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Abstract: The apelin receptor (APJ) is rapidly emerging as an attractive therapeutic target 

for various diseases. To date, only one nonpeptide APJ agonist has been reported and new 

 chemotypes having improved pharmacological properties are needed to expedite maturation of 

this receptor as a viable target. Therefore, the development of a high-throughput screening (HTS) 

assay for APJ should facilitate the discovery of novel ligands as in vivo probes of APJ function. 

In this report, an HTS compatible assay for the APJ is demonstrated. This assay takes advantage 

of functional coupling of APJ with the promiscuous Gαq
16

 protein and consequent mobilization of 

intracellular calcium, which can be measured in a microplate format using a fluorescent calcium 

probe. The assay was developed and validated using several known peptides derived from 

 preproapelin. Most of the apelin peptides tested activated APJ at subnanomolar concentrations 

in accordance with their reported median effective concentration values. The assay was deemed 

robust and reproducible with a Z-factor of ∼0.6 and tolerance to ethanol, dimethyl sulfoxide 

or a mixture of these two commonly used solvents to a final concentration of 1%. The assay 

was further validated by screening a small library of compounds for APJ activity. A hit rate of 

∼0.5% was achieved and confirmed by counter-screening against parental Gαq
16

 cells lacking 

APJ. In conclusion, an HTS assay has been established to rapidly identify new ligands for the 

APJ. Novel APJ ligands having suitable drug-like properties are greatly needed to probe the 

in vivo pharmacology of this emerging therapeutic target.

Keywords: APJ, apelin, Gαq
16

, GPCR, HTS, assay

Introduction
The apelin receptor (APJ) was cloned in 1993 as an orphan G-protein coupled 

receptor (GPCR) during the course of the Human Genome Project.1 The human APJ 

gene is located on the long arm of chromosome 11 and encodes a 377 amino acid 

G protein-coupled receptor.1 The gene for APJ was designated angiotensin-receptor like 1 

(AGTRL1) due to sequence similarities between the two receptors.1 However, none of 

the known peptidergic ligands for the angiotensin receptors, including angiotensin, 

activate APJ. APJ remained an orphan GPCR until 1998 when the peptide Apelin was 

identified as its endogenous ligand.2,3 Over the years, apelin has emerged as an important 

regulator of various physiological processes. Both apelin and APJ are expressed in the 

central nervous system (CNS) and peripherally in a number of tissues.4,5 Expression of 

APJ has been noted within the vasculature of some organs and is a potent regulator of 

related processes including angiogenesis and vasoconstriction.6,8 APJ is also expressed 

in nonvascular cell types in heart, liver, and CNS where its primary role is currently 

under investigation.5 Apelin and APJ are often co-localized within the same organ, 
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suggesting an autocrine regulation of the receptor by its 

ligand. However, apelin has since been detected in blood 

suggesting that concomitant paracrine regulation of the 

receptor is also possible.9

The Apelin–APJ system has been implicated as a regu-

lator of various physiological functions and is believed to 

play an important role in thermoregulation, immunity, glu-

cose metabolism, angiogenesis, fluid homeostasis, cardiac 

function, hepatic function and renal function.9 APJ also 

acts as a co-receptor during HIV infection.10,11 Expres-

sion of apelin and APJ are either up- or downregulated in 

various pathophysiological conditions. In particular, the 

APJ appears to be an emerging target for the treatment of 

cardiovascular failure, liver fibrosis, cancer, angiopathies, 

pancreatitis, and as a prophylactic against HIV infection.9,12 

Unfortunately, small molecule ligands of the APJ having 

suitable pharmacological properties are lacking. Only one 

nonpeptide ligand has been reported to date.13 Therefore, 

additional chemotypes that can serve as templates for pre-

clinical drug/probe development are needed. Past studies 

indicated APJ is coupled to Gαi or Gαq in most cell types1 

and activation of this receptor leads to suppression of cyclic 

adenosine monophosphate (cAMP; Gi-mediated) or activa-

tion of phospholipase C (PKC; Gq-mediated). To date, most 

in vitro experiments involving functional evaluation of APJ 

have utilized conventional radioligand binding assays and 

GTPγS assays, which are inconvenient due to the use of 

radioactivity, limited in throughput, and expensive. How-

ever, most GPCRs including APJ can be coupled to induce 

intracellular calcium mobilization via co-expression with the 

promiscuous Gαq
16

 protein.5,14 This provides a convenient 

and robust microplate-based format to assay the function 

of APJ ligands using fluorescent calcium sensitive probes. 

In this paper we report the development and implementation 

of a calcium mobilization based HTS assay for APJ, which 

can be used to identify new ligands for this important recep-

tor through an HTS campaign.

Materials and methods
Creation of APJ-Gαq16 cells
All cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM)/F12, supplemented with 10% fetal 

bovine serum (FBS), 1% penicillin and streptomycin (p/s). 

Cell culture supplies were from Sigma Chemical Company 

(St. Louis, MO) unless otherwise specified. A plasmid 

 expression construct harboring the cDNA for human 

AGTRL1 gene was obtained from University of Missouri at 

Rolla. The cDNA for AGTRL1 was re-cloned into a modified 

pcDNA-3.1 mammalian expression vector (Invitrogen, 

Carlsbad, CA) by inserting the fragment in frame with a 

pre-prolactin (PPLS) leader sequence and an influenza 

hemagglutinin (HA) tag (Kind gift of Dr Brian Gilmour, 

RTI International, Research Triangle Park, NC). The plasmid 

construct (PPLS-HA-AGTRL1) was verified by sequencing. 

Chinese hamster ovary (CHO) cells expressing Gαq
16

 were 

obtained from MDS Analytical Technologies (Concord, ON) 

and transfected with PPLS-HA-AGTRL1 using Fugene HD. 

Transfected cells were plated and selected using G418. A total 

of 64 clones were isolated. The clonal cells (APJ-Gαq
16

) were 

grown to confluence, and expression of functional APJ was 

tested using Apelin-13 peptide (Sigma) in a 96-well plate 

calcium mobilization assay as described below.

Analysis of APJ expression  
using flow-cytometry
Some clonal cell lines that were found to be functionally active 

using the calcium mobilization assay were also analyzed using 

flow-cytometry to confirm expression of HA-APJ protein. 

Approximately, 0.5 × 106 cells of each APJ-Gαq
16

 clone 

and parental CHO-Gαq
16

 cells were stained with an anti-HA 

monoclonal antibody (Sigma) at 1 µg/mL concentration or 

with a monoclonal anti-APJ antibody (R&D Systems, Min-

neapolis, MN) at 2.5 µg/mL for 1 h on ice. Following three 

washes in phosphate-buffered saline (PBS), cells were stained 

again with an anti-mouse secondary antibody conjugated to 

Alexa-488 fluorophore for 30 min on ice. Cells were washed 

three additional times in PBS and immediately analyzed using 

flow-cytometry (C6 Flow Cytometer; Accuri, Ann Arbor, MI) 

in the FL1 (FITC) channel.

Calcium mobilization assay
Cells stably expressing APJ-Gαq

16
 were removed from their 

flasks using the nonenzymatic cell-stripper (Mediatech Inc., 

Orlando, FL) and quenched with DMEM/F12, 10% FBS, cen-

trifuged and re-suspended in the serum-containing media. Cells 

were counted with a hemocytometer and 30,000 cells were 

transferred to each well of a black Costar 96-well optical 

bottom plate (Corning Corporation, Corning, NY). Each 

plate was incubated at 37°C for 24 hr to confluence. The 

culture media was removed from the plates and cells were 

subsequently loaded with a fluorescent calcium probe (Fluo-4 

AM dye; Invitrogen/Molecular Probes, Eugene, OR) at a 

final loading concentration of 2 µM in an HBSS-based buffer 

containing 20 mM HEPES, 1% BSA and 10 µM probenecid 

(Sigma) in a total volume of 225 µL. Cells were incubated 

at 37°C for 1 h and then stimulated with synthetic Apelin-13 
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peptide (Sigma) at various concentrations using a Flexstation 

plate-reader, which automatically added the agonist at 10× 

 concentration to each well after reading baseline values 

for ∼17 sec. Agonist-mediated change in fluorescence (488 nm 

excitation, 525 nm emission) was monitored in each well at 

1 sec intervals for 60 sec and reported for each well. Data 

were collected using Softmax version 4.8 (MDS Analytical 

Technologies) and analyzed using Prism software (GraphPad, 

La Jolla, CA). Nonlinear regression analysis was performed 

to fit data and obtain maximum response (E
max

), EC
50

, correla-

tion coefficient (r2) and other parameters. Similar experiments 

were performed with other peptide agonists of the APJ as 

described in Table 1. All other apelin peptides were purchased 

from Anaspec Corporation (Fremont, CA). All experiments 

were performed 3–6 times to ensure reproducibility and data 

reported as mean ± standard error, unless noted otherwise. The 

response of the selected APJ clonal cell line in the calcium 

flux assay was stable over 20 passes as determined through 

EC
50

 and E
max

 values during experimentation.

Z-factor determination
Cells were plated at 30,000 cells per well in black 96-well 

plates and incubated at 37°C for 24 h until confluent. Cells 

were loaded with Fluo-4 dye and incubated for 60 minutes. 

Cells were stimulated with an Apelin-13 or buffer only 

control that was added via automation using the FlexSta-

tion instrument as described previously. The average and 

the standard deviation within each group were calculated. 

This experiment was repeated on three separate days and the 

Z factor15 was calculated with the following equation:

Z = 1- (3SD
agonist

 + 3SD
control

)/|(Mean
agonist

 - Mean
control

)|

Tolerance to solvents
Tolerance of the assay to commonly used solvents DMSO 

and ethanol was determined by running the calcium 

 mobilization assay at concentrations of 0.25%, 0.5% and 1% 

final concentration of solvent in the calcium mobilization 

buffer described above. Cells were subsequently stimulated 

with 10 µM Apelin-13 in buffer containing either one of 

the solvents, or a mixture of both, and E
max

 values were 

 determined using the calcium mobilization assay. As 

 controls, Apelin-13 peptide dissolved in water alone was used 

and cells stimulated with buffer alone (without solvents) as 

a negative control were also included.

Screening of a pilot library
A proprietary library of compounds available at RTI 

 International was used for assay validation. Approximately 

500 compounds directed towards GPCRs were used for 

this purpose. All compounds were screened at 10 µM 

final concentration in duplicate along with Apelin-13 as 

a control in outside columns as agonists. Compounds that 

increased fluorescence to ∼50% of the Apelin-13 control were 

deemed positive and re-screened. Concentration-response 

 experiments were performed with positive compounds and 

the compounds were counter-screened using parental Gαq
16

 

cells to rule out false positives.

Results
Creation of CHO-Gαq16 cells 
expressing APJ protein and development 
of a calcium mobilization assay for APJ
The overall goal of this project was to develop an HTS 

assay for the APJ that would expedite the discovery of novel 

ligands. APJ was chosen because of its potential impact as an 

important therapeutic target for various diseases.1 Past studies 

indicate that signaling through APJ is coupled primarily to 

Gαi but this receptor can also signal through Gαq, which 

provides an opportunity to monitor intracellular calcium 

flux as a measure of receptor activity.1 With these factors 

in mind, a heterologous system was designed in which APJ 

was coupled to the promiscuous Gαq subunit Gαq
16

 in CHO 

cells. Parental CHO-Gαq
16

 cells were transfected with a 

Table 1 EC50 determination of apelin peptides

Peptide name Peptide sequence EC50 ± SEM [nM]

[Pyr1]-Apelin-13 Pyroglutamate-RPRLSHKGPMPF-OH 0.20 ± 0.02

Apelin-12 H-RPRLSHKGPMPF-OH 0.18 ± 0.04

Apelin-13 H-QRPRLSHKGPMPF-OH 7.82 ± 0.69

Apelin-17 H-KFRRQRPRLSHKGPMPF-OH 1.56 ± 0.11

Apelin-36 H-LVQPRGSRNGPGPWQGGRRKFRRQRPRLSHKGPMPF-OH 2.69 ± 0.26

F13A-Apelin H-QRPRLSHKGPMPA-OH 202.17 ± 12.93

Abbreviations: EC50, median effective concentration; SEM, standard error of mean.
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 mammalian expression vector for APJ in which the gene for 

APJ, AGTRL1 was fused in frame to PPLS and HA epitope 

at the N-terminus. Addition of the PPLS improved processing 

of the GPCR and transport to the plasma membrane while the 

HA tag aided in specific detection of the protein. Following 

selection in antibiotic-containing media, clones were 

 isolated and tested for expression of APJ using an automated 

 intracellular calcium mobilization assay. Stimulation with an 

APJ agonist resulted in coupling of this receptor to Gαq
16

 and 

 mobilization of intracellular calcium through PLC-β.5 The 

fluorescent calcium indicator Fluo4-AM was used to monitor 

calcium mobilization in the clonal cell-lines. Almost 85% 

of the clones responded to Apelin-13 in varying degrees. 

A single clone was selected for further experimentation 

based on reproducible low EC
50

 and high E
max

 values. In 

Figure 1A, the characteristic response of the selected clone 

to Apelin-13 peptide or to a related peptide in which the last 

amino acid residue is altered to A from F (F13A-Apelin) 

is demonstrated. The EC
50

 of this APJ-Gαq
16

 clone was 

determined to be ∼7 nM with Apelin-13, suggesting that 

the coupling of APJ to Gαq
16

 was very efficient. Surface 

 expression of APJ protein was confirmed in the clonal 

cell-line and compared to parental CHO-Gαq
16

 cells through 

flow cytometry (Figure 1B) using two different monoclonal 

antibodies directed towards either the HA epitope or the APJ 

protein. The clonal cells expressing APJ demonstrated at 

least 10-fold more fluorescence compared to parental cells 

using either antibody. Further, detection of APJ-specific 

fluorescence with either antibody in nonpermeabilized 

cells indicated correct plasma membrane localization of the 

 protein in agreement with past reports.1 However, the shift 

in fluorescence noted in APJ cells compared to parental 

cells was different with each antibody. This is possibly due 

to the difference in affinity and/or avidity of each antibody 

towards its respective target antigen. The anti-HA antibody 

is of extremely high quality and in our experience provides 

a more sensitive method of detection compared to the anti-

APJ monoclonal antibody. In conclusion, clonal cell-lines 

co-expressing APJ and Gαq16 were created to facilitate the 

designing of a functional HTS assay for this receptor.

Comparison of different apelin peptides
To further test the ability of the calcium mobilization assay 

to identify peptides that agonize APJ, we took advantage of 

the fact that while apelin is synthesized as a highly conserved 

prepropeptide (77 amino acids),16 which is then converted into 

various smaller peptides that differ in their pharmacological and 

physiological properties.1 The clonal APJ-Gαq
16

 cell-line was 
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Figure 1 Creation and characterization of APJ-Gαq16 cells. A) Calcium mobilization 
assay to monitor APJ function. APJ-Gαq16 cells were loaded with Fluo4-AM dye in 
a HBSS based buffer system and stimulated with various concentrations of Apelin-13 
(­circle) or F13A-Apelin (­square) at various concentrations as described in ‘­Materials and 
Methods’. Nonlinear regression was used to fit fluorescence data. Both peptides acted 
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histogram) or APJ-Gαq16 cells (­red histogram). Nonpermeabilized cells were stained 
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anti-mouse antibody conjugated to Alexa-488. The cells were analyzed as described in 
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tested against several apelin variants as reported in Table 1. The 

most potent ligands demonstrated activities in the subnanomo-

lar range at APJ. The values obtained were in line with reported 

experimental data.1 Thus a highly sensitive intracellular calcium 

mobilization assay was established for the APJ.

Z-factor determination
The calcium mobilization assay for APJ was tested for 

robustness, which is a requirement for HTS campaigns. 

The procedure outlined by Zhang and colleagues was used 

to generate a Z-factor for the assay.15 Apelin-13 was used 

to stimulate APJ activity, which was measured using the 

 automated fluorescent calcium mobilization assay in a 

96-well format. Cells stimulated with buffer only served as 

negative control for the assay. The assay was conducted in 

96-well plates on three separate days for this purpose. The 

average fluorescence of Apelin-13 stimulated cells was 24476 

arbitrary units with a standard deviation of 2384 arbitrary 

units. The average fluorescence of buffer only wells was 

1321 arbitrary units with a standard deviation of 358 arbitrary 

units. As demonstrated in Figure 2, the assay was deemed to 

be highly robust and reproducible with a Z-factor of 0.64. 

Thus, this assay is suitable for HTS applications.

Effect of solvents on assay performance
Two commonly used solvents, DMSO and ethanol, were 

tested for their compatibility with the APJ assay. Both of 

these solvents are routinely used as vehicles for test agents 

in laboratories and HTS campaigns. For these experiments, 

 different concentrations of each solvent or a mixture of the two 

were tested. Concentration of the solvents was kept constant 

in all buffers used for stimulation. APJ activity was stimulated 

with Apelin-13 and the subsequent increase in fluorescence 

was measured. Comparison of E
max

 values indicated that the 

assay was tolerant to either solvent alone or in a mixture to 1% 

total volume without a compromising loss in performance as 

demonstrated in Figure 3. Most commercial libraries are sup-

plied as 10 mM stocks and compounds are typically screened 

at 10 µM final concentration. In the described assay, agonists 

were added at 10× concentration. Thus, a 1% final solvent 

 concentration was deemed appropriate for assay development. 

Cells stimulated with buffer only without either solvent or 

Apelin-13 showed little change in fluorescence upon stimula-

tion. The signal to noise ratio was 10 at all concentrations 

and combinations tested.

Screening of a pilot library  
for assay validation
A proprietary library of small molecule compounds enriched 

with GPCR ligands was used for assay validation. All 

 compounds were screened in duplicate at 10 µM final 

 concentration as agonists. Data from a typical screening 

plate are demonstrated in Figure 4. Apelin-13 was used as a 
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 positive control for these experiments. The hit-rate was ∼0.5%. 

 Screening of the library yielded four structurally-related 

 compounds that demonstrated agonism at the APJ. Three of the 

four hits are shown in Figure 4. The last hit was on a different 

plate and is not shown in the figure. Further, preincubation 

with these compounds abolished the response of the APJ to 

Apelin-13, possibly due to agonist-mediated desensitization 

(data not shown). Concentration-response experiments were 

performed subsequently to determine the EC
50

 value of the 

compounds identified through screening. The compounds 

were also counter-screened against parental Gαq
16

 cells to rule 

out false-positive hits that induced nonspecific mobilization 

of intracellular calcium. None of the compounds induced 

calcium mobilization in parental Gαq
16

 cells. Representative 

 concentration-response data with compound 1, which 

 demonstrated strongest agonism towards APJ are demonstrated 

in Figure 5. These data validated the functional APJ assay and 

further consolidated its utility for HTS applications.

Discussion
Since its discovery in 1993, APJ has emerged as an interest-

ing preclinical target for medications development due to its 

involvement in several important physiological processes.17 

This receptor was cloned as an orphan GPCR and subse-

quently, Apelin was discovered as its endogenous ligand. 

Several research groups have now presented compelling 

evidence to suggest that this receptor might serve as a target 

to treat heart failure, cancer, angiopathies, HIV pathogenesis, 

liver fibrosis and other disorders.17,18 Only one nonpeptide 

ligand of the APJ has been reported to date,13 therefore the 

availability of a simple, rapid and robust assay to monitor 

activity of the APJ would serve to expedite the search for 

novel APJ ligands. With this in mind the goal of this project 

was to develop a validated APJ HTS-ready assay, which 

was lacking to date.

In this paper, development of a calcium mobilization assay 

for APJ is reported. Traditional assays for GPCR’s including 

those for APJ are resource intensive, low in throughput and 

often involve radiometric detection. Past studies suggest 

that signaling through APJ is coupled to activation of Gαi 

or Gαq proteins.5 Activation of Gαi results in suppression of 

cAMP whereas activation of Gαq through PLC can lead to 

mobilization of intracellular calcium. Excellent fluorescent 

probes of calcium are available commercially and can be 

used for automated assay development. Further, it has been 

demonstrated that several members of the GPCR family can 

be induced to signal through the promiscuous Gαq
16

 protein 

in a variety of cell types upon co-expression.14

Initially, APJ was engineered to be co-expressed in CHO 

cells already expressing Gαq
16

. Expression of the protein in 

clonal cells was verified using flow cytometry (Figure 1B). 

An automated fluorescent assay was subsequently developed 

to monitor signaling through this receptor coupled to Gαq
16

 

that produced a robust signal upon activation of the APJ by 

its cognate endogenous peptide ligand Apelin. Apelin itself is 

initially synthesized as a prepropeptide consisting of 77 amino 

acid residues, which is then cleaved into multiple shorter 

peptides with varying degrees of potency at the receptor.3 

The last 13 amino acids of apelin (Apelin-13) are sufficient 

for full agonism of the receptor and this peptide has been 

extensively used in biological studies.19–22 Therefore, this 

peptide was used for assay development as demonstrated in 

Figure 1A. Studies were undertaken with various Apelin pep-

tides to better characterize their response at the APJ (Table 1). 
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Of the peptides tested, a pyroglutamate form of Apelin-13 

(Pyr-Apelin-13), which is biologically more stable, was 

found to be a potent activator of this receptor with EC
50

 in the 

picomolar range. Apelin-36, which is a larger form of Apelin 

showed lower activity compared to Pyr-Apelin-13. A related 

peptide with an alanine residue instead of phenylalanine at the 

C-terminal of Apelin (F13A-Apelin) demonstrated reduced 

activity as an agonist in accordance with past in vitro data.5 

Surprisingly, certain groups have reported that F13A-Apelin 

behaves as an antagonist in vivo.7,23 Additional studies will be 

required to resolve this discrepancy in the future. In general, 

data presented herein agree well with data reported from past 

studies with this receptor utilizing different in vitro meth-

odologies.1,5 Thus, these studies indicated that coupling to 

Gαq
16

 did not affect functional activation of the APJ and that 

a calcium flux assay was suitable for monitoring the function 

of this receptor in vitro.

The assay for APJ was subsequently tested and adapted 

for HTS application. The assay was deemed robust and 

 reliable with a Z-factor of 0.6 (Figure 2). The assay performed 

well in buffers containing DMSO, ethanol, or a mixture 

of the two solvents to a final 1% concentration (Figure 3). 

Finally, a small library of compounds was screened for assay 

 validation. The hit-rate of the assay was ∼0.5% using a library 

enriched with GPCR ligands (Figure 4). The hits were further 

characterized using concentration-response experiments and 

counter-screened in parental CHO-Gαq
16

 cells to rule out 

false positive hits (Figure 5). Additional studies are currently 

underway to characterize the physiological influence of these 

compounds. Data related to their structure and biological 

activity will be reported in the future.

In theory, the assay reported in this paper can be used 

to identify several different types of APJ ligands including 

competitive antagonists, noncompetitive antagonists, inverse 

agonists and allosteric modulators. All types of antagonists 

will induce a rightward shift in the concentration response 

curve with Apelin-13 or another agonist upon pre-incubation. 

However, noncompetitive antagonists will typically produce 

lower E
max

 values. Inverse agonists alone can be expected 

to reduce basal fluorescence of the cells in a concentration 

dependent manner. Allosteric modulators on the other 

hand should either increase or decrease E
max

 values upon 

 stimulation with an agonist without inducing a significant 

shift in the concentration-response curves. A larger HTS 

campaign in the future might lead to the discovery of these 

different types of ligands for APJ. It also remains to be 

seen whether the assay can be used to detect endogenous 

levels of apelin in more complex biological fluids including 

blood, plasma or breast milk. These avenues are currently 

under investigation. In conclusion, a calcium mobilization 

assay has been developed for the APJ that is HTS amenable 

and can be used to identify ligands of this receptor that is 

rapidly emerging as a target for drug development to treat 

important disorders.
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