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Abstract
In the human body, over 1000 different G protein-coupled receptors (GPCRs) mediate a broad
spectrum of extracellular signals at the plasma membrane, transmitting vital physiological features
such as pain, sight, smell, inflammation, heart rate and contractility of muscle cells. Signaling
through these receptors is primarily controlled and regulated by a group of kinases, the GPCR
kinases (GRKs), of which only seven are known and thus, interference with these common
downstream GPCR regulators suggests a powerful therapeutic strategy. Molecular modulation of
the kinases that are ubiquitously expressed in the heart has proven GRK2, and also GRK5, to be
promising targets for prevention and reversal of one of the most severe pathologies in man,
chronic heart failure (HF). In this article we will focus on the structural aspects of these GRKs
important for their physiological and pathological regulation as well as well known and novel
therapeutic approaches that target these GRKs in order to overcome the development of cardiac
injury and progression of HF.

Introduction
GRK regulation of GPCRs is an agonist-dependent event that occurs via receptor
phosphorylation and subsequent disruption of signaling. This process, termed
desensitization, is initiated by interaction of GRKs with activated receptor proteins at the
plasma membrane and primarily serine residues located within the C-terminal domain of the
GPCR are phosphorylated [1]. Further, phosphorylation of receptors leads to lower active
coupling to the heterotrimeric G protein and a loss of signaling. Moreover, GRK-mediated
phosphorylation of a GPCR leads to recruitment of arrestins and subsequent endocytosis and
internalization of the receptor resulting in a net down-regulation of expression [1]. One of
the most studied patterns of GPCR desensitization is that which occurs for β-adrenergic
receptors (β-ARs) in the failing heart as the loss of β-AR coupling and down-regulation seen
in HF is a cardinal characteristic of this pathological condition and importantly, appears to
correlate with GRK2 and GRK5 up-regulation [2,3]. Overall, the kinase activity and protein
expression of GRKs is differentially regulated in physiological and pathological conditions
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and their regulation of specific GPCR signals make them an interesting target to manipulate
in order to alter intracellular signaling pathways in cells to potentially elucidate novel drug
targets. In this review, we will focus on features that have rendered some GRKs (primarily
GRK2 and GRK5) in diseased myocardium to be considered as two promising targets in HF,
and how their inhibition might be implemented.

I Structural Aspects of GRK Targeting
The GRKs form a family of seven mammalian members (GRK1-GRK7) that share a similar
basic structure with an N-terminal, a central catalytic domain and a distinguishing C-
terminal domain. The latter domain divides the GRKs into three sub-family types [4]. GRK1
and GRK7, also called the retinal opsin kinases make up one family and these two GRKs are
expressed only in the eye. The second family is known as the βARK (for β-adrenergic
receptor kinase) family and made up of GRK2 and GRK3, which were first characterized
and identified in studies using β2-ARs. GRK2 and GRK3 share the characteristic that within
their C-tail there is a pleckstrin homology (PH) domain that mediates phosphoinositol-4,5-
bisphosphonate (PIP2) and G protein βγ-subunit (Gβγ) binding and regulation [5]. Lastly, the
GRK4-like subfamily consisting of GRK4, GRK5 and GRK6, which in contrast to the other
subtypes, are highly associated with the plasma membrane through N-terminal and C-
terminal basic amino acid residue motifs [5]. The distribution and differential regulation of
expression of GRKs probably forms the foundation of their specificity in vivo: Importance
in the cardiovascular system was attributed to GRK2, GRK3 and GRK5, since they are
expressed ubiquitously but most highly in the myocardium and endothelial cells. However,
gene ablation of only GRK2 led to a distinct phenotype with embryonic lethality at day 15
[6], revealing a critical role for this kinase in development [7] and proving that in contrast
with other GRKs it is not redundant.

GRKs (Figure 1) have a similar in length N-terminus (183–188aa) that share considerable
homology, which for at least GRK2 and GRK5 contains an RGS (Regulator of G protein
Signaling) region that has been suggested to be able to regulate GPCRs by interaction with
Gα proteins in a phosphorylation-independent manner [8–10], although its GTPase activity
is not high as in classical RGS proteins. The N-terminus is also believed to be responsible
for receptor recognition, which renders it an important structure for selective targeting of
GPCRs. GRK2 for instance has an α-actinin binding domain in the N-terminus [11], which
also contains a putative second Gβγ binding site at the N-terminus [12]. The basic structure
of the catalytic domain for kinase activity is highly preserved and bears significant
homology to other serine-threonine kinases. The C-terminal region contains phosphorylation
sites and key determinants of the cellular location and interaction with lipids and/or
membrane proteins, such as binding to PIP2 and Gβγ [13,14]. The distinct structural
characteristics within different GRK subfamilies form the basis for potential therapeutic
intervention. For example, the primary approach studied to date in disruption of GRK2
binding to Gβγ and this can prevent membrane translocation and subsequent GPCR
phosphorylation. This can be accomplished most efficiently with a peptide called the
βARKct, which consists of the C-terminal region of GRK2 (amino acid residues 495–689).

II Differential Regulation of GRKs
GRKs control their target GPCRs upon agonist activation via conformational changes that
elicit GRK activation. Importantly, the recruitment of any given GRK is not random as
formerly assumed, but quite specified by either cytosolic or membrane-associated
localization as well as the availability and expression pattern of GRKs. These characteristics
of GRKs present us with multiple valuable possibilities for potential targeting. For example,
the RGS domain inherent in GRK2 and GRK3 is deemed an important feature with potential
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for therapeutic targeting [15]. Moreover, protein-protein interactions and phosphorylation-
dependent conformational changes within the RGS and PH domains form the basis for
regulation of catalytic activity of GRKs. GRK2 and GRK3 activity is enhanced by
facilitation of binding to Gβγ and PKA-mediated phosphorylation at Ser670 of GRK2 can
also enhance kinase activity [16]. Further, modulation of GRK2 and GRK3 can also occur
via mitogen-activated kinases (MAPKs) and complexes of these GRKs with Ca2+/
Calmodulin can inhibit GRK activity through a presumed negative feedback loop [17].
Phospholipase C (PLC) and src activity can enhance the kinase action of GRK2 as well
[18,19]. An important example of specific regulatory effects between subfamilies of GRKs
resides with complex formation with Ca2+/Calmodulin, which inhibits all non-visual GRKs,
but shows significantly higher affinity binding to GRK5 than for GRK2 [20]. Further, GRKs
exhibit a motif that allows caveolin binding which will decrease basal GRK activity [8].
Interestingly, PI3-Kinase is recruited to the plasma membrane through interaction with
GRK2 and interception of this process at the binding part (PIK domain) can prevent β-AR
internalization, thus providing another potential target for intervention in HF [21].

Taken together, regulation of activity at the N-terminus, possibly also phosphorylation-
independent mechanisms mediated by the RGS-domain, and at multiple targets contained in
the C-terminal region of GRKs provide ample alternatives for therapeutic targeting. The
recent findings regarding specific patterns of binding and expression of GRKs as well as
improved specificity of application have led to the assumption, that interference with one
GRK alone is feasible and promising. However, the complexity of differential regulation,
multiple interaction and redundancy of these kinases may pose a Gordian knot.

III Therapeutic Targeting of GRKs in Cardiovascular System and in HF
GRK2 can phosphorylate most GPCRs in vitro [1], but in vivo experiments done in
transgenic mice have shown receptor specificity towards attenuation of cardiac β-ARs and
Angiotensin II (AngII) receptor signaling and GRK2 does not appear to desensitize
adenosine receptors or α1-ARs [22,23]. In the heart, ventricular contractile function is
enhanced by sympathetic stimulation of β-AR mediated adenylyl cyclase activity and
Protein kinase A (PKA) actions [24]. Sympathetic overstimulation due to enhanced tissue
and circulating catecholamine neurotransmitters (epinephrine and norepinephrine) occurs as
a compensatory mechanism to diminished contractile performance, subsequently leading to
GRK2 upregulation and receptor desensitization. GRK2 activity and protein expression is
increased 2–3-fold in the failing heart [25,26] and its contribution to the pathological
mechanism of HF has been verified in numerous animal models (reviewed in [27]). It
appears that GRK2 upregulation in compromised myocardium feeds into a vicious cycle of
self-perpetuating dysregulation of the AR system and subsequent myocardial malfunction
since desensitized receptors cause more agonist to be delivered to stimulate the failing heart
(Figure 2).

Several studies have shown that inhibition or a reduction of GRK2 activity in
cardiomyocytes can be beneficial for cardiac performance and geometry and actually
reverses the above noted vicious cycle in HF [28]. Most recently this has been demonstrated
clearly in mice and rats using two independent approaches: First, using conditional,
cardiomyocyte-specific knock-out (KO) mice, a significant lowering of myocyte GRK2
expression prevented progression towards HF after a myocardial infarction (MI) and
actually reversed HF and adverse remodeling when the loss of GRK2 was induced after
ventricular dysfunction was evident [29]. In a second recent study, the βARKct was
delivered to the hearts of rats with post-MI HF using adeno-associated virus serotype-6
(AAV6) and this gene therapy approach with the Gβγ-inhibitory peptide resulted in a
chronic, clinical-like rescue of the HF phenotype [30]. The translation of GRK2 for human
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HF is proceeding with pre-clinical large animal AAV-βARKct gene therapy studies under
way both in sheep [31] and pigs (Koch, unpublished studies).

Another promising recent result of targeting GRK2 via inhibition of Gβγ binding was carried
out with developed small molecule inhibitors of this interaction [32]. Two membrane-
permeable compounds, M119 and Gallein, were used and both improved cardiomyocyte
contractility as well as cAMP generation and had a beneficial effect on cardiac function and
remodeling in an animal model of isoproterenol-induced HF [32]. Interestingly, the
administration of the non-selective β-blocker propranolol completely inhibited the M119
effect, suggesting specificity of this compound towards β-AR signaling and the potential
regulation by GRK2. It will be important to determine whether or how these compounds
modulate downstream signaling of Gβγ independent of GRK2 and whether they can be
translated to the clinical condition since they will inhibit Gβγ-GRK2 everywhere and not just
in the heart, which is a potential advantage of gene therapy using the βARKct.

Finally, concerning GRK2 in HF, it was found that GRK2 expression is up-regulated the
adrenal gland when the heart is failing, where it regulates sympathetic nervous system
activity via catecholamine production and secretion in the adrenal medulla which is under a
negative-feedback loop via α2-ARs [33]. It appears that enhanced GRK2 activity
desensitizes α2-ARs in the adrenal gland and promotes enhanced catecholamine release
through this loss of negative feedback and interestingly, adenoviral-mediated βARKct gene
delivery to the adrenal gland resulted in up-regulation of α2-ARs and lowered circulating
catecholamine levels in a HF model and this moderate decrease in sympathetic activity
provided significant improvement of cardiac function [34].

GRK5 is a member of the GRK4-like subfamily of GRKs and, classically, has been defined
by its properties of more avid membrane association compared to GRK2 [23]. GRK5 in vivo
can desensitize β-ARs and adenosine receptors but does not appear to desensitize AngII
receptors [22,23]. Moreover, in contrast to GRK2, GRK5 contains a nuclear localization
sequence (NLS), which imparts translocation to the nucleus [35]. Of importance to the
failing heart, it was recently found that in response to hypertrophic stimuli, GRK5 nuclear
accumulation in myocytes is enhanced and nuclear GRK5 has specific activity of histone
deactylases (HDACs) that lift functional repression of genes associated with cardiac
hypertrophy [36]. This provides the first direct evidence that in vivo, a GRK can have non-
GPCR functions that are actually relevant to pathophysiology and this provides a novel
function of GRK5 to target. As an example, when a mutant GRK5 was overexpressed that
could not enter the nucleus, pressure overload hypertrophy was not maladaptive [36],
indicating that limiting the nuclear activity of GRK5 is indeed a potential target for potential
HF therapy.

Another interesting difference of GRK5 compared to GRK2 is that in humans, there are 4
polymorphisms for GRK5, one of which substitutes amino acid leucine for glutamine at
position 41 (Leu41) in close proximity to a regulatory domain at the N-terminus
(http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=17098707), and leads to enhanced
desensitization of β2-AR upon agonist treatment [37]. In vitro data support the hypothesis
that this variant leads to accelerated desensitization of β1-adrenergic signaling and was
protective in a transgenic mouse subjected to chronic isoproterenol infusion-induced HF
[38]. The afforded protection from ventricular remodeling caused by catecholamine
overstimulation was similar to that of a β-blocker. In a clinical setting, patients who suffer
from HF that are carrying this allele, which occurs 10-fold higher in the African American
population, were observed in a longitudinal study and indeed, the Leu41 polymorphism had
a protective effect comparable to that of β-blocker therapy, measured as transplant-free
survival [38]. Since 40% of African Americans carry the allele coding for Leu41, this might
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explain the generally disappointing response of this population to treatment with β-blockers.
These intriguing findings suggest a larger trial and the need for elucidating the regulatory
mechanisms of GRKs to improve and individualize patient care. There does not appear to be
any relevant mutations for GRK2 in humans, which when coupled with the embryonic
lethality in the GRK2 KO mice, may underlie its overall importance in physiology.

GRK3 is also worth mentioning since it is widely distributed including in the heart. GRK3
was identified early and has been studied extensively, and its highest expression levels are in
olfactory epithelium and leukocytes, but also present in the lung, heart and adipose tissue
[39]. The in vivo activity of GRK3 represents a concrete example of the specificity of GRKs
towards GPCRs, which is questioned often. A study in transgenic mice with cardiac-specific
GRK3 overexpression exhibited normal β-AR and AngII receptor signaling, which is in
contrast to GRK2 although the two GRKs are highly homologous and both regulated via Gβγ
binding [22]. GRK3 activity was found to desensitize thrombin and α1B-AR signaling in the
heart [22], rendering this GRK a potential target in vascular pathology and hypertension.

Conclusions
Here we have integrated well-established concepts and recent research developments that
render GRK2 and GRK5 promising targets for novel HF therapy. The emerging knowledge
of intrinsic interactions between GRKs with certain GPCRs as well as particular patterns of
GRK regulation by other kinases, protein binding and autophosphorylation delivers a picture
of both challenging complexity and exceeding potential. Translational development of
GRK2-Gβγ signaling as a potent target in HF has reached the pre-clinical stage in the case of
viral-mediated βARKct gene therapy and novel discovery of small peptide inhibitors of this
mechanism mark a further step towards future clinical application. Moreover, the role of
GRK5 has been proven remarkable by its specific characteristic nuclear translocation
affecting pathological hypertrophy and its importance in the clinical setting will further
expand when increasing knowledge of its singular gene-drug interactions will prove useful
in day-to-day practice.
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Figure 1. Structural aspects of GRK regulation and potential intervention
Similarities in the tri-domain structure of GRK2 and GRK5 show possible overlapping
interaction with regulators and effectors. PIP2: Phospho-inositol-2-phosphatase, PKC:
Phosphokinase C, PKA: Protein-Kinase A, PI3K: Phosphatidyl-inositol-2,4,5-Kinase, NLS:
Nuclear localization sequence, PH: pleckstrin homology.
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Figure 2. Mechanism of catecholamines in development and progression of heart failure
GRK inhibition by βARKct as well as interference with catecholamine induction by β-
blocker therapy enable termination of the vicious cycle if adrenergic over-stimulation in HF.
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Table 1

Therapeutic targets in cardiovascular disease states/heart failure

Target Strategic approach Hypothesis/Rationale Group References

GRK2 Inducible cardio-specific ablation of GRK2 Prevention of heart failure progression Koch [29]

GRK2 Gene therapy with the inhibitory peptide bARKct Inotropic effect to improve contractility Koch [30]

GRK2 Selective inhibition of Gβγ subunits via a small
peptide

Disruption of GRK2 recruitment and activity Blaxall [32]

GRK2 βARKct expression in adrenal medulla Inhibition of SNS activity and catecholaminergic
toxicity

Koch [34,40]

GRK2 Inhibition of GRK2-mediated PI3Kγ membrane
association

Reduced β-AR internalization Rockman [41,42]

GRK5 GRK5 polymorphism at Leu41 leads to
protection from catecholamine induced

Leu41 expression protects from progression of HF Dorn [38]

GRK5 GRK5 nuclear localization provides HDAC
kinase effect to induce MEF2

Inhibtion of GRK5 leads to reduced MEF2 activated
hypertrophy

Koch [36]
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