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Background: G protein-coupled receptor kinase 5 (GRK5), a cardiovascular disease target, has not been structurally
characterized.
Results: The 2.4 Å crystal structure of a GRK5�inhibitor complex was determined.
Conclusion: Inhibitor confirms the rational design strategy, and GRK5 C-terminal region adopts a unique membrane-bound
conformation.
Significance: These results provide new insights into the design of selective inhibitors and how GRK4 subfamily members
interact with membranes.

G protein-coupled receptor kinases (GRKs) regulate cell signal-
ing by initiating the desensitization of active G protein-coupled
receptors. The two most widely expressed GRKs (GRK2 and GRK5)
play a role in cardiovascular disease and thus represent important
targets for the development of novel therapeutic drugs. In the
course of a GRK2 structure-based drug design campaign, one
inhibitor (CCG215022) exhibited nanomolar IC50 values against
both GRK2 and GRK5 and good selectivity against other closely
related kinases such as GRK1 and PKA. Treatment of murine car-
diomyocytes with CCG215022 resulted in significantly increased
contractility at 20-fold lower concentrations than paroxetine, an
inhibitor with more modest selectivity for GRK2. A 2.4 Å crystal
structure of the GRK5�CCG215022 complex was determined and
revealed that the inhibitor binds in the active site similarly to its
parent compound GSK180736A. As designed, its 2-pyridylmethyl
amide side chain occupies the hydrophobic subsite of the active site
where it forms three additional hydrogen bonds, including one
with the catalytic lysine. The overall conformation of the GRK5
kinase domain is similar to that of a previously determined struc-
ture of GRK6 in what is proposed to be its active state, but the
C-terminal region of the enzyme adopts a distinct conformation.
The kinetic properties of site-directed mutants in this region are
consistent with the hypothesis that this novel C-terminal structure
is representative of the membrane-bound conformation of the
enzyme.

The activation of G protein-coupled receptors (GPCRs)2 via
extracellular signals initiates cytoplasmic signaling mediated by
heterotrimeric G proteins and their interactions with effector
enzymes. However, timely inactivation of these receptors is
important for adaptation and minimization of cellular damage
and for initiation of alternative signaling pathways. GPCR sig-
naling can be terminated at the level of the receptor by either
homologous or heterologous desensitization (1). Whereas het-
erologous desensitization is mediated by second messenger
kinases such as protein kinases A and C (PKA and PKC, respec-
tively), homologous desensitization is mediated by GPCR
kinases (GRKs) (2), which selectively phosphorylate agonist-
bound GPCRs within either the C-terminal tail (3) or the third
intracellular loop (4), creating binding sites for arrestins, which
block binding of heterotrimeric G proteins and promote recep-
tor internalization via endocytosis (5).

The seven GRKs (GRK1–7) found in humans can be grouped
based on their sequence similarity and gene structure into the
GRK1 subfamily (GRK1 and -7), the GRK2 subfamily (GRK2
and -3), and the GRK4 subfamily (GRK4 – 6) (6). The GRK cat-
alytic core consists of a kinase domain, closely related to that of
PKA, inserted into a loop of the regulator of G protein signaling
homology (RH) domain (7). However, the most distinguishing
characteristic of each subfamily is their C-terminal region,
which contains elements that contribute to membrane localiza-
tion. GRK1 subfamily members have a prenylation site; GRK2
subfamily members have a pleckstrin homology (PH) domain
that recognizes both PIP2 and G�� subunits (8), and GRK4
subfamily members have a C-terminal amphipathic helix
(�CT) that functions as a membrane binding determinant in
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conjunction with either adjacent palmitoylation sites (GRK4
and GRK6) or with an N-terminal PIP2-binding site (all mem-
bers). Studies have shown that whereas the C-terminal helix is
sufficient for membrane association (9 –11), the N-terminal site
helps the enzyme to adopt a specific orientation at the mem-
brane that may be more optimal for receptor phosphorylation
(10).

High resolution crystal structures have previously been
reported for representative members of each of the three sub-
families (GRK1, GRK2, and GRK6) revealing the arrangement
of their kinase, RH and accessory domains, and providing
insight into how they may interact with membrane surfaces
and, consequently, GPCRs. For example, GRK2 was crystallized
in the complex with G�� subunits, and the resulting structure
demonstrated how the prenylation site in G� could interact
with the same membrane surface as the PIP2-binding site in the
GRK2 PH domain (12). However, there is a conundrum con-
cerning membrane binding by the GRK4 subfamily. The
most complete structure of a GRK previously reported, the
GRK6�sangivamycin complex (13), revealed the C-terminal
membrane-binding amphipathic helix docked in a cleft
between its RH and kinase domains, far from the expected
membrane binding surface based on the position of the N-ter-
minal PIP2-binding site and the N-terminal helix, which is
anticipated to be a GPCR binding determinant. In addition, it is
reported that both the N-terminal region and the amphipathic
helix are believed to bind Ca2��CaM (14), which regulates
membrane binding and nuclear transport (15), yet in the
GRK6�sangivamycin structure (PDB entry 3NYN), these ele-
ments are over 30 Å apart, and the hydrophobic surface of the
amphipathic helix is sequestered from solvent.

GRK5 overexpression in transgenic mouse models leads to
marked �-adrenergic receptor desensitization (16), decreased
cardiac output and contractility (17), and exaggerated hyper-
trophy and early heart failure compared with control mice after
pressure overload (18). It is also suggested that GRK5 is at least
partially responsible for changes in myocardial function during
heart failure (17). GRK5 residues 388 –395, located in the large
lobe of the kinase domain, contain a nuclear localization
sequence responsible for the constitutive nuclear presence of
GRK5 (19). However, an even greater nuclear accumulation of
GRK5 in cardiomyocytes has been observed in spontaneously
hypertensive heart failure rats (20, 21), during the hypertrophic
response to pressure overload (18), and after myocyte stimula-
tion with Gq-coupled receptor agonists, phenylephrine or
angiotensin II (15). Nuclear accumulation of GRK5 is depen-
dent on Ca2��CaM binding at the N-terminal site following Gq
cascade activation. After nuclear translocation, GRK5 is able to
phosphorylate histone deacetylase-5 (HDAC5), a myocyte
enhancer factor-2 (MEF2) repressor (18). Phosphorylation
leads to HDAC5 export from the nucleus and transcription of
MEF2-associated hypertrophic genes. Together, these data are
consistent with the hypothesis that nuclear localization of
GRK5 is involved in cardiac hypertrophy that results from
chronic hypertension.

However, development of drugs that selectively target GRK5
has been hindered by the fact that there are as of yet no reported
high resolution structures available for this enzyme, although

its close evolutionary relationship to GRK6 permits homology
modeling. Most structurally characterized inhibitors have
instead been characterized in complex with GRK2, a major tar-
get for the treatment of heart failure, or with GRK1, which has
been used as a surrogate for GRK5 given their closer homology
(6). Herein is described the development of a rationally
designed inhibitor, CCG215022, that has nanomolar potency
against both GRK2 and GRK5 and is at least 20-fold more
potent than paroxetine, as judged by in vitro phosphorylation
and cardiomyocyte contractility assays. Based on its ability to
strongly protect GRK5 from heat denaturation, it was used to
identify crystallization conditions for bovine GRK5. The result-
ing 2.4 Å structure reveals that the inhibitor engages the so-
called hydrophobic subsite of the active site, as do other known
potent GRK inhibitors, and that the C terminus of GRK5 adopts
a structure distinct from that of GRK6 that is more consistent
with the anticipated membrane-bound orientation of these
enzymes (10, 22). Site-directed mutants of residues supporting
this C-terminal structure exhibit defects consistent with the
ideathattheobservedpackinginteractionspromoteGPCRphos-
phorylation. The structure therefore represents another high
resolution snapshot of a GRK4 subfamily member that provides
greater insight into how to direct future rounds of rational drug
design against a known cardiovascular target and helps to
explain how these enzymes interact with membranes.

Experimental Procedures

Protein Purification—Bovine GRK1(1–535), bovine GRK2
(S670A), wild type and mutant bovine GRK5, and mouse PKA
catalytic subunit � were purified via the sequential chromato-
graphic steps of nickel-nitrilotriacetic acid affinity, Source15S,
and tandem S200 size exclusion chromatography as described
previously (10, 23, 27).

Inhibition Assays—GRK kinetic assays were conducted in a
buffer containing 20 mM HEPES, pH 7.0, 2 mM MgCl2, 0.025%
n-dodecyl-�-D-maltoside with 50 nM bovine GRK, 5 �M ATP,
and 500 nM tubulin in 5-min reactions. Reactions were
quenched with SDS loading buffer, separated via SDS-PAGE,
dried, and exposed with a phosphorimaging screen prior to
quantification via a Typhoon imager. PKA inhibition assays
were performed via the ADP-GloTM system using 0.1 �g of
PKA (438 nM), 1 �g of CREBtide substrate, and 100 �M ATP in
30-min reactions. After the initial reaction, ADP-GloTM re-
agent was added to the reaction and allowed to incubate for an
additional 40 min. Finally the kinase detection reagent was
added and incubated for 30 min, and then luminescence was
measured with a PHERAstar imaging system. All data were ana-
lyzed via GraphPad Prism. For the radiometric GRK data, back-
ground-subtracted inhibition curves were fit using a three
parameter dose-response curve (fixed slope), wherein the bot-
tom value was constrained to 0. PKA data were not background
subtracted and the bottom value was not constrained for each
curve.

Myocyte Shortening Measurements—Cardiac myocytes were
isolated from left ventricular free wall and septum of C57/Bl6
mice as described (24). All cells were used within 2– 8 h of
isolation. Myocytes were plated on laminin-coated coverslips
and were bathed in HEPES-buffered (20 mM, pH 7.4) medium
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199 containing 1.8 mM extracellular Ca2�. When recording,
coverslips containing myocytes were mounted in the Dvorak-
Stotler chamber and bathed in 0.7 ml of fresh medium. Cells
were paced at 1 Hz and imaged with a variable field-rate camera
(Zeiss IM35, Ionoptix) by both edge detection and sarcomere
length. Peak contraction was measured as the percentage of cell
shortening. Cells were treated with isoproterenol (Iso, 0.5 �M)
for 2 min for the recording of contraction, with pretreatment of
either PBS as vehicle or paroxetine (10 �M) or CCG215022 (0.5
�M) for 10 min (25).

Crystal Structure Determination—CCG215022 (100 mM

stock in DMSO) and MgCl2 were added to GRK5 to achieve
final concentrations of 10 mg/ml GRK5, 1 mM inhibitor, and 5
mM MgCl2. Crystals were obtained via hanging drop vapor dif-
fusion at 20 °C using a mixture of 0.8 �l of protein (in 20 mM

MES, pH 7.0, 50 mM NaCl, 5 mM �-mercaptoethanol, 0.5 mM

EDTA, and 1% DMSO) and 0.8 �l of well solution (1 ml), which
consisted of 100 mM HEPES, pH 7.5, 4% ethylene glycol, and
12% PEG3350. Crystals appeared in �1 week and continued to
grow in size for at least an additional week. During harvesting,
the crystals were cryoprotected by addition of synthetic mother
liquor containing 25% ethylene glycol to the drops prior to flash
freezing in liquid nitrogen. Diffraction data were collected at
the Advanced Photon Source on LS-CAT beamline ID-F at a
wavelength of 1.09785 Å. Diffraction data were collected from
four total sweeps from a single crystal, which had isotropic dif-
fraction to 2.4 Å spacings. Although the I/� values suggested
useful diffraction extended further, these data were less com-
plete and did not seem to provide additional useful detail to the
electron density maps. Indexing, integration, and scaling were
performed with HKL2000 (26). A molecular replacement solu-
tion was achieved with the PHASER module of CCP4 using
PDB entry 4PNK (27) as a search model. Refinement was per-
formed using REFMAC5 (28) alternating with manual fitting in
COOT (29). The final model was validated with MolProbity
(30) prior to deposition in the PDB as entry 4WNK. Atomic
representations were created with the assistance of PyMOL
(31).

Kinetic Analysis of GRK5 Variants—GRK5 and urea-washed
bovine rod outer segments (ROS) (32) were mixed in the dark in
buffer containing 20 mM HEPES, pH 7.5, 4 mM MgCl2, and 2
mM EDTA and incubated for 35 min at room temperature. The
reaction mixtures were exposed to ambient fluorescent light for
1 min prior to initiation of the reaction by addition of ATP (with
[�-32P]ATP) to a final concentration of 1 mM. Final concentra-
tion of GRK5 was 100 nM and ROS was between 0.75 and 24 �M.
Reactions were initiated at room temperature, and samples
were taken at 2–5 min and then quenched with SDS-PAGE
loading dye. Proteins were separated using SDS-PAGE, gel was
dried, and the incorporation of �-32P was detected using a
phosphor storage screen. Rates at 0 min were plotted against
the ROS concentration, and Vmax and Km values were deter-
mined using the Michaelis-Menten equation. Vmax of each
curve was normalized to the Vmax of GRK5561 run in parallel.

Melting Point Determination—Melting point determinations
in response to 200 �M CCG215022 (Table 1) were performed in
20 mM HEPES, pH 7.0, 5 mM MgCl2, 2 mM DTT, 1 mM CHAPS
at a final GRK5 concentration of 0.2 mg/ml and 100 �M anili-

nonaphthalene-8-sulfonic acid using a ThermoFluor (Johnson
& Johnson, New Brunswick, NJ) plate reader. Melting points of
GRK5 variants reported in Table 3 were assayed in a buffer
containing 20 mM HEPES, pH 8.0, 200 mM NaCl, 2 mM DTT, 2.5

FIGURE 1. Rational design of improved GRK inhibitors. Superposition of
paroxetine and balanol in complex with GRK2 (PDB entries 3V5W (25) and
3KRW (35), respectively) (A) and of GSK180736A and Takeda103A with GRK2
(PDB entries 4PNK (27) and 3PVW (50), respectively) (B). Paroxetine and
GSK180736A are chemically similar molecules that occupy the adenine,
ribose, and polyphosphate subsites of the kinase-active site. More potent
inhibitors such as balanol and Takeda103A also occupy the hydrophobic sub-
site, suggesting that extending the GSK180736A scaffold would improve
potency of inhibition. Inhibitors are drawn as stick models with carbons col-
ored according to their respective protein structure as follows: oxygens, red;
nitrogens, cyan; and fluorines, green. C, chemical structures of GSK180736A
and its 2-pyridylmethyl amide derivative CCG215022.
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mM MgCl2, and 0.1 mM anilinonaphthalene-8-sulfonic acid
with or without 5 mM ATP. Final GRK5 concentration for these
assays was 0.1 mg/ml.

Results

Development of CCG215022—GRK2 and GRK5 are both
implicated in the progression of cardiac hypertrophy and heart
failure (33, 34), and thus there is interest in the identification of
selective chemical probes that could be developed into cardio-
vascular drugs or be used to deconvolute which of these ubiq-
uitously expressed kinases is involved in desensitizing a specific
GPCR in a given cell type or tissue. Recently, paroxetine and a
family of indazole-containing compounds were identified in
medium-throughput screens as GRK2 inhibitors (25, 27).
These compounds all exhibit a similar three-ringed structure
that occupies the adenine, ribose, and polyphosphate subsites
of the GRK active site (Fig. 1). The most potent of these,
GSK180736A, exhibits a 770 nM IC50 value against GRK2 and
300-fold less potency against GRK5. A key structural difference
between these compounds and more potent, but less selective,
inhibitors such as balanol and Takeda compound 103A (Fig. 1,
A and B, respectively) is that they are relatively small and do not
occupy the hydrophobic subsite of the kinase-active site (35),
thereby exhibiting less total buried surface area (36). Thus, the
GSK180736A scaffold was used as a template to design more
extended molecules that can occupy the fourth subsite with
the goal of enhancing potency while retaining selectivity.3
One such compound, a 2-pyridylmethyl amide derivative
(CCG215022), increased the melting point (Tm) of each GRK
tested �9 °C (Table 1), at least 5 °C greater than induced by
GSK180736A. Relative to GSK180736A, CCG215022 had
5-fold increased potency of inhibition against GRK2, �80-fold
against GRK1, and 625-fold against GRK5. As such, the com-
pound is essentially equipotent against GRK2 and GRK5, but it
exhibits 10 –20-fold selectivity against GRK1 and 300 – 800-
fold selectivity against PKA (Fig. 2 and Table 1), although it
should be noted that GRK and PKA inhibition is measured
using distinct assay formats. Thus CCG215022 serves as a pan-
GRK inhibitor that is selective against PKA.

Potency in Cardiomyocytes—To test whether CCG215022
can inhibit cardiac GRKs and induce increased contractility in a
more physiologically relevant context, the response of isolated
mouse cardiomyocytes to the compound was measured. At 500
nM in the presence of isoproterenol, CCG215022 generated
similar increases in contractility compared with 10 �M parox-
etine (Fig. 3). Therefore, CCG215022 was just as efficacious as
paroxetine at a 20-fold lower concentration, consistent with the
increased potency of inhibition of CCG215022 in vitro versus
paroxetine and with GRKs being the principal target of these
compounds in murine heart. There was no significant differ-
ence with baseline contraction in response to the drug,
although the response was generally higher. CCG215022 was
also tested at doses of 0.1, 1, and 10 �M (data not shown), but
there were no additional effects of 1 and 10 �M versus 0.5 �M

after isoproterenol administration.
Crystal Structure of GRK5—Compounds that significantly

elevate the Tm of a protein are often good candidates for co-
crystallization. Indeed, CCG215022 allowed for the crystalliza-
tion of bovine GRK5, ultimately permitting its structure deter-
mination to 2.4 Å spacings (Fig. 4A and Table 2). As in most
other GRK structures, residues in the extreme N terminus
(GRK5 residues 1–23), extreme C terminus (542–590), and
active-site tether (AST) region (474 – 492) are disordered. The

3 H. V. Waldschmidt, K. T. Homan, J. J. G. Tesmer, and S. D. Larsen, manuscript
in preparation.

FIGURE 2. Inhibition of GRKs and PKA by CCG215022. Representative
curves from an experiment performed in duplicate in the presence of 5 �M

ATP. Symbols are as follows: GRK1 (circles), GRK2 (squares), GRK5 (upward
triangles), and PKA (downward triangles). See Table 1 (mean IC50 values in the
table are slightly different because they represent aggregate measurements).

TABLE 1
Potency and �Tm values for GRK inhibitors in this study
Uncertainties for IC50 values reflect standard error of the mean for (n) experiments performed in duplicate. �Tm measurements with CCG215022 are the average of three
experiments performed in triplicate and are relative to the kinase in the absence of ligand. ND means not determined because no inhibition was observed up to
concentrations of 333 �M. NM means not measured.

GRK1 GRK2 GRK5 PKA

Balanol IC50 (�M) 0.320a 0.040a 0.160a 0.005b

Takeda103A IC50 (�M) NDc 0.050c NDc NM
Paroxetine IC50 (�M) 230 � 80 (15)d 1.6 � 0.6 (11)d 480 � 280 (15)d ND (3)e

�Tm (°) 0.5e 7.8e 0.0e 4.7e

GSK180736A IC50 (�M) ND (6) e 0.77 � 0.5 (7)e 250 � 140 (5)e 30 � 20 (5)e

�Tm (°) 5.4e 12.4e 1.9e 3.8e

CCG215022 IC50 (�M) 3.9 � 1.0 (3) 0.15 � 0.07 (4) 0.38 � 0.06 (3) 120 � 40 (4)
�Tm (°) 14.5 � 6 10.4 � 0.8 8.9 � 3 �0.9 � 0.1

a 3 �M ATP, tubulin substrate were used (35).
b 10 �M ATP, histone substrate were used (51).
c 500 �M ATP, bovine rod out segment substrate were used (50).
d Data were from this study; 5 �M ATP, tubulin substrate were used (25).
e Data were from this study; 5 �M ATP, tubulin substrate were used (27).
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AST is a feature unique to the PKA, -G, and -C (AGC) kinase
family, and it typically becomes more ordered as the kinase
domain progresses to an active state (37).

The kinase domain of GRK5 exhibits root mean square
deviations of 0.93 (270 C� atoms), 1.4 (252 C� atoms), and
0.69 (268 C� atoms) Å with those of other GRK�ligand com-
plexes as follows: GRK1�paroxetine (PDB entry 4L9I),
GRK2-G���GSK180736A (4PNK), and GRK6�sangivamycin
(3NYN), respectively. The most profound difference among
these structures is the relative degree of domain closure.
The kinase domain of GRK5�CCG215022 is �10° more
closed than GRK2�GSK180736A and 8° more closed than
GRK1�paroxetine. Surprisingly, the GRK5 kinase domain
exhibits only a 4° difference in kinase domain closure as in the
GRK6�sangivamycin complex, wherein the AST and N termi-
nus of the enzyme are ordered and proposed to be in an active
configuration. Thus, the difference in degree of domain closure
and/or P-loop conformation in the GRK5�CCG215022 com-
plex may be sufficient to disrupt these structural elements,
which have been proposed to directly interact with GPCRs (13).
Alternatively, intermolecular contacts (such as those supplied
by crystal lattice contacts) may be required to order these reg-
ulatory elements.

Compared with other GRK4 subfamily structures, the
GRK5�CCG215022 RH domain exhibits root mean square devi-
ations of 0.6 Å with that of GRK6�AMP-PNP (PDB entry
2ACX), 0.9 Å with that of GRK6�sangivamycin, and 0.75 Å
with that of the human GRK5�sangivamycin structure.4 The
GRK6�sangivamycin RH domain is the most structurally diver-
gent among these atomic models, possibly reflecting the fact
that its C-terminal region forms unique and extensive interac-

tions at the RH-kinase domain interface, which may induce a
distinct conformation in the RH domain.

CCG215022 Interactions—As anticipated, CCG215022
binds to GRK5 similarly to how GSK180736A binds to GRK2 in
the GRK2-G���GSK180736A structure (cf. Fig. 1, A and B) and
buries 384 Å2 of accessible surface area, 80 Å2 more than
GSK180736A, which is consistent with other potent GRK
inhibitors that occupy the hydrophobic subsite like Takeda101
and Takeda103A (36). The indazole ring binds in the adenine
subsite where it forms two hydrogen bonds with backbone
atoms in the hinge of GRK5 (Thr-264 and Met-266), and its
fluorophenyl ring packs into the polyphosphate subsite, a
hydrophobic pocket created between the P-loop and the cata-
lytic Lys-215. However, the dihydropyrimidine and fluorophe-
nyl rings adopt slightly different orientations, and the amide
group linking the indazole and dihydropyrimidine rings is
flipped between the CCG215022 and GSK180736A structures.
These differences are likely due to a greater degree of domain
closure in GRK5 relative to GRK2 but also perhaps to
the 2-pyridylmethyl amide group introduced into CCG215022.
The amide group in this substituent forms two hydrogen bonds
with the backbone amide of Phe-197 in the P-loop, displacing
Gly-195 and Gly-196 up to 2.6 Å away from the active site, and
with the side chain of Asp-329 in the large lobe. The pyridine
nitrogen forms a third hydrogen bond with the side chain of
Lys-215. Introduction of three new hydrogen bonds relative to
GSK180736A may contribute to the pan-GRK inhibition exhib-
ited by this compound (36), especially because all three involve
conserved structural elements in the active site. It remains to be
seen whether the compound can stabilize an equally closed
conformation of GRK2, against which the compound is essen-
tially equipotent. The selectivity against PKA was also observed
for the parent GSK180736A compound, and the 2-pyridyl-4 J. Benovic, personal communication.

FIGURE 3. Increased adrenergic contractility in myocytes treated with GRK2 inhibitors. A, representative contraction tracings of single adult ventricular car-
diomyocytes showing shortening (%) with a basal twitch and after Iso stimulation. Prior to Iso stimulation, a group of cells was pretreated with paroxetine or
CCG215022. B, quantitation of maximal single myocyte contraction amplitude under corresponding conditions. *,p�0.001versusbaseline;#,p�0.001versusDMSOIso.
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methyl amide makes no obvious steric clashes in PKA when
modeled into the PKA�balanol complex (38). Thus the selectiv-
ity of these compounds against PKA more likely reflects differ-
ences in the hinge and overall kinase domain conformation
than interactions within the hydrophobic subsite.

GRK5 C Terminus—The most prominent structural differ-
ence of GRK5 compared with other reported GRK4 subfamily
structures, in particular that of the GRK6�sangivamycin com-
plex, is the conformation of its C-terminal tail (residues 527–
541) (Fig. 4, A and B). In previously reported crystal structures

Crystal Structure of the GRK5�CCG215022 Complex

20654 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 34 • AUGUST 21, 2015

 by guest on D
ecem

ber 12, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


of GRK6 and the more distantly related GRK1, this region is
involved in a domain swap with a 2-fold related monomer in the
unit cell. The GRK6-I39E/I165E and -I165E/F527D, variants,
which should disrupt the crystallographic dimer, had no signif-
icant effect on rhodopsin phosphorylation by GRK6 (39). The
GRK1-D164A, -L166K, and -D164A/L166K variants dimin-
ished catalytic efficiency against ROS over 2-fold (40), and
the crystal structure of the GRK1-L166K variant crystallized
as a monomer and allowed the observed C terminus to pack
against the RH domain of its own chain (41). In the
GRK6�sangivamycin structure, much more of the C-terminal
region is observed (Fig. 4, A and B). The polypeptide chain
meanders over the surface of the RH domain such that it fills
cavities formed between the RH and kinase domains, ending
with its amphipathic C-terminal helix packing between the
bundle subdomain of the RH domain and the large lobe of the
kinase domain, distant from the proposed phospholipid-bind-
ing site near the N terminus. Thus, although the 2-fold interface
observed in crystal structures is likely an artifact (e.g. no dimer
is observed in solution by gel filtration chromatography), the
sequence conservation among GRK1 and GRK4 subfamily
members, the solvent accessibility of the nonpolar residues

involved in this interface (Fig. 4C), and the balance of the
kinetic data (see below) suggest that these residues could play a
role in kinase function.

In contrast to prior structures of GRK6 and GRK1, the C
terminus of GRK5 adopts a completely different course (Fig. 4,
A and B), although one that is consistent with the trajectory
indicated by the final residues observed in the GRK1-L166K
structure (residues 531–532). The GRK5 C-terminal region
first forms a short loop (residues 527–533), the ends of which
were anchored by side chain packing interactions of Phe-527
and Leu-533 with that of Met-165 in the RH domain (analogous
to Leu-166 in GRK1). All three residues are highly conserved
among GRK5 and GRK6 enzymes (Fig. 4C). The loop is fol-
lowed by a single �-helical turn (residues 534 – 437) that con-
tains an invariant PDL sequence signature. Pro-535 caps the
beginning of the helix; Asp-536 forms a salt bridge with Arg-
169 and a hydrogen bond with Asn-172 in the RH domain, and
Leu-537 serves as a third hydrophobic anchor with its side
chain packing between Ile-39 and Met-165 from the RH
domain. The remainder of the observed C-tail wraps around
the side chains of His-38 and Ile-39; finally Arg-539, conserved
only in GRK5, forms a salt bridge with Asp-168 in the RH
domain. Thus, the tail sequesters much of the region involved
in the molecular 2-fold related interfaces observed in previous
GRK6 and GRK1 structures. Sequence analysis suggests that
GRK1 and GRK6 should be able to form a similar C-terminal
structure (Fig. 4C), but other sequence differences make it dif-
ficult to predict whether GRK4 will form an analogous C-ter-
minal structure. The �CT helix, thought to regulate interac-
tions with the phospholipid membrane (9, 42), begins a few
residues after the last observed residue of GRK5. However, the
helix would now be positioned so that it could be in the same
plane as the phospholipid-binding sites near the N terminus of
the enzyme (Fig. 6).

Functional Analysis of the C Terminus—To test the role of
the C-terminal structure of GRK5, two classes of site-di-
rected mutants in GRK5 were created. All were made in the
background of bovine GRK5 truncated after residue 561,
which corresponds to the last residue observed in the
GRK6�sangivamycin structure and should eliminate any
effects from the rest of the C terminus, which could play
additional regulatory roles (43). The first set, consisting of
R64A, A88K/E89K, and P546A, was predicted to disrupt
packing if it was similar to the GRK6�sangivamycin C-termi-
nal structure (Fig. 4A). In the second set, the D536A and
L537A variants were predicted to disrupt the packing of
both. If the GRK6�sangivamycin structure represents an

FIGURE 4. Crystal structure of GRK5 in complex with CCG215022. A, comparison with the GRK6�sangivamycin complex (PDB entry 3NYN) (13). CCG215022
(spheres with yellow carbons) binds in the active site of the GRK5 kinase domain. As in most other GRK structures, the AST region is disordered (last visible
residues denoted by asterisks). The C-terminal region of GRK5 (royal blue) has a dramatically different conformation than observed for GRK6�sangivamycin
(brown), despite the fact they are closely related enzymes (see C). Key residues in the C terminus are labeled to emphasize how they contribute to packing in
each structure. Side chains shown with beige carbons are from the RH domain of GRK6 (same identity and numbering as in GRK5). GRK6-Pro-547 is analogous
to GRK5-Pro-546, which was mutated in this study. B, close-up view of the interactions between the C-terminal region (royal blue) and the RH domain (green).
Hydrogen bonds/salt bridges are shown as dashed lines. C, primary structural comparison of GRK4 subfamily members. Secondary structure is indicated above
the alignment. Residues observed in any crystal structure are colored black (the structure of GRK4 has not yet been reported), and unresolved residues are gray.
Residues involved in the interface between the RH domain and the C-terminal region are highlighted in purple, and the C-terminal CAAX (where A is any
aliphatic amino acid and X is any amino acid) box of GRK1 is highlighted in yellow. Although the sequence of GRK4A is the most divergent with respect to
residues that form the interface observed in GRK5, it maintains the LXXDL motif, which is likely one of the most critical. GRK1 conserves this motif as MXXDM.
Thus, all subfamily members have the potential to form a similar C-terminal structure to that observed in the GRK5�CCG215022 complex.

TABLE 2
Crystal refinement statistics
r.m.s.d. means root mean square deviation.

Protein complex GRK5�CCG215022

X-ray source APS 21 ID-F
Wavelength (Å) 1.09785
Dmin (Å) 25.0-2.42 (2.46-2.42)a

Space group P212121
Cell constants (Å) a 	 48.1, b 	 70.1, c 	 182.8
Unique reflections 24217 (1136)
Rsym (%) 14.1 (100)
Completeness (%) 99.9 (100)

I�/
�I� 42.3 (4.1)
Redundancy 37.7 (34.8)
Refinement resolution (Å) 25.0-2.42 (2.48-2.42)
Total reflections used 22,906 (1546)
r.m.s.d. bond lengths (Å) 0.011
r.m.s.d. bond angles (°) 1.483
Estimated coordinate error (Å) 0.396
Ramachandran plot

Favored, outliers (%) 96.3, 0.4
Rwork 20.0 (25.8)
Rfree 24.7 (32.1)
Protein atoms 4073
Water molecules 30
Inhibitor atoms 37
Average B-factor (Å2): 80.5

Inhibitor 53.3
MolProbity score 2.44 (100th percentile)
MolProbity C� deviations 0
MolProbity bad backbone bonds 0
MolProbity bad backbone angles 0
PDB code 4WNK

a Residues in parentheses correspond to the highest resolution shell of data.
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autoinhibited and/or soluble conformation that GRK5 can
also attain, then mutations in the first class would be
expected to increase catalytic activity because the C-termi-
nal amphipathic helix would be more free to interact pro-
ductively with the membrane. If the GRK5�CCG215022
structure represents a more active conformation, then muta-
tions in the second class could be inhibitory. As shown in
Table 3, both D536A and L537A variants exhibited signifi-
cantly diminished Vmax values, whereas the remaining muta-
tions either elevated the catalytic rate (R64A and A88K/
E89K) or had no effect (P546A). The ability of these mutants
to alter the melting point of GRK5 was also evaluated. All
variants except L537A and P546A significantly decreased the
melting point of the ligand-free enzyme. Despite this, all
demonstrated a similar increase in Tm upon addition of the
substrate 5 mM ATP, suggesting that they were properly
folded. The Tm data are thus consistent with a model
wherein the C terminus of GRK5 can switch between
GRK6�sangivamycin-like and GRK5�CCG215022-like struc-
tures, with the former being more resistant to denaturation,
as might be expected from the larger amount of buried sur-
face area and sequestration of the �CT helix (Fig. 6).

Discussion

The CCG215022 inhibitor was designed based on the
hypothesis that if the hydrophobic subsite of the kinase domain
was occupied, as it is by inhibitors such as balanol and the
Takeda compounds (Fig. 1), then there would be a correspond-
ing increase in potency. The GRK5�CCG215022 structure vali-
dated this design principle because the 2-pyridylmethyl adduct
occupies this subsite, burying an additional 80 Å2 of surface
area relative to the parent compound (albeit bound to GRK2)
(27) and exhibited almost 3 logs of improved potency against
GRK5 from the parent compound GSK180736A. CCG215022
also exhibited at least 20-fold better potency in a cardiomyo-
cyte contractility assay than paroxetine (Fig. 3). However,
CCG215022 exhibited only a relatively small improvement in
the potency of inhibition against GRK2 despite being able to
increase the Tm of all tested GRKs (Table 1). The reasons for
this are not clear, but it could reflect the fact that the hydropho-
bic subsite of GRK2 is larger than that of GRK5 and is less
able to complement the relatively small pyridine ring of
CCG215022. Indeed, the terminal ring structures of the Takeda
compounds, which are highly selective for GRK2, are bulkier
difluorobenzyl and trifluoromethylbenyzl groups (Fig. 5, B and
C). Exploiting this size difference in the hydrophobic subsite is
therefore a promising route for the design of more selective
GRK2 inhibitors.

CCG215022 stabilizes a relatively closed conformation of the
GRK5 kinase domain most similar to that exhibited by the
kinase domain in the GRK6�sangivamycin structure, which in
turn has been proposed to be the most similar to an active GRK.
However, unlike the GRK6�sangivamycin complex, the N ter-
minus and AST regions of GRK5 are not ordered, suggesting an
inactive state. There are several possible explanations for this
discrepancy. The first is that the CCG215022 inhibitor perturbs
the P-loop of the active site such that the N-terminal helix can-
not stably interact with the small lobe or the AST. Alternatively,

FIGURE 5. Ligand interactions in the active sites of GRK5 and GRK2. A,
interactions of CCG215022 within the GRK5 active site (cf. Fig. 1A). The
inhibitor is drawn with yellow carbons, and black dashed lines depict
hydrogen bonds. A 3� �Fo���Fc� omit map for the inhibitor is shown as a
magenta wire cage. Comparison of the GRK5�CCG215022 (B) and
GRK2�Takeda compound 103A (C) active sites highlights a profound dif-
ference in the size of their hydrophobic subsites (black ellipses). Each GRK
is rendered as a molecular surface with carbons colored gray, nitrogens
colored cyan, and oxygens colored red.
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formation of a stable N-terminal helix/AST interaction may
be highly dependent on intermolecular contacts, which in the
GRK6�sangivamycin structure were provided by crystal lattice
interaction, and perhaps in cells by activated GPCRs. The
GRK6�AMP-PNP structure (39) exhibits a relatively open
kinase domain conformation that would also preclude its ability
to form the same N-terminal helix/AST structure as observed
in GRK6�sangivamycin.

Another question that emerges from the GRK5�CCG215022
structure is the dramatic difference in the structure of its C
terminus from that observed in the GRK6�sangivamycin and
GRK6�AMP-PNP complexes, even though GRK5 and GRK6
are very close homologs. In the GRK6�sangivamycin and
GRK6�AMP-PNP structures, a crystallographic dimer drives a
domain swap that would prevent the C terminus from forming
the same structure as observed in GRK5�CCG215022. The C
terminus of the GRK6�sangivamycin structure is better ordered
than in GRK6�AMP-PNP, perhaps due to differences in their
kinase domain conformations, which in turn alter interactions
between the RH and kinase domains that form a docking site for
�CT (Fig. 4A). However, the C terminus of GRK5�CCG215022
is also involved in a crystal contact, which may stabilize an arti-
factual conformation. Fortunately, prior to this structure deter-
mination, the Benovic lab determined crystal structures of
human GRK5 co-crystallized with sangivamycin (as in
GRK6�sangivamycin) and the nonhydrolysable ATP analog
AMP-PNP (see accompanying article (52)). Superposition of
the RH domains of these two structures demonstrates that despite
different lattice packing constraints, they form very similar C-ter-
minal structures, with the most prominent difference being the
conformation of the loop that begins the C-terminal tail. In the
human GRK5 structures, this region is free of lattice contacts but
exhibits relatively high temperature factors. Thus, the C-terminal
structure observed in these three GRK5 models likely represents a
relevant conformational state, and one that would place the C-ter-
minal �CT helix of GRK5 (albeit disordered) in position to interact
with the same membrane plane as residues near the N terminus
that bind to PIP2 (Fig. 6) (22).

The kinase domains in the human GRK5 structures (52)
adopt an intermediate degree of domain closure compared with
GRK6�sangivamycin, which is the most similar to the transition
state conformation of PKA (44), and human GRK6�AMP-PNP,
which is the most open. Thus, a specific kinase domain confor-
mation is not necessarily achieved by co-crystallization with a
specific nucleotide analog at least in the GRK4 subfamily.
Rather, the kinase domain conformation, and those of its N
terminus and AST region, seems strongly influenced by lattice
contacts. This conformational plasticity may underlie the
ability of these enzymes to be activated by a wide range of
GPCRs. Another intriguing difference between the human
GRK5 structures reported by Komolov et al. (52) and the
GRK5�CCG215022 complex is the fact that the AST region of
the human structure is well ordered. Stabilization of the AST is
a hallmark of activation in the AGC family of kinases, and the
human GRK5 structures were indeed determined in complex
with ATP analogs, suggesting that they may reflect an active
form of the enzyme. However, the human GRK5 AST does not
follow a typical trajectory as observed in prior AGC kinase (37)

and GRK structures (13, 40), and catalytic residues in the active
site are not aligned for phosphotransfer. Notably, noncanonical
conformations of the AST have been observed in other GRK
structures, such as in the GRK1�GSK2163632A (27) and
GRK6�AMP-PNP (39) complexes. Indeed, the hydrophobic side
chains of Tyr-473, Val-489, and Leu-491 in the human GRK5 AST
are all involved in strong lattice contacts. It thus remains to be
determined what the structural difference in the AST region rep-
resents in terms of the physiological function of GRK5.

FIGURE 6. Model of GRK4 subfamily membrane interactions. GRK5 and -6
are proposed to exist in an equilibrium between conformational states that
have different membrane binding propensities. In each structure, the C-ter-
minal region is shown in green and the amphipathic �CT helix in red. The rest
of the enzyme is shown as spheres. Residues near the N terminus proposed to
be involved in binding anionic phospholipids, such as PIP2 (49), are colored
cyan. Based on prior evidence, GRK5 seems to have greater membrane affin-
ity than GRK6 (48), and thus its conformational equilibrium may favor the
membrane-bound conformation modeled at top. The soluble form of these
enzymes, or at least GRK6, may contain a C-terminal structure similar to that
observed in the GRK6�sangivamycin structure (bottom), wherein the hydro-
phobic surface of the �CT helix packs against the RH domain. In the mem-
brane-bound conformation (top) the �CT helix is modeled as a membrane-
binding anchor connected to the rest of the enzyme by a flexible tether
(dashed green line). Ca2��CaM binds to the N-terminal PIP2-binding residues
as well as the �CT helix, which dissociates the enzyme from the membrane
and allows it to be targeted to the nucleus by a nuclear localization signal
within in the large lobe of the kinase domain (15).
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It also remains to be determined whether the C-terminal
structure exhibited by the GRK6�sangivamycin complex is
physiologically relevant. The activity and Tm values presented
in Table 3 are consistent with the C terminus of GRK5 being
able to adopt a GRK6�sangivamycin-like conformation, which
is predicted to stabilize the overall fold of the enzyme and
increase the melting point. Mutations that disrupt this struc-
ture would allow for more kinase domain flexibility, lower
melting point, and increased activity. Thus, the GRK6�
sangivamycin-like conformation may reflect a soluble form of
GRK5/6 that shields the C-terminal helix from nonspecific
interactions, akin to the myristoyl switch found in other pro-
teins whose functions require transient interaction with the
membrane (45, 46). In addition, it has also been noted by mul-
tiple labs that GRK6 can have orders of magnitude less activity
than other GRKs, including GRK5, on the same receptor sub-
strate (23, 47), yet GRK6 retains similar activity against soluble
substrates (47). Therefore, the C terminus of GRK6 may have a
greater propensity to form a GRK6�sangivamycin-like confor-
mation than GRK5. A possible explanation for this phenome-
non could be that GRK6-Trp-539, an insertion in the GRK6 C
terminus relative to GRK5 (Fig. 4C), makes a key anchoring
contact in the GRK6�sangivamycin structure that may influence
conformational equilibrium (Fig. 6). If so, the C terminus as
observed in the GRK6�sangivamycin structure may help explain
why GRK6 is not constitutively associated with membranes,
whereas GRK5 is (48).

Finally, the three new structures of GRK5 also help to clarify
how Ca2��CaM mediates inhibition of GRK4 subfamily mem-
bers. Ca2��CaM has reported binding sites within GRK5 at both
the N terminus, just after the N-terminal helix (residues 20 –39)
(49), and at the C terminus (residues 545–560), which
encompasses the C-terminal amphipathic helix (14). If the
GRK5�CCG215022 structure indeed represents a mem-
brane-bound conformation, then these two sites are now in
much closer proximity than previously recognized. It is pos-
sible that Ca2��CaM can bind to both sites simultaneously,
as suggested by multiangle light scattering analysis of their
complex, which indicates 1:1 stoichiometry (data not shown).
Thus, the C termini of the GRK4 subfamily members may play
more complex regulatory roles than previously thought by serv-
ing as phosphorylation sites, protein-binding sites, conforma-
tional switches, and membrane targeting modules.
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