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ABBREVIATIONS USED
GPCR: G protein-coupled receptor, cAMP: Cyclic adenosine monophosphate, CHO: Chinese
hamster ovary, HEK: Human embryonic kidney, MAP: Mean arterial pressure, ACE2:
Angiotensin-converting enzyme type 2, ERK1/2: Extracellular signal-regulated kinases 1/2,
DIAD:
diisopropylazodicarboxylate,
DCM:
dichloromethane,
DIPEA:
N,Ndiisopropylethylamine, DMF: N,N-dimethylformamide, HATU: O-(7-azabenzotriazol-1-yl)1,1,3,3-tetramethyluronium hexafluorophosphate, TFA: Trifluoroacetic acid, TIPS:
Triisopropylsilane, TBME: tert-butyl methyl ether, HPLC: High performance liquid
chromatography, HRMS: High resolution mass spectrometry, FRET: Fluorescence resonance
energy transfer, BRET: Bioluminescence resonance energy transfer, ATP: Adenosine
triphosphate, AUC: Area under the curve.
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ABSTRACT
Apelin is the endogenous ligand of the APJ receptor, a member of the G protein-coupled
receptor family. This system plays an important role in the regulation of blood pressure and
cardiovascular functions. To better understand the role of its C-terminal Phe13 residue on
ligand binding, receptor signaling and hypotension, we report a series of modified analogs in
which Phe13 was substituted by unnatural amino acids. These modifications delivered new
compounds exhibiting higher affinity and potency to inhibit cAMP accumulation compared to
apelin-13. In particular, analogs Bpa13 or (α-Me)Phe13 were 30-fold more potent to inhibit
cAMP accumulation than apelin-13. Tyr(OBn)13 substitution led to a 60-fold improvement in
binding affinity and induced stronger and more sustained drop in blood pressure compared to
apelin-13. Our study identified new potent analogs of apelin-13, which represent valuable
probes to better understand its structure-function relationship.
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INTRODUCTION
The apelin receptor (also known as the angiotensin receptor-like 1,hereafter called APJ) is a
member of the rhodopsin-like G protein-coupled receptor (GPCR) superfamily.1 Apelin-13
and -17 are the predominant forms of apelin in rat brain and in rat and human plasma.2,3 The
apelinergic system has been detected in numerous peripheral tissues such as the kidney, heart,
pancreas, and lung. In the central nervous system, the apelin/APJ complex is mainly
expressed in the hypothalamus and in the spinal cord.4–8 In recent years, APJ has emerged as a
potential therapeutic target to treat obesity and diabetes, as well as gastrointestinal diseases,
cancer, and HIV infection.9,10 However, its most notable implication is in cardiovascular
diseases where it exerts hypotensive and positive inotropic effects.11–14 Indeed, acute
intravenous administration of apelin-13 to healthy volunteers and patients with heart failure
causes coronary and peripheral vasodilation accompanied by a lowering of blood pressure.15,16
These effects were preserved following activation of the renin/angiotensin system in patients
with heart failure.17 In rodents, intravenous injection of apelin-17 or -13 rapidly decreases the
mean arterial pressure (MAP) via a nitric oxide (NO)-dependent mechanism.18,7,19 This
mechanism seems to play a protective role in hypertension since chronic pressure overload
increased the expression of apelin in normal mice, yet induced progressive heart failure in
addition to cardiac hypertrophy in apelin-deficient mice.20 However, even if most studies in
human reported decreased apelin levels in cardiovascular diseases, methodological
differences and the short half-life of endogenous apelin in vivo make it difficult to draw
definitive conclusions on the cellular and physiological mechanisms involved.21 Nonetheless,
these observations, summarized by a number of recent reviews,10,21,22 strengthen the potential
of the apelinergic system as a target for the treatment of cardiovascular diseases.

4	
  
	
  

This is the accepted version of the following article: Murza A, et al. (2015), J Med Chem, 58(5):2431-40,
which has been published in final form at http://pubs.acs.org/doi/abs/10.1021/jm501916k

Owing to these important applications, a better knowledge of the structure-activity and
structure-function relationships of apelin is essential to our understanding of the cellular and
physiological processes associated with the activation of APJ. Of particular interest is the
reported ability of a truncated analog of apelin-13 in which the C-terminal Phe13 residue has
been deleted or substituted by an Ala residue, to suppress the decrease in MAP induced by
apelin-13.23 The same observation made on apelin-17 strengthens the role of the C-terminal
amino acid in the modulation of MAP.19 Apelin-13 is hydrolyzed in the presence of purified
angiotensin-converting enzyme type 2 (ACE2), which cleaves the peptide between the Pro12
and the C-terminal Phe13 residues.24 However, the physiological involvement of ACE2 in the
in vivo metabolism of apelin-13 remains to be confirmed.
Binding of apelin to APJ triggers the inhibition of forskolin-induced cAMP production,
defined as its canonical pathway,6,25 and mediates intracellular signaling pathways through
Gαi/o- and Gαq-mediated coupling, leading to the activation of downstream effectors such as
ERK1/2, Akt, protein kinase C and phospholipase C.6,26,27–29 Interestingly, different isoforms
of apelin recruit both β-arrestin-1 and β-arrestin-2 but appear to induce APJ internalization
through different intracellular trafficking routes.30 Additionally to its impact on hypotensive
action, the C-terminal Phe residue of apelin-13 was shown to play a central role on APJ
internalization and β-arrestin recruitment.31,32
The structure of apelin was investigated by 2D NMR by Langelaan et al, who concluded that
the Arg2-Pro3-Arg4-Leu5 fragment adopts a more ordered structure compared to other regions
of the peptide.33 The alanine scan performed on apelin-13 (Pyr1-Arg2-Pro3-Arg4-Leu5-Ser6His7-Lys8-Gly9-Pro10-Met11-Pro12-Phe13) pinpointed key residues involved in APJ receptor
binding and inhibition of forskolin-induced cAMP accumulation. Replacement of Arg2, Arg4,
and Leu5 residues by alanine leads to a robust decrease in binding, cAMP production, and
intracellular Ca2+ release, consistent with a role as pharmacophores.6,34 Using molecular
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modeling and site-directed mutagenesis, the importance of the two Arg residues of apelin-13
for interaction with APJ was underlined.35 These conclusions were exploited to design
macrocyclic APJ agonists and antagonists.36–38 A structure-activity relationship study of the
first semi-peptidic APJ agonist E339-3D639 led to the discovery of more potent and stable
agonists for the cAMP pathway and APJ internalization.40 While deciphering the degradation
pattern of apelin-13 in vitro and in vivo, our group recently identified that the substitution of
Phe13 by unnatural amino acids significantly improved plasma stability.41
As detailed above and based on recent literature, the C-terminal Phe13 residue is critical to
fine-tune receptor function.42–44 In order to better understand the role of this residue and how
it modulates binding and signaling profiles as well as in vivo effects, we substituted Phe13 with
unnatural amino acids and studied the impact of these substitutions on binding and various
signaling pathways as well as its impact on blood pressure.
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RESULTS AND DISCUSSION
Synthesis
NB: to ease reading, stereochemistry of amino acids is

L

unless otherwise noted. Analogs

were synthesized by the solid-phase strategy using Fmoc protected amino acids, as previously
reported.44 Briefly, starting from Tentagel S PHB resin, a Mitsunobu reaction in the presence
of triphenylphosphine (PPh3) and diisopropylazodicarboxylate (DIAD) allowed the
attachment of the first Fmoc N-protected C-terminal residue. After capping unreacted
hydroxyl groups with a mixture of DCM/Ac2O/DIPEA, the Fmoc group was deprotected with
20% piperidine in N,N-dimethylformamide (DMF). The following Fmoc N-protected amino
acids were then attached stepwise in the presence of [O-(7-azabenzotriazol-1-yl)-1,1,3,3tetramethyluronium hexafluorophosphate] (HATU), N,N-diisopropylethylamine (DIPEA) in
DMF. Final resin cleavage with simultaneous side-chain deprotections was performed with a
mixture of TFA (trifluoroacetic acid)/H2O/TIPS (triisopropylsilane). After precipitation in
tert-butyl methyl ether (TBME), the crude product was purified by reverse-phase
chromatography, leading to the desired compounds exhibiting purity > 95%, as determined by
High Performance Liquid Chromatography (HPLC) and characterized by High Resolution
Mass Spectroscopy (HRMS) (Table 1).
Effects of Phe13 modifications on binding affinity
In an effort to better understand the structure-activity relationship of the apelin-13 C-terminus
on APJ signaling and to discover new pharmacological tools, the Phe13 moiety was substituted
with several natural and unnatural amino acids in continuation of our previous works (Figure
1).44 To prevent oxidation side-products generally associated with the presence of Met in
peptides,45 the Met11 residue was replaced by Nle (Tables 1 and 2). This modification (analog
1) led to minor differences in affinity, cAMP inhibition and Gαi1 activation (Table 2). First,
7	
  
	
  

This is the accepted version of the following article: Murza A, et al. (2015), J Med Chem, 58(5):2431-40,
which has been published in final form at http://pubs.acs.org/doi/abs/10.1021/jm501916k

replacement of residue Phe13 with lipophilic residues Ile, Leu, and Val (2, IC50 11.4 nM; 3,
IC50 7.9 nM; 4, IC50 18.2 nM) provided around 10-fold loss on binding affinity compared to
apelin-13 (Ape13, IC50 1.2 nM). This may suggest that these aliphatic side chains in Cterminus are either too short to fully occupy the binding pocket of APJ, or that a π-stacking
interaction is replaced by a less favorable hydrophobic interaction. Introduction of electrondonating substituents (resonance or induction) on the aromatic ring with Tyr(OMe) and
Phe(4-Me) residues (5, IC50 0.60 nM; 6, IC50 0.25 nM) led to a minor improvement in binding
affinity, contrasting with the hypothesis of an electron-rich binding pocket for APJ31 and our
previous observations44 showing an improved binding affinity for electron-poor aromatic
residues in place of Phe13. (Pyridyl)Ala replacements (7, IC50 1.3 nM; 8, IC50 1.6 nM; 9, IC50
6.1 nM) provided affinities close to the parent peptide. To further probe the existence of
putative π-π interactions between the C-terminal amino acid of apelin-13 and the binding
pocket of APJ, the electron density of the aryl group of Phe13 and its distance from the
backbone of the peptide were varied. Thus, phenylglycine (Phg) analog 10 elicited a 10-fold
loss on binding affinity (IC50 14.3 nM), underlining that C-terminal side chain distance from
the backbone of apelin-13 may be critical for interaction with APJ. On the other hand,
increasing the electron density and steric hindrance of the C-terminal residue (11 - 19) led to
the identification of very potent analogs. Indeed, Tyr(OBn) modification 12 induced a 60-fold
improvement in binding affinity versus the native peptide (IC50 0.02 vs 1.2 nM), making it the
most potent APJ ligand reported to date. On the other hand, introduction of
dihydroAnthranylAla moiety 15, which possesses a higher volume and π-stacking abilities,
elicited a >10-fold loss compared to apelin-13 (IC50 13.7 nM), suggesting that there is a limit
in terms of steric hindrance in the interaction with APJ. We were further interested in
assessing the impact of disubstitution at the α-carbon. To this end, residue Phe13 was replaced
by (α-Me)Phe, (D-α-Me)Phe, and aminoindane (17, IC50 0.43 nM; 18, IC50 0.86 nM; 19, IC50
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1.7 nM, respectively). These analogs exhibited IC50 close to that of apelin-13, suggesting that
substitution of the Cα atom has a neutral effect on interactions with APJ.
Effects of apelin-13 Phe13 modifications on cAMP inhibition and Gαi1 activation
The new analogs were then tested for their ability to inhibit forskolin-induced cAMP
accumulation and to activate Gαi1 dissociation using Fluorescence and Bioluminescence
Resonance Energy Transfer assays (FRET and BRET, respectively)32 (Table 2, Figure 2).
Essentially, the effect of modifications at position 13 on these two pathways paralleled the
trends observed in binding affinities. However, several analogs diverged from this trend,
revealing that the C-terminal position of apelin-13 could also be involved in fine-tuning of the
cAMP canonical pathway. Indeed, replacement of Phe13 with Phg (10) led to a 10-fold loss in
binding while preserving cAMP potency (EC50 2.7 nM) close to that of the parent peptide
(Ape13, EC50 1.4 nM). Likewise, substitution by homo-phenylalanine (hPhe, 11) provoked an
interesting improvement in cAMP potency (EC50 0.24 nM) compared to apelin-13, despite a
decreased affinity (IC50 6.7 nM). Substitution of residue Phe13 by Bpa (13) or (α-Me)Phe (17)
led to the two most potent analogs of apelin-13 described to date, exhibiting around 30-fold
improvement on inhibition of cAMP production (13, EC50 0.04 nM; 17, EC50 0.07 nM)
compared to the native peptide. In contrast, the ability of dihydroAnthranylAla13 (15) to
inhibit cAMP accumulation (EC50 95 nM) was reduced by almost two orders of magnitude
compared to apelin-13 despite a high binding affinity, which makes it an interesting
pharmacological probe. An explanation could be related to the Black & Leff model46
describing the relationship between biological responses and occupancy rate of a receptor
(aka the "occupancy theory"), which states that some analogs could elicit a percentage of
biological response higher than the percentage of receptor occupancy.47 Additionally, during
binding experiments, analogs compete with a radioligand possessing two modifications versus
the natural ligand (Met11Nle, Phe13Tyr), whereas in the cAMP assays they are directly acting
9	
  
	
  

This is the accepted version of the following article: Murza A, et al. (2015), J Med Chem, 58(5):2431-40,
which has been published in final form at http://pubs.acs.org/doi/abs/10.1021/jm501916k

on APJ. This could contribute to some of the differences observed between binding affinity
and cAMP inhibition values.
The dissociation of Gαi1 from Gβγ subunits induced by C-terminally modified analogs was
also assessed using a BRET-based biosensor.48 Typically, Phe13 replacements led to low nM
potency on the Gαi1 pathway close to apelin-13 (Ape13, EC50 0.84 nM), suggesting that the Cterminal moiety of apelin-13 is not critical for Gαi1 dissociation from the Gβγ subunits (Table
2, Figure 2). Gαi1 engagement would be expected to correlate with the downstream inhibition
of cAMP production. Nevertheless, several analogs showed remarkable disparities, suggesting
that inhibition of cAMP production may also occur through another G-protein subtype or even
through a G-protein-independent mechanism. The (α-Me)Phe analog (17) is 40-fold less
potent to activate Gαi1 than to decrease cAMP production (Gαi1 EC50 2.7 nM vs. cAMP EC50
0.07 nM). This observation held true, to a lesser extent, when residue Phe13 was substituted by
Bpa (13, Gαi1 EC50 0.91 nM vs. cAMP EC50 0.04 nM). The structural differences between
Bpa and (α-Me)Phe side-chains are obvious. However, both compounds were effective in
activating a cAMP-dependent pathway, possibly via an alternative mechanism involving the
recruitment of other G protein subunits. Indeed, adenylate cyclase (AC), which possesses nine
isoforms in human,49 is responsible for the conversion of ATP into cAMP and can be
inhibited through various G protein-dependent mechanisms.50 Other α subunits such as Gαi2,3
or Gαo as well as the Gβγ subunits were demonstrated, in some cases, to have the ability to
reduce intracellular levels of cAMP.51,52 In contrast, dihydroAnthranyl13 (15), which exhibited
an important loss in cAMP production inhibition, engaged Gαi1 similarlyto apelin-13 (Gαi1
EC50 6.0 nM vs. cAMP EC50 95 nM). This observation also leads to the hypothesis that Gαi2,3
and/or Gαo would trigger the inhibition of cAMP production by apelin analogs in HEK293
cells.
N-terminal truncated analogs of Tyr(OBn) (12) exhibit drastic decrease in receptor binding
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Substitution of residue Phe13 of apelin-13 by Tyr(OBn) (12) significantly improved its
binding affinity to APJ (IC50 20 pM). It is now accepted that the N-terminal fragment Arg2Pro3-Arg4-Leu5 is an important pharmacophore.6,33 The next question was whether the
improved potency due to Tyr(OBn) could outweigh the contribution of N-terminal
pharmacophoric elements. Thus, analog 12 was sequentially truncated starting from its Nterminal (Table 3). Deletions of the Pyr1-Arg2-Pro3 amino acids dramatically decreased
affinity for APJ (20, IC50 57 nM vs. 12, IC50 0.02 nM). This 2800-fold loss was unexpected
since Medhurst and coworkers described that the mutation Arg2Ala in apelin-13 only led to a
50-fold decrease compared to the parent peptide.6 The Pyr1residue appears to play no crucial
role in the interaction with APJ. However, it was described that deletion of Pyr1-Arg2 residues
in apelin-13 led to an important decrease in affinity, suggesting that the absence of Arg2 could
be responsible for this considerable loss.19,35 Furthermore, the Pro3 residue appears to play a
critical structuring role, as revealed by NMR studies which suggests a high level of rigidity
within the Arg2→Leu5 fragment.33 Thus, our results support the conclusions drawn from
previous works. Moreover, deletion of Arg4-Leu5 amino acids completely abrogated binding
(21, IC50 >10 µM). As expected, more heavily truncated analogs, 22 and 23, also exhibited
affinities >10 µM.
Signaling signature and hypotensive effects of apelin-13 and Tyr(OBn) analog (12)
We investigated further the signaling pathways triggered by the high-affinity analog
Tyr(OBn) (12) using BRET biosensors. Indeed, we evaluated the engagement of Gαi1 and
GαoA subunits as well as the recruitment of proteins involved in GPCR internalization, βarrestin-1 and β-arrestin-2 (Figure 2). Whereas compound 12 induced an activation of the
Gαi1 subunit and a recruitment of β-arrestin-2 close to that elicited by apelin-13 (Figure 2C,
2F), the inhibition of cAMP accumulation, the engagement of GαoA subunit and the
recruitment of β-arrestin-1induced by (12) appeared to be more potent as represented by the
11	
  
	
  

This is the accepted version of the following article: Murza A, et al. (2015), J Med Chem, 58(5):2431-40,
which has been published in final form at http://pubs.acs.org/doi/abs/10.1021/jm501916k

concentration-response curves (Figures 2B, 2D, 2E). Figure 2A recapitulates potencies
(EC50) on the five signaling pathways tested. Interestingly, analog 12 which induced a 60-fold
improvement in binding affinity versus apelin-13, did not possess increased potency on those
signaling pathways in the same proportions.
The C-terminal amino acid was demonstrated to be capital for the hypotensive effect of apelin
in spontaneously hypertensive rats, since its substitution by alanine or its deletion abrogated
the reduction in mean arterial pressure (MAP).23 The aromatic side chain of Phe13 seems to
play a central role in this phenomenon. In order to assess the influence of the Tyr(OBn)
replacement on MAP, apelin-13 and analog 12 were intravenously administered at doses of
0.001, 0.01, 0.1 and 1 mg/kg into Sprague-Dawley rats, then the systolic, diastolic, and mean
arterial pressure were measured every 30 seconds with a tail-cuff non-invasive blood pressure
system (Figure 3).53 Dose-response curves revealed that injection of apelin-13 lowered MAP
in a dose-dependent manner and that the maximal hypotensive effect was reached rapidly 1
minute after administration (Figure 3A). Apelin-13 induced 40, 30, and 20 mmHg decrease in
MAP at doses of 1, 0.1, and 0.01 mg/kg, respectively.54 At equal dose, analog 12 caused a
marked reduction in MAP compared to apelin-13 (Figure 3B). Statistical analysis
demonstrated that the MAP decrease was both stronger and more sustained for the Tyr(OBn)
analog compared to apelin-13, as demonstrated by the determination of the area under the
curve (AUC) for analog 12 at doses of 0.1 and 1 mg/kg (Figure 3C). The more sustained
effect may be attributed to improved stability of 12 compared to Ape13. Indeed, we
previously demonstrated that C-terminally modified analogs of apelin-13 possessed
drastically increased plasma stabilities.41 Particularly, the half-life of Tyr(OBn) analog 12 was
superior to 1h (t1/2 66 min) whereas that of apelin-13 was close to 14 min in rat plasma.
Finally, the significantly higher potency of β-arrestin-1 recruitment elicited by analog 12 (βarr1 EC50 7.4 nM) compared to apelin-13 (β-arr1 EC50 26 nM) correlates with its higher
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hypotensive actions (Figure 2A). These observations are supported by previous work
showing that the drop in MAP caused by C-terminally modified apelin peptides depends on
the ability of those ligands to induce APJ internalization.19,23 To reinforce this hypothesis,
Ceraudo and co-workers recently suggested that the signaling pathways involved in apelin-17induced MAP could be β-arrestin-dependent.32 Altogether, our results reveal that analog 12
represents a more stable pharmacological tool to better understand the link between chemical
structure, receptor signaling, and physiological function.
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CONCLUSION
In this study, we report C-terminally modified analogs of apelin-13, with a particular
focus on diverse unnatural aromatic amino acids as probes to further investigate the impact on
binding, inhibition of forskolin-induced cAMP accumulation, activation of Gαi1 subunit and
in vivo activity. This led to the discovery of new apelin-13 analogs possessing pM-level
binding and inhibition of cAMP production. Substitution of residue Phe13 by Bpa or (αMe)Phe provided potent compounds exhibiting 30-fold improvement in inhibiting cAMP
production and having high affinities for APJ. Furthermore, substitution of Phe13 by
Tyr(OBn)13 led the strongest binding affinity for APJ reported to date (IC50 20 pM), 60-fold
higher than the parent peptide. The latter was subsequently assessed for its ability to engage
GαoA subunit and to recruit β-arrestin-1 and β-arrestin-2. While its potency to recruit βarrestin-2 and to activate Gαi1 proteins was close to that of apelin-13, the Tyr(OBn)
modification improved significantly the efficacy to inhibit cAMP production, to engage GαoA
subunit and to recruit β-arrestin-1. Finally, apelin-13 and its Tyr(OBn)13 analog were
administered to anesthetized rats to assess the impact on blood pressure. Tyr(OBn)13 analog
12 lowered mean arterial blood pressure more robustly than apelin-13. Moreover, the
hypotensive action of 12 was more sustained in time, an observation tentatively attributed to
improved plasma stability compared to apelin-13. This study further supports previous works
suggesting that the C-terminal amino acid is crucial for the hypotensive action of apelin.
Overall, the analogs reported in this study constitute very interesting pharmacological tools to
better understand the signaling pathways involved in the hypotensive effects and the
physiological roles of the apelinergic system, as well as its ultimate validation as a
pharmacological target for the treatment of cardiovascular diseases.
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EXPERIMENTAL SECTION
Procedures for solid phase synthesis
Materials
Protected amino acids and TentaGel S PHB, O-[4-(Hydroxymethyl)phenyl]polyethylene
glycol polystyrene resin were purchased from ChemImpex International (USA). All other
reagents were purchased from Sigma-Aldrich (Canada), Fisher Scientific (USA) or ACP
(Canada), were of the highest commercially available purity and were used as such. Peptide
synthesis was performed in 12 mL polypropylene cartridge with 20 µm PE frit from Applied
Separations (USA).
Peptide synthesis
TentaGel S PHB, O-[4-(Hydroxymethyl)phenyl]polyethylene glycol resin (0.27 mmol/g, 0.2
g) was treated with triphenylphosphine (5 equiv.), diisopropylazodicarboxylate (DIAD, 5
equiv.), Fmoc-protected amino acid (5 equiv.) in tetrahydrofuran (THF, 4 mL). The mixture
was shaken overnight on an orbital shaker at room temperature, then the resin was
sequentially washed for 3-min periods with DCM (2x 5 mL), toluene (1x 5 mL), EtOH (1x 5
mL), toluene (1x 5 mL), DCM/MeOH (75/25, 1x 5 mL), THF/MeOH (75/25, 1x 5 mL),
DCM/MeOH (75/25, 1x 5 mL), THF/MeOH (75/25, 1x 5 mL), DCM (2x 5 mL). The resin
was then capped with DCM/Ac2O/DIPEA (20/5/1, 5 mL) at room temperature during 1 h, and
washed with DCM (3x 5 mL), DCM/MeOH (75/25, 5 mL), DCM (3x 5 mL). After Fmoc
deprotection with 20% piperidine/DMF (N,N-dimethylformamide) during 15 min, the
following Fmoc-protected amino acid (5 equiv.) was attached in the presence of [O-(7azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] HATU (5 equiv.),
N,N-diisopropylethylamine (10 equiv.) in DMF (4 mL). Coupling reaction was run for 30 min
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at room temperature, then piperidine (20% in DMF) was used to deprotect the Fmoc group at
every step. The resin was washed after each coupling step and deprotection with DCM (2x 5
mL), 2-propanol (1x 5 mL), DCM (1x 5 mL), 2-propanol (1x 5 mL), DCM (2x 5 mL). For
resin cleavage, the resin was treated with a mixture of TFA (trifluoroacetic acid)/H2O/TIPS
(triisopropylsilane), 95/2.5/2.5, v/v] (4 mL / 0.2 g of resin) for 4 h at room temperature. After
filtration, peptide was precipitated in TBME (tert-butyl methyl ether) at 0°C, the suspension
was centrifuged, the supernatant was removed and the crude product was re-dissolved in
water. Purification by reverse-phase HPLC yielded the desire products as white powders after
lyophilization.
Peptide purification and characterization
Crude peptides were purified by reverse-phase chromatography using a preparative HPLC
from Waters (Autosampler 2707, Quaternary gradient module 2535, UV detector 2489,
fraction collector WFCIII) equipped with an ACE5 C18 column (250 x 21.2 mm, 5 µm
spherical particle size) and water + 0.1% TFA and acetonitrile as eluents. Analytical HPLC
chromatograms were recorded on an Agilent 1100 series equipped with UV detector set at
223 nm and an Agilent Eclipse Plus C18 column (3.0 x 50 mm, 2.7 µm spherical particle size
column) using the following method (0→10 min: 2→50% acetonitrile; 10→14 min:
50→100%; 14→18 min: 100%; 18→19 min: 100→2%; 19→24 min: 2%). All analogs
possessed UV purity >95% at 223 nm. Molecular weights of analogs were determined by
mass spectrometry (Electrospray infusion ESI-Q-Tof from Maxis).
Binding and cAMP accumulation
Materials
High glucose Dulbecco’s Modified Eagle Medium (DMEM), G418 and penicillin/
16	
  
	
  

This is the accepted version of the following article: Murza A, et al. (2015), J Med Chem, 58(5):2431-40,
which has been published in final form at http://pubs.acs.org/doi/abs/10.1021/jm501916k

streptomycin were purchased from Invitrogen Life Technologies (Canada). Fetal bovine
serum (FBS) and Hank’s balanced saline solution (HBSS) were purchased from Wisent
(Canada) and bovine serum albumin (BSA) was purchased from BioShop (Canada). 3isobutyl-1-methylxanthine (IBMX), and forskolin were purchased from Sigma-Aldrich
(Canada). Apelin-13[Glp65, Nle75, Tyr77][125I], white opaque 96-well half area plates,
OptiPlate™-384 white opaque microplates and LANCE®Ultra cAMP kit were purchased
from PerkinElmer (Canada). Polyethylenimine (branched PEI) was obtained from
Polysciences (USA). Coelenterazine-400A (DeepBlueC) was purchased from Biosynth
International Inc. (USA). BRET2 measurements were performed on an M1000 plate reader
from Tecan (USA).
Cell culture
Stably transfected HEK293 cells expressing the YFP epitope-tagged human APJ were
cultured in high glucose DMEM supplemented with 10% FBS. Cells were kept in a
humidified atmosphere with 5% CO2 at 37oC according to the manufacturer’s instructions.
G418 and penicillin/streptomycin were used as selection agent and antibiotics, respectively.
Radioligand binding
HEK293 cells expressing the YFP epitope-tagged human APJ were washed once with PBS
and subjected to one freeze-thaw cycle. Broken cells were then gently scraped in resuspension
buffer (1mM EDTA and 10 mM Tris-HCl, pH 7.5), centrifuged at 3500 g for 15 min at 4°C
and resuspended in binding buffer (50 mM Tris-HCl buffer, pH 7.5, containing 0.2% BSA).
Competition radioligand binding experiments were performed by incubating cell membranes
(15 µg) with 0.2 nM Apelin-13[Glp65, Nle75, Tyr77][125I] (2200 ci/mmol) and increasing
concentrations of various apelin analogs (10-12 to 10-6 M) for 1 h at room temperature in a
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final volume of 200 µL. Bound radioactivity was separated from free ligand by filtration
through glass fiber filter plates (Millipore, Billerica, MA) pre-soaked for 1 h in PEI 0.2% at
4°C and washed 3 times with 170 µL of ice-cold washing buffer (50 mM Tris-HCl buffer, pH
7.5, 0.2% BSA). Receptor-bound radioactivity was counted in a γ-counter 1470 Wizard form
PerkinElmer (80% counting efficiency). Nonspecific binding was measured in the presence of
10-5 M unlabeled apelin-13 and represented less than 5% of total binding. IC50 values were
determined from inhibition curves as the unlabeled ligand concentration inhibiting 50% of
[125I]-apelin-13 specific binding. All binding data were calculated and plotted using GraphPad
Prism 6 and represent the mean ± SEM of three determinations. Inhibitions constants (Ki) of
analogs were calculated using the Cheng-Prusoff equation.55
Measurement of cAMP production
Intracellular cAMP production was determined using PerkinElmer’s LANCE®Ultra cAMP kit
and following manufacturer’s recommendations. Assays were performed in OptiPlate™-384
white opaque microplates. The stimulation buffer used for assays contained 1X HBSS, 0.5
mM IBMX and 0.1% BSA (pH 7.4). Cells (4 µL), at concentrations of 750 cells/well in
stimulation buffer, were plated followed by forskolin (2 µL) at 1 µM in stimulation buffer.
Increasing concentrations (10-12 to 10-6 M) of ligands (2 µL) were then added and the
microplate was incubated at 37°C for 30 min. After stimulation, cells were lysed by
successive additions of the Eu-cAMP tracer (4 µL) and the ULight-cAMP mAb (4 µL)
prepared in the cAMP Detection Buffer provided with the kit followed by a 1h incubation at
room temperature with a TopSeal. Total assay volume was 16 µL. TR-FRET signal at 665 nm
was measured on a M1000 plate reader. Data were calculated and plotted using GraphPad
Prism 6 and represent the mean ± SEM of at least three separate determinations.
Gαi1, GαoA engagement and β-arrestins recruitment
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Cell culture and transfections
HEK 293 cells were allowed to grow in high glucose DMEM supplemented with 10% FBS,
100 U/mL penicillin/streptomycin, 2 mM glutamine, and 20mM HEPES at 37˚C in a
humidified chamber at 5% CO2. All transfections were carried out with polyethyleneimine as
previously described.56
G-Protein engagement and β-arrestin recruitment
HEK293 cells were seeded in T175 flasks. After 24h, cells were transfected with the
previously described plasmids coding for hAPJ, Gαi1-RlucII(91)48 or GαoA-RlucII(99),57
GFP10-Gγ1,48 and Gβ1 (from cDNA.org) or for hAPJ-GFP1044 and RlucII-β-arrestin-1 or -2.58
BRET Experiments
24h after transfection, cells were seeded into white 96 well plates (BD Falcon) at a
concentration of 50000 cells/well and incubated at 37˚C overnight. Cells were washed with
PBS and 90µL of HBSS was added in each well. Cells were then stimulated with the analog at
concentrations ranging from 10-6 M to 10-12 M for 5 min at 37˚C (G-Proteins) or for 30 min at
room temperature (β-arrestins). After stimulation time, 5 µM of coelanterazine 400A was
added to each well and the plate was read using the BRET2 filter set of a GeniosPro plate
reader (Tecan, Austria). The BRET2 ratio was determined as GFP10em/RlucIIem. Data were
plotted and EC50 values were determined by using GraphPad Prism 6. Each data point
represent the mean ± SEM of at least three different experiments each done in triplicate.
Blood pressure measurement
Animals
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Adult male Sprague Dawley rats (Charles River Laboratories, St-Constant, Quebec, Canada)
were maintained on a 12 h light/12 h dark cycle with access to food and water ad libitum. The
experimental procedures in this study were approved by the Animal Care Committee of the
Université de Sherbrooke and were in accordance with policies and directives of the Canadian
Council on Animal Care.
Hypotensive effects
Sprague-Dawley male rats (300-400g) were anaesthetized with a mixture of ketamine and
xylazine (87:13 mg/kg intramuscular) and placed on a heating pad. Then, the systolic,
diastolic, and mean arterial pressures were measured every 30 seconds by the tail-cuff
method, using the CODA Blood Pressure System (Kent Scientific Co., Connecticut, USA).
When the blood pressure has stabilized (five consecutive measure with less than 5%
variability), apelin-13 or Tyr(OBn) analog 12 (0.001, 0.01, 0.1, or 1 mg/kg, in 300 µL of
saline) was injected via the tail vein. Blood pressure measurements were acquired for seven
minutes following the injection.
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Table 1. Characterization of Phe13 modified analogs of apelin-13
N°

Sequence

Mol.
formula

Purity %
[ a]

Theoretical
mass

Exact mass
measured [b]

Ape13

<Glu-R-P-R-L-S-H-K-G-P-M-P-F

C69H108N22O16S

100.0

1532.8034

1532.8116

1

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-F

C70H110N22O16

100.0

1514.8470

1514.8502

2

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-I

C67H112N22O16

100.0

1480.8627

1480.8723

3

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-L

C67H112N22O16

98.6

1480.8627

1480.8702

4

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-V

C66H110N22O16

100.0

1466.8470

1466.8857

5

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-Tyr(OMe)

C71H112N22O17

100.0

1544.8576

1544.8635

6

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-Phe(4-Me)

C71H112N22O16

100.0

1528.8627

1528.8696

7

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-(4-pyridyl)Ala

C69H109N23O16

100.0

1515.8423

1515.8502

8

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-(3-pyridyl)Ala

C69H109N23O16

100.0

1515.8423

1515.8505

9

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-(2-pyridyl)Ala

C69H109N23O16

100.0

1515.8423

1515.8523

10

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-Phg

C69H108N22O16

100.0

1500.8314

1500.8391

11

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-hPhe

C71H112N22O16

100.0

1528.8627

1528.8732

12

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-Tyr(OBn)

C77H116N22O17

97.1

1620.8889

1620.8967

13

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-Bpa

C77H114N22O17

100.0

1618.8732

1618.8834

14

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-StyrylAla

C72H112N22O16

100.0

1540.8627

1540.8690

15

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-dihydroAnthranylAla

C78H116N22O16

99.6

1616.8940

1616.8950

16

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-(3-benzothienyl)Ala

C72H110N22O16S

100.0

1570.8191

1570.8294

17

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-(α-Me)Phe

C71H112N22O16

98.9

1528.8627

1528.8729

18

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-(D-α-Me)Phe

C71H112N22O16

97.4

1528.8627

1528.8723

19

<Glu-R-P-R-L-S-H-K-G-P-Nle-P-Aminoindane

C71H110N22O16

100.0

1526.8470

1526.8563

20

R-L-S-H-K-G-P-Nle-P-Tyr(OBn)

C61H92N16O13

100.0

1256.7030

1256.7117

21

S-H-K-G-P-Nle-P-Tyr(OBn)

C49H69N11O11

97.7

987.5178

987.5214

22

K-G-P-Nle-P-Tyr(OBn)

C40H57N7O8

99.4

763.4269

763.4318

23

P-Nle-P-Tyr(OBn)

C32H42N4O6

98.0

578.3104

578.3126

[a] Purity determined by HPLC-UV at 223 nm. [b] Exact mass determined by High Resolution Mass Spectrometry (HRMS).
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Table 2. Phe13 modified analogs of apelin-13 and results on binding affinity and functional assays

N°

Sequence

Ape13
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Pyr-R-P-R-L-S-H-K-G-P-M-P-F
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-F
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-I
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-L
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-V
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-Tyr(OMe)
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-Phe(4-Me)
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-(4-pyridyl)Ala
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-(3-pyridyl)Ala
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-(2-pyridyl)Ala
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-Phg
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-hPhe
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-Tyr(OBn)
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-Bpa
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-StyrylAla
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-dihydroAnthranylAla
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-(3-benzothienyl)Ala
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-(α-Me)Phe
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-(D-α-Me)Phe
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-Aminoindane

Binding
IC50
Ki
(nM)[a]
(nM)[b]
1.2 ± 0.1
1.0 ± 0.1
2.6 ± 0.6
2.1 ± 0.5
11.4 ± 1.0
9.1 ± 0.8
7.9 ± 0.8
6.3 ± 0.6
18.2 ± 3.2
14.6 ± 2.6
0.60 ± 0.05
0.48 ± 0.04
0.25 ± 0.02
0.20 ± 0.02
1.3 ± 0.2
1.0 ± 0.2
1.6 ± 0.1
1.3 ± 0.1
6.1 ± 1.0
4.9 ± 0.8
14.3 ± 1.4
11.4 ± 1.1
6.7 ± 1.1
5.4 ± 0.9
0.02 ± 0.003
0.016 ± 0.002
0.48 ± 0.05
0.38 ± 0.04
1.5 ± 0.2
1.2± 0.2
13.7 ± 1.6
11.0 ± 1.3
2.8 ± 0.4
2.2 ± 0.3
0.43 ± 0.03
0.34 ± 0.02
0.86 ± 0.16
0.69 ± 0.13
1.7 ± 0.1
1.4 ± 0.1

Functional Assays
cAMP
Gαi
EC50 (nM)[c] EC50 (nM)[d]
1.4 ± 0.1
0.84 ± 0.25
4.5 ± 1.5
0.53 ± 0.14
3.1 ± 0.5
2.5 ± 1.1
2.9 ± 0.5
1.3 ± 0.5
4.7 ± 1.3
2.7 ± 1.5
0.23 ± 0.05
1.3 ± 0.6
0.17 ± 0.1
1.4 ± 0.9
0.45 ± 0.1
0.73 ± 0.46
2.3 ± 1.0
2.0 ± 1.3
3.6 ± 1.4
3.0 ± 1.4
2.7 ± 0.4
4.2 ± 2.0
0.24 ± 0.06
1.4 ± 0.5
0.35 ± 0.09
1.1 ± 0.5
0.04 ± 0.02
0.91 ± 0.32
0.63 ± 0.2
3.4 ± 2.4
95 ± 19
6.0 ± 2.4
1.3 ± 0.4
1.3 ± 1.2
0.07 ± 0.02
2.7 ± 1.1
0.86 ± 0.17
2.8 ± 0.5
1.1 ± 0.2
1.4 ± 0.8

[a] Concentration producing 50% competitive inhibition of binding of radioligand apelin-13[Glp65, Nle75, Tyr77][125I], values represent the mean ± S.E.M. of three
determinations. [b] Inhibition constants (Ki) of analogs calculated using the Cheng-Prusoff equation. [c] Concentration that produces 50% inhibition of forskolininduced cAMP accumulation, values represent the mean ± S.E.M. of three determinations. [d] Concentration that produces 50% dissociation of Gαi1 subunit as
observed in BRET assay, values represent the mean ± S.E.M. of three determinations.
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Table 3. Truncated derivatives of the Tyr(OBn) analog
N°
12
20
21
22
23

Sequence
Pyr-R-P-R-L-S-H-K-G-P-Nle-P-Tyr(OBn)
R-L-S-H-K-G-P-Nle-P-Tyr(OBn)
S-H-K-G-P-Nle-P-Tyr(OBn)
K-G-P-Nle-P-Tyr(OBn)
P-Nle-P-Tyr(OBn)

Binding
IC50
Ki
(nM)[a]
(nM)[b]
0.02 ± 0.003 0.016 ± 0.002
57 ± 11
46 ± 9
> 10 000
> 10 000
> 10 000
> 10 000
> 10 000
> 10 000

[a] Concentration producing 50% competitive inhibition of binding of radioligand apelin-13[Glp65, Nle75,
Tyr77][125I],values represent the mean ± S.E.M. of two determinations. [b] Inhibitions constants (Ki) of
analogs calculated using Cheng-Prusoff equation.
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Figure 1. Chemical structures of unnatural amino acids used in this study.
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EC50 (nM)

Apelin-13

12

cAMP

1.4 ± 0.1

0.35 ± 0.09 **

Gαi1

0.84 ± 0.25

1.1 ± 0.5

GαoA

5.9 ± 0.6

1.4 ± 0.5 **

β-arrestin-1

26 ± 3.1

7.4 ± 0.8 **

β-arrestin-2

29 ± 9.8

13 ± 1.9

	
  

	
  

Figure 2. Potency (EC50) and concentration-response curves of apelin-13 and Tyr(OBn)
analog 12 on cAMP production, Gαi/o engagement and β-arrestins recruitment. (A) EC50 of
apelin-13 and compound 12 are represented. Concentration-response relationships of apelin13 and (12) for thei rability: (B) to inhibit the forskolin-induced cAMP production; (C) to
engage Gαi1 and; (D) to engage GαoA. Apelin-13 and (12) were also assessed for their ability
to trigger the recruitment of: (E) β-arrestin-1 and; (F) β-arrestin-2. Statistical analyses were
performed with a two tailed Student t-test. ** p < 0.01 vs. apelin-13.
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Figure 3. Effects of apelin-13 and Tyr(OBn)13 analog 12 on blood pressure in anesthetized
rats. Tracings depicting the hypotensive effects of (A) apelin-13 and (B) 12 in rats, when
given as a bolus via the tail vein. (C) Histograms showing the area under the curve (AUC) of
the mean arterial pressure (MAP) decrease induced by administration of increasing doses
(0.001, 0.01, 0.1, and 1 mg/kg) of apelin-13 and 12. Each bar represents the average value ±
S.E.M. obtained with 6–8 animals. Statistical analyses were performed with a Mann-Whitney
test. *p <0.05, ** p <0.01 vs. apelin-13.

33	
  
	
  

This is the accepted version of the following article: Murza A, et al. (2015), J Med Chem, 58(5):2431-40,
which has been published in final form at http://pubs.acs.org/doi/abs/10.1021/jm501916k

TABLE OF CONTENT GRAPHIC

For Table of Contents only

34	
  
	
  

