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BACKGROUND AND PURPOSE

The apelin receptor (AP)) is often co-expressed with the angiotensin Il type-1 receptor (AT1) and acts as an endogenous
counter-regulator. Apelin antagonizes Ang Il signalling, but the precise molecular mechanism has not been elucidated.
Understanding this interaction may lead to new therapies for the treatment of cardiovascular disease.

EXPERIMENTAL APPROACH

The physical interaction of AP] and AT1 receptors was detected by co-immunoprecipitation and bioluminescence resonance
energy transfer (BRET). Functional and pharmacological interactions were measured by G-protein-dependent signalling and
recruitment of B-arrestin. Allosterism and cooperativity between AP] and AT1 were measured by radioligand binding assays.

KEY RESULTS

Apelin, but not Ang Il, induced AP : AT1 heterodimerization forced AT1 into a low-affinity state, reducing Ang Il binding.
Likewise, apelin mediated a concentration-dependent depression in the maximal production of inositol phosphate (IP;) and
B-arrestin recruitment to AT1 in response to Ang Il. The signal depression approached a limit, the magnitude of which was
governed by the cooperativity indicative of a negative allosteric interaction. Fitting the data to an operational model of
allosterism revealed that apelin-mediated heterodimerization significantly reduces Ang Il signalling efficacy. These effects were
not observed in the absence of apelin.

CONCLUSIONS AND IMPLICATIONS

Apelin-dependent heterodimerization between AP] and AT1 causes negative allosteric regulation of AT1 function. As AT1 is
significant in the pathogenesis of cardiovascular disease, these findings suggest that impaired apelin and AP function may be
a common underlying aetiology.

LINKED ARTICLE
This article is commented on by Goupil et al., pp. 1101-1103 of this issue. To view this commentary visit
http://dx.doi.org/10.1111/bph.12040

Abbreviations

B2AR, B.-adrenergic receptor; Ang II, angiotensin II; Ap13, apelin-13; APJ, apelin receptor; AP] : AT1, APJ heterodimer
complex with AT1; AT1, angiotensin II type 1 receptor; AT2, angiotensin II type 2 receptor; B2, bradykinin B2 receptor;
BRET, bioluminescence energy resonance transfer; CPM, counts per minute; EFC, enzyme fragment complementation;
eYFP, enhanced-yellow fluorescent protein; HA, haemagglutinin; MEM, minimum essential medium; RAAS,
renin-angiotensin-aldosterone system; RLuc, Renilla luciferase

Introduction proteins. GPCRs regulate virtually all physiological processes

in response to extracellular stimuli (Kroeger et al., 2003; Bai,
The apelin receptor (APJ) and angiotensin II type-1 receptor 2004; Gurevich and Gurevich, 2008; Klabunde et al., 2009;
(AT1) are GPCRs, the largest family of cell surface receptor Rovira et al., 2009); and approximately half of all prescription
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drugs act directly or indirectly through GPCRs (Drews, 1996).
Indeed, AT1 is the molecular target of angiotensin II receptor
blockers (ARBs), a widely used class of drugs for cardiovascu-
lar disease. Although GPCRs were initially thought to func-
tion as monomers; many GPCRs can form dimers (Bouvier,
2001), and heterodimerization among GPCRs can alter recep-
tor function by modulating ligand binding, receptor activa-
tion, or desensitization (Kaupmann et al., 1998; White et al.,
1998; Jordan and Devi, 1999; Maggio etal., 1999; George
etal.,, 2000; Gines etal., 2000; Rocheville et al., 2000a,b;
Gomes et al., 2001; Pfeiffer et al., 2001; Lavoie et al., 2002;
Pfeiffer et al., 2002; Stanasila et al., 2003; Xu et al., 2003).

Apelin and APJ are endogenous counter-regulators of the
renin-angiotensin-aldosterone system (RAAS). APJ and AT1
are co-expressed in a number of cardiovascular tissues and
cell types under both normal and diseased conditions (Ishida
et al., 2004; Zhong et al., 2005; Ashley et al., 2006; Iwanaga
et al., 2006). We and others have shown that apelin antago-
nizes the effects of Ang II, the primary effector molecule of
the RAAS in the vasculature (Chun et al., 2008; Siddiquee
etal., 2011; Sun etal., 2011). This antagonism could be
mediated through the convergence of two independent intra-
cellular signalling pathways or via the direct physical inter-
action of APJ with AT1 to form a GPCR heterodimer. AT1
heterodimerizes with GPCRs that regulate cardiovascular
function, including the Ang II type 2 receptor (AT2) (AbdAlla
etal., 2001); the B,-adrenergic receptor (B,AR) (Barki-
Harrington et al., 2003); the bradykinin (B2) receptor (Quit-
terer et al., 2004) and AP] (Chun et al., 2008; Sun et al., 2011),
leading to significant changes in AT1 function.

Here, we determined the mechanism by which apelin
signalling antagonizes AT1. We confirmed heterodimeriza-
tion of endogenously expressed APJ and AT1 GPCRs using
co-immunoprecipitation and of heterologously expressed
receptors using both co-immunoprecipitation and BRET.
Furthermore, we demonstrated that Ang II signalling is
antagonized through apelin-dependent heterodimerization
and APJ-mediated negative allosteric modulation of AT1
function. This work establishes a new paradigm for cross-
regulation of GPCR signalling, with implications for
approaches to pharmacological interventions targeting this
important class of receptors.

Methods

Materials

Unlabelled apelin-13 (Ap13), the endogenous agonist for APJ,
and Ang II peptides were purchased from Bachem (King of
Prussia, PA). ['*I]-GIp®, Nle”, Tyr”’-Ap13, ['*I]-Tyr*-Ang II,
and ['®[]-Sar?, Ile®-Ang Il were purchased from Perkin Elmer
(Waltham, MA). All other chemicals and reagents were from
Sigma-Aldrich (St Louis, MO). All drug and molecular target
nomenclature follows Alexander et al. (2011).

Cell culture

HEK293 cells were cultured in minimum essential medium
(MEM) (Invitrogen, Carlsbad, CA) supplemented with 10%
FBS and penicillin, streptomycin and amphotericin (Sigma,
St Louis, MO). CHO-K1 cells stably expressing APJ (CHO-
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K1-AP]) and/or AT1 (CHO-K1-APJ : AT1, CHO-K1-AT1) with
B-arrestin/B-galactosidase enzyme fragment complementa-
tion constructs (DiscoveRx, Freemont, CA) were cultured in
HAM’s F-12 medium (Hyclone, Logan, UT) supplemented
with 10% FBS and 200 pug mL™"' hygromycin (EMD Bio-
sciences, San Diego, CA) and 600 pg mL™ Geneticin (Cellgro,
Manassas, VA). All cells were incubated at 37°C (5% CO,, 95%
relative humidity) and maintained at less than 70% to 80%
confluence (approximately 75 000 cells per cm?). Radioligand
binding studies confirmed equivalent cell surface expression
of APJ and AT1 in CHO-K1-APJ : AT1 (Table S1).

Immunoprecipitation and Western

blot analyses

HEK-293 cells (5.0x10° cells per 10 cm dish) were lysed in
RIPA buffer (10 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1.0%
Triton X100, 1.0% sodium deoxycholate, 1 mM EDTA and 1X
mini-complete protease inhibitor cocktail; Roche, Indianapo-
lis, IN) and subjected to immunoprecipitation using either
mouse monoclonal anti-AT1 or rabbit polyclonal anti-APJ
antibody (R&D, Minneapolis, MN). Cross-linking was
performed on the cell lysates either before or after the immu-
noprecipitation using 3,3’-dithiobis-sulfosucciniimidyl propi-
onate (DTSSP) (ThermoScientific, Rockford, IL). In a similar
experiment, HEK-293 cells (5.0 x 10° cells per 10 cm dish)
were transfected with equivalent molar masses of individual
plasmids, one encoding haemagglutinin (HA)-tagged AP]
(pHA-AP]) and another encoding Flag-tagged AT1 (pFlag-
AT1). Forty-eight hours post transfection, cellular membranes
were isolated from these cells using established protocols
(George et al., 1998), and DTSSP was used to cross-link the
isolated cell membranes (ThermoScientific). Isolated cell
membranes were subjected to immunoprecipitation using
either mouse monoclonal anti-HA or rabbit polyclonal anti-
Flag antibody (Sigma).

Total cell lysates, immunoprecipitates, or membrane
preparations were loaded onto a precast 4-10% NuPAGE gel
(Invitrogen), separated by electrophoresis and transferred
to PVDF membrane (Invitrogen). Immunoreactivity was
detected by Western blot using mouse anti-HA, rabbit anti-
Flag, rabbit anti-APJ] or mouse anti-AT1 antibodies as appro-
priate. Immunoreactive proteins on the membrane were
visualized using goat anti-mouse antibody conjugated with
IRDye800, rabbit anti-Flag or goat anti-rabbit antibody con-
jugated with IRDye680 and quantified using the Odyssey
scanner (Li-Cor Biosciences, Lincoln, NE). Fluorescence
intensity of each band was determined using the Image
Studio software (Li-Cor Biosciences).

Bioluminescence resonance energy

transfer (BRET)

BRET experiments and analysis were performed following
established protocols for optimization (Pfleger et al., 2006).
Custom plasmids encoding C-terminally tagged Renilla luci-
ferase (RLuc) and enhanced-yellow fluorescent protein (eYFP)
forms of the human APJ receptor (designated pAPJ-RLuc and
pAPJ-eYFP) and of the human AT1 receptor (designated pAT1-
RLuc, pAT1-eYFP) were designed in-house, synthesized by
Genecopeia (Gaithersburg, MD), and the DNA sequence veri-
fied prior to their use. The donor to acceptor pairs and molar
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ratio were optimized using various concentrations of each
plasmid and, once optimized, remained constant throughout
the study. For non-saturating BRET studies, HEK293 cells were
transiently transfected with 2.75ug of pAT1-eYFP and
8.25 pg of pAPJ-RLuc (ratio of 1:3 acceptor to donor plasmid)
using FuGENE-6 transfection reagent (Roche) in OptiMEM
medium (Invitrogen). When saturation BRET studies were
performed, the ratio of acceptor to donor plasmids was varied
accordingly. After transfection, cells were dissociated from
the transfection plate using non-enzymatic dissociation
buffer (Sigma), pooled and dispensed into a white opaque
96-well plate at a cell seeding density of 50 000 cells per well.
To initiate BRET, cells were incubated with Ap13 (100 nM),
Ang II (100 nM) or Ap13 plus Ang I (100 nM each) for 1 h.
After, coelenterazine h (5 uM) in PBS was added to each well.
The resulting BRET signals were measured using the Flexsta-
tion3 Multimode Plate Reader (Molecular Device, Sunnyvale,
CA) with sequential integration of both the RLuc signal
(480 nm) and the eYFP signal (530 nm). The BRET signal is
determined by calculating the ratio of the light intensity
emitted by AT1-eYFP over the light intensity emitted by the
APJ-RLuc. netBRET is determined by subtracting the BRET
ratio obtained under unstimulated (vehicle control) condi-
tions from the BRET ratio obtained when cells were exposed
to ligands (Ap13, Ang II alone or in combination) (Pfleger
et al., 2006).

Radioligand binding

APJ binding assays were performed with the APJ agonist ['*]]-
Glp®, Nle”s, Tyr”7-Ap13 (0.2-4 nM) in 25 mM HEPES pH 7.4,
10 mM MgCl,, 1 mM CaCl,, 0.5% BSA. AT1 binding assays
were performed with either the agonist ['*I]-Tyr*-Ang II (0.2
4 nM) or the antagonist ['*[]-Sar’, Ile’>-Ang II (0.2 nM) in
50 mM Tris-HCI pH 7.4, 5 mM MgCl,, 0.5% BSA. All ligand-
binding experiments were performed on membrane fractions
collected from cell lines stably expressing APJ and AT1, either
alone or together (Smith et al., 2001). Assays were performed
at room temperature for 60 min before termination by
vacuum filtration through a pre-wet 96-well GF/C filter plate
(MultiScreen Harvest plate, Millipore Corp., Billerica, MA,
USA) and washed five times with 200 uL of ice-cold wash
buffer (50 mM Tris-HCI pH 7.4, 0.5% BSA). Harvest plates
were pre-coated with 0.3% polyethyleneimine or 0.5% BSA
(Sigma) to reduce nonspecific binding of apelin or Ang II
respectively. After filtration and washing, plates were air-
dried overnight and 20 uL of scintillation liquid (MultiScint
20, Perkin Elmer) was added to each well. The bound radio-
activity was measured using a TopCount NXT (Perkin Elmer)
microplate scintillation and luminescence counter. Non-
specific binding was determined in parallel reactions in the
presence of an excess of unlabelled ligand (10 uM), and spe-
cific binding was defined as the difference between total and
non-specific binding. Non-specific binding accounted for
20-30% of the total binding.

Inositol-1-Phosphate (IP;) assay

IP; production was measured using the [P-one homogeneous
time resolved fluorescence (HTRF) kit (Cisbio, Bedford, MA)
according to the manufacturer’s protocol (Trinquet et al.,
2011). Briefly, CHO-K1-APJ : AT1 cells were seeded at a density
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of 10 000 cells per well in a 384-well low volume white, tissue
culture-treated plate (Corning, Manassas, VA) containing
serum-free HAM’s F-12 medium. After 8 h, the culture medium
was removed from the plate by centrifugation at 41x g for 30 s,
and 7 pL of assay buffer (20 mM HEPES + 0.1% BSA in HBSS
buffer, pH 7.4) was added into each well. Next, an additional
7 uL of assay buffer containing Ang II at a range of concentra-
tions (0.0-2.0 uM), with or without Ap13 (1000, 100 and 10
nM) was added to each well, and the plate was sealed. The plate
was incubated for 30 min at 37°C, after which an additional
3 uL of detection reagent (lysis buffer containing 2.5% Eu**-
anti-IP, antibody and 2.5% IP;-d2) was added, and the plate
was incubated for 1h at room temperature. The plate was read
each hour for 3 h using the Flexstation3 Multimode Plate
Reader (Molecular Devices, Sunnyvale, CA). The wells were
excited with light at 340 nm and emitted light was measured
at 615 and 665 nm. The time resolved-fluorescence resonance
energy transfer (TR-FRET) 665 nm/615 nm ratio, which is
inversely proportional to the IP; accumulation, was used to
measure the amount of IP; produced.

B-arrestin recruitment assay

Receptor activation was measured using the receptor specific
PathHunter™ f-arrestin eXpress Assay kit (DiscoveRx). Two
days prior to assay, frozen aliquots of the PathHunter CHO-
K1-AT1 B-arrestin EFC cell line were thawed, resuspended in
cell plating reagent (CP2) and reverse-transfected by dispens-
ing 20 000 cells per well into a 96-well plate containing
pHA-AP] (250 ng) or the empty vector pcNDA3.1 (250 ng)
pre-complexed with lipofectamine2000 transfection reagent
(Invitrogen) in OptiMem serum-free media and incubated at
37°C and 5% CO,. After 5 h, the transfection media was
replaced with complete culture medium, and the cells were
returned to the incubator for another 43 h. The day of the
assay, 50 uL of Ang II alone or in combination with Ap13 was
suspended in assay buffer (1X HBSS, 20 mM HEPES and
0.01% BSA) and added to the wells at the indicated concen-
trations. Cells were incubated with peptides for 1.5 h at 37°C,
after which 100 pL of PathHunter detection reagent was
added to each well. In the reciprocal experiment, CHO-K1-
APJ B-arrestin EFC cells were transfected with pFlag-AT1 or
pcDNA3.1 and exposed to Ap13 at a range of concentrations
alone or in combination with Ang II. In both experiments,
the EFC reaction was developed for 90 min at room tempera-
ture in the dark. Receptor activation, as indicated by EFC-
dependent chemiluminescence, was measured using a
SpectraMax M5 Multimode Plate Reader (Molecular Devices)
with 1.0 s per well integration time.

Statistical analysis and curve fitting

All data are presented as mean + SEM. Statistical analysis and

curve fitting of the data were performed using GraphPad

Prism version 5 (GraphPad Software, San Diego, CA).
['*I]-Tyr*-Ang II saturation binding data in the absence

and presence of Ap13 were globally fit to the equation

— Bmax X [X]
(Kp +[XD

where Y represents ['*I]-Tyr*-Ang II specific binding; [X] is the
concentration of ['*I]- Tyr*Ang II; Bu.x denotes the maximal

M



density of binding sites recognized by ['*I]-Tyr*-Ang II;
and Kp represents the radioligand equilibrium dissociation
constant.

Competition binding analysis for the agonist ['*°I]-Tyr*-
Ang II by unlabelled Ang II in the absence and presence of
Ap13 (100 nM) according to the equation (GraphPad Prism
version 5):

Top — Bottom
1+ 1Q&-LogICs0)

where Y represents specific binding of the radioligand, Top is
the specific binding of the radioligand in the absence of
competing ligand, Bottom is the specific binding of the radio-
ligand equivalent to nonspecific binding, ICs is the concen-
tration of competing ligand that produces radioligand
binding halfway between the Top and Bottom, and X is the
logarithm of the concentration of the competing ligand. For
the antagonist ['*°I]-Sar',Ile®-Ang II, the competition binding
by unlabelled Ang II in the absence and presence of Ap13
(1 uM) was preferentially fit, as determined by an extra sum-
of-squares F-test, to one-site (Eq.2) or the following two-site
inhibition mass-action curve respectively:

Y = Bottom + (Top — Bottom)

Fy 1-Fy 3)
1+ 10X*L081C50(1) + 1+ 10X*L081C50(2>

Y = Bottom + 2

The Cheng and Prusoff (1973) equation was used to convert
ICsp estimates to equilibrium dissociation constants.

Whole cell interaction studies investigating the influence
of Ap13 on Ang Il-mediated IP1 formation and B-arrestin
recruitment to the AT1 receptor were globally fit to the fol-
lowing operational model of allosterism to derive functional
estimates of affinity and cooperativity:

(E,, — Basal) (7, [Al(Kg + [ B]) + 75 [B]1K,)"
([AlKy + KKy + K, [Bl+ a[A)[B)" 4)
+ (74 [Al(Kp + o3[ BD) + 75 [BIK)"

E = Basal +

where E,, is the maximal system response for the pathway; n
is the transducer slope factor; K, and Ky are the equilibrium
dissociation constants of Ang II (A) and Apl3 (B), respec-
tively; « is the cooperative factor describing the allosteric
modulation of ligand binding;  denotes the allosteric effect
of Ap13 on the efficacy of Ang II; and 7, and 73 are the
operational measures of Ang IT and Ap13 efficacy respectively.
Within the analysis, Logts was constrained to equal —100 due
to the lack of Ap13 efficacy; oo was constrained to equal 1, as
radioligand-binding studies indicated that Ang II and Ap13
have neutral binding cooperatively; and E,, was constrained
to less than 150% as Ang II, in the absence of an interacting
ligand, is considered to be a full agonist.

Results

Formation of APJ : AT1 heterodimers

Natively expressed AP] and AT1 were individually detected in
lysates from untransfected HEK293 cells that were precipi-
tated using antibodies directed against human AT1 or APJ.
The immunoreactivity of each receptor was observed at the
appropriate molecular weight (~46 and 49 kDa for AP] and
AT1, respectively) after being subjected to polyacrylamide gel
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electrophoresis under denaturing conditions (Figure 1A, B,
lane 1). Cross-linking the proteins with DTSSP both before
and after immunoprecipitation resulted in the appearance of
a higher molecular weight (~98 kDa) protein complex that
exhibited immunoreactivity with both native anti-APJ] and
anti-AT1 antibodies. This high molecular weight complex
was observed in samples that were precipitated with either
antibody, indicating that AP] and AT1 physically interact in
the cell membrane (Figure 1A, B, lanes 2, 3). Homodimers of
both APJ and AT1 were observed in untransfected HEK-293
cell lysates by immunoprecipitation and cross-linking
between the receptors (Figure S1A, B).

We next sought to confirm these initial findings and more
thoroughly characterize the interaction between APJ and AT1
using overexpressed, tagged forms of these receptors. First,
HEK-293T cells were transiently transfected with equal
masses of either pFlag-AT1 or pHA-APJ. As before, het-
erodimerization between these receptors was determined by
co-immunoprecipitation followed by Western blotting.
HA-AP] immunoreactivity was detected in cell lysates precipi-
tated with anti-Flag antibody (Figure 24, lane 2). In the recip-
rocal experiment, Flag-AT1 immunoreactivity was detected in
cell lysates precipitated with anti-HA antibodies (Figure 2A,
lane 4). In lysates from cells lacking one of the individual
protomers of the APJ:AT1 dimer, neither of the cognate
protomers was detected after immunoprecipitation, indicat-
ing that the interaction between the two is specific
(Figure 2A, lanes 1, 3).

To confirm the specificity of the interaction and rule out
the possibility that the observed dimerization of the APJ] with
AT1 is a consequence of transmembrane protein overexpres-
sion or non-specific interaction/aggregation between affinity
tagged-proteins, we performed a number of control experi-
ments. First, we repeated our immunoprecipitation studies
using the chemical cross-linker DTSSP to stabilize the inter-
action between the APJ and AT1 receptors, and to limit the
interactions to proteins within 12.0 angstroms, the length of
the DTSSP linker arm. Membranes from cells transfected with
both pHA-AP] and pFLAG-AT1 were incubated with DTSSP
prior to immunoprecipitation, followed by Western blotting.
As before, endogenous APJ] and AT1 monomers were each
detected in lysates from transfected HEK-293 cells at the
expected molecular weight (Figure 2B, lane 1). Similarly,
immunoreactivity for both APJ] and AT1 was observed in cells
transfected with pHA-APJ or pFlag-AT1 but at a greater inten-
sity, reflecting the increased expression of the receptors by
these plasmids (Figure 2B, lanes 2, 3). A high-molecular
weight band (~96 kDa) that displayed immunoreactivity for
both APJ and AT1 was detected in cross-linked samples. The
appearance of the higher molecular weight complex coin-
cided with reduced immunoreactivity for lower molecular
weight bands representing the individual receptor monomers
(Figure 2B, lanes 6, 7).

We then attempted to precipitate the dimer using anti-
bodies against the unrelated affinity tag, cMyc. Anti-cMyc
antibodies failed to precipitate any protein that reacted with
either receptor antibody (Figure 2B, lane 4). Immunoprecipi-
tation using anti-HA antibodies in lysates from untransfected
cells similarly failed to detect either the individual receptors
or the heterodimeric complexes of APJ with AT1 (Figure 2B,
lane 5). These results, together with the experiment using
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Figure 1

Physical interaction between endogenous AP] and AT1 receptors in HEK293 cells. (A) Immunoprecipitation of AT1 using a-AT1 antibody followed
by Western blot with 0-AP] antibody; lane 1: whole cell lysate immunoprecipitated with 0.-AT1; lane 2: whole cell lysates subjected to precipitation
with AT1 antibody followed by exposure to the chemical cross-linker DTSSP; lane 3: whole cell lysate subjected to precipitation with AT1 antibody
prior to cross-linking. Left panel, APJ immunoreactivity, Middle panel shows AT1 immunoreactivity; right panel, merged of left and middle panels.
M: Marker. (B) In the reciprocal experiment, AP receptor immunoprecipitated with a-AP] antibodies, and co-enriched AT1 receptor was detected
by Western blot; lane 1: whole cell lysate immunoprecipitated with o-APJ; lane 2: whole cell lysates subjected to precipitation with AP) antibody
followed by exposure to the chemical cross-linker DTSSP; lane 3: whole cell lysate subjected to precipitation with APJ antibody prior to
cross-linking. Left panel, AT1 immunoreactivity; middle panel, AP] immunoreactivity; right panel, merged of left and middle panels. Triangles
indicate the position at which monomers and dimers migrated through the gel.

Figure 2

Specific physical interaction between APJ and AT1. (A) Immunoprecipitation of tagged AP) using o-HA antibody followed by Western blot with
o-Flag antibody to detect tagged AT1 revealed a co-enrichment of the two receptors (lanes 1, 2). In the reciprocal experiment, AT1 receptors were
precipitated with o-Flag antibodies, and co-enriched AP] receptors were detected by Western blot (lanes 3, 4) with a-HA antibodies. (B) Control
precipitation and cross-linking studies reveals specificity of the AP interaction with AT1. Top panel, AT1 immunoreactivity using antibodies directed
at the native receptor. Middle panel, AP] immunoreactivity using antibodies directed at the native receptor. Bottom panel, top and middle panels
merged. M: Marker; lane 1: negative control, untransfected HEK293 cell lysate; lane 2: whole cell lysate from cells transfected with pHA-AP) alone;
lane 3: whole cell lysate from cells transfected with pFlag-AT1 alone; lane 4: IP control, lysate from cells transfected with pHA-AP] and pFlag-AT1
and precipitated with o-c-Myc; lane 5: untransfected cell lysate precipitated with a-HA; lane 6: whole cell lysate from cells transfected with
pHA-AP) and pFlag-AT1 and subjected precipitation with a-HA antibodies followed by cross-linking with DTSSP; lane 7: whole cell lysate from cells
transfected with pHA-AP) and pFlag-AT1 and subjected precipitation with a-Flag antibodies followed by cross-linking with DTSSP. The use of
antibodies directed against the native AP] and AT1 reveal trace levels of endogenous APJ and AT1 in lanes 1, 2, 3. Triangles indicate the position
at which monomers and dimers migrated through the gel. Lanes 1-5 are from the same blot. Lanes 6, 7 are from a separate experiment. All lanes
are presented as discrete panels to delineate the different conditions under which each sample was prepared and to facilitate comparison between
the cross-linking samples and those that were obtained without cross-linking. Ap13, but not Ang Il, enhances the interaction between AP| and
AT1. Immunoprecipitation and Western blot of HEK293T cells transfected with pHA-AP] and pFlag-AT1 and incubated with to Ap13 (100 nM) or
Ang Il (100 nM), alone or in combination. (C) Immunoprecipitation of HA-tagged APJ using a-HA antibody followed by Western blot with o-AT1
antibodies revealed a co-enrichment of the two receptors under vehicle (PBS)-treated conditions (lane 1). Immunoreactivity for AT1 was slightly
decreased in the presence of Ang Il (lane 2), but significantly increased in the presence of Ap13 alone (lane 3) and in combination with Ang Il
(lane 4). (D) Immunoprecipitation of Flag-tagged AT1 using o-Flag antibody followed by Western blot with o-AP] antibodies revealed a similar
co-enrichment of the two receptors under vehicle (PBS)-treated conditions (lane 1). Immunoreactivity for AP was slightly decreased in the
presence of Ang Il (lane 2), but significantly increased in the presence of Ap13 alone (lane 3) and in combination with Ang Il (lane 4).Quantification
of individual band intensity by optical density analysis is presented below each panel. *P < 0.01 when compared with control, *P < 0.001 when
compared with Ang Il as determined by anova with Bonferroni’s multiple comparison test. IP, immunoprecipitation; WB, Western blot.

>
endogenous receptors and native antibodies, indicate that We next examined the effect of receptor activation on
the co-precipitation of APJ with AT1 was specific and did not heterodimerization between APJ and AT1 by exposing cells to
result from the random co-precipitation of integral mem- the APJ agonist, Ap13, and the AT1 agonist, Ang II, individu-
brane proteins or the aggregation of solubilized hydrophilic ally and in combination prior to immunoprecipitation.
proteins in solution. Increased AT1 immunoreactivity was observed in lysates from
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HEK-293T cells expressing HA-AP] and Flag-AT1 incubated
with Ap13 or Ap13 + Ang II and subsequently precipitated
with anti-HA antibodies (Figure 2C), indicating that Ap13
increased the physical interaction between APJ and AT1. In
contrast, Ang II incubation did not significantly affect forma-
tion of the heterodimer. Results were similar when the recip-
rocal experiment was performed (Figure 2D).

We next measured receptor heterodimerization using
BRET assay in cells transfected with the fusion proteins, AT1-
Rluc and APJ-eYFP, that had been functionally verified using
Ca® or cAMP assays (Figure S2A, B). BRET assays involved the
addition of Coelenterazine h to cells expressing APJ-RLuc and
AT1-eYFP, which generated the expected bioluminescence
signal with a primary emission peak at 480 nm and an addi-
tional peak at 530 nm. This second peak represents the
energy transfer from RLuc to eYFP and is indicative of the
physical proximity of two labelled constructs. No lumines-
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cence was detected in cells expressing AT1-eYFP alone
(Figure S3). Co-transfection of the unrelated melanocortin 4
receptor fused to eYFP (hMC4R-eYFP) with APJ-RLuc did not
modify the fluorescence signal, indicating the specificity of
the APJ : AT1 BRET interaction (Figure S3). The ratio of BRET
donor and acceptor plasmids was systematically optimized by
increasing the acceptor plasmid mass while holding the
donor plasmid mass constant. Increasing the acceptor
plasmid mass elicited a rise in BRET signal that depended
upon the mass of acceptor plasmid (Figure S4A, B). Using
non-saturating, optimized ratios of donor-to-acceptor plas-
mids, Ap13 (100 nM) increased netBRET 83-fold over saline
controls (0.3% = 0.2% vs. 25.0% = 2.0% netBRET; P < 0.001).
Results were similar upon concomitant addition of Ap13 +
Ang II (each at 100 nM), but Ang II alone did not affect
netBRET (Figure 3A). We next performed BRET under saturat-
ing conditions to demonstrate the specificity of the interac-
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tion between the BRET pairs, and to further characterize the
effect of Ap13 and Ang II ligands on the dimerization of APJ
with AT1. At a range of donor-to-acceptor ratios, Apl3
(100 nM) saturated the BRET signal. In contrast Ang II
(100 nM) significantly reduced basal BRET relative to Ap13
and vehicle (max BRET Ang I1=47.3% * 1.8%, saline=
58.6% = 2.0%, Apl13 =107.3% * 4.5%; P <0.0001 by extra
sum-of-squares F test) (Figure 3B).

Allosteric modulation of AT1 by Apl3 and APJ. Equilibrium
radioligand binding studies were performed to determine the
effect of Ap13/APJ] on the binding of Ang II at AT1. Mem-
branes from CHO-K1 cells stably expressing AT1 alone or
co-expressed with APJ exhibited a modest, statistically
insignificant, decrease in affinity (Kp AT1 alone =0.282 =

Table 1

Specific binding ['**1]-Tyr*-Ang Il to membranes from cells expressing
AT1 or AT1 + APJ receptors

Receptors

Binding parameter AT1

AT1 + APJ

2472.0 = 153.0
0.39 + 0.069

Bmax (fmol mg protein™') 2800 + 245.2
Ko (NM) 0.282 + 0.0762

Bmax: the maximal density of binding sites; Kp: radioligand
equilibrium dissociation constant. The values represent the
means * SEM of at least three independent experiments.
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0.076 nM vs. Kp AT1 + APJ = 0.390 = 0.069 nM) and Bu.x for
['**I]-Tyr*-Ang II (Bmax AT1 alone = 2800.0 + 245.2 fmol mg!
protein  vs. Bpa AT1+ APJ=2472.0 = 153.0 fmol mg'
protein) (Figure 4A, B, Table 1). Unlabelled Ap13 enhanced
this effect in a concentration-dependently decreased ['*I]-
Tyr*-Ang II binding to membranes from cells co-expressing
AT1 and APJ (Figure 4C, Table 2A). In the reciprocal experi-
ment, unlabelled Ang II did not affect the K, or the By.x of
['*1]-Glp®*, Nle’%, Tyr’-Ap13 for APJ in membranes from cells
co-expressing APJ and AT1 (Figure 4D, Table 2B). Membranes
from CHO cells stably expressing AT1, but not APJ, did not
exhibit specific binding for ["*I]-GIlp®, Nle”, Tyr’-Ap13
(Figure S5). In competitive binding assays using membranes
with APJ and AT1, excess unlabelled Ap13 (100 nM) signifi-
cantly reduced the affinity of ['*I]-Tyr*-Ang II for AT1 (pICs
AT1 + APJ =8.74 = 0.04 with vehicle vs. pICs, AT1 + APJ =
8.91 + 0.06 with Ap13, p <0.05 as determined by an extra
sum-of-squares F-test) (Figure 5A). The pICs, for Ang II was
unaltered by Ap13 in plasma membranes from CHO cells
expressing only the AT1 receptor (pICso AT1=9.41 £ 1.85
with vehicle vs. pICso AT1=9.54 = 1.34 with Ap13) (Fig-
ure S6). We next examined the effect of Ap13/APJ on the
affinity state of AT1. As expected, competition of binding of
the AT1 antagonist, ['*°I]-Sar’, Ile®-Ang II (0.03 nM), by unla-
belled Ang II revealed the classic biphasic inhibition isotherm
in CHO cells co-expressing AT1 and AP]. The logarithm of
equilibrium dissociation constant (LogK,) for the high- and
low-affinity states, determined by global nonlinear regression
analysis, was —9.6 = 0.2 and -7.5 * 0.2, respectively. Adding
Ap13 (1 uM) shifted the inhibition isotherm from a biphasic
to a monophasic isotherm with an estimated LogK, of

BRET ratio (%)

<@
e

2 4 6 8 10 1 H 1% 18 2
Donor{AT1 Rluc) : Acceptor {APJ eYFP) ratio

Ap13 but not Ang Il induces APJ : AT1 heterodimerization in living cells. (A) HEK-293 cells transfected with APJ-Rluc and AT1-eYFP treated with
either Ap13 (100 nM), Ang Il (100 nM), Ap13 + Ang Il (100 nM each). *P < 0.001 when compared with Ang Il, ¥P < 0.001 when compared with
Ap13 as determined by anova with Bonferroni’s multiple comparison test. (B) Saturation of donor to acceptor BRET ratio in the presence of vehicle,
Ap13 (100 nM) and Ang Il (100 nM). Data presented are from two or three independent experiments each with an n = 3.The peak light intensities
of APJ-RLuc and ATT1-eYFP were measured at 480 and 530 nM respectively. The BRET signal is determined by calculating the ratio of the light
intensity emitted by AT1-eYFP over the light intensity emitted by the APJ-RLuc, and the netBRET ratio is calculated by subtracting the vehicle

induced BRET ratio from the ligand induced BRET ratio.
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Figure 4

Effects of Ap13/AP) on Ang Il binding. AP alone has no significant effect on ['%I1]-Tyr*-Ang Il binding to membranes from cells expressing AT1
receptor alone (A), or from cells expressing AT1 and APJ (B). Six different concentrations of ['?I]-Tyr*-Ang Il were incubated with 0.5 ug of
membranes for 1 h at room temperature before quenching the reaction by rapid filtration to separate bound Ang Il from free Ang Il. Nonspecific
binding was determined by using excess unlabelled Ang Il (10 uM). Specific binding was calculated by subtracting nonspecific binding from total
binding. Kp and Bmax values are reported in Table 1. Ap13-activated AP decreases binding of ['#1]-Tyr*-Ang Il to AT1. (C) Increasing concentrations
of apelin reduced the B« of Ang Il to the AT1 receptor when co-expressed with APJ. An extra sum-of-squares F test determined that estimates
of Kp were not significantly different, and therefore were shared, across data sets. In contrast, the B..x was significantly different across data sets
(P < 0.05). (D) Increasing concentrations of Ang Il had no effect on the Bn.x of Ap13 to APJ when co-expressed with AT1. An extra sum-of-squares
F test determined that estimates of K, were not significantly different and therefore were shared, across data sets. Similarly, the Bm.x was not
significantly different across data sets (P> 0.05). Each symbol represents the mean specific activity = SEM (n=3) from three independent
experiments. Curves superimposed on the data represent the best fit of the data from equation 1 obtained by nonlinear regression analysis
performed using GraphPad Prism 5. Details of the analysis are provided in the data analysis section of Methods.

Table 2A Table 2B
Effect of apelin on the saturation binding of ['*I]-Tyr*-Ang Il to Effect of Ang Il on the saturation binding of ['#I]- Glp®, Nle’?,
membranes from cells expressing AT1 with APJ Tyr’-Ap13 to membranes from cells expressing AT1 with AP

Ang Il Bp.x Ap13 Buax

Apelin (nM) (fmol mg protein™) Ang Il (nM) (fmol mg protein™)
0 2004 = 131.2 0 2413 = 179.7

10 1286 + 213.1 10 1929 = 212.4

100 834.7 + 312.6 100 2625 * 265.2

1000 373.1 £ 71.22 1000 1874 + 185.0
Calculated Bn.x values obtained from saturation isotherm ['2°[]- Calculated B..x values obtained from saturation isotherm of
Tyr*-Ang Il in the presence or absence of various concentration ['%I1]- GIp%s, Nle’, Tyr’-Ap13 (nM) in the presence or absence of
of Ap13. The values represent the mean = SEM of at least three various concentration of Ang Il. The values represent the
independent experiments. mean = SEM of at least three independent experiments.
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Ap13-activated AP) modulates the affinity state of AT1. (A) When AT1 is co-expressed with APJ, Ap13 decreases the affinity of ['%I]-Tyr*-Ang Il for
AT1. Competition binding assays were performed on membranes from cells expressing both AP] and AT1 by using 0.28 nM of ['?I]-Tyr*-Ang Il
in the presence of increasing concentrations of unlabelled Ang Il or in the presence of increasing concentrations of unlabelled Ang Il plus 100 nM
of unlabelled Ap13. GraphPad Prism5 was used to calculate ICso using equation 2 as described in the Methods section. (B) Competitive binding
between ['#I]-Sar?, lle®-Ang Il and unlabelled Ang Il in the absence and presence of Ap13 (1 uM). The curve was preferentially fit using equations
3 and 2, as determined by an extra sum-of-squares F test, to a two- and one-site inhibition mass—action curve respectively. Each symbol represents
the mean percentage of specific binding = SEM (n = 4-6) from two independent experiments.

Table 3
Effect of Apelin on the affinity state of AT1 co-expressed with APJ

Receptor LogK, LogK,

(AT1 + AP)) (high affinity) (low affinity)
Vehicle -9.6 =0.2 -7.5%=0.2
Apelin (1 uM) - -7.8 £0.1

LogKy: The logarithm of equilibrium dissociation constant for
the high- and low- affinity states. The values represent the
means * SE of at least three independent experiments.

—-7.8 = 0.1, which corresponds to the low-affinity state AT1
observed in the absence of Ap13 (Figure 5B, Table 3).

AP] : AT1 heterodimerization antagonizes AT1 function. To
determine the functional consequence of APJ heterodimeri-
zation with AT1, we measured IP; generation and B-arrestin
recruitment to AT1. In cells expressing equivalent levels of
AT1 and APJ, Ang II (3.47 pM-2.5 uM) dose-dependently
stimulated the formation of IP,. Apelin (10, 100 and
1000 nM) dose-dependently decreased the maximal Ang II
response. This depression approached a limit, the magnitude
of which was governed by the cooperativity, indicative of
a negative allosteric interaction between APJ] and AT1
(Figure 6A, B). The results of global fitting of IP; accumulation
data and B-arrestin recruitment data to an operational model
of allosterism are presented in Table 4. The B-values for IP1
accumulation and f-arrestin recruitment suggest that Ap13
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reduces Ang II signalling by 1.4- and 2.5-fold, respectively,
in the presence of APJ: AT1 heterodimerization. Apelin did
not affect AT1 activity in CHO-K1-AT1 cells lacking APJ
(Figure S7A). Ang II did not affect APJ function in cells
expressing both APJ and AT1 (Figure S7B).

Discussion

We previously reported that apelin antagonizes Ang
II-induced hypertension and cardiac fibrosis by inhibiting
Ang 1II signalling through AT1 (Siddiquee et al., 2011). Here,
we used biochemical, biophysical, and pharmacological
approaches to determine the molecular basis of this inhibi-
tion. Immunoprecipitation and Western blot revealed that
APJ and AT1 physically interact in cells that express these
receptors both endogenously and heterologously. Adding the
APJ agonist, Apl3, increased the relative abundance of
APJ : AT1 dimers twofold over baseline, whereas adding the
AT1 agonist, Ang I, did not affect APJ : AT1 heterodimeriza-
tion. Ap13 dose-dependently increased the APJ : AT1 interac-
tion as measured by BRET and netBRET, whereas Ang II did
not. The interaction between APJ and AT1 displays character-
istics associated with allosteric modulation, including inhibi-
tion of orthosteric AT1 ligand binding and non-competitive
inhibition of orthosteric AT1 agonist efficacy. In equilibrium
binding assays, Ap13-activated APJ decreased Ang II binding
to AT1, without direct competition, by inducing dimerization
of APJ with AT1 to induce a low-affinity state in AT1. In two
distinct cell-based assays of AT1 function (IP; production and
B-arrestin recruitment), Ap13 saturably but incompletely



Allosterism in APJ: AT1 heterodimers

A B
120+ 1201 o @
1004 (] 1004
§ 80- E o 804
3 s
o o
“w
S 60- $
g g
= 40+ = 404
20 20+
04 T 1 Qedseeo T T T T 1
A2 -10 3 4 4 9 3 7 L 5 4
Log [Ang I}, M Log [Ang Il M
Figure 6

AP| : AT1 heterodimerization antagonizes AT1 function. (A) Inhibition of Gag signalling pathway of AT1 by Ap13-activated APJ. Inositol-1-
Phosphate (IP1) production was measured using CHO-K1-AP] : AT1 cells stably and equivalently expressing AT1 and AP] receptors in the presence
of Ang Il (0-2.5 uM) alone or in the presence of a fixed concentration of Ap13. (B) Inhibition of B-arrestin recruitment to AT1 by Ap13-activated
APJ. PathHunter AT1 B-Arrestin EFC cells were transfected with pHA-AP] and incubated with Ang Il (0.0-100 uM) alone or with a fixed
concentration of Ap13. Each symbol represents the mean percent activation of AT1 = SEM (n = 6) by Ang Il at the indicated concentration. In both

panels, curves represent the best global fit of the operation model of allosterism as determined using Equation 4.

Table 4

The operational parameters for the model of allosteric interaction
between AT1 and APJ receptors

Allosteric modulator: Ap13

Parameters IP; assay B-Arrestin assay
LogKy -7.5%0.2 -6.9 £ 0.1

Log7, 0.12 = 0.05 0.38 £ 0.2
LogK3 -8.5 + 0.08 -8.6 £ 0.1

Logp -0.15 = 0.06 —-0.35 = 0.07

LogKy: The logarithm of equilibrium dissociation constant for the
agonist (Ang Il); LogKs: The logarithm of equilibrium dissociation
constant for the allosteric modulator(AP13); Logt, the opera-
tional measures of agonist (Ang Il) efficacy; Logp: denotes the
allosteric effect of modulator (Ap13) on the efficacy of agonist
(Ang IlI). The values represent the means = SE of at least three
independent experiments.

blocked Ang II-mediated activation of AT1. These data clearly
demonstrate that Ap13 induces the formation of a specific
heterodimer complex between APJ and AT1, and that this
formation disrupts Ang II binding to its receptor, thus inhib-
iting AT1 signal transduction.

The physical interaction between APJ and AT1 has signifi-
cant consequences for AT1 function and pharmacology.
Equilibrium binding experiments revealed that Apl3
dose-dependently decreased the By, of radiolabelled-Ang
II in membranes from cells expressing both receptors.

Competition-binding studies revealed that Ap13 decreases
Ang 1II high-affinity binding at the AT1 receptor. Because
neither Ap13 nor Ang II bind or act as competitive inhibitors
of each other at their cognate receptors, induction of a low-
affinity state for AT1 must result from negative allosteric
modulation (Lazareno and Birdsall, 1995). Consistent with
this interpretation, analysis of these functional data using the
best global fit of the operational model of allosterism (Price
et al., 2005) revealed that, in the presence of APJ: AT1 het-
erodimerization, Ap13 reduces Ang II signalling efficacy
(Figure 6). Taken together, these data establish the molecular
basis by which apelin antagonizes Ang II. It is interesting to
note that data from the IP, and B-arrestin recruitment assays
suggest an allosteric interaction that modulates the activation
state of a receptor, causing a global modulation of receptor
function rather than only the primary signalling pathway.
Future studies are required to more fully explore this poten-
tially novel mode of allosteric interaction.

Our results indicate that APJ : AT1 heterodimerization is
ligand-dependent. While this interpretation is consistent
with other reports of ligand-induced heterodimerization of
GPCRs (Rocheville et al., 2000a,b; Patel et al., 2002; Percher-
ancier et al., 2005), it conflicts with studies showing that
GPCR dimerization is a prerequisite for receptor ontogeny
and that GPCR dimers are assembled into functional units in
the endoplasmic reticulum (Percherancier et al., 2005; Pfleger
and Eidne, 2006; Pfleger et al., 2006). Although we observed
some basal interaction between APJ and AT1 in the BRET
experiments, this interaction can be attributed to the use of
overexpressed and tagged forms of the receptors. BRET
changes in response to Ap13 could be attributed to a rear-
rangement of BRET donor and acceptor proteins (RLuc, eYFP)
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in a pre-formed APJ: AT1 heterodimer. While possible, the
inverse effects of Ap13 and Ang II on BRET observed in both
the saturation and optimized BRET experiments argue against
this interpretation. Moreover, the ability of Ap13 to increase
the amount of co-precipitated AT1 further supports our pro-
posed model. Finally, Apl3 dose-dependently antagonized
AT1 activity, but co-expression of APJ alone did not. Thus, the
converging evidence from these complimentary experimen-
tal strategies indicates that APJ : AT1 dimerization is related
to the APJ R and R* equilibria, which determines the extent of
receptor activation (Samama et al., 1993). Therefore, we con-
clude that trans-inhibition of AT1 depends upon the activa-
tion state of the APJ protomer, a mechanism of action
consistent with other models of Class A GPCR dimerization
(Pin et al., 2005; Sohy et al., 2007; Vilardaga et al., 2008; Han
et al., 2009). Furthermore, the magnitude of modulation by
Ap13 was governed by the cooperativity between the modu-
lator, Ap13-activated APJ, and the target, AT1. Figure 7 is a
schematic diagram of this interpretation and is consistent
with a model proposed to describe the interaction between
the orexin-1 receptor and cannabinoid CB1 receptor (Ellis
et al., 2006; Milligan and Smith, 2007).

Chun et al. (2008) demonstrated that Ang II stimulated
dimerization between APJ and AT1, whereas Ap13 had only a
modest effect, if any. Sun et al. (2011) reported that apelin-
mediated activation of APJ opposed the formation of an
APJ : AT1 heterodimer. Our data indicate that Ap13 drives the
formation of APJ: AT1 heterodimers, a mechanism consist-
ent with reports in which apelin antagonizes the physiologi-
cal effects of Ang II in vivo, and not the reverse (Chun et al.,
2008; Siddiquee et al., 2011). However, given the propensity
for AT1 to form both homodimers and heterodimers, the
relative cell surface receptor densities of APJ and AT1 are
important in the formation and functional consequences of
APJ : AT1 dimer formation. Indeed, our results suggest that
the ability of apelin to oppose Ang II signalling depends both
upon the activation state of APJ and the number of AP]
receptors available to physically interact with AT1. In our
experiments, the stoichiometric ratio between APJ and AT1
receptor density, as determined by equilibrium binding
studies, was roughly equivalent. Previous studies did not
examine the relative cell surface densities of APJ and AT1. In
addition, the convergence of various technical approaches
showed that apelin, not Ang II, consistently stimulated the
formation of an APJ: AT1 dimer at physiological doses.
Furthermore, much of our work was done in membrane
preparations, which eliminates the effects of receptor
internalization. Ultimately, the contradictory findings of
these three studies reflect a greater complexity of the
interaction between these two physiologically important
systems. Future studies should explore the relative expression
levels of APJ and AT1 in tissues to determine how receptor
density modulates APJ]: AT1 heterodimer formation and
function.

In summary, apelin stimulates AP] to form a heterodimer
with AT1 and antagonize Ang II signalling. These findings are
consistent with the role of apelin and APJ to counter-regulate
Ang II; the findings also extend previously reported observa-
tions (Chun et al., 2008; Siddiquee et al., 2011) by describing
the underlying molecular mechanism. Collectively, the fun-
damental mechanism by which apelin counter-regulates the
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Figure 7

Apelin-dependent formation of an APJ : AT1 heterodimer results in
negative allosteric modulation of AT1. (A) In the absence of Ap13,
Ang Il binds to the AT1 receptor (seven-transmembrane spanning
receptor), activating the receptor and the subsequent transduction
of signals through G-protein-dependent and -independent path-
ways. Even in the absence of Ap13, some APJ receptor may exist in
a confirmation that favours heterodimerization with AT1 (as demon-
strated in Figures 1 and 2). This is indicated by the dashed arrow in
panel A. (B) Ap13 binding to AP (seven-transmembrane spanning
receptor) stimulates both AP] signalling and the formation of the
APJ : AT1 heterodimer; a mechanism that is consistent with the role
of apelin and AP] as counter-regulators of Ang Il signalling via AT1.
(C) The physical interaction of APJ and AT1 results in the transduction
of an antagonist effect from APJ through AT1 to inhibit Ang Il binding
and AT1 signalling (red X). Thus, Ap13 functions allosterically (via
AP)) to alter the binding and function of ATT.

RAAS may be through ligand-dependent negative allosteric
modulation of AT1. One aetiology of primary hypertension
and other cardiovascular diseases characterized by a hyperac-
tive RAAS may include impaired apelin and APJ function,



possibly as a result of genetic variations (Niu et al., 2010).
Moreover, given the clinical utility of AT1 receptor antago-
nists [also known as angiotensin receptor blockers (ARBs)],
APJ agonists that induce APJ : AT1 dimerization and antago-
nize AT1 could represent a novel therapeutic strategy for the
treatment of cardiovascular disease.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Detection of native APJ and AT1 homodimers in
HEK293 cell lysates. (A) Immunoprecipitation of AT1 using
o-AT1 antibody followed by Western blot with o-AT1 anti-
body; lane 1: whole cell lysate immunoprecipitated with
o-AT1 without cross-linking; lane 2: whole cell lysates cross-
linked with DTSSP and followed by precipitation with AT1
antibody. (B) Immunoprecipitation of APJ with o-APJ anti-
bodies followed by Western blot with o-APJ antibody; lane 1:
whole cell lysate immunoprecipitated with o-APJ] without
cross-linking; lane 2: whole cell lysates cross-linked and fol-
lowed by precipitation with APJ antibody. Triangles indicate
the position at which monomers and dimers migrated
through the gel.

Figure S2 AT1-eYFP and APJ-RLuc BRET constructs are func-
tional receptors. (A) HEK-293T cells transiently expressing
AT1-eYFPwas stimulated with Ang II (0.0-2.5 OuM) to mobi-
lize Ca*. (B) HEK-293T transiently cells expressing APJ-RLuc
stimulated with a range of Apl3 (0.0-2.5 uM) to reduce
forskolin-induced cAMP production. Each symbol represents
the mean percentage of specific binding = SEM (n=3).
Curves superimposed on the data represent the best fits using
equation 2. Details are given in supplemental Methods
section of the manuscript.

Figure S3 Determination of BRET specificity. BRET was
detected in HEK-293 cells co-expressing APJ-RLuc and AT1-
eYFP as indicated by an increase in signal intensity between
500 and 550 nm, whereas cells expressing either the APJ-RLuc
or the AT1-eYFP alone did not exhibit changes in the signal
intensity between 500 and 550 nm. When APJ-RLuc was
co-expressed with the human melanocortin 4 receptor-eYFP
(hMC4R-eYFP), no BRET was observed, confirming the spe-
cificity of the BRET between APJ-RLuc and AT1-eYFP.



Figure $4 Optimization of donor to acceptor ratio for BRET
(A and B). To determine the optimum ratio between APJ and
AT1 receptors for BRET, HEK-293T cells were transiently trans-
fected with fixed amount of donor plasmid (pAPJ-RLuc or
pAT1-RLuc) and various amount of acceptor plasmid (pAT1-
eYFP or pAPJ-eYFP). The signal intensities at 480 and 530 nm
were determined for RLuc and eYFP by using the Flexstation3
Multimode Plate Reader. The BRET signal is obtained by cal-
culating the ratio of the light intensity emitted by AT1-eYFP
over the light intensity emitted by the APJ-RLuc, and the net
BRET ratio is calculated by subtracting the only donor BRET
ratio from donor to acceptor BRET ratio.

Figure S5 Binding of ['®I]-Glp®, Nle”®, Tyr’-Ap13 to AT1.
Membranes (0.5 ug of protein) from cells expressing AT1
receptor alone were incubated with six different concentra-
tions of ['*1]-Glp*,Nle”®, Tyr’-Ap13 with or without 10 uM
unlabelled Ap13 for 1 h at room temperature before rapid
filtration was performed to separate bound from free Ap13.
Nonspecific and specific binding were determined as
described. Each symbol represents the mean counts per
minute (CPM) = SEM (n=6). The lack of binding makes
it impossible to determine the K, and Bm. values. Und,
Undetermined.

Figure $S6 Ap13 has no effect on the affinity of ['*°I-]Tyr*-Ang
II for AT1 in membranes containing AT1 receptor expressed
alone Competition binding assays were performed by using
0.28 nM of [**I]-Tyr*-Ang II in the presence of increasing

Allosterism in APJ: AT1 heterodimers

concentrations of unlabelled Ang II or in the presence of
increasing concentrations of unlabelled Ang II plus 100 nM
of unlabelled Ap13. Each symbol represents the mean per-
centage of specific binding = SEM (n = 2) from two independ-
ent experiments. GraphPad Prism5 was used to calculate ICs
using equation 2 as described in the Methods section
Figure S7 Ap13/AP] modulation of Ang II/AT1 is unidirec-
tional. (A) Effects of Ang Il on AT1 function in the absence of
Ap13 and/AP]. CHO-K1-AT1 cells were incubated with Ang II
(0.0-100 uM) to stimulate recruitment of B-arrestin. Each
symbol represents the mean percent activation of AT1 + SEM
(n = 6) by Ang Il at the indicated concentration. Curves super-
imposed on the data were generated by non-linear regression
analysis [Log (agonist) vs. Normalized response-variable
slope] using GraphPad Prism 5. (B) Effects of Ang II and
AT1 on APJ] function. PathHunter B-Arrestin CHO-K1 cells
expressing APJ] (CHO-K1-APJ) and transfected with pFlag-AT1
were stimulated with Ap13 (0.0-100 uM) or were exposed to
a fixed concentration of Ang II and a range of concentrations
of Ang 1113 (0.0-100 uM) exhibit similar affinity for APJ. Each
symbol represents the mean percent activation of APJ] = SEM
(n=6) by Apl3 at the indicated concentration. Curves
superimposed on the data represent the best global fit by
equation 4.

Table S1 Specific binding of ['**I]-Tyr*-Ang I and ['*1]-Glp®,
Nle’”®, Tyr’-Apl3 to membranes from cells expressing
AT1 + APJ.
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