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Apelin is the endogenous ligand of the orphan seven-trans-
membrane domain (TM) G protein-coupled receptor APJ. Ape-
lin is involved in the regulation of body fluid homeostasis and
cardiovascular functions. We previously showed the impor-
tance of the C-terminal Phe of apelin 17 (K17F) in the hypoten-
sive activity of this peptide. Here, we show either by deleting the
Phe residue (K16P) or by substituting it by an Ala (K17A), that it
plays a crucial role in apelin receptor internalization but not in
apelin binding or in Ge;-protein coupling. Then we built a
homology three-dimensional model of the human apelin recep-
tor using the cholecystokinin receptor-1 model as a template,
and we subsequently docked K17F into the binding site. We
visualized a hydrophobic cavity at the bottom of the binding
pocket in which the C-terminal Phe of K17F was embedded by
Trp'>? in TMIV and Trp**® and Phe?*® in TMVI. Using molec-
ular modeling and site-directed mutagenesis studies, we further
showed that Phe®*® and Trp>*° are key residues in triggering
receptor internalization without playing a role in apelin binding
or in Ga;-protein coupling. These findings bring new insights
into apelin receptor activation and show that Phe?® and Trp>®°,
by interacting with the C-terminal Phe of the pyroglutamyl form
of apelin 13 (pE13F) or K17F, are crucial for apelin receptor
internalization.

Apelin is a recently discovered peptide, isolated from bovine
stomach extracts (1) and identified as the endogenous ligand of
the human orphan G protein-coupled receptor, APJ (putative
receptor protein related to the angiotensin receptor AT1) (2).
Apelin is a 36-amino acid peptide derived from a single 77-
amino acid precursor, preproapelin (1, 3, 4). The alignment of
preproapelin amino acid sequences from cattle, humans, rats,
and mice demonstrates a fully conserved C-terminal 17-amino
acid sequence, apelin 17 (Lys-Phe-Arg-Arg-Gln-Arg-Pro-Arg-
Leu-Ser-His-Lys-Gly-Pro-Met-Pro-Phe, K17F), including ape-
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lin 13 (Gln-Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-Met-Pro-
Phe). The N-terminal glutamine residue of apelin 13 may be
pyroglutamylated, producing the pyroglutamyl form of apelin
13 (pE13F) (1, 3, 4). Both peptides (K17F and pE13F) are present
in rat brain and plasma (5), and apelin 36 is present in testis,
uterus, and bovine colostrum (3, 6). All of these peptides exhibit
a high affinity for the human and the rat apelin receptors (3, 7,
8). K17F and pE13F inhibit forskolin-induced cAMP produc-
tion in cells expressing either the human (3, 7) or the rat apelin
receptor (9). Both peptides promote phosphorylation of ERKs,
Akt, and p70 S6 kinase (10) and are highly potent inducers of
apelin receptor internalization in a clathrin-dependent manner
(7,11-13).

Apelin and its receptor are both widely distributed in the
brain (4, 9, 14, 15) but are particularly abundant in the hypo-
thalamus, in the supraoptic nucleus and paraventricular
nucleus, where they co-localize with arginine vasopressin
(AVP)* in magnocellular neurons (5, 16, 17). Central injection
of K17F in lactating rats inhibits the phasic firing activity of
AVP neurons, thereby decreasing AVP release into the blood-
stream, leading to aqueous diuresis (5). Moreover, after water
deprivation, endogenous levels of AVP and apelin are con-
versely regulated to optimize systemic AVP release and prevent
additional water loss at the kidney level (5, 17). Recently, we
have also shown that such opposite regulation of plasma apelin
and AVP levels by osmotic stimuli exists in humans, suggesting
that apelin, like AVP, may participate in the maintenance of
body fluid homeostasis in humans as in rodents (18).

Apelin and its receptor are also present in the cardiovascular
system (19). Intravenous injection of apelin in rodents de-
creases arterial blood pressure (4, 11, 12, 20), via nitric oxide
(NO) production (20). Consistent with these data, apelin causes
NO-dependent arterial vasodilatation iz vivo in humans (21),
and apelin receptor-deficient mice display an exaggerated pres-
sor response to systemic angiotensin II (AnglI) (22). The hypo-
tensive activity of apelin peptides pE13F and K17F is strictly
dependent on the presence of the Phe at the C-terminal part of
the apelin sequence. Thus, its deletion in K17F (K16P) (11) or
its replacement by an alanine (pE13A) (23) leads to a complete
loss of the hypotensive activity of these peptides.

“The abbreviations used are: AVP, arginine-vasopressin; MD, molecular
dynamics; M/, membrane/intracellular fluorescence ratio; Angll, angioten-
sin II; Nle, norleucine.
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Finally, apelin improves cardiac contractility and reduces
cardiac loading (24 —26), suggesting a role for apelin in prevent-
ing heart failure. In support of this hypothesis, when apelin-
deficient mice were subjected to chronic pressure overload by
surgical constriction of the aorta, they developed severe and
progressive heart failure (27).

Given the broad array of physiological actions of apelin, its
receptor represents a new interesting target for therapeutic
research and drug design. In order to design agonists or antag-
onists of the apelin receptor, it is important to perform struc-
ture-activity studies of apelin and to define the structural ele-
ments of the apelin receptor required for apelin binding and
subsequent receptor activation. We first pharmacologically
characterized the role of the C-terminal Phe of K17F. We then
built a three-dimensional model of the human apelin receptor
complexed with K17F and visualized a hydrophobic pocket in
which the C-terminal Phe of K17F was embedded. The role of
the residues constituting this pocket (Trp'>?, Phe**®, and
Trp>*®) were evaluated by structure-function studies using
molecular modeling and site-directed mutagenesis.

EXPERIMENTAL PROCEDURES
Drugs and Antibodies

K17F,K17A,K16P (see Table 1 for the sequences), and pE13F
were synthesized by PolyPeptide Laboratories (Strasbourg,
France). ['*°’I-Nle’!, Tyr'*]pE13F and '*’I-pE13F were pur-
chased from PerkinElmer Life Sciences and GE Healthcare,
respectively. Human apelin receptor membranes from CHO
cells were purchased from PerkinElmer Life Sciences.

Modeling of the Apelin-Apelin Receptor Complexes

We started first by building a homology model of the human
apelin receptor itself, using for that our previous model of the
cholecystokinin receptor-1 as a template (28). This model was
chosen instead of the recently published x-ray structures of the
B2-adrenergic and human adenosine A, , receptor because (i)
we are here concerned with agonists (as for the CCK1 receptor)
and consequently with the “activated” conformation of the
receptor and (ii) this CCK “activated” receptor model has been
validated from both experiments and simulations (29, 30). Each
receptor point mutation experimentally investigated in this
paper was considered for MD simulations, starting from mod-
els that were obtained from the wild-type model and modified
according to the mutation plug-in proposed in VMD (31).

Concerning the K17F and pE13F ligands themselves, individ-
ual models of both peptides were first built as extended peptide
chains, and each one was placed in 80-A cubic boxes of TIP3P
water molecules (around 50,000 atoms in both systems). After
energy refinement and MD equilibration, the conformational
possibilities of these two peptides were explored by extensive
20-ns MD simulations recording a conformer snapshot each ps.
The NAMD program (32) has been used for all of those simu-
lations. Next, the conformers stored during the simulations
were clustered into families presenting the same conforma-
tional behavior. Among these families, conformers presenting
geometrical properties in accordance with the ones of the
receptor pocket cavity were retained for building the prelimi-
nary models of ligand-receptor complexes. The MSSH (33) and
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SHEF (34) programs were used to compare the peptide and
receptor cavity surfaces.

Finally, the receptor-ligand complexes were embedded
within a palmitoyloleyl-sn-phosphatidylcholine bilayer placed
itself within an explicit water surrounding. These models were
next refined by energy minimization and submitted to MD sim-
ulations using the protocol described previously (35).

Site-directed Mutagenesis of Apelin Receptor

The cDNA-encoding rat apelin receptor cloned into
pEGFP-N1 (Clontech) was used as a template to generate
mutants by PCR-based site-directed mutagenesis. A first PCR
was performed to generate a megaprimer that was used in a
second set of PCR to generate the full-length sequence. The
primer pairs (A + B) used for the first PCR were as follows: for
mutant W152A and W152F, A (5'-CGCAAATGGGCGGTA-
GGCGTG-3') and B (5'-CAGCCAGCACCGCCAAGACTG-
CTG-3' for W152A or 5'-CAGCCAGCACGAACAAGACTG-
CTG-3' for W152F); for mutant F255A and F255W, A (5'-
TGCCGATTTCGGCCTATTGGTT-3') and B (5'-GCTGGT-
GGTGACCGCTGCCCTGTGCTG-3' for F255A or 5'-GCT-
GGTGGTGACCTGGGCCCTGTGCTG-3" for F255W); for
mutant W259A and W259F, A (5'-TGCCGATTTCGGCCTA-
TTGGTT-3") and B (5'-CTTTGCCCTGTGCGCGATGCCT-
TACC-3' for W259A or 5'-CTTTGCCCTGTGCTTCATGC-
CTTACC-3' for W259F).

The underlined bases encode the new amino acid residue
replacing the naturally occurring codon. The PCR products
obtained were then used as megaprimers for a second PCR with
the reverse primer 5'-TGCCGATTTCGGCCTATTGGTT-3’
for mutants of Trp'®?, and the forward primer 5'-CGCAAAT-
GGGCGGTAGGCGTG-3' for mutants of Phe®*® and Trp>>°.

The final PCR product of 2313 bp was digested with HindIII
and BamHI (New England Biolabs), and the resulting 1134-bp
HindIII-BamHI fragment containing the mutation was inserted
into the corresponding non-mutated region (HindIII-BamHI)
of the full-length apelin receptor-EGFP ¢cDNA. Sequences of all
constructs were checked by sequencing.

Transfection and Establishment of Stable Cell Line

CHO-K1 (American Type Culture Collection, Manassas,
VA) cells were maintained in Ham’s F-12 medium supple-
mented with 7% fetal calf serum, 0.5 mm glutamine, 100
units/ml penicillin, and 100 pg/ml streptomycin (all from
Invitrogen). Cells were transfected with plasmid coding for
wild-type and mutated apelin receptor-EGFP, using Lipo-
fectamine 2000 (Invitrogen), and stable cell lines were estab-
lished as described previously (36).

Membrane Preparations and Radioligand Binding
Experiments

Crude membrane preparation from CHO stably express-
ing the wild-type and mutated rat apelin receptor-EGFP
were prepared as described previously (37). Human apelin
receptor membrane preparation was purchased from
PerkinElmer Life Sciences. Membrane preparations (0.5—
300 ug of total mass of membrane proteins/assay) were incu-
bated for 60 min at 20 °C with 2 X 10 m '**I-pE13F (GE
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TABLE 1
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Amino acid sequences and activity of apelin peptides in radioligand binding and cAMP production
Data represent means * S.E. (1), with # representing the number of independent experiments performed in duplicate.

Binding affinity (K;) Inhibition of forskolin-induced
Apelin peptides Amino acid sequences cAMP production (IC,);
Rat apelin receptor-EGFP Human apelin receptor rat apelin receptor-EGFP
nm nm
K17F H-KFRRQRPRLSHKGPMPF-OH 0.13 = 0.05 (7) 0.043 = 0.02 (4) 0.16 = 0.11 (5)
K17A H-KFRRQRPRLSHKGPMPA-OH 0.48 = 0.21“ (5) 0.39 + 0.07” (3) 0.7 = 0.14% (6)
K16P H-KFRRQRPRLSHKGPMP-OH 0.17 = 0.1°(3) 0.061 * 0.001° (3) 042 * 0.17(5)

“p < 0.01 compared with K17F treatment.

? p < 0.001 compared with K17F treatment.

¢ Not significantly different from K17F treatment.
4 p < 0.05 compared with K17F treatment.

Healthcare) or '*°I-[Nle'’, Tyr'®]pE13F (PerkinElmer Life
Sciences) in binding buffer alone or in the presence of K17F,
K16P, or K17A at various concentrations. The reaction was
stopped and filtered on Whatman GF/C filters. After wash-
ing, radioactivity was counted. Saturation-binding curves
were obtained by incubating membrane proteins with the
radioligand at different concentrations.

cAMP Assay

The cAMP assay was performed as described previously with
CHO cells stably expressing wild-type, F255A, W259A, and
W259F rat apelin receptor-EGFP (9) (see Ref. 35 for details).

Internalization Assays

Confocal Microscopy—CHO cells stably expressing wild-
type, F255A, W259A, and W259F rat apelin receptor-EGFP
were seeded at 20% confluence on glass coverslips coated with
polylysine (weight/volume 0.01%) (Sigma-Aldrich) for 30 min
or 16 h for internalization experiments with K17F or lissamine-
apelin 13 (see Ref. 35 for synthesis), respectively. Cells were
then incubated for 90 min with 3 X 10™* M cycloheximide.
Internalization was performed by incubating the cells at 37 °C
for 20 min with 10~ ¢ to 10~ ' M of K17F or lissamine-apelin 13
at 10~ ® mas described previously (11). Cells were then mounted
in Aquapolymount (Polysciences) for confocal microscopic
analysis (see Ref. 35 for details). Quantification of the internal-
ization was performed as described previously (36).

Radioligand Binding—The cells were harvested with Versene
(Invitrogen). Cells (2 X 10° cells/tube for wild-type and 4 X 10°
cells/tube for untransfected and mutant expressing cells) were
incubated with 0.4 nm '*’I-pE13F in binding buffer (50 mm
Hepes, pH 7.4, 5 mm MgCl,, 1% BSA, and 0.1% glucose) for 2 h
at 4°C. The cells were washed twice with ice-cold binding
buffer and resuspended in 200 ul of binding buffer. Cells were
then incubated at 37 °C for 0 and 20 min and centrifuged at
500 X g. Cell pellets were washed with 500 ul of acid buffer
(0.5 M NaCl, 0.2 M acetic acid, pH 2) for 15 min at 4 °C and
centrifuged. Pellets (intracellular fractions) were resuspended
in 500 ul of acid buffer, and radioactivity was counted.

Data Analysis

Binding experiment and cAMP experiment data were ana-
lyzed with GraphPad Prism. Statistical comparisons were per-
formed with Student’s unpaired ¢ test or with one-way analysis
of variance with Dunnet’s post-test using GraphPad Prism. Dif-
ferences were considered significant when p was <0.05.
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FIGURE 1. Internalization of the rat apelin receptor-EGFP by different
apelin K17F fragments. CHO cells stably expressing the rat apelin receptor-
EGFP were stimulated with 1078,107°, 107 '°, and 10~ "' m K17F, K17A, and
K16P. After 20 min of stimulation, cells were fixed and analyzed by confocal
microscopy. Each panel is representative of three separate experiments.

RESULTS

Role of the C-terminal Phenylalanine of Apelin in Radioligand
Binding, cAMP Production, and Apelin Receptor
Internalization

We first investigated the role of the C-terminal Phe of K17F
(Table 1) by deleting (K16P) or substituting this residue by an
Ala (K17A) (see Table 1 for sequences). We then analyzed the in
vitro pharmacological profile of these peptides by determining
their binding properties and their ability to inhibit forskolin-
induced cAMP production and to trigger apelin receptor inter-
nalization (Table 1 and Fig. 1).

Radioligand Binding—We first determined, by performing
saturation curves, the apparent dissociation constants (K, for
the human apelin receptor and the rat apelin receptor tagged at
its C-terminal part with EGFP (apelin receptor-EGFP) stably
expressed in CHO cells using '*°I-pE13F as radioligand, and
they were 1 and 0.65 nwm, respectively.

The K; values of K17F for the human apelin receptor and the
rat apelin receptor-EGFP were 0.04 = 0.02 nm (n = 4) and
0.13 = 0.05 nMm (1 = 7), respectively. Deletion of the C-terminal
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and K17A (91%) on forskolin-in-
duced cAMP production occurred
for concentrations equal to or

—L M greater than 10 nm.
1 Apelin Receptor-EGFP Internal-
2 ization—Confocal microscope analy-
; / S sis of CHO cells stably expressing
s - the rat apelin receptor-EGFP in
— resting conditions displayed an
K17F 10° M 8 intense apelin receptor-EGFP fluo-
) I M rescence at the plasma membrane
1 ° ns (Fig. 1). Incubation with increasing
A / : & 6 T concentrations (from 107'' to
TN - 10~ M) of K17F for 20 min resulted
1 1 42 g in a marked decrease of surface-as-
8 2 - sociated fluorescent label and the
e T appearance of numerous fluores-
o cent intracytoplasmic vesicles (Fig.
T 1 M = 1). Incubation with increasing con-
A & 1 “_:-‘ 2+ - centrations (from 10~ to 108 m)
—/\’/\// 2 S L of K16P or K17A for 20 min resulted
% NN . 3 in a different internalization pattern
1 T 12 0- of the rat apelin receptor-EGFP,
S R N showing that both peptides are less
<~¢$° Q'\Q NS Q'\Q potent than K17F. This was promi-
< X (\?' o nent when peptides were applied at
M I SR pep PP
— a concentration of 10~ m (Fig. 2).
N\ ! Indeed, the membrane/intracellular
S B fluorescence ratios (M/I) induced
7SN % / ?2 by 10~° M K17F (M/I = 1.4 = 0.6,

10pm

FIGURE 2. Quantification of rat apelin receptor-EGFP internalization. A, confocal images of CHO cells stably
expressing the rat apelin receptor-EGFP incubated without (Control) or with K17F,K17A, and K16P at 10~ ° m for
20 min. B, example of gray scale conversion and median filtering of a cell with 12 radial measurement lines
outlined. Shown are example plots of gray scale density distribution along the first three radial measurement
lines for a cell. The mean density value of the first 30 pixels (shaded), represents the plasma membrane and
leads to the M value, and the mean density of the remaining intracellular pixels leads to the / value. The mean
of the 12 M values and the 12/ values is used to calculate the M/I ratio for each cell. C, histogram of M/I ratios.
The results are expressed as means = S.E. (error bars) (n = 5). Statistical differences were assessed using
one-way analysis of variance with Dunnet’s post-test. n.s., not significantly different from control; ***,p < 0.001.

Phe of K17F (K16P) did not modify the K; values for the human
or rat apelin receptors as compared with K17F, and they were
0.06 = 0.001 nm (# = 3) and 0.17 £ 0.1 nm (1 = 3), respectively,
whereas the K; of K17A was slightly but significantly modified
and was 0.39 * 0.07 nM (n = 3) for the human apelin receptor
and 0.48 = 0.21 nm (1 = 5) for the rat apelin receptor-EGFP.
Interestingly, the change in the affinity of K17A for the rat ape-
lin receptor (by a factor of 3.5) is less marked than that observed
for the human apelin receptor (by a factor of 10), showing a
small difference in the mode of binding of the apelin receptor in
rats and humans.

cAMP Production—Incubation of CHO cells stably express-
ing the rat apelin receptor-EGFP with increasing concentra-
tions (1073 to 10~ ® M) of K17F, K17A, or K16P resulted in a
concentration-dependent inhibition of forskolin-induced
cAMP production with IC;, 0of 0.16 = 0.11 nm (n = 5), 0.7 =
0.14 nM (n = 6), and 0.42 = 0.1 nMm (n = 5), respectively (Table
1). The maximal inhibitory effects of K17F (94%), K16P (86%),
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n=15),10"° M K17A (M/I = 3.5 *+
0.5,n =5),or 107° M K16P (M/I =
6.0 = 0.7, n = 5) revealed that
whereas K17F already induced a
robust internalization of the apelin
receptor-EGFP, a significant but
modest internalization of the rat
apelin receptor-EGFP was pro-
moted by K17A, and no internaliza-
tion was detected with K16P (Fig. 2).
At 107" M, only K17F induced a modest internalization (see
arrows), whereas K17A- and K16P-treated cells displayed a
plasma membrane fluorescent labeling similar to that of
untreated cells (control cells).

Molecular Modeling of Apelin Ligands, Human Apelin
Receptor, and Ligand-Receptor Complexes

Modeling of the K17F and pE13F Peptides—From the cluster-
ing analysis of the MD trajectory of K17F and pE13F in solution
(Fig. 3A), we have found that the whole conformational space of
both peptides can be expressed as nine conformational families,
which are shown in Fig. 3B for pE13F. The shape analysis of the
most representative conformations extracted from each family
has shown that only family number 9 is able to accommodate
the receptor cavity. Consequently, only the representative con-
formation of cluster 9 was taken to build the complexes by
docking the corresponding conformation inside the receptor
putative binding site.
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Lo S

cluster 1 cluster 2 cluster 3
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cluster 4 cluster 5
cluster 7 cluster 8 cluster 9

FIGURE 3. Modeling of pE13F peptide. A, pE13F peptide in a water box. B, typical ribbon-like drawings of the
nine clusters representing the pE13F conformational space (in green). Cluster 9 typical conformations were
used to dock pE13F in the apelin receptor. The conformation found in the complex with the receptor after the
MD simulations is represented in orange.

B
C PE13F or K17F D
Trp 261 Trp 261
Trp 154 Trp 15
Phe 257
C-terminal Phe u

C-terminal Phe

FIGURE 4. Modeling of the wild-type and F257W mutated human receptors complexed with K17F and
PE13F. A, the human apelin receptor-K17F complex embedded in a bilayer membrane of palmitoyloleyl-sn-
phosphatidylcholine surrounded by water molecules. B, fluctuations observed after extensive MD simulations
of the apelin receptor-K17F complex. C, detailed view of the aromatic cavity where C-terminal Phe of pE13F or
K17F are embedded. The peptide is indicated in pink, whereas the apelin receptor residues are indicated in
blue. D, overlapping of the detailed views of the aromatic pocket in the wild-type human receptor (transparent
blue) and in the F257W mutated receptor (green) showing the changes in the binding of the C-terminal Phe of
pE13F or K17F (in pink for the wild-type receptor and in orange for the F257W mutated receptor). The arrow
indicates the displacement of the C-terminal Phe by 9.1 A.

Modeling the Wild-type Receptor-
KI17F and -pE13F Complexes—Af-
ter the minimization and MD equil-
ibration steps, it appears from the
analysis of the recorded MD trajec-
tory that the models of the receptor-
K17F (Fig. 4A) and receptor-pE13F
(data not shown) complexes are sta-
ble, presenting only weak fluctua-
tions, at least as concerns the trans-
membrane helices (Fig. 4B). A
detailed analysis of the intermolec-
ular peptide-receptor interactions
shows that the peptide is anchored
within the binding receptor cavity
mainly through strong electrostatic
interactions at the entry of the
receptor binding site and - stack-
ing at the bottom of the cavity (Fig.
4C). These last interactions involve
the C-terminal Phe of K17F and
pE13F and an aromatic pocket
formed by the aromatic side chains
of Trp'®* in TMIV and of Phe?**”
and Trp*®! in TMVI in the human
apelin receptor. These residues cor-
respond to Trp'®%, Phe”*®, and
Trp®*® in the rat apelin receptor
(Fig. 4C and supplemental Fig. S2).

Modeling of the Mutated Com-
plexes—We performed the MD
simulations concerning the recep-
tor aromatic pocket residues using
the same protocol as above. It
appears from these simulations
that, at least during the present
simulated time (20 ns), few
changes occur except for the
F257W mutant. In this case, the
K17F peptide moved up away from
the binding pocket, due to a
change of the Trp>*” residue mov-
ing toward the indole side chain of
Trp?®! and Trp'®* and therefore
closing the aromatic pocket (Fig.
4D).

Site-directed Mutagenesis and
Expression of Recombinant
Wild-type and Mutated Apelin
Receptor-EGFP

In order to validate the three-di-
mensional model of the human
apelin receptor complexed with
pE13F and K17F, we substituted
by site-directed mutagenesis the
residues Trp'®? and Trp>*® either
by an Ala (W152A and W259A) or
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TABLE 2

Binding parameters of wild-type and mutated rat apelin receptors for
["*°I-Nle"", Tyr'*]pE13F

K, and B, values were obtained from saturation experiments using [**°I-
Nle'!, Tyr'*]pE13F as radioligand on crude membrane preparations from CHO
cells stably expressing wild-type and mutated rat apelin receptor-EGFP. Data rep-
resent the means = S.E. obtained from # independent experiments performed in
duplicate. ND, not determined.

Apelin receptor-EGFP K, B,
nm fimol/mg

Wild type 0.95 + 0.26 (n = 3) 48 = 3.8 (n = 3)
W152A ND ND
F255A 0.73 £ 0.19% (n = 4) 10 £3.2°(n=4)
F255W ND ND
W259A 0.27 = 0.06° (n = 3) 2+0.6°(n=3)
W259F 0.44 * 0.03° (n = 3) 2+13°(n=3)

“ Not significantly different from wild-type receptor.
p < 0.01 compared with wild-type receptor.
¢ p < 0.05 compared with wild-type receptor.

a Phe (W152F and W259F) and Phe?*® by an Ala (F255A) or
a Trp (F255W). Constructs encoding wild-type and mutated
apelin receptor-EGFP were transfected and stably expressed
in CHO cells. We first verified that the mutations did not
affect the production and processing of the recombinant
proteins by investigating the subcellular distribution of wild-
type and mutated apelin receptor-EGFP in stably transfected
CHO cells by confocal microscopy analysis (supple-
mental Fig. S1). Thus, we showed that the recombinant wild-
type F255A and F255W apelin receptors were similarly
located at the plasma membrane (supplemental Fig. S1 and
Fig. 7A), whereas W259A and W259F mutants were partially
expressed at the plasma membrane but remained mainly
trapped in an intracellular network possibly corresponding
to the endoplasmic reticulum (supplemental Fig. S1 and Fig.
8A). The W152A mutant displayed an intracellular expres-
sion, whereas we did not detect any expression for the
W152F mutant (several cell lines were analyzed; data not
shown), probably reflecting a misfolding of the apelin recep-
tor associated with the mutation of the Trp'®* residue. We
therefore did not carry out the pharmacological character-
ization of the W152F mutant.

Binding Properties of Wild-type and Mutated Rat Apelin
Receptor-EGFP

We then characterized the binding properties of wild-type
and mutated apelin receptors. We first determined, by per-
forming saturation curves, the apparent dissociation con-
stant (K,) and the maximal receptor density (B,,,,) values
for recombinant wild-type and mutated (W152A, F255A,
F255W, W259A, W259F) apelin receptors using [**°I-
Nle'!, Tyr**]pE13F as a radioligand (Table 2). The K, values
were 0.95 = 0.26 nM (n = 3) for the wild-type rat apelin
receptor-EGFP and 0.73 % 0.19 nm (n = 4), 0.27 = 0.06 nm
(n = 3), and 0.44 * 0.03 nM (n = 3) for the F255A, W259A,
and W259F mutants, respectively, whereas no binding was
observed with W152A and F255W mutated apelin receptors
(Table 2). Although the K, values of the mutated apelin
receptors were close to the K, value of the wild-type apelin
receptor, the B, values of the mutated receptors were
strongly decreased as compared with wild-type apelin recep-
tor and were 48 = 3.8 fmol/mg total protein (n = 3), 10 £ 3.2
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FIGURE 5. Binding potency of K17F on the wild-type and mutated rat
apelin receptor-EGFP. Competitive binding activity of K17F with mem-
branes from CHO cells stably expressing the rat apelin receptor. Membranes
of CHO cells stably expressing the rat apelin receptor were incubated with 2 X
107" m ['**I-Nle™", Tyr'*IpE13F in the presence of increasing concentrations
of K17F (from 10 ®to 10 '*m). Data are expressed as percentage of maximal
binding of ['**I-Nle’", Tyr'3]pE13F in the absence of any nonradiolabeled
ligand and represent the mean = S.E. (error bars) of 4-9 independent exper-
iments performed in duplicate.

TABLE 3

Inhibition constants (K;) of K17F for the wild-type and mutated rat
apelin receptors

K, values were determined by competition binding assays performed by displace-
ment of [***I-Nle'*, Tyr**]pE13F. Data represent the means * S.E. obtained from n
independent experiments performed in duplicate.

Apelin receptor-EGFP K, n
nm

Wild type 0.32 = 0.08 9

F255A 0.19 + 0.05* 7

W259A 0.06 + 0.01¢ 4

W259F 0.11 £ 0.07* 4

“p < 0.01 significantly different from wild type.

fmol/mg (n = 4), 2 £ 0.6 fmol/mg (n = 3), and 2 * 1.3
fmol/mg (n = 3) for the wild-type and F255A, W259A, and
W259F mutated apelin receptors, respectively (Table 2).
Furthermore, K17F dose-dependently inhibited specific
binding to the wild-type, F255A, W259A, and W259F apelin
receptors with K; values of 0.32 £ 0.08 nm (n = 9), 0.19 =
0.05 nm (n = 7),0.06 = 0.01 nm (z = 4), and 0.11 £ 0.07 nm
(n = 4), respectively (Fig. 5 and Table 3).

Inhibition of Forskolin-induced cAMP Production by Wild-type
and Mutated Apelin Receptor-EGFP

Incubation of CHO cells stably expressing the wild-type rat
apelin receptor-EGFP or the F255A, W259A, and W259F
mutants with increasing concentrations of K17F (10~ to
10~ ° M) resulted in a concentration-dependent inhibition of
forskolin-induced cAMP production (Fig. 6) with an IC,, value
0f0.12 = 0.04 nm (n = 13),0.48 = 0.19 nm (n = 7), 0.10 = 0.02
nM (n = 5), and 0.21 £ 0.12 nm (1 = 4), respectively (Table 4).
No detectable inhibition of cAMP production was observed in
untransfected CHO cells treated with 10 um forskolin (data not
shown). The maximal inhibitory effects of K17F (between 66
and 86%) on forskolin-induced cAMP production in CHO cells
stably expressing the wild-type or mutated apelin receptors
occurred for concentrations equal to or greater than 10™% m
(Fig. 6).
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FIGURE 6. Effect of K17F on forskolin-induced cAMP production in CHO
cells stably expressing the wild-type and mutated rat apelin receptor-
EGFP. cAMP production was induced by treatment of cells with 10> m for-
skolin in CHO cells stably expressing wild-type, F255A, W259A, and W259F rat
apelin receptor-EGFP. Effects of various concentrations of K17F from 10~ ° to
10~ ' m on forskolin-induced cAMP production were then evaluated. Each
point represents the mean = S.E. (error bars) of 4-13 independent experi-
ments performed in duplicate.

TABLE 4

Effects of apelin receptor mutations on K17F-induced inhibition of
cAMP production

The effect of K17F was examined at concentrations from 10~ to 10™7 M in the
presence of 10~° M forskolin on CHO cells stably expressing the wild-type or
mutated rat apelin receptor-EGFP. The IC,, values were obtained by analyzing the
dose-response curves of cAMP production with a non-linear equation (GraphPad
Prism). Data represent the means * S.E. obtained from » independent experiments
performed in duplicate.

Apelin receptor-EGFP IC,, n
nm

Wild type 0.12 = 0.04 13

F255A 0.48 = 0.19¢ 7

W259A 0.10 + 0.02 5

W259F 0.21 +0.12° 4

“p < 0.01 compared with wild-type receptor.
? Not significantly different from wild-type receptor.

Internalization of Wild-type and Mutated Apelin
Receptor-EGFP

We finally evaluated the effect of the mutations on the capac-
ity of the mutated apelin receptors to internalize following
K17F (Fig. 7A) or lissamine-apelin 13 application (Fig. 8A).
Because recombinant apelin receptors were tagged at their
C-terminal part with EGFP, we could visualize apelin receptor
internalization by following the redistribution of the fluores-
cence from the plasma membrane compartment to small cyto-
plasmic fluorescent vesicles (Fig. 7A). Incubation of wild-type
apelin receptor-EGFP stably transfected CHO cells with 10 nm
or 1 um K17F for 20 min, resulting in a marked endocytosis of
the apelin receptor as shown by the disappearance of fluo-
rescence at the plasma membrane and the appearance of
numerous intracellular fluorescent vesicles, leading to a
switch of the M/I ratio from 7.1 = 0.9 (n = 5) to 0.09 * 0.2
(n = 5) (Fig. 7, A and B). In contrast, incubation of F255A
stably transfected CHO cells with 10 nm or 1 um K17F for 20
min displayed an intense apelin receptor-EGFP fluorescence
at the level of the plasma membrane without intracellular
fluorescent vesicles, and no difference in the M/I ratio was
observed between control cells (3.6 = 0.8, # = 5) and cells
treated with 1 um K17F (3.5 £ 0.5, n = 5) (Fig. 7B). As
expected, CHO cells stably expressing the F255W mutant,
which did not bind [125I-Nle1l,Tyrlg]apelin 13, did not
exhibit a profile of internalization (Fig. 7, A and B). Because
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FIGURE 7. Internalization of the wild-type, F255A, or F255W rat apelin
receptor-EGFP by K17F. A, CHO cells stably expressing wild-type, F255A,
and F255W rat apelin receptor-EGFP were stimulated for 20 min without
(Control) or with 1076 or 10”7 M K17F. Cells were then fixed and analyzed by
confocal microscopy. Each panel is representative of at least three indepen-
dent experiments. B, quantification of wild-type, F255A, and F255W rat apelin
receptor-EGFP internalization induced by 107¢ m K17F. M/l ratios are
expressed as means = S.E. (error bars) of five independent experiments. Sta-
tistical differences were assessed using Student’s t test. n.s., not significantly
different from control; ***, p < 0.001. Scale bars, 10 pm.

W259A and W259F cell lines displayed strong intracellular
apelin receptor-EGFP fluorescence, it was impossible to
visualize directly the endocytosis of the receptor by follow-
ing EGFP fluorescence. Alternatively, we followed the endo-
cytosis of a fluorescent apelin fragment, lissamine-apelin 13
(Fig. 8A4). Treatment of wild-type apelin receptor cell line
with 1 uMm lissamine-apelin 13 induced a strong endocytosis
of the fluorescent ligand (red) that perfectly overlapped with
the fluorescence of apelin receptor-EGFP (green) within
vesicular structures (Fig. 84). Interestingly, although the
W259A cell line did not display any intracellular lissamine-
apelin 13-containing vesicles, the W259F cell line displayed a
few lissamine-apelin 13-containing vesicles, indicated by
arrowheads (Fig. 8A). In order to confirm these results, we
quantified internalization by monitoring internalization of
radiolabeled apelin (Fig. 8B). According to confocal analysis,
only wild-type and W259F apelin receptors expressing cells
showed an increase in radioactivity in the intracellular frac-
tion after 20 min of incubation at 37 °C (Fig. 8B).
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FIGURE 8. Internalization of the wild-type and mutated rat apelin recep-
tor-EGFP by lissamine-apelin 13 or ">*I-pE13F. A, CHO cells stably express-
ing wild-type, W259A, and W259F rat apelin receptor-EGFP were stimulated
for 20 min without (Control) or with 10~ m of lissamine-apelin 13. Cells were
then fixed and analyzed by confocal microscopy. Fluorescence correspond-
ing to rat apelin receptor-EGFP was visualized in green, and fluorescence cor-
responding to lissamine-apelin 13 was visualized in red. The overlay was visu-
alized in yellow, and the arrowheads showed vesicular structures. Each panel
is representative of at least three independent experiments. B, internalization
of '?°-pE13F with untransfected CHO cells (CHO K1) or CHO cells stably
expressing wild-type, F255A, W259A, and W259F rat apelin receptor-EGFP.
Cells were incubated with ?°I-pE13F (4 X 107 '° m) for 2 h at 4 °C and then
washed with ice-cold buffer and incubated at 37 °C for 20 min in binding
buffer. The extent of internalization was then determined by comparing the
amount of radioactivity (in fmol) present inside the cells between time 0 min
and time 20 min. The histogram is representative of three independent exper-
iments. Scale bars, 10 um. Error bars, S.D.

DISCUSSION

In the present work, we showed that the C-terminal Phe of
apelin plays a critical role in apelin receptor internalization but
was not involved in apelin binding or in Ge; coupling. We built
a three-dimensional model of the apelin receptor complexed
with K17F or pE13F, showing that the Arg in position 6 and 2 in
K17F and pE13F, respectively, interacted with acidic residues at
the top of the receptor and that the C-terminal Phe of both
apelin peptides was embedded into an hydrophobic pocket
composed of three main aromatic residues: Trp'®* in TMIV
and Phe®*® and Trp?*® in TMVI of the rat apelin receptor. Using
molecular modeling and site-directed mutagenesis studies, we
demonstrated that the residues Phe?*® and Trp>*® in the apelin
receptor by interacting with the C-terminal Phe of pE13F are
crucial for apelin receptor internalization.

Alascan and deletion studies of the apelin peptides, pE13F
and K17F, showed that the Arg and Leu residues at positions 2
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and 5 in pE13F and positions 6 and 10 in K17F are crucial for
apelin binding (7, 11). In contrast, the Ala substitution of the
C-terminal Phe in pE13F (pE13A) did not affect its capacity to
bind to the apelin receptor (7). Moreover, the deletion of the
C-terminal Phe in K17F (K16P) did not modify its ability to
inhibit forskolin-induced cAMP production (11). However,
when pE13A and K16P are injected intravenously in rats, they
lose their capacity to decrease arterial blood pressure when
compared with the corresponding natural peptides pE13F and
K17F (11, 23). To understand how the C-terminal Phe of K17F
activates the apelin receptor, we first characterized the phar-
macological properties of K17F, K17A, and K16P related to the
apelin receptor (binding, cAMP production, and internaliza-
tion). The deletion or the substitution of the C-terminal Phe of
K17F by an Ala did not strongly modify the affinity of K16P or
K17A for the apelin receptor and very slightly affected their
capacity to inhibit cAMP production, effects similar to those
reported for pE13A (7). These data indicate that the C-terminal
Phe of K17F did not play a major role in K17F binding to the
apelin receptor or in its capacity to activate Ge. In contrast, the
ability of these peptides (K17A and K16P) to induce the inter-
nalization of the apelin receptor is drastically reduced as com-
pared with K17F, and the effect was even more marked with
K16P versus K17A, pointing out the crucial role played by the
C-terminal Phe of K17F to trigger apelin receptor internaliza-
tion. Considering the lack of blood pressure decrease induced
by K16P and pE13A compared with K17F (11, 23), this suggests
that the hypotensive activity of K17F required the presence of
the C-terminal Phe residue and consequently apelin receptor
internalization. We can therefore hypothesize that K17F, by
inducing apelin receptor internalization, subsequently pro-
vokes the activation of a second signaling pathway, Ga;-inde-
pendent but B-arrestin-dependent. This functional dissocia-
tion suggests that the apelin receptor exists in different active
conformations depending on the ligand fitting into the binding
site and leading to the activation of different signaling path-
ways. This is in line with the concept of biased agonists. Such
agonists stabilize distinct receptor conformations that differ in
their signaling partner preference that will thus induce differ-
ent biological responses as shown for 3-adrenergic receptors,
AT1a, and parathyroid hormone receptors (38 —41).

To understand how the C-terminal Phe residue of apelin
interacts within the apelin receptor binding site to induce this
functional dissociation, we built a three-dimensional model of
the rat apelin receptor complexed with pE13F or K17F. Similar
results were obtained with both peptides. Analysis of the mod-
els complexed with pE13F or K17F showed that the Arg in posi-
tion 2 or 6 in pE13F or K17F interacted within the top of the
receptor with acidic residues and that the C-terminal Phe of
pE13F was docked into a hydrophobic pocket composed of
three main residues located in the TM of the apelin receptor,
Trp'®? in TMIV and Phe?**® and Trp>*® in TMVL All of these
residues are highly conserved among G protein-coupled recep-
tors (supplemental Fig. S2). Clusters of TM aromatic residues
have already been identified as an important moiety for G pro-
tein-coupled receptors functioning (42—46). In such clusters,
particular interest has been taken in the tryptophan (47-49)
and phenylalanine (50-53) side chains found in TM helices,
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which were demonstrated as key residues for ligand binding
and/or receptor activation. In biological systems, -7 interac-
tions have been established as bringing an important contribu-
tion to the stability and flexibility of molecular associations (54,
55). In the AT1 receptor, which is phylogenetically closely
related to the apelin one, an aromatic cluster has also been
detected involving a -7 stacking with the Phe residue of the
ligand, angiotensin II (56).

To ensure the veracity of these interactions, visualized in the
three-dimensional model of the apelin receptor-apelin com-
plexes, we studied the role of Trp'®?, Phe**®, and Trp>*° by
site-directed mutagenesis studies. Each residue was substituted
by an Ala in order to abolish the possible interaction of the
C-terminal Phe of pE13F with the side chains of these residues.
Phe**® was also substituted by a Trp, and Trp'®** and Trp>*®
were substituted by a Phe to conserve the aromatic property of
the side chains. Conversion of Trp'®* to Ala or Phe led to mis-
folded proteins that were not able to bind pE13F, suggesting
that Trp'>? is essential for apelin receptor structure integrity.
This is in line with the data obtained with different G protein-
coupled receptors, such as CB2 cannabinoid, M3 muscarinic,
and 8-opioid receptors, in which the mutations of the equiva-
lent residues led to a decrease in the binding of their respective
ligands (42, 48, 57). However, these substitutions led to less
important changes than those we observed for the apelin recep-
tor. This suggested that Trp*>* has probably a more critical role
in maintaining the structural integrity of the apelin receptor
than the corresponding Trp residues in the CB2, M3, or 8-opi-
oid receptors.

The substitutions of Phe*** by an Ala or a Trp led to the
expression of mutated apelin receptors correctly folded and
expressed at the plasma membrane. As expected, the F255A
mutated receptor kept its ability to bind apelin but with a reduc-
tion (factor of 5) in maximal receptor density, whereas the
F255W mutated receptor lost its ability to bind apelin despite
its correct expression at the cell surface. These data fitted with
the interactions visualized in the three-dimensional model of
the F255W mutated receptor complexed with pE13F that
showed that the substitution of Phe by a Trp induces a reorga-
nization of the aromatic pocket, projecting the C-terminal Phe
of pE13F far beyond the hydrophobic pocket. This reorganiza-
tion also modified the position of Arg> or Arg® of pE13F or
K17F in the binding site, preventing it from optimally binding
with the acidic residues located at the top of the receptor, as
shown in the three-dimensional model of wild-type and F255A
apelin receptors. Finally, the conversion of Trp?* to Ala or Phe
led to a partial expression of receptors at the cell surface with a
high intracellular expression. However, W259A and W259F
mutated receptors were able to bind apelin but, as expected,
with a major reduction (factor of 24) in maximal binding capac-
ity. These data suggest that Trp>*® plays a structural role and
that its mutation induced a delay in protein maturation without
totally impairing receptor folding.

The replacement of Phe®*® by Ala or that of Trp>*® by Ala or
Phe slightly increases the affinity of apelin for these mutated
receptors when compared with the wild-type apelin receptor,
demonstrating that Phe*>® and Trp>*® are not key residues for
apelin binding. Moreover, the changes induced by these muta-
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tions on the inhibitory potency of K17F on forskolin-induced
cAMP production were of very small amplitude, only a 4-fold
decrease for the F255A mutation and no significant change for
the W259A and W259F mutations, showing that Phe?** and
Trp>*® are not critically involved in Ga;-protein coupling.
These results slightly contrast with those obtained with a;-
and B,-adrenergic receptors for which the residues equivalent
to Phe®*®, Phe®*?, and Phe*®?, respectively, were shown to be
key residues for TMVT helical movements to G-protein activa-
tion (51, 58). The equivalent residue (Phe®®) in the oxytocin
receptor has also been studied (59). Its substitution by a Tyr, the
equivalent residue present in the vasopressin receptor, did not
change oxytocin binding affinity and slightly reduced that of
AVP. However, this mutation, which did not modify the ability
of oxytocin to increase inositol phosphate production, drasti-
cally increased that of AVP, highlighting the role of this residue
in the activation selectivity of the oxytocin receptor by oxytocin
(59). These differences between the apelin receptor and adre-
nergic receptors or oxytocin receptor could be related to differ-
ent modes of binding of structurally different ligands.

But the most interesting observation concerned the total
inability of the mutated receptors, F255A, W259A, and F255W,
to internalize upon agonist stimulation even at a supramaximal
concentration of K17F and lissamine-apelin 13. However, a
more conservative mutation, such as W259F, maintained the
ability of the mutated receptor to internalize but with a weaker
efficiency when compared with wild-type apelin receptor, in
line with the lower expression of the mutated receptor at the
cell surface. Altogether, our data demonstrated that Phe®*® and,
to a lesser extent, Trp>>® are key residues for apelin receptor
internalization without playing a role in binding nor in activa-
tion of G-protein coupling. Interestingly, analysis of the three-
dimensional models of the CCK1 and AT1 receptors com-
plexed with CCK8 and Angll, respectively, two peptides
exhibiting a Phe at their C-terminal part, showed that the Phe
residue in both peptides was located in the vicinity of a Trp
residue, Trp?*® in CCKIR and Trp>>® in ATIR. However, the
roles of these Trp residues are different from that found for
Trp>*® in the apelin receptor. Trp®>*® in CCKIR plays a role in
G-protein coupling activation by interacting with C-terminal
Phe of the CCKS8 (60), whereas Trp>>® in AT 1R plays an indirect
role in the binding of Angll by stabilizing the ionic bridge
formed between the free carboxylate anion of the C-terminal
Phe of Angll and the amino group of Lys'®® of AT1 (61).

These data constitute the first experimental validation of the
three-dimensional model of the apelin receptor complexed
with pE13F/K17F, showing the docking of the C-terminal Phe
of apelin, within an aromatic pocket of the receptor constituted
by Phe**® and Trp>*®. The mutation of these residues as well as
the deletion or the substitution of the C-terminal Phe in apelin
abolishes apelin receptor internalization. This shows the cru-
cial role played by the C-terminal Phe of apelin, which, by inter-
acting with these residues in the apelin receptor, induced a con-
formation of the receptor required for its internalization that
may be responsible for the apelin-induced decrease in blood
pressure. Recently, we isolated the first non-peptidic apelin
receptor agonist, E339-3D6, which behaved as a partial agonist
with regard to cAMP production and as a full agonist with
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regard to apelin receptor internalization (35). Moreover,
despite its affinity (90 nm) lower than that of K17F, E339-3D6
was as efficient as K17F in inducing rat aorta vasorelaxation
(35). Interestingly, the docking of E339-3D6 into the apelin
receptor three-dimensional model has shown that the lissa-
mine moiety in this molecule fits within the aromatic pocket
constituted by Phe®*® and Trp>>°. This could account for the
full agonist character of E339-3D6 with regard to receptor
internalization.

In conclusion, this work brings new insight into the mode of
activation of the apelin receptor and particularly into the mech-
anism that triggers apelin receptor internalization and apelin-
induced blood pressure decrease. Further studies are being
undertaken to better understand the structural and functional
organization of this receptor and to definitively validate the
three-dimensional model of the apelin receptor-pE13F com-
plex. Such a three-dimensional model would be then used to
perform in silico screening of virtual chemical libraries or for
the optimization of hits isolated from classical screenings. This
will allow the design of biased agonists targeting a specific phys-
iological response.
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