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Abstract

This review is provided in recognition of the extensive contributions of Dr. Robert J. Lefkowitz to
the G protein-coupled receptor (GPCR) field and to celebrate his 75% birthday. Since one of the
authors trained with Bob in the 80s, we provide a history of work done in the Lefkowitz lab during
the 80s that focused on dissecting the mechanisms that regulate GPCR signaling, with a particular
emphasis on the GPCR kinases (GRKSs). In addition, we highlight structure/function
characteristics of GRK interaction with GPCRs as well as a review of two recent reports that
provide a molecular model for GRK-GPCR interaction. Finally, we offer our perspective on some
future studies that we believe will drive this field.
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1. A brief history of GRKs

The history of G protein-coupled receptor kinases (GRKSs) really began with the
identification of an enzymatic activity in rod membranes that could phosphorylate rhodopsin
in a light-dependent manner [1]. This enzyme was called rhodopsin kinase (now GRK1) and
it was subsequently purified and found to specifically phosphorylate light-activated
rhodopsin [2]. Similar studies in the Lefkowitz lab during the late 70s and early 80s were
focused on understanding the mechanisms involved in the loss of responsiveness of -
adrenergic receptor (BAR) signaling following prolonged stimulation with agonist (a process
called desensitization). These studies revealed that the BAR underwent a mobility shift on
SDS PAGE following agonist treatment [3]. This mobility shift was subsequently shown to
be due to phosphorylation of the receptor [4], and additional studies established that at least
some of this phosphorylation was due to the cAMP dependent protein kinase (PKA) [5]. /n
vitro studies demonstrated that PKA could directly phosphorylate the ,AR to a
stoichiometry of 2 mol phosphate/mol receptor and that this phosphorylation attenuated
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receptor coupling to the heterotrimeric G protein G [6]. Thus, these early studies identified
a mechanism of feedback regulation that involved phosphorylation of the B,AR by PKA, the
protein kinase activated by the BAR signaling pathway. This feedback regulation of the
B2AR by PKA was termed heterologous desensitization.

While a role for PKA phosphorylation of the B,AR was evident from these early studies,
additional studies in the Lefkowitz lab revealed that the B,AR could also be phosphorylated
in an agonist-dependent manner in S49 lymphoma cell lines that lacked the ability to
activate PKA [7]. This observation led to a search for the enzyme that phosphorylated the
B2AR in an agonist-dependent manner and ultimately resulted in the identification of the -
adrenergic receptor kinase or BARK (now called GRK?2) [8]. BARK was analogous to
rhodopsin kinase, given that both enzymes phosphorylated the active conformation of the
receptor, and raised interesting questions about the similarities between phototransduction
through rhodopsin and hormonal signaling through the B,AR [9]. Indeed, subsequent studies
revealed that BARK could also phosphorylate light activated rhodopsin while rhodopsin
kinase could phosphorylate the agonist-occupied B,AR [10]. Additional studies suggested
that BARK had broad specificity since activation of multiple receptors promoted its
translocation from the cytosol to the plasma membrane [11,12]. Moreover, BARK was also
able to directly phosphorylate the a.2-adrenergic receptor /n vitro [13]. BARK was
eventually purified [14] and cloned [15] revealing that it is a 689 amino acid serine/threonine
protein kinase that specifically phosphorylates the agonist-occupied form of GPCRs such as
the BoAR. Moreover, the cloning studies suggested that BARK is likely a member of a larger
family of G protein-coupled receptor kinases [15].

During the course of these studies, another protein that contributes to receptor
desensitization was identified. This protein was initially identified in the visual system and
was termed S-antigen or 48 kDa protein and later named arrestin by Herman Kiihn [16,17].
Arrestin had the interesting property of binding to light activated rhodopsin that had been
phosphorylated by rhodopsin kinase and was found to quench phototransduction [16].
Studies in the Lefkowitz lab identified a similar role for an arrestin in desensitizing oAR
signaling in a BARK-dependent manner [18]. These efforts ultimately led to the
identification of a non-visual arrestin termed B-arrestin that specifically binds to BARK-
phosphorylated B,AR to inhibit receptor interaction with Gg [19]. Thus, these early studies
revealed that GRKSs play a central role in promoting arrestin binding to agonist-activated
GPCRs to turn off receptor activation of heterotrimeric G proteins, a process termed
homologous desensitization.

Once BARK was cloned, additional efforts led to the cloning of BARK2 (now called GRK3)
[20], rhodopsin kinase [21], IT11 (now called GRK4) [22], GRK5 [23], GRK6 [24] and
GRKY7 [25,26]. The seven mammalian GRKSs contribute to the phosphorylation and
regulation of hundreds of G protein-coupled receptors (GPCRs). While GRKSs have been
extensively reviewed [27-33], here we focus on our current understanding of how GRKs
interact with activated GPCRs.

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Komolov and Benovic Page 3

2. Structure/function analysis of GRK-GPCR interaction
2.1. GRK structure

GRKs are serine/threonine protein kinases most related to the AGC kinase subfamily. GRKs
have a modular structure with a central catalytic domain that sits within a regulator of G
protein signaling homology (RH) domain [34,35] that is bracketed by a short N-terminal a-
helical domain (aN-helix) and a variable C-terminal lipid-binding region [36] (Figs. 1 and
2). This basic structure is conserved in all GRKs going back to unicellular eukaryotes and
non-metazoan opisthokonts [37]. The C-terminal region mediates membrane localization via
prenylation (in GRK1 and 7), palmitoylation (in GRK4 and 6), or direct lipid binding either
via a pleckstrin homology (PH) domain (in GRK2 and 3) or a polybasic/hydrophobic
domain (in GRKS5).

To date, all mammalian GRKs except for GRK3 and GRK7 have been crystallized. The first
published structure was of GRK2 in complex with G~y from the Tesmer laboratory [38].
This structure provided important insight including the observation that the kinase domain is
inserted into the RH domain and that contacts between the RH and kinase domains help to
maintain the kinase in an inactive, open conformation. The X-ray crystal structure of GRK6
revealed a similar architecture with the RH domain making extensive contacts with the
kinase domain, which remains in an open conformation even with a bound ATP analog [39].
The RH domain also forms an extensive dimer interface in GRK6 and while it is unclear
whether this has a physiological role, there is evidence that a similar interface in GRK5
plays a role in membrane localization [40]. Interestingly, GRK6 was also crystallized in a
more active conformation with a partially closed kinase domain and an extended aN-helix
that bridged the kinase domain [41]. The authors proposed that this structure provides
potential insight into a conformation similar to GRK bound to a receptor. GRK1 was
crystallized next and found to homodimerize using a conserved interface within the RH
domain [42]. GRK1 also crystallized in several conformations including some that revealed
the C-terminal extension of the kinase domain and one where the aN-helix was observed.
Based on the position of the aN-helix close to the hinge and active site tether (AST) of the
kinase domain, the authors proposed a conceptual model for GRK1 docking to activated
rhodopsin. GRKS5 was crystallized in the presence of sangivamycin or AppNHp [43] as well
as in complex with a high affinity inhibitor [44]. These studies also revealed that the RH
domain helps to maintain the kinase domain in an inactive conformation [43] while inhibitor
binding helps to close the kinase domain and partially relieve the structural constraint from
the RH domain [44]. Most recently, a GRK4 polymorphism (A486V) that has been
implicated in mediating hypertension was also crystallized [45]. In addition to these
structures, GRK2 alone [46] as well as GRK2 in complex with GBy and Gaq have also been
crystallized [47]. Overall, these structures reveal that the RH and kinase domains are in
extensive contact with each other and appear to maintain the kinase in an inactive, open
conformation. Moreover, these studies and others suggest that the aN-helix appears to
stabilize kinase domain closure via a process that may be regulated by GPCR binding
[41,42,48].
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2.2. Using peptides as substrates to understand GRK function

While there is no clear consensus sequence that has been identified for GRK-mediated
phosphorylation, the use of synthetic peptides has provided a number of interesting insights.
GRK1 and GRK2 have a preference for phosphorylating peptides containing a serine/
threonine with either carboxyl- or amino-terminally localized acidic residues, respectively
[49], while GRKS5 [50] and GRKS6 [51] appear to prefer peptides with a serine/threonine
preceded by basic residues. While these studies provide potential insight on the sequence
specificity of GRKSs, they need to be considered from the perspective that peptides are very
poor GRK substrates. For example, the best peptide substrates for GRK2 typically have a
K that is 103-10% fold higher than for a receptor (e.g., 0.2—-3 mM for peptides vs. ~0.2 uM
for the B,AR) [49,52,53]. Similarly, the receptor is also a much better substrate with a Vmax
~103-fold higher than a peptide [53]. Thus, a GPCR is an ~108 fold better GRK substrate
(Vmax/Km) compared to a peptide. Interestingly, recent studies identified a peptide from f-
tubulin (DEMEFTEAESNMN) that had a K, of 34 pM as a GRK2 substrate, although it
had a Vmax some 10%-fold lower than found in other peptide studies raising concerns about
the conditions that were used [54,55]. Another interesting twist is that peptides were also
used to show that GRK binding to a receptor effectively activates the kinase. This was
initially shown for rhodopsin activation of GRK1 where the ability to phosphorylate a
peptide was dramatically enhanced by light-activated C-terminally truncated rhodopsin [56].
Similar studies with GRK2 revealed an ~200-fold increase in peptide phosphorylation by
either light-activated rhodopsin or agonist-occupied B,AR [57]. One conclusion from these
studies is that GRK interaction with a receptor surface enhances the affinity and ultimately
the rate of phosphorylation.

2.3. GPCR regions involved in GRK binding

To better understand the process of GRK-mediated phosphorylation of GPCRs, a number of
studies have focused on trying to identify the GPCR and GRK regions involved in
interaction. Early studies found that peptides synthesized from the intracellular domains of
the B2AR could either serve as substrates for GRK2 or, in some cases, inhibitors of GRK2
mediated-phosphorylation [52]. The most potent inhibitor of these peptides was derived
from the first intracellular loop (ICL1) of the B,AR and had an 1Csq of ~40 pM, although
peptides from ICL2 and ICL3 could also inhibit receptor phosphorylation. Interestingly, the
Lohse group made a few modifications to the f,AR ICL1 peptide that enhanced inhibition
achieving an 1Csq of 0.6 uM [58]. This modified peptide was also found to effectively inhibit
the ability of GRK3 and GRKS to phosphorylate the B,AR suggesting that this may be a
general region of GRK interaction with the B,AR [58]. An additional strategy to study
peptide effects on GPCR-GRK interaction has involved the use of lipidated peptides called
pepducins [59]. Interestingly, pepducins from the ,AR ICL1 were able to effectively
promote GRK-mediated phosphorylation of the >AR providing further support for an
important role of ICL1 in this process [60]. Taken together, these studies support the notion
that multiple regions of the receptor are involved in GRK interaction.

An additional strategy that has been used extensively to try to define the regions most
important for GRK interaction is receptor mutagenesis. Some of the early work involved
characterization of GRK1 interaction with rhodopsin and revealed that the intracellular loops
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of the receptor likely serve as an initial platform for GRK docking [61,62]. For example, Shi
et al. performed extensive alanine scanning mutagenesis of the three intracellular loops in
rhodopsin and evaluated the ability of these mutants to be phosphorylated by GRK1 [61].
These studies found that mutation of residues in ICL1 (Thr2, Val®3, and GIn64) resulted in
an ~50% increase in phosphorylation while mutations of residues in ICL2 (Arg47, Phel48,
Gly149) and ICL3 (Ala233, Ala234, Ala23%) led to ~50% and ~80% decreases in
phosphorylation, respectively. Thurmond et al. also found a significant role for ICL2 since
deletion or replacement of ICL2 resulted in a complete loss of rhodopsin phosphorylation by
GRK1 [62]. Deletion or replacement of ICL3 also resulted in a significant decrease in
receptor phosphorylation while additional data supported a role for both ICL2 and ICL3 in
direct binding of GRK1 [62]. The interaction of the aya-adrenergic receptor (ayaAR) with
GRK2 was also studied extensively since previous studies had demonstrated that GRK2
mediates the phosphorylation of 4 adjacent serines in the apaAR ICL3 [63]. In these studies,
it was shown that glutathione S-transferase (GST) fusion proteins containing either the ICL2
or ICL3 of the appAR could directly bind to GRK2 while there was no interaction with
ICL1 or C-terminal domain fusion proteins [64]. Truncation mutagenesis identified three
discrete regions within the a,aAR ICL3 in GRK2 binding while site-directed mutagenesis
supported a role for specific basic residues (Arg22®, Lys320, and Lys3%8) in ICL3 in GRK2-
mediated phosphorylation of the a;aAR [64]. Basic residues in ICL2 from the metabotropic
glutamate receptor 1 (mGIuR1) (Lys®9! and Lys®92) were also shown to play a role in GRK2
binding [65]. A recent study also implicated a role for ICL3 residues (Leu?26 and Val230) in
GRK1 mediated phosphorylation of rhodopsin and proposed that GRKZ1, arrestin and the G
protein transducin utilize a similar site of binding on rhodopsin [66]. In addition to these
studies, there has been a large amount of work focused on identifying GRK phosphorylation
sites on various receptors with the /n vivo sites of rhodopsin phosphorylation by GRK1
being first described [67]. Taken together, these studies support a direct role for ICL2 and
ICL3 in binding GRKSs as well as a role for ICL1 in facilitating binding and/or
phosphorylation of the receptor. Moreover, GRK interaction with the receptor intracellular
loops likely provides allosteric control of GRK activation through triggering the kinase
domain closure required to effectively phosphorylate residues within the GPCR C-terminus
and/or ICL3.

2.4. GRK regions involved in GPCR binding and phosphorylation

Numerous studies have also focused on identifying the GRK residues important in mediating
the binding and phosphorylation of GPCRs. In addition to the expected critical role of an
invariant catalytic lysine in GRK2-mediated receptor phosphorylation and desensitization of
the B2AR [68], early studies also implicated a role for the N-terminal region of GRK1 in
rhodopsin interaction [69]. These studies demonstrated that an antibody made against a
peptide encompassing GRK1 residues 17-34 effectively blocked GRK1-mediated
phosphorylation of rhodopsin without affecting phosphorylation of a peptide substrate.
Similarly, the Ca2* binding protein recoverin was found to bind to the N-terminal region of
GRK1 and inhibit GRK1-mediated phosphorylation of rhodopsin [70-72]. Additional work
on GRK1 and GRK?2 used truncation and point mutagenesis to identify an essential role for
the N-terminal region in mediating rhodopsin phosphorylation [73]. These studies found that
truncation of the N-terminal 15 or 30 amino acids as well as mutation of a conserved
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glutamic acid (Glu” in GRK1 and Glu® in GRK2) effectively inhibited rhodopsin
phosphorylation by the GRK without affecting peptide phosphorylation. Importantly, the
GRK1 mutants retained their ability to translocate from the cytosol to rod outer segments
upon light activation suggesting that they could still bind to rhodopsin. A role for the N-
terminal region was also implicated in GRK5 with a highly conserved Leu (Leu3 in GRK5)
as well as Thr10 being found important in receptor phosphorylation [74]. Interestingly, these
studies also found that an N-terminal peptide from GRKS5 (residues 1-14) effectively
inhibited GRK5-mediated phosphorylation of rhodopsin while having no effect on the
phosphorylation of tubulin by GRK5 or rhodopsin by GRK?2. It was proposed that this far N-
terminal domain was an amphipathic a-helix that plays an important role in phospholipid
binding. Additional studies implicating an important role for this N-terminal a-helix (aN-
helix) in receptor phosphorylation was provided by Pao et al. who found that individual
mutation of various N-terminal residues in GRK2 (Asp3, Leu?, Leu’/Leu8 and Asp10)
effectively disrupted receptor phosphorylation [48]. In addition, a peptide containing the N-
terminal 14 residues from GRK2 could form an amphipathic a-helix that selectively
inhibited GRK2-mediated phosphorylation of rhodopsin in a non-competitive manner.

Structural studies of GRK1 [42] and GRKG6 [41] also provided important insight into the
aN-helix. These studies were the first to visualize this region in the crystal structures and, in
GRKS®, the aN-helix appears to bridge the active site tether of the kinase C-tail and the
kinase small lobe and stabilize closure of the kinase domain [41]. A particularly important
residue in the aN-helix/kinase interface was Arg19 which makes direct contact with
residues in the aN-helix and kinase C-tail. Indeed, the equivalent residue was shown to be
important in GRK1, GRK2 and GRK®6 function [75,76]. In addition, mutagenesis of the aN-
helix in GRK®6 identified a number of residues particularly important in receptor
phosphorylation including 11e8, Val’, Asn?, and Leu? [41]. Similarly, Leu®, Glu’, Val®,
Vall®, Asnl2 and Phel® were found to be critical in mediating rhodopsin phosphorylation by
GRK1 [77]. An additional study revealed a close correlation between functionally important
residues within the aN-helix of C. elegans GRK-2 (a mammalian GRK2 ortholog) with its
in vivo functional role in chemosensory signaling [78]. While it is clear that the GRK aN-
helix plays an essential role in mediating GPCR phosphorylation, it is currently unclear
whether this region is directly involved in receptor binding or serves as a switch to facilitate
receptor phosphorylation.

Additional GRK regions involved in GPCR interaction and/or phosphorylation have also
been identified. For example, a proline rich motif just before the nucleotide gate in GRK2
appears to be involved in GPCR binding [79,80]. Multiple studies have also implicated an
important role for the RH domain in GPCR interaction. For example, GRK2 RH domain
constructs containing residues 1-190 or 45-185 were able to co-immunoprecipitate with the
mGluR1a [81] while Asp®2 in the RH domain a.11 helix was found to play an essential role
in GRK2 binding to the mGluR1a [82]. Evolutionary trace analysis and mutagenesis was
also used to show an important role for the a3, a9 and a 10 helices of the RH domains in
GRKS5 and GRK6 mediated phosphorylation of the B,AR [83]. Mutation significantly
inhibited GPCR phosphorylation though additional studies demonstrated substantial
reduction not only of receptor phosphorylation but also GRK5 autophosphorylation and
tubulin phosphorylation by a3, a9 and a10 mutants. This might suggest an allosteric effect
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of these RH domain mutations on the catalytic properties of the kinase domain. Interestingly,
peptides from the a.3, a9 and a 10 helices of GRK5 were also able to inhibit the
phosphorylation of rhodopsin by GRKS5 with varied specificity for GRK2, GRK6 and GRK7
[84]. There are also a few noteworthy studies that provided a comprehensive mutagenesis
analysis of GRKSs [76,85]. For GRK2, studies from the Tesmer and Sterne-Marr labs
dissected regions involved in kinase activation and GPCR phosphorylation including the
aN-helix and the kinase domain AST. The important role of the aN-helix in mediating
GPCR phosphorylation has been noted in a number of studies as described above and, here,
the authors proposed that residues Leu?, Val’, Leu8, Valll and Serl2 directly interact with
GPCRs while Asp0, Tyrl3, Alal® and Met!? contribute to closure and activation of the
kinase domain [85]. Gly#75, Val*7” and 11485 in the AST were also implicated in closure and
activation of the kinase domain. Taken together, it is evident that multiple residues within the
aN-helix, the RH domain and the kinase domain play an essential role in mediating GPCR
binding and/or phosphorylation.

3. A model for GRK interaction with GPCRs

Two recent studies used comprehensive integrated approaches to further define the
interaction of GRKs with GPCRs. In one study, the interaction of GRK5 with the p,AR was
characterized [86] while the other study focused on GRK1 interaction with rhodopsin [87].
The application of structural approaches such as X-ray crystallography and cryo-electron
microscopy (cryo-EM) for characterization of GRK-GPCR interaction is limited by the low
affinity, high flexibility and requirement of lipids for stable binding to occur. Thus, to help
determine the p,AR-GRKS5 binding interface, chemical cross-linking coupled with mass
spectrometry was utilized [86]. This is a powerful method for providing low-resolution
spatial information for protein complexes that are not stable enough or are too
heterogeneous for crystallography [88]. The utility of this approach has been demonstrated
in many studies of diverse macromolecular complexes including a cannabinoid receptor
subtype 2/Gaj complex [89]. Interaction between GRKS5 and the B,AR is highly sensitive to
addition of agonist and acidic lipids and, under optimal conditions, both proteins appear to
stay in a complex as confirmed by size exclusion chromatography. The complex was further
stabilized by cross-linking, and then mass-spectrometry was employed to map positions of
cross-linked residues at the p,AR-GRKS5 binding interface. Three main clusters of
intermolecular cross-links were observed: 1) ICL3 of B »AR was found proximal to
membrane-binding domains of GRKS5; 2) ICL2 cross-linked with the RH bundle subdomain;
and 3) the BoAR C-terminus bearing the sites of GRK phosphorylation cross-linked mainly
with the kinase catalytic cleft [86]. Using unambiguous distance restraints derived from the
cross-linking data in combination with recently developed computational methods of
structural modeling and refinement, a low-resolution three-dimensional model of the p,AR-
GRKS5 complex was generated (Fig. 3). This model was validated by hydrogen deuterium
exchange mass spectrometry (HDX-MS) analysis and suggests large conformational
changes in GRKS5 upon binding to the B>AR that result in disruption of a transient
electrostatic contact between the RH and catalytic domains (ionic lock, Fig. 2) and closure
of the catalytic site [86].
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A number of important observations became evident from visual inspection of the f,AR-
GRKS5 model. For example, these results support a role for ICL3 in GRK bhinding as shown
in earlier studies [61,62,64,66]. Interestingly, two lipid-binding domains in GRKS5 were
found in close proximity to ICL3 by approaching it from internal (N-terminal lipid binding
domain, NLBD) and external (C-terminal lipid binding domain, CLBD) sides of TM5 and
TM6. This enables the NLBD to occupy the cytoplasmic core of the receptor previously
found to accommodate the C-terminal a-helix of G and the finger loop of arrestin,
important binding determinants of B,AR-Gg [90] and rhodopsin-arrestin complexes [91].
This places the NLBD in the center of the B2AR-GRKS binding interface. It was also
noticed that positioning of GRKS lipid-binding domains near receptor loops doesn’t
preclude their interaction with acidic phospholipids. While the CLBD might be anchored on
acidic lipids of the plasma membrane inner leaflet in the vicinity of the GPCR cytoplasmic
pocket, binding of the NLBD within predominantly hydrophobic receptor core opens up an
interesting interplay between allosteric property of acidic lipids to facilitate receptor
activation and GRKS5 binding to receptor. In this regard, acidic lipids have recently emerged
as direct positive modulators of GPCR activity [92,93]. For instance, phosphatidylglycerol
(PG) markedly favored agonist binding and facilitated p,AR activation in high-density
lipoparticles [92]. PG can prolong activated state of the receptor presumably via entering the
cytosolic transmembrane (TM) pocket of B,AR between TM6 and TM7 [93] thereby
preventing TM6 shifting back to its position near TM3 characteristic of the inactive
conformation of the receptor. It’s possible that filling the cytoplasmic pocket of the poAR
with an acidic lipid (PG or PIP2) following receptor activation can also facilitate GRK5
binding to the receptor without perturbation of GRKS5 basal contacts with phospholipids.
Thus, the GRKS binding pose in the model ensures that GRKS5 interactions with the
phospholipid bilayer and receptor are not mutually exclusive but rather complementary.
Indeed, it’s energetically more favorable to maintain association with phospholipids to
enable receptor contact. Cooperation of GRK5 membrane and receptor binding for the
formation of the stable complex with B,AR is in agreement with the high rate of foAR
phosphorylation in the presence of both acidic lipids and agonist, whereas agonist alone isn’t
capable of effectively driving complex formation.

Another aspect of the poAR-GRKS docking model is the orientation of the kinase domain
with respect to the B,AR. It occupies a space between the 2AR ICL3 and helix 8/C-
terminus to enable the kinase catalytic cleft to be in close proximity to phosphorylation sites
on the receptor C-terminus. Moreover, the structural proximity of ICL3 to the GRKS active
site likely helps to account for ICL3 phosphorylation by GRKs observed for some GPCRs
[63]. The relative position of the GRK5 N-lobe in the vicinity of helix 8 of the BoAR appears
to assist in proper orientation of the GRK5 catalytic domain with respect to the C-terminus
of BoAR. This is in agreement with HDX-MS data showing that the complex formation is
followed by reduced deuterium uptake of GRK5 N-lobe regions that appear to contact helix
8 in the model [86]. Helix 8 also formed intermolecular contacts with the arrestin finger loop
in the crystal structure of rhodopsin and arrestin [91]. Moreover, cryo-EM structure of the
calcitonin receptor in complex with Gg demonstrated a contribution of helix 8 to G4 coupling
[94]. GRK5 might employ similar sites to interact with the foAR.
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Among the regions involved in B,AR-GRKS5 interaction, the surprising role of the RH
bundle subdomain of GRK5 was further elucidated. The RH bundle subdomain appears to
translocate to ICL2 of the B,AR following large conformational changes in GRKS5 triggered
by receptor binding. This involves disruption of a network of interactions that establish
electrostatic contact between hydrophilic residues of the RH bundle subdomain and kinase
domain C-lobe (the ionic lock), followed by RH/kinase domain dissociation. Repositioning
of the RH bundle near ICL2 and phospholipid surface requires high plasticity of the enzyme
and facilitates complex assembly. High plasticity of GRK5 was initially observed in
molecular dynamics (MD) simulations of the ionic lock disruption in GRKS5 and confirmed
by EM imaging of GRKS5 [86]. Transition of GRK5 from a compact “crystallographic” form
into an elongated conformation in response to receptor binding might contribute to the
increase of GRKS5 affinity for f2AR via an induced-fit mechanism where enzyme elongation
can help to involve distant regions of GRKS5 for B,AR binding thereby increasing the contact
surface area between the two proteins. Blocking these conformational changes in GRKS5 by
placing a disulfide bond between the two domains abolished the ability of GRKS5 to
phosphorylate GPCR emphasizing the essential role of GRK5 conformational dynamics for
GPCR phosphorylation [86].

The high interdomain flexibility of GRK5 observed in MD simulations and EM is partly
reminiscent of the domain dynamics in other modular kinases like Src and Abl, which adopt
an elongated conformation upon activation [95,96]. While interdomain dynamics in Src are
regulated by the phosphorylation state of a specific Tyr residue at the C-terminus of Src, the
ionic lock might play a similar role in GRKSs, although this seems to be a more transient
interaction than that found in Src and Abl. Destabilization of the ionic lock by mutagenesis
only moderately enhances kinase activity with an ~60% increase in catalytic efficiency for
ATP suggesting that the ionic lock inhibits the basal activity of GRK5 only to some extent.
Conversely, stabilization of the ionic lock in GRKS5 by an engineered disulfide bond
abrogates kinase activation although it can be restored by disruption of the disulfide bond
[86]. This resembles the activation mechanism of Src when phosphorylation/
dephosphorylation of a specific C-terminal Tyr can switch between inactive and active
kinase. In contrast, activation of wild-type GRKS5 requires less energy for disruption of
relatively weak and transient contact and therefore, wild-type GRKS5 is more prone to
activation in its basal state. This might be important for GRK function in cells since GRKs
also contribute to phosphorylation of non-GPCR substrates in the cytoplasm and nucleus
[30,31].

A recent study by He et al. used a genetic approach combined with biochemical assays to
identify some key determinants of GRK1 assembly with rhodopsin [87]. To monitor
rhodopsin-GRK1 interaction, a proximity-based Tango assay was used. This assay was
based on cleavage of a transcriptional activator fused to the C-terminus of rhodopsin by a
TEV protease fused to the N-terminus of GRK1. When the two proteins interact, the TEV
protease cleaves off the transcriptional activator which enters the nucleus and activates
reporter gene transcription. This study revealed that the RH domain of GRK1 is the primary
binding site for rhodopsin with critically important residues being mapped on the a3, a9,

a 10 and the aN-al loop of the RH domain. These data were validated using /in vitro
biochemical assays and partly supported by HDX-MS studies. Interestingly, the receptor
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interface mapped by the Tango assay correlates well with the functionally important sites
identified previously using evolutionary trace analysis [83]. However, this interface is
partially capped by packing of the aN-a1 loop and C-terminus on a9 and a3, and therefore,
these regions must be displaced to accommodate GPCRs. He et al. also mapped two regions
on GRK1 with reduced deuterium uptake in complex with rhodopsin by HDX-MS analysis
[87]. In line with the Tango assay data, a9-helix showed decreased HDX while protection of
a6-helix of RH bundle subdomain didn’t correlate with results of the Tango assay.
Nevertheless, protection of a6-helix is in agreement with RH bundle domain translocation,
which plays a role in B2AR-GRKS interaction [86]. While HDX-MS analysis of p,AR-
GRKS5 [86] revealed a broader spectrum of protected regions, the rate of HDX decrease
captured in B2AR-GRKS5 and rhodopsin-GRK1 studies was still markedly lower than
observed for BoAR-Gg interaction [97], perhaps reflecting the lower affinity of GPCR-GRK
binding as compared to GPCR-G; coupling.

As previously discussed, the GRK aN-helix was predicted to stabilize the active state of
GRKSs and to selectively recognize the activated state of a GPCR [41,77]. The aN-helix is
accommodated between the N-lobe and RH terminal subdomain in a GRK1/ATP crystal
structure [77] whereas it bridges the N- and C-lobes of the kinase domain in a GRK6/
sangivamycin structure and contributes to GRKG6 activation [41]. This suggests two potential
scenarios of GRK docking on a GPCR, if the aN-helix serves as a central element of GPCR-
GRK architecture. While we don’t have reliable data regarding the engagement of the GRK5
aN-helix in receptor binding, deuterium uptake of peptide 4-10 derived from the aN-helix
of GRKS5 was variable preventing unambiguous HDX-MS analysis of its structural dynamics
[86]. In addition, truncation of the N-terminal 30 residues didn’t alter the ability of GRK1 to
interact with rhodopsin in a Tango assay monitoring direct protein-protein binding [87].
Consistent with this result, an N-terminal 1-30 peptide from GRKZ1 didn’t interact with
receptor in the Tango assay. Since effective GRK phosphorylation of GPCRs depends on the
ability of GRKSs to interact with phospholipids, dock on receptors and undergo activation,
perhaps the aN-helix contributes to all of these processes.

In summary, recent studies of the binding interface and dynamics of GPCR-GRK interaction
provide new insight into the role of the RH domain. The RH domain is a distinct element of
GRKs that distinguishes them from other protein kinase families. The RH domain can serve
as a docking site for GPCRs and helps to control kinase activation via transient contact of
the RH bundle and kinase C-lobe subdomains (the ionic lock). The mechanism of ionic lock
disruption is dynamically regulated by GPCR binding which provides a molecular basis for
GPCR-stimulated activation of GRKs. Together, these studies provide a mechanistic link
between GPCR interaction and GRK activation and highlight an important role of the RH
domain in this process.

4. Future directions

We have gained significant insight on the structure of GRKS, structure/function analysis of
GRK interaction with GPCRs as well as initial insight on how GRK binding to a GPCR
results in kinase activation and GPCR phosphorylation. We also know that GRKs are good
targets in disease with studies from the Tesmer and Koch groups being particularly insightful
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on strategies to inhibit GRK2 in cardiovascular disease [31,44,98]. So where do we go from
here? Since it is evident that GRKSs play a central role in mediating the switch from GPCR
interaction with G proteins to GPCR interaction with arrestins, it is critical that we better
understand how GRKs target GPCRs and determine the specificity of GRK-GPCR
interaction and how interaction mediates the phosphorylation of specific residues on the
receptor. Such studies require further investigation of the structures of GPCR-GRK
complexes using approaches such as X-ray crystallography, cryo-EM and nuclear magnetic
resonance. It will also be important to further understand the conformational dynamics of
these interactions using techniques such as double electron-electron resonance spectroscopy,
fluorescence resonance energy transfer analysis or similar approaches along with
computational tools (MD simulations). These lines of investigation should ultimately enable
a better understanding of GPCR regulation by GRKs.
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Highlights
GRKs mediate activation-dependent phosphorylation of GPCRs

GRKs play a central role in switching GPCR signaling from G proteins to
arrestins

GRKs bind to multiple intracellular regions of the GPCR

GRK binding promotes significant conformational changes that activate GRK
activity
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Figure 1. General architecture of GRKs

GRKs are divided into 3 subfamilies based on sequence homology and are composed of two
main domains, Regulator of G protein signaling Homology (RH) and catalytic domains. aN-
helix comprising the first ~20 residues plays a regulatory role by bridging the N- and C-
lobes of catalytic domain. The C-terminal fragment mediates membrane localization of
GRKs. GRK4 subfamily includes two polybasic regions at N- and C-termini, and GRK5
relies on these regions to interact with negatively-charged phospholipids. GRK2 and GRK3

have a PH domain that interacts with acidic phospholipids and G-y subunits.
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Figure 2. Structure of GRK5
Crystal structure of GRK5 bound to AMP-PNP (PDB ID 4TND). The RH bundle and

terminal subdomains, catalytic C-lobe and N-lobe subdomains, N-terminal lipid binding
domain (NLBD) and an ionic lock between the RH and kinase domains are highlighted.
Disordered aN-helix (green) and C-terminal lipid binding domain (CLBD) (/magenta) were
computationally modeled.
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lonic lock disruption
and RH bundle movement

Figure 3. A model for GRKS5 interaction with the BoAR
Structural constraints derived from mass-spectrometry analysis of the cross-linked p,AR-

GRKS5 complex were applied to crystal structure of the AR in complex with Gg (PDB ID
3SN6) and elongated conformation of GRK5 determined by MD simulations of ionic lock
disruption in sangivamycin-bound GRK5 (PDB ID 4TNB). The docking model of B,AR-
GRKS5 complex was refined with full flexibility of protein backbone and residue side chains.
This model was further evaluated and validated by HDX-MS studies revealing binding
interface based on reduced rate of deuterium uptake of protein regions in the complex as
compared to free protein. Accordingly to our model, ICL2 of B,AR is aligned against RH
bundle subdomain of GRK5 while ICL1/helix 8 of B2AR is aligned against N-lobe and
NLBD of GRKS5. The C-terminus of B,AR is shown schematically and is aligned against the
kinase catalytic cleft.
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