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Abstract
G protein-coupled receptors kinase 2 (GRK2) plays a major role in receptor regula-
tion and, as a consequence, in cell biology and physiology. GRK2-mediated receptor 
desensitization is performed by its kinase domain, which exerts receptor phospho-
rylation promoting G protein uncoupling and the cessation of signaling, and by its 
RGS homology (RH) domain, able to interrupt G protein signaling. Since GRK2 activity 
is exacerbated in several pathologies, many efforts to develop inhibitors have been 
conducted. Most of them were directed toward GRK2 kinase activity and showed 
encouraging results on in vitro systems and animal models. Nevertheless, limitations 
including unspecific effects or pharmacokinetics issues prevented them from advanc-
ing to clinical trials. Surprisingly, even though the RH domain demonstrated the ability 
to desensitize GPCRs, this domain has been less explored. Herein, we show in vitro 
activity of a series of compounds that, by inhibiting GRK2 RH domain, increase recep-
tor cAMP response, avoid GRK2 translocation to the plasma membrane, inhibit coim-
munoprecipitation of GRK2 with Gαs subunit of heterotrimeric G protein, and prevent 
receptor desensitization. Also, we preliminarily evaluated candidates’ ADMET prop-
erties and observed suitable lipophilicity and cytotoxicity. These novel inhibitors of 
phosphorylation-independent actions of GRK2 might be useful in elucidating other 
RH domain roles and lay the foundation for the development of innovative pharmaco-
logic therapy for diseases where GRK2 activity is exacerbated.
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1  |  INTRODUC TION

Signal transduction is responsible for the coordinated function of 
every cell and organ within an organism. G protein-coupled receptors 
(GPCRs) represent the largest family of membrane proteins involved 
in cell signaling. They possess seven transmembrane domains and 
are associated with a heterotrimeric G protein to translate chemical 
and physical external signals into intracellular second messengers 
such as cAMP, diacylglycerol, inositol triphosphate (IP3), cGMP, and 
calcium.1  These systems control key physiological functions, and 
their dysfunction contributes to several of the predominant human 
diseases. Accordingly, GPCRs represent the direct or indirect target 
of 35% of the therapeutic agents currently used.2 Given the impor-
tance of these receptors as etiological agents of a variety of dis-
eases, accessory proteins belonging to their signaling pathways are 
also considered potential therapeutic targets. GPCRs kinase type 2 
(GRK2) mediates the desensitization of GPCRs, an adaptive process 
aimed at cutting off receptor signaling avoiding overstimulation that 
can be deleterious to cell survival.

GRK2 is a multidomain protein. According to the canonical model 
of GPCRs’ desensitization, the kinase domain of GRK2 phosphory-
lates active receptors, which undergo rapid uncoupling from the het-
erotrimeric G protein, becoming unable to signal through it. GRK2 has 
been shown to phosphorylate a wide variety of GPCRs, including α 
and β-adrenergic, angiotensin, endothelin, and histamine receptors 
among others. Reports show that GRK2 is also capable of regulating 
receptor signaling through mechanisms dependent on the GRK2 RH 
domain or homologous to RGS (regulator of G protein signaling) but 
independent of GPCRs phosphorylation. The RH domain is present 
at the N-terminal of GRK2 and is capable of binding directly to the 
G protein, causing its inactivation and preventing subsequent signal-
ing.3-6 Desensitization of GPCRs signaling in a kinase-independent 
manner has been described for several GPCRs with varied couplings: 
adenosine type 1 receptor and μ-opioid receptor,7 prostaglandin E2 
receptor,8  histamine H1 and H2 receptors (H1R and H2R),9,10  lyso-
phosphatidic acid (LPA1) receptor,11 endothelin receptor type A and 
B,12,13 follicle-stimulating hormone receptor,14 and D2 dopamine re-
ceptor15 among many others. In some cases, expression of the RH do-
main of GRK2 resulted sufficient for attenuating receptor signaling.3,16

Numerous pathologies are associated with GRK2 dysregulation, 
most with unsatisfied clinical demand. Increased activity of GRK2 
is involved in the development and progression of cardiac hyper-
trophy, hypertension, heart failure, obesity, and insulin resistance 
in human patients or animal models.17-20 Preclinical evaluations re-
vealed a cardioprotective effect for GRK2 genetic deletion or phar-
macological inhibition in cardiovascular and metabolic diseases.21 
Furthermore, the description of GRK2 as a therapeutic target for 
the treatment of Alzheimer's disease, cystic fibrosis, and rheumatoid 
arthritis22-24 contributed to the growing interest in obtaining GRK2 
inhibitors. Although the bibliography describes several molecules 
with inhibitory properties on GRK2 directed to its kinase domain, 
they did not reach advanced development stages due to their lack 
of specificity.25,26

In a previous publication, we showed the results of a docking-
based virtual screening (DBVS) directed to the less explored RH do-
main of GRK2. We identified inhibitors of the desensitization of a 
Gαq coupled receptor.27 In this report, we identified candidates that 
inhibited the desensitization of a Gαs coupled receptor, GRK2 trans-
location to the plasma membrane, and GRK2-Gαs coimmunoprecip-
itation. This will contribute to obtaining novel drug candidates with 
the ability to interfere with phosphorylation independent actions of 
GRK2 that may be useful for the treatment of pathological condi-
tions where this protein plays a key role. Also, it brings to disposition 
new pharmacological tools to be applied in the research of diseases 
and conditions whose development or progression might be associ-
ated with GRK2.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

HEK293 (Human embryonic kidney, ATCC® CRL-1573), HEK293T 
(Human embryonic kidney, ATCC® CRL-3216), HepG2 (human hepa-
tocellular carcinoma epithelial cells ATCC # HB-8065), and HeLa 
(human cervix adenocarcinoma epithelial cells, ATCC # CCL-2) cells 
were cultured in Dulbecco's modified Eagle's medium (DMEM) and 
U937 (human histiocytic lymphoma promonocytic cells ATCC # CRL-
1593.2) in RPMI 1640 medium, all supplemented with 10% fetal calf 
serum and 50mg/ml gentamicin. HEK293 GRK2 stable clones’ me-
dium was also supplemented with 0.8 mg/ml geneticin and/or 50 µg/
ml zeocin as corresponds. HEKT Epac-SH187 medium was also sup-
plemented with 50 µg/ml zeocin. Cultures were maintained at 37 °C 
in a humidified atmosphere containing 5% CO2.

2.2  |  Transient and stable transfections

For transient transfections, HEK293T, HeLa, and HEKT Epac-SH187 
cells were grown to 80%–90% confluency. cDNA constructs were 
transfected into cells using K2  Transfection System (Biontex, 
Munich, Germany). The transfection protocol was optimized as rec-
ommended by the supplier. All assays were performed 48 h after 
transfection.

HEK293  clones stably expressing H2R were obtained using 
LipoFectamine 2000 (Invitrogen). Twenty-four hours after transfec-
tion with pcDNA3.1 Zeo (+) HA-H2R plasmid, cells were seeded in 
the presence of 50 µg/ml zeocin, and clonal selection was carried 
out in 96-well plates for 2 weeks. Clones were tested for H2R by 
cAMP response assays and [3H]-tiotidine binding assays and se-
lected to perform a second stable transfection with pcDNA3-GRK2-
K220R or pcDNA3-GRK2-K220R/R106A. Cells were seeded in the 
presence of 1.2 mg/ml geneticin and clonal selection was carried out 
in 96-well plates for 2 weeks.

Stable HEK293T expressing pcDNA3.1/Zeo(1)-mTurquoise2-
EPAC-cp173  Venus-Venus (Epac-SH187) (HEKT-Epac-SH187) cells 
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were obtained by transfection of HEK293T using K2 Transfection 
System (Biontex, Munich, Germany). Twenty-four hours after trans-
fection, cells were seeded in the presence of 25 μg/ml zeocin for 
2 weeks, and clonal selection was carried out in 96-well plates for 
2 weeks. Clones were tested for Epac-SH187 by fluorescence spec-
tra (450–650  nm) measurements in a FlexStation 3  Multi-Mode 
Microplate Reader (Molecular Devices) with excitation at 430 nm. 
The HEKT Epac-SH187 clone with higher fluorescence emission was 
chosen for further experiments.

2.3  |  Radioligand binding assays

7 x 104 cells/well were seeded in 48-well plates and the day after 
saturation studies were performed by incubating them for 40 min 
at 4°C with increasing concentrations of [3H]-tiotidine (75 Ci/mmol). 
The incubation was stopped by rapid washing with ice-cold physi-
ologic solution (0.9% NaCl). After three washes, the bound fraction 
was collected in 200 μl of ethanol, and Optiphase HiSafe3 scintil-
lation cocktail was added to each fraction for counting in a HIDEX 
300 SL counter. Two replicates per condition were performed in 
each independent experiment. The kinetic studies performed with 
2 nM [3H]-tiotidine at 4°C showed that the equilibrium was reached 
at 30 min and persisted for 4 h (data not shown). Experiments on 
intact cells were carried out at 4°C to avoid ligand internalization.

2.4  |  Western blot

Cells were lysed in 50  mM Tris–HCl pH 6.8, 2% SDS, 100  mM 
2-mercaptoethanol, 10% glycerol, and 0.05% bromophenol blue and 
sonicated to shear DNA. Total cell lysates were resolved by 12% 
SDS-PAGE. Blots were incubated with primary anti-tubulin and anti-
GRK2 antibodies (Santa Cruz Biotechnology, CA; see the “Materials 
and methods” section for more details), followed by horseradish 
peroxidase-conjugated anti-rabbit antibodies (Vector Laboratories, 
CA; see the “Materials and methods” section for more details) and 
developed by enhanced chemiluminescence (ECL) following the 
manufacturer's instructions (Amersham Life Science, England).

2.5  |  cAMP response assays

For concentration curves, assays clones were seeded in 48-well 
plates. The day after, they were incubated for 3 min in a basal cul-
ture medium supplemented with 1mM IBMX at 37°C, and stimulated 
with increasing concentrations of amthamine (Amtha) for 10 min.

For response assays in the presence of candidates, clones were 
seeded in 48-well plates. The day after, they were pretreated for 
40  min with 10  µM or 100  µM of each compound or equivalent 
amount of DMSO, incubated 3 min in basal culture medium supple-
mented with 1 mM IBMX at 37°C, and stimulated with 10 µM Amtha 
for 10 min.

Reactions were stopped by ethanol addition followed by centrif-
ugation at 3000×  g for 5 min. The ethanol phase was then dried, 
and the residue resuspended in 50 mM Tris–HCl pH 7.4, 0.1% BSA. 
cAMP content was determined by the competition of [3H]-cAMP 
for PKA in a cAMP radiobinding protein assay, as previously de-
scribed.6 Two replicates per condition were performed in each inde-
pendent experiment.

FRET time-course of cAMP intracellular levels was measured as 
previously described.28 Briefly, HEKT Epac-SH187 transfected with 
pCEFL-H2R were seeded in 96-well plates at a density of 105 cells/
well. To measure H2R desensitization, cells were treated with amth-
amine for 1 h in the presence of different concentrations of C3Z392 
ranging from 30 nM to 100 μM. Before starting each experiment, 
cells were washed with NaCl 0.9% twice and 100 μl of FluoroBrite 
DMEM (Thermofisher) was added to each well before placing the 
plate in a FlexStation®3 (Molecular Devices) at 37°C. In order to 
determine cAMP response, we measured the baseline fluorescence 
signal detected at 475 nm (donor) and 530 nm (FRET) emission with 
excitation at 430 nm. Using the onboard pipettor, we added 50 μl 
of amthamine after 40 s and then monitored the signal every 20 s 
for a total of 600 s. FRET and donor intensities were measured for 
each time point. FRET/donor ratio was calculated and normalized 
to basal levels—before stimulation—(R/R0) for each time point. An 
AUC value of 10-minute R/R0 cAMP response was calculated for 
each replicate. The concentration–response curve was constructed 
by plotting AUC values of 10-minute R/R0 cAMP response versus 
log [C3Z392].

2.6  |  GRK2 translocation assay

HeLa cells were seeded in 35 mm plates and transfected with pEGFP-
HA-GRK2 (45-178) GFP alone or in combination with pcDNA3.1Zeo 
(+) HA-H2R. After 24 h, cells were seeded in polylysinated glass at 
15% confluence and 24 h later cells were starved for 4 h and then 
treated with 10 µM Amtha for 10 min, with compounds at 100 nM 
for 30  min or equivalent condition of DMSO as indicated. Cells 
were then washed with PBS, fixed in 4% paraformaldehyde in PBS 
for 15 min, and washed again. Images were obtained using an Axio 
Observer.Z1 microscope (Carl Zeiss Microscopy GmbH, Germany; 
Objective LCI Plan-Neofluar 63x/1,30 Imm Korr DIC M27; Optovar 
1x Tubelens; ZEISS Filter set 38 HE-eGFP, BP 470/40, FT 495, BP 
525/50, and AxioCam HRm3 S/N 631 camera (adaptor 0,63x; ex-
position time 500–900 ms; focus 0,86 μm). Intensity profiles were 
performed using Image J software.

2.7  |  GRK2-gαs coimmunoprecipitation

HEK293T cells plated in 100 mm dishes were co-transfected with 
pCEFL-H2R, pcDNA3-GRK2-K220R, and pcDNA3-HA-Gαs or not 
for non-specific precipitation control as indicated. Forty-eight 
hours after transfection, cells were starved for 1 h, washed with 
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PBS, and incubated at 37°C with 10 µM amthamine for 10 min or 
indicated compounds at 100  nM for 30  min. Cross-linking was 
done in intact cells by replacement of treatment with 3  ml of 
PBS/2.5 mM dithiobis(succinimidyl propionate) (DSP) (Pierce) with 
10  µM athamine, 100n M compound and incubation for 30 min 
at 25°C. DSP was washed with PBS and cells were solubilized in 
1ml of radioimmunoprecipitation assay (RIPA) buffer (1% Nonidet 
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 7.4, 
100 mM NaCl, 2mM EDTA, 50 mM NaF, 1 mM phenylmethylsul-
fonyl fluoride, 5 µM aprotinin, 10 µM leupeptin, 5 µM pepstatin, 
1 mM sodium vanadate). Next, the samples were homogenized, 
and the lysates were centrifuged for 15 min at 12 000× g and 4°C. 
An aliquot was taken from the supernatant, and Laemmli buffer 
was added (INPUT). The remaining supernatant was added to 
agarose beads coupled to anti-HA antibody and incubated ON 
with rotation at 4°C. Next, samples were centrifuged for 2 min at 
2000× g and 4°C, washed four times with lysis buffer, and the pel-
let was resuspended in Laemmli buffer (IP). Separation of immune 
complexes and cleavage of the cross-linker was done through 
5  min incubation at 100°C. Immunoprecipitated proteins were 
resolved by SDS-PAGE and transferred to nitrocellulose mem-
branes. HA-Gαs and GRK2 were detected with a rabbit anti-HA 
antibody, rabbit anti-Gαs antibody, or rabbit anti-GRK2 antibody 
as described below.

2.8  |  Cytotoxicity assays

HepG2 and U937 cells were treated with increasing concentrations, 
ranging from 333  nM to 100  μM, of C2Z858, C3Z392, C4Z102, 
C5Z299, or DMSO for 48 h in 96-well plates. For HEPG2 cells su-
pernatants were collected, cells were incubated with trypsin, and 
fractions were combined and centrifuged. The pellet was incubated 
for 5 min with a 0.4% solution of trypan blue. For the U937  line, 
cells were resuspended, and an aliquot was incubated for 5  min 
with a 0.4% solution of trypan blue. The proportion of non-viable 
cells (blue/blue + white) was determined by counting in a Neubauer 
chamber.

2.9  |  Log Kw determination

Experimental logarithms of capacity factor (log k) were calculated by 
liquid chromatography (HPLC, Waters 590 HPLC Pump) with an ul-
traviolet detector (320–336 nm, Jasco-975, Software WinPcChrom 
XY, Jasco Inc) and a Sunfiret column C18, 5.0 mm, 4.6 × 150 mm 
(Waters Corp.). Stock solutions of each in DMSO (3.5 mg/ml) were 
injected (10 ml) and a mobile phase composed of acetonitrile–buffer 
phosphate pH 7.0 (29 mM) of different volume ratios (20:80, 25:75, 
30:70, 40:60, 45:55, 50:50, and 55:45) was pumped at a flow rate of 
1.0 ml/min. Logarithms of capacity factor (log k) were calculated as 
follows:

where tr and to are the retention time and the dead time (solvent front, 
DMSO), respectively. A curve of log k versus the percentage of ace-
tonitrile (%) in the mobile phase was built and log kwater (log kw) values 
were extrapolated at 0% acetonitrile.29

2.10  |  Data and statistical analysis

Numbers (n) for all experiments are provided in corresponding 
figure legends and refer to independent measurements. Data are 
presented as mean ± standard deviation (SD). Fittings of sigmoi-
dal concentration-response and binding saturation assay were 
performed with GraphPad Prism 6.00 for Windows, GraphPad 
Software (San Diego, CA). In radioligand binding assays specific 
binding was calculated by subtraction of nonspecific binding from 
total binding. For western blot data analysis, films were scanned 
and quantified using ImageJ software from National Institutes of 
Health (NIH) for the densitometry analysis of bands. For quantifi-
cation, the background value of the scanned gel was subtracted, 
and the relative abundance was achieved by relativizing GRK2 
content to β-tubulin. Relative abundance was then normalized to 
control H2.1 clone.

Statistical analysis was carried out by one-way ANOVA fol-
lowed by Bonferroni post-test or two-way ANOVA followed by 
Dunnett's post-test. Post hoc tests were run only if overall sta-
tistically significant difference between means were obtained. 
Statistical significance was accepted when p  <  .05. Statistics 
were performed using GraphPad 6.00 for Windows, GraphPad 
Software (San Diego, CA).

2.11  |  Materials

Cell culture medium, antibiotics, isobutyl methylxanthine (IBMX), 
cAMP, bovine serum albumin (BSA), and anti-HA-agarose beads 
were obtained from Sigma Chemical Company (St. Louis, MO). 
Dithiobis(succinimidyl propionate) (DSP) was from Pierce (Rockford, 
USA). [3H]-cAMP, [3H]-tiotidine, and Optiphase HiSafe3  scintil-
lation cocktail were purchased from Perkin Elmer Life Sciences 
(Boston, MA), and amthamine was purchased from Tocris Cookson 
Inc (Ballwin, MO). Fetal bovine serum was purchased from Natocor 
(Córdoba, Argentina). Other chemicals used were of analytical grade 
and obtained from standard sources.

pcDNA3 GRK2-K220R and pcDNA3 GRK2-R106A/K220R 
were a kind gift from Dr. J. Benovic (Thomas Jefferson University, 
Microbiology and Immunology Department, Kimmel Cancer 
Center, Philadelphia). pEGFP-HA-GRK2 (45-178) GFP was a gener-
ous gift from Dr. P. Wedegaertner, (Thomas Jefferson University, 
Philadelphia, USA). pCEFL-H2R and pCEFL-HA-H2R were obtained 
as previously reported.10 Sequence coding for HA-H2R was sub-
cloned into the HindIII/XbaI site of pCDNA3.1Zeo(+) (Thermo Fisher 
Scientific). Restriction enzymes were obtained from Takara Co. Ltd, 
Shiga, Japan.Logk = log

[(

tr − to
)

∕to
]
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Protein A/G Plus-Agarose (catalog #SC-2003/Lot #J0118/Santa 
Cruz Biotechnology, CA). Primary antibodies anti-HA (IgG from rab-
bit/catalog #SC-805/Lot #K1915/final dilution: 1/500), anti-βtubulin 
antibody (IgG from rabbit/catalog #SC-9104/Lot #F1210/final dilu-
tion: 1/500), and anti-GRK2 antibody (IgG from rabbit/catalog #SC-
562/Lot #F1610/final dilution: 1/1000) were purchased from Santa 
Cruz Biotechnology, CA. Secondary anti-rabbit antibody (IgG from 
goat/catalog #PI1000/Lot #X0126/final dilution: 1/4000) was pur-
chased from Vector Laboratories (CA).

3  |  RESULTS

3.1  |  Screening of compounds in cellular models

In a previous report, we described a DBVS approach based on the 
RH domain of GRK2 as a molecular target to search for potential 
inhibitors of the interaction between GRK2 and Gα protein. From 
the hit list purchased from the supplier Enamine, we found a set of 
molecules able to enhance calcium signaling (Gαq-coupled).27 In the 
present work, we aimed to test the hit list on their ability to inhibit 
GRK2 action over Gαs signaling.

To carry out the in vitro evaluation of the compounds over 
cAMP response, we designed a suitable biological model consist-
ing of stable clones of HEK293 overexpressing different GRK2 
variants and the histamine H2 receptor (H2R), which is suscepti-
ble to desensitization by RH domain of GRK2.10 On one hand, the 
“Probe system” was obtained by overexpressing the H2R and a 
variant of GRK2 unable to phosphorylate, but with conserved RGS 
activity (GRK2-K220R). On the other hand, the “Control system” 
was obtained by cotransfecting the cells with plasmids coding for 
H2R and for a variant of GRK2 that besides the kinase mutation 
presents its RGS activity abolished (GRK2-R106A/K220R). After 
cell transfection with H2R and clonal selection with 1.2 mg/ml ge-
neticin, cAMP response assays to the specific H2 agonist Amtha 
were performed. From the three clones evaluated, H2.1 presented 
increased basal and stimulated cAMP production with respect to 
control (Figure  1A, left panel). Radioligand-binding experiments 
using [3H]-tiotidine were performed to confirm H2R overexpres-
sion (Figure 1A, right panel). An increase in binding sites was ob-
served with a Bmax ranging from 290 ± 97 sites in control HEK293 
cells to 4684 ± 191 sites in the H2.1 clone. Next, H2.1 clone was 
transfected alternatively with GRK2-K220R to generate the probe 
system, or GRK2-R106A/K220R to generate the control system, 
and cells were grown with 50 µg/ml zeocin for clonal selection. 
GRK2 variants overexpression was verified through western blot 
(Figure 1B, upper panel) and those clones with higher GRK2 lev-
els were chosen to perform concentration-response curves 
to Amtha in order to validate systems behavior. Probe system 
clones presented a lower cAMP response with respect to control 
H2.1 cells (RmaxK3 = 10.8 ± 1.2 pmol, RmaxK7 = 7.3 ± 0.4 pmol, 
RmaxH2.1 = 20.5 ± 1.4 pmol; p <  .05, F test), due to exacerbated 
H2R desensitization caused by the overexpression of a functional 

RH domain. Conversely, Control system clones presented a higher 
response (RmaxKR5 = 65.2 ± 9.1 pmol, RmaxKR10 = 72.3 ± 7.7 pmol, 
RmaxH2.1 = 20.5 ± 1.4 pmol; p <  .05, F test), consistent with the 
expression of a dominant negative GRK2 variant unable to desen-
sitize the receptor (Figure 1B, lower panel).

These cellular systems were used in screening format assays, in 
which compounds listed in Table 1 were evaluated for their ability 
to enhance H2R cAMP response to the agonist. To carry out the 
biological activity screening, both cell systems were pretreated for 
40 min with 10 and 100 µM of the selected compounds. Vehicle con-
trol was performed by pretreating the cells with an equivalent vol-
ume of DMSO. Next, cells were stimulated with 10 µM Amtha in the 
presence of 1 mM IBMX and cAMP levels were determined.

Compounds C1Z392, C2Z858, C3Z392, C4Z102, and C5Z299 
increased significantly H2R cAMP response in the RGS system as 
compared to vehicle control (Figure  2A). However, C1Z392 also 
increased H2R response in Control system where the RH domain 
is not functional, indicating a non-specific effect of this compound 
over another target involved in cAMP pathway different from the 
RH domain of GRK2 (Figure  2B). None of the compounds have a 
significant effect over cAMP basal levels at the tested concentra-
tions nor showed statistically significant differences between 10 µM 
and 100 µM concentrations (Figure 2). Although the lack of effect 
Control system supports some selectivity of action, we cannot rule 
out the possibility that these compounds present off-target effects 
that could not be detected with our read-out assay.

3.2  |  Preliminary ADMET evaluation of 
active compounds

To obtain a preliminary evaluation of ADMET properties (Absorption, 
Distribution, Metabolism, Elimination, Toxicity) of the compounds, 
we evaluated their potential systemic and hepatic toxicity in vitro 
employing promonocytic U937 and hepatocyte HEPG2 human cells. 
To perform cytotoxicity assays, cells were incubated for 48 h with 
the inhibitors, in concentrations ranging from 0.33 μM to 100 μM. 
We analyzed cell viability using the trypan blue exclusion method 
and Neubauer chamber counting. It should be noted that it was not 
possible to test higher concentrations due to limited solubility of the 
compounds in aqueous medium. Results showed that in U937 line, 
only 100 μM C4Z102 induced significant cell death with respect to 
control with DMSO (10% of total cells, *p  ˂  .05, Bonferroni test), 
with a pEC50 = 4.76 ± 1.76 (Figure 3A, left panel). On the other hand, 
in HEPG2 line only C2Z858 at all the concentrations tested showed 
significant toxicity with respect to control with a pEC50 = 4.98 ± 1.1 
(100 μM ***p ˂ .005, 50 μM **p ˂ .01, other *p ˂ .05, Bonferroni test) 
(Figure 3A, right panel).

We also tested compounds lipophilicity, through the determi-
nation of their experimental log Kw, which reflects the logP of a 
molecule. Compounds were individually injected into an RP-HPLC 
system, and due to their differential interaction between the sta-
tionary phase and the variable ACN/buffer proportion mobile phase, 
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F I G U R E  1 Obtention and characterization of probe and control systems. (A) HEK293 control cells or clones transfected with pCDNA3.1 
Zeo (+) H2R and resistant to zeocin (H2.1, H2.2, and H2.3) were evaluated for cAMP response after stimulation with 10 μM amthamine 
(Amtha) in the presence of IBMX (left panel) and by saturation binding assay with [3H]-tiotidine (right panel) as detailed in the “Materials and 
methods” section. Data were analyzed by two-way ANOVA and Dunnett's post-test. *p < .05; ****p < .0001. (B) H2.1 clone was transfected 
with pcDNA3-GRK2K220R (left panel) or pcDNA3-GRK2K220R/R106A (right panel) and the clones resistant to geneticin were analyzed 
for GRK2 overexpression by SDS-PAGE and western blot. Data were analyzed by one-way ANOVA and Dunnett's post-test. *p < .05; 
****p < .0001. (C) Probe system (left panel) and control system (right panel) were exposed for 10 min to increasing concentrations of Amtha 
at 37 °C in the presence of 1 mM IBMX. cAMP levels were determined as detailed in the “Materials and methods” section. Data represent 
the mean ± SD of assay duplicates. Similar results were obtained in three independent experiments



    |  7 of 14ECHEVERRÍA et al.

a retention time (RT) for each of the mixtures of increasing polarity 
was obtained. RTs were processed as described in the “Materials and 
methods” section to obtain log Kw values for C2Z858: 1.87 ± 0.29, 
C3Z392: 1.58 ± 0.26, C4Z102: 2.49 ± 0.42, and C5Z299: 1.63 ± 0.57 
(Figure 3B).

3.3  |  Confirmation of the mechanism of action of 
active compounds

In basal conditions, GRK2 is located uniformly in the cytosol of 
the cell. However, when receptors are activated, GRK2 is trans-
located to plasma membrane.5,30 This behavior was also observed 
for the RH domain of GRK2 fused to GFP (GRK2 (45-178) GFP) in 

colocalization experiments with a constitutively active Gαq pro-
tein.27  Therefore, to delve into the inhibitors’ mechanism of ac-
tion, we evaluated their effect on the translocation of GRK2 RH 
domain. For this evaluation, we employed HeLa cells transiently 
transfected with a plasmid coding for GRK2 (45-178) GFP, or co-
transfected with plasmids coding for GRK2 (45-178) GFP and H2R. 
Then, cells were treated, or not, with 10 μM Amtha for 3 min, fixed, 
and analyzed by confocal microscopy. We observed that GRK2 
(45-178) GFP is located in the cytoplasm but, when H2R is overex-
pressed, the fluorescence signal becomes intensified in the plasma 
membrane. Presumably, given the high constitutive activity of the 
receptor31 GRK2 redistribution occurs even in the absence of the 
agonist (Figure  4A). For compound evaluation, transfected cells 
were incubated for 30 min with 100 nM of the active compounds 

TA B L E  1 Compounds were evaluated for their ability to enhance H2R cAMP response to the agonist

Compound Identifier code Chemical structure Compound Identifier code
Chemical 
structure

C1Z392 Z392135950 C2Z858 Z858318340

C3Z392 Z392685436 C4Z102 Z1023979890

C5Z299 Z29903317 C6Z298 Z298486826

C7Z646 Z646217568 C8Z822 Z822250674

C9Z817 Z817596858 C10Z169 Z169793274

C11Z745 Z745925938 C12Z114 Z1143364625

C13Z343 Z343504030

Note: Chemical structures and identifier code (Z) of compounds are shown.
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C2Z858; C3Z392; C5Z299, using C9Z817 as negative control, or 
with an equivalent amount of DMSO as vehicle control. The fluo-
rescence intensity was quantified in each image using line inten-
sity profiles across each one of the cells. The presence of peaks at 
the beginning and the end of the profile indicates the increased 
concentration of GRK2 (45-178) GFP at the cell margins. The re-
location of RH-GRK2 to the plasma membrane due to H2R over-
expression observed in the control with DMSO and in the control 
with the inactive compound C9Z817 was drastically dampened 
when cells were treated with compounds C2Z858, C3Z392, and 
C5Z299 (Figure 4B).

It has been described that the RH domain of GRK2 is able 
to interact with G proteins to avoid downstream signaling in a 
mechanism independent of receptor phosphorylation.5,6,30 In 
this context, we evaluated the effect of the inhibitors on the di-
rect interaction between GRK2 and the Gαs protein, performing 
co-immunoprecipitation of both proteins in whole-cell assays. 
HEK293T cells were cotransfected with plasmids coding for Gαs 

protein fused to the HA epitope (HA-Gαs), GRK2-K220R, and 
H2R, and protein extracts were prepared after a stimulus with 
10μM Amtha. Subsequently, we immunoprecipitated the HAGαs 
protein using anti-HA coupled agarose beads. Co-precipitated 
GRK2 was detected by Western blot in both basal and Amtha-
treated cells (Figure 5A). For compound evaluation, cotransfected 
cells were treated with 100 nM C3Z392, C5Z299, or DMSO for 
30 min and protein extracts were prepared. C3Z392 diminished 
the proportion of GRK2 that co-immunoprecipitated with HA-
Gαs in 36.4 ± 3.3% of vehicle control and C5Z299 in 25.5 ± 3.3% 
(Figure 5B).

3.4  |  In vitro efficacy of active compounds

Although active and selective compounds increase receptor re-
sponse, GRK membrane translocation, and impede RH Gαs inter-
action, we wanted to confirm if they were able to inhibit receptor 

F I G U R E  2 Biological activity of hit compounds: positive modulation of cAMP response of H2R. (A) Probe system or (B) Control system 
cells were pre-treated with 10 µM or 100 µM of indicated compounds for 40 min, and basal cAMP response or stimulated with 10 µM 
amthamine (Amtha) in the presence of IBMX was determined as detailed in the “Materials and methods” section. Grey bars correspond 
to basal and white to the stimulated response. Data were analyzed by two-way ANOVA and Dunnett's post-test. **p < .01, ***p < .001; 
****p < .0001 with respect to control (DMSO)-stimulated response. Data represent the mean ± SD of assay duplicates. Similar results were 
obtained in three independent experiments
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desensitization in a cellular context where GRK2 and H2R were 
natively expressed. We pretreated U937 cells for 1 h with 10 μM 
amthamine, in the presence of the active compounds C3 and C5, and 

measured the capability of the system to respond to a new stimu-
lus. In these conditions, cAMP response was diminished by about 
85%. While C5Z299 was unable to modify response desensitization, 

F I G U R E  3 Preliminary profiling of physicochemical and in vitro ADMET properties of hit compounds. (A) U937 (left panel) and HEPG2 
(right panel) cells were treated with increasing concentrations of C2Z858, C3Z392, C4Z102, and C5Z299 or DMSO for 48 h, and cell 
viability was determined by Trypan Blue exclusion test. Data represent media ± SD of three independent experiments. (B) Lipophilicity of 
hit compounds was determined by RP-HPLC as detailed in the “Materials and methods” section. Processing of retention time “RT” and dead 
time “T0” (solvent front, DMSO) for each compound is shown. Experimental log Kw values correspond to extrapolations at 0% acetonitrile 
(ACN)
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C3Z392 pretreatment reduced the desensitization to 75% (p < .05, 
t test) (Figure 6A). To better study the effect of C3Z392 on receptor 
desensitization, we developed a cell system with greater sensitivity 
that allows us to monitor real-time temporal progression of cAMP 
levels in different conditions. HEK293T cells stably transfected with 
the Epac-SH187 cAMP biosensor, and transiently with pCEFL-H2R, 
were pretreated with C3Z392 for 10 m, then treated or not with 
10 μM Amtha for 1 h, and after that restimulated. C3Z392 showed 
the ability to increase the residual response after receptor de-
sensitization from 46 ±  6% to 73 ±  4% with a pEC50  =  7.3  ±  0.5 

(Figure 6B,C). These results demonstrate that C3Z392 is effective in 
inhibiting H2 receptor desensitization in a whole-cell assay.

4  |  DISCUSSION

GRK2 is a protein with a confirmed therapeutic potential for several 
pathologies such as hypertension, heart failure, Alzheimer's, multi-
ple sclerosis, and rheumatoid arthritis. Although its kinase domain 
has been extensively studied in the search for inhibitors, during the 

F I G U R E  4 Mechanism of action of 
candidates: inhibition of GRK2 (45-178) 
GFP translocation. (A) HELA cells were 
transiently cotransfected with GRK2 
(45-178) GFP and H2R plasmids or empty 
vector (MOCK) and fixed after 48 h. 
Subcellular localization was assessed 
by confocal microscopy in basal or in 
10 µM amthamine (Amtha)-stimulated 
condition. (B) HELA cells were transiently 
cotransfected with GRK2 (45-178) GFP 
and H2R plasmids. Forty-eight hours 
after transfection cells were treated with 
100 nM of C2Z858, C3Z392, C5Z299, 
or C9Z817 (negative control) or DMSO 
(vehicle control) for 40 min and fixed. At 
least 100 cells were examined in three 
independent experiments. For each 
cell in a given image, a line intensity 
profile across the cell was obtained. 
Representative intensity profiles are 
shown for each condition
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past years its RGS homology domain has also been postulated as 
an interesting target to be modulated.6,27,32,33,34 RGS family mem-
bers have been under study, and several protein inhibitors have 
been found. For example, specific and potent (nM order) small mol-
ecule inhibitors have been described for RGS4 protein, postulated 
as a therapeutic target for disorders of the neurological system.35,36 
However, most RGS inhibitors have been identified through bio-
chemical screening assays and have shown limited or no activity 
in whole-cell assays.37,38 Herein, we show the novel identification 
of cell-active inhibitors of GRK2 RGS homology domain able to 
modulate Gαs signaling. We developed an in vitro cellular screening 
model (Figure  1) to identify compounds that selectively modulate 
RH activity using dominant-negative mutants of GRK2 at its kinase 
or both kinase and RH domains (GRK2-R106A/K220R) that allow us 
to evaluate efficacy and specificity of action. Our results show that 
while compounds C2Z858, C3Z392, C4Z102, and C5Z299 are active 
and specific, C1Z392 lacks selectivity (Figure 2). However, while our 
experimental design allowed us to detect the undesired action of the 

compounds on an element involved in the cAMP pathway other than 
the GRK2 RH domain, we cannot rule out the possible interaction of 
the compounds with targets involved in other pathways not evalu-
ated in the present work. Nevertheless, based on our cytotoxicity 
studies we can assume that if occurring, those interactions do not 
cause cell death.

Besides efficacy, the success of a compound develop-
ment is determined by its pharmacokinetic ADMET properties 
(Absorption, Distribution, Metabolism, Elimination, Toxicity). The 
unexpected toxicity of a compound is the reason why 30% of the 
drugs that enter drug-development pipeline development pro-
cesses are unsuccessful, with hepatotoxicity being the most prom-
inent.39 Thus, we tested the cytotoxicity of the active compounds 
in U937 cells, to evaluate the probability that they show systemic 
toxicity, and in HEPG2 cells, to predict potential toxic effects in 
the human liver. Although all active compounds, except C2Z858, 
can be safely used on these systems at a concentration less than 
or equal to 10 μM, C3Z392 and C5Z299 were the more innocuous 

F I G U R E  5 Mechanism of action of candidates: inhibition of interaction between GRK2 and Gαs subunit. Co-immunoprecipitation of Gαs 
and GRK2 is shown. HEK293 cells co-transfected with GRK2, H2R, and HA-tagged Gαs, or Mock were incubated for 10 min with 10 µM 
amthamine (Amtha) (A) or treated with 10 µM C3Z392 and C5Z299 for 30 min (B), and cross-linking with 2.5 mM dithiobis(succinimidyl 
propionate) was done. Cells were lysed, and HA-Gαs was immunoprecipitated (IP) using agarose beads coupled to anti-HA antibody. Co-
precipitated GRK2 was detected by western blot using specific antibodies. Total Gαs was detected by western blot using anti-HA antibodies. 
A representative image is shown. Densitometry analysis was performed with ImageJ as indicated in the “Materials and methods” section and 
analyzed by Student's t-test comparing GRK2 levels in candidate pre-treated versus control cells (n = 3)



12 of 14  |     ECHEVERRÍA et al.

for both the cell lines (Figure 3A). For its part, the lipophilicity of 
a compound refers to its ability to dissolve in fats, oils, lipids, and 
non-polar solvents. In vivo, it reflects its ability to be transferred 
from an aqueous solution to a cell membrane, and from there again 
to the aqueous phase of the cytosol, and to a binding site on a bio-
logical target. Therefore, lipophilicity becomes a key property that 
contributes to all aspects of the pharmacokinetics of a compound, 
and as result on its ADME properties (Absorption, Distribution, 
Metabolism, Elimination).40 Log Kw values obtained for our com-
pounds as lipophilicity indicators are within the optimum region 
that comprises values from 1 to 340 predicting adequate pharma-
cokinetic properties (Figure 3B).

Canonically, the GRK2  kinase domain is responsible for 
GPCRs desensitization. However, it was described the RH domain 

involvement in receptor desensitization through a phosphorylation-
independent mechanism related to its RGS function. Since RH has 
been shown to lack significant GTPase activating protein (GAP) ac-
tivity, acceleration of G-protein GTP hydrolysis may not be its mech-
anism of action.4,41 It has been described that the RGS family of 
proteins may also bind to active Gα protein blocking downstream ef-
fector activation.42 In this sense, GRK2 interaction with Gα has been 
demonstrated by other groups5,30 and by us (Ref. [6] and Figure 5A).

In this work, we tested a series of compounds obtained by 
a docking-based virtual screening employing the crystal struc-
ture of GRK2 to search for inhibitors of the protein-protein 
interaction (PPI) between GRK2 and Gα.27 Results from co-
immunoprecipitation experiments showed that C3Z392 and 
C5Z299  significantly diminished the proportion of GRK2 that 

F I G U R E  6 In vitro efficacy of active compounds: inhibition of desensitization. (A) U937 cells endogenously expressing H2R and GRK2 
were exposed to 10 µM amthamine (Amtha) for 1 h and after washing, rechallenged with 10 µM Amtha for 10 min in the presence of IBMX. 
cAMP response was determined as detailed in the “Materials and methods” section. Data were calculated as the means ± SD of assay 
duplicates and are expressed as the ratio of stimulated over basal cAMP with respect to control (without pre-treatment) which is considered 
as 100%. (B) HEKT Epac-SH187 transiently co-transfected with H2R and GRK2 were pre-treated during 1 h with either 10 µM Amtha (red) or 
vehicle (green) in the presence of different concentrations of C3Z392 as indicated. After that, cells were washed and challenged with 10 µM 
Amtha. (C) Concentration–response curves were constructed with the AUC values of 10-min R/R0 cAMP response of time course of FRET 
changes with respect to control (without pre-treatment) determined in FlexStation®3 at 37°C as described in the “Materials and methods” 
section
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co-immunoprecipitated with Gαs, suggesting that, as expected, 
inhibitors` mechanism of action consists of avoiding PPI between 
GRK2 and Gαs (Figure 4B). Also, the involvement of the Gα sub-
unit in the translocation of GRK2 to the plasma membrane in an 
active signaling environment has been previously demonstrated.27 
Herein, the co-expression of RH-GRK2 with a receptor coupled to 
Gαs, such as H2R, led to a redistribution of RH-GRK2 from the 
cytosol to the plasma membrane (Figure 3A) that was hampered 
by inhibitors C2Z858, C3Z392, and C5Z299 (Figure 3B). Although 
the translocation inhibition by C3Z392 and C5Z299 might be due 
to GRK2-GαS PPI avoidance they have shown, RH-GRK2 binding 
to the receptor cannot be ruled out, and inhibitors´ possible effect 
over this phenomenon might need further investigation. Together, 
these results, in addition to delving into the mechanism of action 
of the inhibitors, allowed us to advance in the understanding of 
the GKR2-mediated GPCR desensitization mechanism, in terms of 
less explored aspects of Gs signaling and RH modulation. This pre-
liminary study of preclinical pharmacology of candidates allowed 
us to obtain useful information for their future use and optimiza-
tion. In this sense, C3Z392 has been demonstrated to inhibit de-
sensitization not only in an overexpression system but also when 
GRK2 and H2R were natively expressed (Figure 6), becoming the 
most promissory candidate.

Orthogonal assays by definition are those corresponding assays 
used following, or in parallel to, the primary high-throughput screen-
ing assay to confirm compound activity that is independent of the 
primary assay technique.43 It is interesting to note that even though, 
just like C3Z392, C5Z299 was able to increase cAMP response and 
to impede RH-GRK2 translocation and GRK2 interaction with Gs, 
its effect on desensitization was not significant, highlighting the 
importance of performing orthogonal assays that converge in the 
candidate selection to proceed to optimization. Our results enable 
us to identify C3Z392 as a specific and potent GRK2 inhibitor able 
to impede Gαs-coupled receptor desensitization with potency in the 
nM order. They also demonstrate that, beyond RH domain lack of 
GAP activity, this domain is a promissory target for drug develop-
ment that could be used for the treatment of conditions in which 
exacerbated activity of GRK2 becomes pathological.
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