediated desensi-
tization can have downstream consequences beyond the initial Ca**
response to Go,q activation (Fig. 5, B and C). In contrast, GRK2-D110A
did not alter the peak ERK response to glutamate (Fig. 5, B and C),
indicating both that Go-GTP is an upstream driver of ERK phosphoryl-
ation and that Gag binding is key for the inhibitory effect of GRK2.

Last, given that direct GRK2/GPCR interaction is not required
for our model of signaling desensitization, we hypothesized that the
rapid desensitization of Ca** responses seen with group I mGluRs

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

would be generalizable across Gog-coupled receptors. We tested this
with both the 5-HT;4R serotonin receptor and the M3R muscarinic
acetylcholine receptor, two prominent neuromodulatory GPCRs.
Both receptors produced clear slowly desensitizing Ca** responses
following application of their native agonist. Coexpression of GRK2,
but not GRK2-D110A, markedly reduced the FWHM for the re-
sponses of each receptor (Fig. 5, D to G). As seen with group I
mGluRs, the ON kinetics of the 5-HT;4R responses was accelerated
(fig. S6, A and B), but such an effect was not observed with M3Rs
(fig. S6, C and D), which showed faster responses than the other
GPCRs tested under control conditions. To assess the role of endog-
enous GRK2/3 levels on endogenous Ga4-coupled GPCR signal-
ing, we measured Ca®* responses to ATP application to stimulate P,yRs
that are natively expressed in HEK293 cells (71, 72). As with heter-
ologously expressed receptors (Figs. 1, I to L, and 5, D to G), the
FWHM (Fig. 5, H and I) and rise time (fig. S6, E and F) of ATP re-
sponses were increased in GRK2/3 KO cells as compared with pa-
rental HEK293 cells. These data indicate that rapid, kinase-independent
desensitization is a general feature of Gog-coupled receptor signal-
ing, but kinetic differences can be seen across different GPCRs.

Regulation of GPCR signaling cross-talk by GRK2

While noncanonical G protein-independent mechanisms exist (73, 74),
the vast majority of GPCRs signal through four families of hetero-
trimeric G proteins: Gayo, Gois, Gag/11, and Goipy/i3. While some
GPCRs can couple to multiple subfamilies (75), in most cases, there is
a strong preference for one G protein family, and this is a key deter-
minant of the biology of each receptor. However, multiple GPCR
subtypes that couple to each G protein pathway can be present and
coactivated within the same cell. One proposed mechanism of cross-
talk between pathways depends on the binding of Gy subunits to
PLC-B that does not directly activate the enzyme but can allosteri-
cally enhance the activation produced by Gog binding (10, 76). This
mechanism may explain noncanonical Gaoy/,-coupled GPCR-driven
Ca®" responses that have been observed in physiological systems,
including muscle cells, cancer cells, osteoblasts, neurons, and platelets
(9, 10, 77-79). After establishing that GRKSs rapidly bind G proteins
to shape Ca®* signaling dynamics (Figs. 1 to 5), we asked whether
GRKs can also regulate the dynamics of this GPCR cross-talk.

We first coexpressed the Gay/,-coupled MOR with or without
mGluR1 and observed robust DAMGO responses only in the pres-
ence of mGluR1 (Fig. 6A and fig. S7A). A similar mGluR1-dependent
Ca®" response was observed upon activation of the GABAgR, an-
other Goj/o-coupled GPCR (fig. S7B). We reasoned that these re-
sponses are dependent on tonic Gog activation by mGluR1 either
via ligand-independent constitutive activity or low ambient levels of
glutamate. Consistent with this, DAMGO-induced Ca®* responses
were abolished in the presence of the mGluR1 NAM CPCCOEt
(Fig. 6B and fig. S7C). To confirm that MOR responses were depen-
dent on activation of Go,, and GPy release, we validated that they
were blocked by the Gay,-specific pertussis toxin (PTX) and the
Gpy inhibitor gallein (Fig. 6B). Together, these data argue that Goiy/o-
coupled GPCRs can drive Ca®* responses that are dependent on
both Gog and Gpy.

On the basis of the above results, we hypothesized that the GBy
and Gag binding ability of GRK2 would inhibit this cross-talk and,
as observed with direct Gag-receptor activation (Figs. 1 to 5), alter
the timing of Ca®" responses. When GRK2 was coexpressed with
MOR and mGluR1, the proportion of cells showing DAMGO Ca**
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Fig. 5. GRK2-mediated, Ga, binding-dependent desensitization of other effectors and other Gag-coupled receptors. (A and B) Representative blot (A) and sum-
mary time course (B) showing the ERK phosphorylation response to glutamate in the absence or presence of GRK2. (C) Summary bar graph showing the peak, normalized
PERK response to glutamate. (D and E) Representative normalized average traces (D) and summary bar graph (E) of FWHM showing the effects of GRK2 co-expression on
R-GECO response to activation of the 5-HT,4R. (F and G) Same as (D) and (E) but for the M3R. (H and I) Representative normalized average traces (H) and summary bar

graph (1) of FWHM showing the effects of GRK2/3 double KO on R-GECO response

to activation of endogenous P,yRs. Each point represents an independent measure-

ment; all graphs come from two to five separate experimental days, and error bars represent SEM. For (1): unpaired t test; for (C), (E), and (G): one-way ANOVA with Tukey’s

multiple comparisons tests. *P < 0.05, **P < 0.01, and ***P < 0.001.

responses were markedly reduced, and the remaining responses
showed accelerated desensitization with a threefold decrease in
FWHM (Fig. 6, C to F). We tested GRK2 mutants that revealed that
GRK?2 inhibition of Goijo/Gog cross-talk is kinase independent and
involves binding of both GBy and Gag, as only upon R587Q/D110A
double mutation were DAMGO responses restored to control
levels and durations (Fig. 6, C to F). To test whether endogenous
levels of GRK2/3 can control this form of cross-talk, we again
turned to GRK2/3 double KO cells. We found a clear increase in the
percentage of cells responding to DAMGO in mGluR1 and
MOR coexpressing cells in GRK2/3 KO compared to parental controls
(fig. S7D). Furthermore, compared to parental cells, the relative

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

DAMGO response amplitude was larger in GRK2/3 KO cells, sup-
porting the idea that GRK2/3 serve as native regulators (fig. S7,
E to G).

Last, we extended our analysis to the 5-HT»R, which also en-
abled DAMGO-driven Ca®" responses upon MOR coexpression.
However, compared to mGluR1, a much lower percentage of cells
showed clear responses (fig. S7H). We reasoned that the 5-HT;3R
may provide less Gog tone than mGluR1 and, thus, tested whether
low concentrations of 5-HT would enhance MOR responses. We
found that application of 1 nM 5-HT failed to produce reliable re-
sponses on its own, but coapplication enabled robust DAMGO re-
sponses (Fig. 6, G and H, and fig. S7TH). Coexpression of GRK2 or
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Fig. 6. GRK2/G protein binding regulates cross-talk between G, and Gj,,-coupled GPCRs. (A) Representative average trace showing that activation of the MOR (Gaij/o-
coupled) by the agonist DAMGO drives robust R-GECO responses when mGIuR1 is coexpressed. (B) Summary bar graph showing the effects of PTX coexpression, mGluR1
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to Goi/, activation. Each point represents an independent measurement; all graphs come from two to three separate experimental days, and error bars represent
SEM. One-way ANOVA with Tukey’s multiple comparisons tests. *P < 0.05, **P < 0.01, and ***P < 0.001.

GRK2-K220R, but not GRK2-R587Q/D110A, was able to markedly
decrease responses to both DAMGO alone and DAMGO in the
presence of 5-HT (Fig. 6, G and H, and Fig. S7I), suggesting that
GRK2 blunting of GPCR cross-talk is not receptor specific. Together,
these data suggest that GRK2/3 may play a general G protein-
buffering role to prevent or limit cross-talk between G protein
families (Fig. 6I).

GRK2-mediated, G protein-dependent GPCR internalization

cross-talk

The ability of GPCRs to recruit GRK2 to the membrane via G pro-
teins (26) (Fig. 4C) raises the possibility that Gay-mediated GRK
recruitment contributes to receptor internalization and may enable
cross-talk at the level of GRK-mediated internalization. We hypoth-
esized that mGluR1, despite insensitivity to GRK2 in terms of its own

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

internalization (Fig. 7A; see Materials and Methods), can enhance
the GRK2-dependent internalization of other GPCRs. We first as-
sayed internalization of the MOR (Goj,-coupled) and 5-HT,5R
(Gag-coupled) and found that agonist-dependent internalization of
either receptor is enhanced by GRK2 coexpression and reduced by
coexpression of kinase-dead GRK2-K220R, which acts as a domi-
nant negative (Fig. 7, B and C). The enhancement of 5-HT, 4R inter-
nalization, but not MOR internalization, by GRK2 was decreased
when the D110A mutation was incorporated, indicating that Gag
binding contributes to GRK2-mediated receptor internalization (Fig. 7,
B and C). Both 5-HT,sR and MOR were sensitive to the R587Q
mutation, consistent with a general role for GBy, albeit with a larger
effect for the MOR (Fig. 7, B and C). Furthermore, treatment with
YM-254890 impaired internalization of the 5-HT,4R, but not the
MOR (fig. S8, A and B). In contrast, treatment with PTX impaired
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Fig. 7. GRK2/G protein binding enables cross-internalization of coexpressed GPCRs. (A to C) Surface labeling assay showing minimal agonist-induced internalization
of mGIuR1 (A) but clear GRK2-dependent internalization of the MOR (B) and 5-HT,aR (C). 5-HT4R, but not MOR, is sensitive to the GRK2-D110A mutation that impairs Gog
binding. (D and E) Coexpression of mGIuR1 enables glutamate-driven MOR internalization, as seen with surface labeling assay (D) and cell imaging (E). Scale bar, 10 um.
(F) Glutamate-driven MOR internalization is blocked by the Gay inhibitor YM-254890 and the MOR antagonist naloxone. (G) GRK2-D110A is unable to mediate GRK2-
dependent, glutamate-driven MOR internalization. (H) Effects of mGIuR1 coexpression on internalization of mGIuR3 or mGluR2. mGIuR1 coexpression enables DHPG-driven
mGIuR3 internalization and enhances glutamate-driven mGIuR3 internalization but does not enable mGIuR2 internalization. (I) mGIuR2 coexpression enables LY379268
(mGIuR2/3 agonist)-driven internalization of MOR. (J) Working model of GRK2/Golo-driven GPCR cross-internalization. All graphs come from two to three separate exper-
imental days, and error bars represent SEM. For (D) to (1): unpaired t test; for (A) to (C) and (F) to (H): two-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05,
**P<0.01,and ***P < 0.001.

internalization of the MOR, but not the 5-HT4R (fig. S8C, D). On the basis of the ability of G protein binding to contribute to
Coexpression of GRK mutants or PTX did not alter basal surface =~ GRK2-mediated internalization, we reasoned that agonist-driven
levels for the MOR or 5-HT,4R (fig. S8, E and F). Together, these ~ GRK2 recruitment to the plasma membrane could enhance the
data indicate that Go,i/GRK2 interaction can contribute to receptor  internalization of other GPCRs. We tested this by coexpressing
internalization in a subtype-specific manner. mGluR1 and GRK2 while measuring MOR surface levels. Activation
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of mGluR1 by glutamate produced internalization of the MOR in the
absence of an opioid agonist (Fig. 7D). This glutamate-dependent
MOR internalization was dependent on mGluR1 expression (Fig. 7D)
and could be visualized by labeling SNAP-MOR before glutamate
treatment (Fig. 7E and fig. S9A). mGluR1-driven MOR internalization
was blocked by either YM-254890 or the MOR antagonist naloxone
(Fig. 7F), indicating that both Goyq activation and constitutive MOR
activity are required. Glutamate-induced MOR internalization was
dependent on GRK2 coexpression and reduced by incorporation of
the D110A mutation (Fig. 7G), supporting a role for GRK2-Gay inter-
action. Glutamate-driven mGluR1 internalization was not enhanced
by MOR coexpression (fig. S9B), demonstrating that cointernalization
of an mGluR1/MOR complex is not involved. mGluR1 coexpres-
sion also enhanced low-dose (10 nM) DAMGO-induced internal-
ization of MOR (fig. S9C). This enhancement was blocked by either
YM-254890 or the mGluR1 NAM CPCCOEt (fig. S9C), indicating
that it was driven by constitutive mGluR1 activation, as was seen
with Gay/o-driven Ca** responses. mGluR1-driven internalization
of MOR could also be initiated with DHPG and was abolished in
B-arr1/2 double KO cells (fig. S9D), consistent with a central role
for B-arrs in driving MOR endocytosis. We next asked whether
endogenous levels of GRK2/3 were sufficient to mediate this form
of cross-talk. In the absence of GRK2 overexpression, we found that
glutamate produced a very modest decrease in surface MOR levels
but was able to enhance the internalization induced by subsaturating
10 nM DAMGO (fig. S9E).

We asked whether this result could be generalized to other Goiy/o-
coupled receptors by testing the ability of mGluR1 to drive inter-
nalization of mGIuR2 or mGluR3, two subtypes with which it does
not efficiently heterodimerize (8, 80). We previously showed that
mGIuR2 is resistant to agonist-driven internalization, while mGIuR3
undergoes robust GRK2/3 and B-arr—driven internalization and en-
dosomal trafficking (25). We first confirmed that the group I mGIuR
agonist, DHPG, did not drive internalization of mGIuR3 when ex-
pressed alone (Fig. 7H). However, upon coexpression of mGluRl1,
DHPG drove robust mGluR3 internalization, which was blocked
by the mGluR2/3 antagonist MNI-137 (Fig. 7H) or application of
YM-254890 (fig. S9F). Furthermore, mGluR1 coexpression enabled
a larger glutamate-driven internalization of mGluR3 (Fig. 7H). In
contrast, mGluR2 remained resistant to internalization upon mGluR1
coexpression and treatment with DHPG or glutamate (Fig. 7H),
confirming that an ability to couple to GRKs and B-arrs is required
for this mode of cross-internalization. We previously showed that
mGluR3 activation leads to membrane recruitment of B-arrs that
is detectable by fluorescence imaging (25) (fig. S9G). We tested
whether this would be observed upon mGluR1-mediated cross-
regulation and found clear B-arr1-yellow fluorescent protein (YFP)
membrane recruitment in response to DHPG only when mGluR3
and mGluR1 were coexpressed (fig. S9, G and H).

Last, we hypothesized that Goj/,-coupled GPCRs could also
drive cross-internalization based on their ability to drive GRK2 re-
cruitment via Gy (fig. S5A). We turned to mGluR2 because it does
not undergo agonist-driven internalization itself (Fig. 7H) (25). How-
ever, as was observed with mGluR1 (Fig. 7D), mGluR2 agonism was
able to drive a clear drop in MOR surface levels (Fig. 7I), which could
be visualized with live-cell imaging (fig. S9, I and J). mGluR2-driven
MOR internalization was blocked by PTX and dependent on an in-
tact GBy binding site on GRK2 (fig. S9K). Together, these results
show that the ability of a GPCR to drive G protein/GRK complex
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formation can enhance the internalization of other GPCRs even, as
in the case of mGluR1 or mGluR2, when that receptor does not ef-
ficiently internalize itself (Fig. 77).

DISCUSSION

This study reveals that GRK2/3 are key modulators of GPCR signal-
ing across time scales via multiple modes of regulation that are de-
pendent on Go,g binding. We first find that rapid GRK/Gag binding
can control signaling dynamics on the seconds time scale inde-
pendently of kinase activity and B-arr coupling (Figs. 1 to 5). GRK2 or
GRK3 shapes the response of group I mGluRs to agonists by accel-
erating the onset, desensitization, and recovery-from-desensitization
kinetics. While these may be generally thought of as inhibitory ef-
fects, the enhanced recovery and accelerated onset kinetics induced
by GRK2 may also contribute to maintenance of signal fidelity rather
than merely blunting the receptor response. GRK2/3 can also serve
as a signaling barrier to decrease constitutive activity, prevent the
response to low agonist doses, or limit sensitivity to brief focal acti-
vations. This may serve to enhance the signal-to-noise ratio of a
cellular response to ligand, reinforcing the idea that GRK2-mediated
inhibition may play a role both in desensitizing and in refining G
protein signaling. Our data are in line with prior studies of group I
mGluRs that have shown kinase-independent functional inhibition
by GRK2/3 (39, 41). In addition to building on this work with dy-
namic and mechanistic information, we show that GRK2-mediated
rapid desensitization is a generalizable phenomenon that likely can
regulate any Go,-coupled receptor, as shown with the 5-HT»5R, M3R,
and P,yR, and any Gog-dependent effector, as shown with ERK ac-
tivation. Elevated Goy signaling is capable of driving stress granule
formation (81), is associated with various aspects of cancer (82-84),
and may contribute to cardiovascular disease (85), motivating fu-
ture studies of GRK2/3-mediated regulation across physiological
and disease contexts.

The acute signaling effects of GRK2 may be explained with a
simple binding model based on competition for Gag between GRK
and PLC-B. This model captures the key features of the system but
is an oversimplification as other factors likely further shape GRK-
mediated inhibition. For a deeper quantitative understanding, precise
biophysical measurements of rate constants and binding coopera-
tivity for the relevant complexes (e.g., GRK2/Gog; PLC-B/Go,) are
needed. Furthermore, guanosine triphosphatase (GTPase) activity,
including the GTPase-activating protein activity of PLC-B (86) and
GRK2/3 (28), and plasma membrane dynamics of each component
are necessary to incorporate into a comprehensive model. The latter
may tune this system by altering the apparent GRK2/3 plasma mem-
brane concentration and localization to signaling microdomains,
which are both likely shaped by cellular morphology. For example,
the increased surface-to-volume ratio seen in neuronal or astrocytic
processes may increase the extent of constitutive GRK2-mediated
regulation of Go signaling. Together, our model argues that the rel-
ative expression levels of the GPCR, Gag, GRK2/3, and PLC- sub-
types are the major determinants of this regulation, providing a
means of tuning Goy signaling dynamics across cells. Consistent with
this, GRK2/3 expression levels are highly variable across cells and
dynamic within a given cell (87). Our data show that GRK2-driven
desensitization of Gog-driven Ca®* responses is partially insensitive
to disruption of the GBy and phospholipid-binding sites on GRK2
under our conditions. This is in contrast with prior work showing
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that rapid GRK2-driven desensitization of GIRK currents is dependent
on intact binding sites for both GBy and phospholipids. Further-
more, in contrast to the receptor specificity seen with GRK2-mediated
GIRK current desensitization (24, 25), the GRK2-mediated Ca®*
desensitization observed here was not specific for GPCR subtypes.
While both desensitization processes likely involve competition be-
tween effector and GRK2 for G proteins, this suggests differences in
the underlying mechanisms and dynamic range of effects for each
form of regulation. It is worth noting that differences in the extent
of kinetic effects of GRK2 were observed across Gag-coupled GPCRs,
with effects on rise time for mGluRs and the 5-HT,,R, but not
the M3R, which is likely due to distinct properties of each GPCR in
terms of G protein activation and subcellular organization. Along
these lines, direct complex formation between GPCR and GRK2/3,
as has been proposed for mGluR1 (38, 40), may contribute to the
unique kinetic features seen for each receptor. Last, we find that the
kinase independence of GRK2-mediated regulation of Go, signal-
ing leads to insensitivity to standard GRK2/3 kinase inhibitors such
as cmpd101, motivating the development of alternative pharmaco-
logical or genetic approaches to study GRK2/3-mediated processes
in native systems. Two recent studies used overexpression of the
isolated RH domain of GRK2 in mechanistic analyses of cardiac hy-
pertrophy (88) and astrocyte Ca®" signaling (89), respectively. How-
ever, it is worth noting that this approach merely uses the RH
domain as a Gag sponge and does not directly address the physio-
logical role of GRK2 itself.

Beyond merely regulating the acute response to ligand, we also
find that rapid GRK/G protein binding can control the extent and
timing of signaling cross-talk between GPCRs (Fig. 6). This com-
plements the recent proposal that Goiyo/Go,q synergy is mediated by
allosteric effects of GBy on Gog-driven PLC- activation (10) and a
recent study showing that GBy binding controls the duration of Goy-
driven PLC- activation (90). In line with this work, GRK2 binding
to both Gag and Gy contributes to regulation of cross-talk with
mutation to both interfaces required to restore Ca?* responses. This
effect is in line with the notion that GRK2 not only inhibits Go,
signaling but also increases signal specificity and temporal fidelity.
Such cross-talk, and its regulation by GRK2, is likely relevant across
systems where cells can respond to complex patterns of multiple hor-
mones, neuromodulators, or neurotransmitters. For example, there
are reports of intracellular Ca** release in response to Gayjo-coupled
(91, 92) or Gaos-coupled (93) GPCRs in astrocytes, but little data exist
about the underlying mechanisms of these noncanonical responses
and if they are regulated by G protein buffering systems, such as
GRK2/3. Prior studies showing similar signaling cross-talk have
often attributed effects to GPCR heteromerization (94, 95); however,
the Gajjo-driven Ca®" responses shown in our study do not require
any direct interaction between GPCRs. Heteromerization may en-
hance the efficiency of cross-talk to overcome GRK-mediated regu-
lation by maximizing spatial overlap of Gag,-GTP and Gpy to target
the same population of PLC-B. Generally, GRK2/3 may serve as a
buffer to restrict GPCR signaling cross-talk and limit the extent of
spatial signaling spread. In future studies, spatiotemporally resolved
dual GPCR activation and imaging will be required to dissect this
mechanism across systems.

Last, we find that in addition to shaping rapid signaling dynamics,
the ability of GRK2 to bind Go, can contribute both to homologous
internalization of Gog-coupled GPCRs and to cross-internalization
of bystander or coactive GPCRs (Fig. 7). The finding that activation
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or tonic/constitutive signaling of one GPCR can decrease respon-
siveness to other signals reveals a novel form of lateral inhibition
such that activation of one GPCR broadly down-regulates the cell’s
responsiveness to other signals. For example, constitutively active
Gagy mutants, as seen commonly in uveal melanoma (96), may lead
to elevated GRK2 recruitment and subsequent down-regulation of
other GPCRs via GRK2. Notably, a recent study showed that com-
mon disease-associated Go,q mutations remain capable of efficient
GRK2 binding (97). The ability of Go,g-coupled GPCR activation to
drive cross-internalization of other GPCRs may also be relevant in
the clinical context of extended pharmacological treatment such
that down-regulation of GPCRs coexpressed with the target recep-
tor may occur.

The finding that Goi/GRK2 binding can contribute to GPCR inter-
nalization, as we show with both the 5-HT,4R and cross-internalization
of mGluR3 or MOR via mGluR1, complements prior studies show-
ing that GPy/GRK2 binding can contribute to GRK2-dependent
receptor endocytosis (63, 98). Such G protein-dependent GRK re-
cruitment may complicate the development of biased ligands with
high efficacy for either G protein or B-arr coupling. Furthermore,
we also find that GBy-mediated GRK recruitment after activation of a
Goyjo-coupled GPCR can enable a similar form of cross-internalization,
as we show with mGluR2 and MOR. Our internalization data raise
the question of how G protein activation contributes to receptor
endocytosis. A comprehensive analysis of GRK2 recruitment via
the M3R showed that both GBy and Go,q contribute to GRK2 re-
cruitment with a larger role for GPy but higher sensitivity to low
agonist doses for Gog (26). In line with this, we show using TIRF
imaging that, compared to fully blocking G protein activation or
impairing GBy binding, impairing the Gay binding site only has a
modest effect on GRK2 recruitment in the background of the GBy
binding mutation. It is important to note that the dynamic range of
the fluorescence changes observed in our TIRF measurements may
obscure some of the effects of mutations and do not allow us to
easily assess basal GRK2 recruitment, which may be dependent on
Gayg binding. However, our data and those of others together sug-
gest that Go,i/GRK2 binding may play a role downstream of direct
membrane recruitment to enhance the spatial targeting of GRK2
within critical membrane microdomains. This is consistent with single-
molecule imaging studies showing that GPCR transducer coupling
can occur in membrane hotspots (99) and the aforementioned M3;R
study showing that GRK2/Go, binding enhanced B-arr recruitment
(26). A recent study of the angiotensin type II receptor found that
Gayg activation can contribute to GRK2/3-driven B-arr recruitment
and impair GRK5/6 coupling by controlling localization of these
GRK subtypes to mobile versus immobile membrane phases (50). Last,
Goag-dependent trafficking may also involve some of the wide variety
of proteins that have been shown to bind GRK2, including caveolin
and cytoskeletal proteins (100, 101). Ultimately, this finding moti-
vates future work to further delineate the underlying mechanisms and
physiological effects of G protein—-dependent trafficking cross-talk.

MATERIALS AND METHODS

Cell culture, molecular cloning, and gene expression
HEK293T cells were purchased from the American Type Cul-
ture Collection (ATCC; CRL-11268; CRL-1573), authenticated by Bio-
Synthesis Inc. and tested negative for mycoplasma using the Universal
Mycoplasma Detection Kit from ATCC. GRK2/3 double KO, B-arr1/2
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double KO, and parental HEK293 cells were previously reported
(50) and tested negative for mycoplasma using the Universal Myco-
plasma Detection Kit from ATCC. Cells were maintained in Dulbecco’s
modified Eagle’s medium (GIBCO) supplemented with 5% fetal bo-
vine serum (FBS) and passaged by trypsin/EDTA digestion upon
reaching ~95% confluency. Cells were maintained in a humidified
incubator with 5% CO; at 37°C. HEK293T cells were plated on poly-
L-lysine-coated coverslips (18 mm) or glass bottom dishes (35 mm
for TIRF imaging) and transfected using Lipofectamine 2000 (Thermo
Fisher) with a typical efficiency of ~70 to 80% of cells based on
fluorescence. The following cDNA for bovine GRKs were used:
untagged GRK2 (Addgene #14691), GRK3 (Addgene #32689),
GRKS5 (Addgene #14690), GRK6 (Addgene #32693), GRK2-GFP (24),
and GRK2-CAAX (Addgene #166224). The following Ca®* indicator
plasmids were used: R-GECO (47), JRCaMP1b (70), and ER-GCaMP
(51). The following GPCR cDNA were used: SNAP-tagged mGluRs
(80) (human mGluR1, mGluR5; rat mGluR2, mGluR3), rat SNAP-
SHTZa (102), rat GABABl and GABABZ (22), and rat SNAP-MOR
(this study; N-terminal HA followed by SNAP-tag followed by full-
length MOR). For most experiments, cells were maintained in antagonist
after transfection to maintain cell health [1 uM 2-Methyl-6-
(phenylethynyl)pyridine (MPEP) for mGluR5, 10 uM LY 341495 for
mGluR1 or mGlIuR3, 10 uM naloxone for MOR, and 10 uM ketanse-
rin for 5-HT»sR]. All experiments were performed 24 to 48 hours
after transfection. For Ca®* imaging and ERK phosphorylation ex-
periments, each coverslip received 0.5 ug of each receptor, 0.5 pg of
the wild-type or mutant GRK [unless otherwise indicated, see
Fig. 1 (I to L) and fig. S3], and, for some experiments, 0.4 ug of
PTX-S1 (103). For Ca** imaging, 0.2 ug of the relevant Ca** indica-
tor (R-GECO, ER-GCaMP6, or JR-CAMP1B) was cotransfected.
For TIRF imaging experiments, each imaging dish received 1 pg of
receptor, 0.5 ug of wild-type or mutant GRK2-GFP, and 1 ug of
excitatory amino acid transporter 3 EAAT3 (gift of ]. Mathiesen) to
remove extracellular glutamate. For surface labeling or internaliza-
tion experiments, cells were transfected with 0.5 ug of SNAP-tagged
receptor (with 0.5 pug of untagged receptors for cross-talk studies)
with or without 0.5 pg wild-type or mutant GRK2. For B-arr
recruitment experiments, cells were cotransfected with 0.2 ug of
B-arr1-YFP plasmids 48 hours before imaging. All point mutants
were made using standard PCR-based site-directed mutagenesis.

Ca** imaging

HEK293T cells were imaged on an inverted microscope (Olympus
IX83) with a 20x objective at room temperature in extracellular
(EX) solution composed of the following: 135 mM NaCl, 5.4 mM
KCI, 10 mM Hepes, 5 mM L-glucose, 2 mM CaCl,, and 1 mM MgCl,
(pH 7.4). R-GECO was excited using a 561-nm laser at 0.5 Hz, for
most experiments, or 5 Hz for fast perfusion analysis (fig. S1, E
to G), with a 100-ms exposure time. For experiments with gallein
(Tocris, catalog no. 3090) or cmpd101 (Tocris, catalog no. 5642),
cells were preincubated with 10 pM gallein or 30 pM cmpd101 for
20 min before imaging. ER-GCaMP6f was excited using a 488-nm
laser at 0.5 Hz with a 100-ms exposure time. Time lapse movies were
recorded with a scientific complementary metal-oxide-semiconductor
(scMOS) camera (Hamamatsu ORCA-Flash4v3.0). For most ex-
periments, a continuous gravity-driven perfusion system was used
at a speed of 5 ml/min. For fast perfusion experiments (fig. S1, E to
G), a pressurized perfusion system (Automate Scientific) was used at a
speed of 20 to 30 ml/min as previously described (104). All agonists,
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antagonists, and PAMs were purchased from Tocris: DHPG (cata-
log no. 0805), LY341495 (catalog no. 1209), LY379268 (catalog no.
2453),VU0360172 (catalog no. 4323), Ro 67-7476 (catalog no. 4346),
MPEP (catalog no. 1212), CPCCOET (catalog no. 1028), DAMGO (cat-
alog no. 1171), Baclofen (catalog no. 0417), 5-HT (catalog no. 3547),
and acetylcholine (catalog no. 2809). YM-254890 was purchased from
Cayman Chemical Company (catalog no. 29735). For PORTL ex-
periments, labeling of SNAP-mGluR2-mGluR5 was done with 10 pM
BGAGj;,40 at 37°C for 45 to 60 min before imaging as previously
described (52). Photoactivation experiments were performed at
30°C with continuous perfusion on a Zeiss LSM880 scanning con-
focal microscope using ZEN Black software with a 63x objective,
a488-nm laser for imaging, and a 405-nm laser for photoactivation.
PORTL photoactivation was performed by scanning a 405-nm laser
at 100% power in a defined region for 40 iterations between each
imaging frame as described previously (52).

Image analysis was performed using Image] (Fiji) with manual
identification of single-cell regions of interest and classification of
cells as oscillatory (>1 peak during drug application) or nonoscilla-
tory. Intensities were normalized to the baseline before drug appli-
cation. FWHM was calculated for each independent movie as the
width (duration of time, measured in seconds) of an average trace
(40 to 80 cells) representing the Ca®" transient after drug applica-
tion measured at half of its maximum amplitude. Peak amplitude
was determined as the highest value of arbitrary unit fluorescence
reached after drug application. Rise time was measured in seconds
as the time from baseline to peak amplitude, and the Tgesensitization Was
determined using single exponential fits in GraphPad Prism. All con-
ditions were repeated on at least two separate experimental days;
see figure legends for details.

Receptor imaging and internalization analysis

Surface labeling assay, internalization imaging, and B-arr recruit-
ment were measured as previously described (25). For the surface
labeling assay, cells were first incubated in EX with or without drugs
for 30 min at 37°C and then labeled with 1 uM cell-impermeable
BG-Alexa-546 (New England Biolabs) for 20 min at room tempera-
ture. Cells were imaged on an inverted microscope (Olympus IX83)
with a 60x 1.49 numerical aperture (NA) objective using a 560-nm
laser. Snapshots were taken to measure mean fluorescence intensity
across multiple fields of view via Image]. For all transfection condi-
tions, an agonist and no agonist (normalized to the 100 value) con-
dition was included to enable direct comparisons of surface levels.
For internalization assay, cells were first labeled with 1 uM BG-Alexa-
546 for 20 min (New England Biolabs), then incubated in EX with
or without drugs for 30 min, and imaged right after. The percentage
of cells showing intracellular fluorescence was analyzed manually and
blindly across multiple fields of view. For B-arr recruitment experi-
ments, cells were treated with agonists for 15 min and then imaged
with a 60x 1.49 NA objective using a 488-nm laser to excite YFP. The
percentage of cells showing membrane recruitment was analyzed
manually and blindly across multiple fields of view. For experiments
with Gag blocker, 20 pM YM-254890 was added to cells for 30 min
before agonist treatment. Across all assays, conditions were repeated on
atleast two separate experimental days (see figure legends for details).

TIRF imaging
To monitor agonist-driven plasma membrane recruitment of GRK2,
we used a TIRF microscopy-based assay described previously (27).
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Cells were washed and live imaged in Hepes-buffered saline imag-
ing solution with 135 mM NaCl, 5 mM KCl, 0.4 mM MgCl,,1.8 mM
CaCly, 20 mM Hepes, and 5 mM p-glucose adjusted to pH 7.4. Time
lapse image series were acquired at 37°C with 488-nm laser exci-
tation using a 100x 1.49 oil CFI Apochromat TIRF objective on a
Nikon TIRF microscope operated with NIS Element AR 5.21.03 and
equipped with a temperature-controlled chamber (Okolab), perfect
focus system, and an Orca Fusion BT sCMOS camera at 5-s inter-
vals. Drugs were added by bath application at concentrations indi-
cated in the figure legends. Protein relocalization was calculated as
R(1)/R, with R(f) being the fluorescence signal at each time point (f)
and R, being the mean fluorescence signal of the 10 time points
before agonist addition.

Modeling

A minimal kinetic model was developed to aid understanding of
GRK?2 as a negative regulator of signaling via competition for Go,g
without attempting to capture the detailed chemistry of several dif-
fusing species and complex nonlinear dynamics of ER Ca®* release.
We therefore developed a state model that reproduced the activa-
tion and inactivation kinetics of signaling as defined by intracellular
Ca®" measurements in the presence and absence of GRK2 over-
expression. Three signaling states were defined as Gy (basal), G; (PLC
active), and G; (inactive). Qualitatively, these states could correspond
to active free Go,g, Gag bound to PLC, and an inactive IP3/ER Ca*
reservoir, respectively. The measured Ca®* signal corresponds to G,
in this scenario. In the presence of GRK2, a fourth state, G3, was
attached to Gy representing the binding of GRK2 to free Gay (Fig. 4E)

ks ko ka
Gs = Gy =G 1 = G,
ky ki ks

% = —(k0+k4)G0+k1G1+k5G3
% = —(k1+k2)G1+k0G0+k3G2
dG
d—tz = —k3G2+k2G1
dG
d—ts = —k5G3+k4Go

These three- and four-state kinetic models were implemented
using custom-written algorithms in Igor Pro 8 (Wavemetrics) using
the Bulirsch-Stoer method with Richardson extrapolation for nu-
merical integration. Fits to individual fluorescence traces were made
by a global parameter search minimizing the mean squared error
between the peak-normalized data and simulations. No attempt was
made to model amplitude effects since we did not measure absolute
intracellular Ca** levels. Ca** imaging data in the absence of GRK2
overexpression were first fit to a three-state model (Gy, Gy, and G3)
to determine the activation and inactivation rate constants (k4 =
ks = 0, in this case). The GRK-dependent state G; was then added to
this model and fit using data collected from cells overexpressing
GRK2. Because the steady-state fluorescence amplitude was small
in the presence of GRK2, the modeling was relatively insensitive to
the rate constant corresponding to recovery from the fourth state
(rate constant ks). This value was fixed to 10~ per second for global
parameter searches.

Xiang et al., Sci. Adv. 8, eabq3363 (2022) 25 November 2022

To describe an equilibrium-binding competition between PLC
and GRK2 for Gag using the simple scheme shown in Fig. 4F, two
simultaneous coupled nonlinear equations were solved numerically

x2+xy—(KG+AT+GT)x—GTy+ATGT =0

y2+xy—(Kp+AT+PT)x—PTy+ATPT =0

Then, the bound fractions x/Arand y/Ar were plotted versus
GRK2 for a variety of PLC concentrations and for two distinct PLC
binding affinities assuming a GRK binding affinity of 5nM and 100 nM
total Gog (Fig. 4F). Equilibrium values for x and y over a range of
parameters were computed in Igor Pro using the built-in Jenkins-
Traub algorithm. To assess the relative amount of PLC activity with
a total PLC concentration of 100 nM, y/Pr was plotted versus At for
a range of GRK2 concentrations and for two PLC binding affinities
(5 versus 200 nM) (Fig. 4K).

Ar  total concentration of active Gog
Gr total concentration of GRK2
Py total concentration of PLC
K  dissociation constant for Gog bound to GRK2
Kp  dissociation constant for Gog bound to PLC
x concentration of Gog bound to GRK2
y concentration of Gog bound to PLC
ERK phosphorylation

Heterologously expressed receptors from HEK293T cells were treated
with 1 mM glutamate (or 1 uM MPEP for baseline time point), and
lysis was performed at 4°C with Pierce radioimmunoprecipitation
assay lysis buffer (89901) supplemented with Pierce protease and
phosphatase inhibitors (A32955 and A32957). Protein extracts were
quantified using a Pierce BCA protein assay kit (23225). Lysate sam-
ples containing 15 mg of protein were incubated for 5 min at 95°C
with NuPAGE lithium dodecyl sulfate Sample Buffer and 0.25 M
pir-dithiothreitol. Samples were loaded on a NuPAGE 4 to 20%
tris-glycine gel (Thermo Fisher), and the chamber was filled with 1x
NuPAGE Tris-Glycine SDS running buffer (Thermo Fisher) and
run at 80 V for 2 hours. Samples were transferred in 1x NuPAGE
transfer buffer (Thermo Fisher) at 350 mA for 2 hours at 4°C onto a
Bio-Rad Immun-Blot polyvinylidene difluoride membrane (1620177).
The membrane was rinsed in TBST buffer (20 mM tris, 150 mM
NaCl, and 0.1% Tween 20) and then blocked for 1 hour in TBST
containing 5% bovine serum albumin (BSA; GeminiBio, 700-100P)
and 5% FBS (Gibco, 10437-028) at room temperature. The mem-
brane was incubated at 4°C overnight in phospho-p44/42 MAPK
(ERK1/2) antibody (Cell Signaling, 9101L) diluted 1:1000 in 3%
BSA. The membrane was washed three times with TBST and then
incubated in horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G secondary antibody (Invitrogen, 31462) diluted
1:5000 in 3% BSA for 1 hour at room temperature. Membranes
were then washed four times with TBST, incubated with Western-
Bright ECL spray (Advansta, K-12049-D50), and then imaged using
a Syngene G-Box Chemi XX6 imager. Membranes were stripped
with mild stripping buffer [Abcam; 200 mM glycine, 3.5 mM SDS, and
1% Tween 20 (pH 2.2)], blocked (5% BSA + 5% FBS) for 1 hour at
room temperature, and incubated in p44/42 MAPK (ERK1/2)
antibody (Cell Signaling, 9102L) diluted 1:1000 in 3% BSA over-
night at 4°C. Membranes were developed and imaged as described
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above. Images were analyzed using Image]. Each condition was test-
ed in at least five separate experiments.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq3363

View/request a protocol for this paper from Bio-protocol.
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