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G protein-coupled receptors (GPCRs) are the largest family of cell surface receptors and major targets
for drug development. Herein, we sought to identify the regions of the human angiotensin II (AngII)
type 1 (hAT1) receptor binding cleft that interact with all positions of the AngII using photoaffinity
labeling. We conducted a complete iterative walk-through of the AngII sequence with either p-benzoyl-
L-phenylalanine (Bpa) or p-[3-(trifluoromethyl)-3H-diazirin-3-yl]-L-phenylalanine (Tdf ) to yield two
series of eight photoreactive analogues. Pharmacological properties assessment of these sixteen
analogues showed that the CAM receptor has a structure-activity relationship (SAR) more amenable
to the amino acid substitutions at positions 1, 2, 3, and 5 of AngII than the WT receptor. Photoaffinity
labeling of the CAM receptor with the selected analogues, which exhibit different but complementary
photochemical properties, suggested that the AngII amino-terminus resides in a hydrophilic environ-
ment and interacts simultaneously with different regions of the hAT1 receptor, including several
ectodomains.

Introduction

GPCRs,a also known as heptahelical receptors (7TM re-
ceptors), belong to the largest family of integral membrane
proteins and are involved in most major physiological pro-
cesses.1 They respond to a wide array of stimuli ranging from
photons to large glycoproteins to activate signal transduction
pathways and, ultimately, cellular responses.2 In vertebrates,
GPCRs are usually divided into five main families based on
their sequence and structural similarity: rhodopsin (familyA),
secretin (family B), glutamate (family C), adhesion, and
frizzled/taste2.3 Overall, the rhodopsin-like GPCRs are the
most prominent family member. Structural homology among
this family is low and is restricted to a number of highly
conserved key residues, suggesting that these residues play an
essential role in the integrity of these receptors. In view of their
involvement in a broad range of biological functions and the
great potential for drug-based therapies, considerable effort
has been expended to understand the structural and func-
tional bases of GPCR functions. Large ligands such as
glycoprotein hormones are thought to contact the extracel-
lular regions of rhodopsin-likeGPCRs close to themembrane

surface, whereas smaller ligands such as biogenic amines bind
deeper within the space created by the transmembrane do-
main (TMD) core. Smaller peptides may bind to extracellular
regions and TMDs using a combination of both these binding
modes.4-6

Photoaffinity labeling is a biochemical approach that al-
lows the direct characterization of sites of interaction between
a ligandand its related receptor.7-10Thismethod is basedona
reaction between a photoreactive ligand and a receptor to
producea covalent complex.Thephotolabeled ligand/receptor
complex is submitted to specific proteolysis reactions to
determine which region or residue of the receptor has been
cross-linked by the photoprobe. The use of both the Bpa and
Tdf photoprobe amino acids, which exhibit different but
complementary photochemical properties, makes it possible
to better characterize the binding cleft of peptidergic GPCRs
such as the AT1 receptor (Figure 1). The AngII octapeptide is
the active component of the renin angiotensin aldosterone
system. This hormone exerts its diverse effects by interacting
with two specifics rhodopsin-like GPCRs, the AT1 and the
AngII type 2 (AT2) receptors. The vast majority of the
physiological effects of this hormone on the cardiovascular,
endocrine, and neuronal systems are mediated by the AT1

receptor canonically coupled to the Gq/11/phospholipase
C/inositol phosphate/cytosolic Ca2þ intracellular signaling
pathway.11

Our previous studies demonstrated that analogues
125I-[Bpa1]AngII and 125I-[Sar1,Bpa3]AngII photolabel the
extracellular loop (ECL) 2 of the human AT1 receptor
(hAT1),

12,13 whereas analogues 125I-[Sar1,Bpa8]AngII photo-
label various residues located deeper within the TMDs 2, 3, 5,
6, and 7.12,14-16 In silico molecular modeling incorporating
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these experimentally determined ligand/receptor contacts re-
sulted in the development of an evidence-based homology

model of the liganded hAT1 receptor complex where the

interaction of the AngII carboxyl-terminus with its cognate

receptor is practically identical to the crystal structure of the

retinal/bovine rhodopsin complex.16 Nevertheless, the indivi-

dual interactions of the AngII amino acids positions 2, 4, 5, 6,

and 7 with the various regions of the hAT1 receptor remain

unresolved. Since the SAR of the AngII/AT1 system is not

very permissive toward amino acid substitutions within the

AngII octapeptide sequence,17-20 a receptor model where

such substitutions are better tolerated was mandatory.
In the present contribution, we first conducted a complete

iterative photoprobe walkthrough of the AngII octapeptide
sequence in order to characterize its interactions with the
hAT1 receptor.We then used the wild-type (WT) and a CAM
of the hAT1 receptor, [N111G]-hAT1 (CAM-hAT1),

21,22 to
validate the analogueswithpharmacological profileswarrant-
ing further investigation. Lastly, we sought to identify the
different regions of the hAT1 receptor binding cleft that
interact with a given position of the AngII ligand using a
photoaffinity labeling approach.

Results

Synthesis of the Radiolabeled Photoreactive AngII Analo-

gues.We synthesized two series of eight radiolabeled photo-
reactive AngII analogues. For the Bpa-substituted AngII
analogue series, we iteratively monoincorporated the Bpa
photoprobe amino acid (Chart 1A) in each of the eight
positions of the AngII octapeptide sequence to yield analo-
gues B1 to B8 (Chart 1B). We also synthesized a Tdf-
substituted AngII analogue series using a previously synthe-
sized Tdf photoprobe amino acid23 (Chart 1A) to produce
analogues T1 to T8 (Chart 1B). To increase binding affinity,
an Asp-to-sarcosin (Sar) modification was performed
at position 1 of the peptide sequence.24 Note that the
analogues B1, B3, B8, and T8 have all been previously
described.12,13,23,24 For photoaffinity labeling experiments,
each photoreactive analogue was radiolabeled at Tyr4 with
the 125I radioisotope to allow autoradiographic detection of
the photolabeled ligand/receptor complexes and its proteo-
lysis products.

Pharmacological Properties of the WT- and CAM-hAT1

Receptors withRespect to the Photoreactive AngII Analogues.

To assess the conservation of the structural and functional

Figure 1. Two-dimensional schematic representation of the primary amino acid structure of the CAM-hAT1 receptor. GPCRs share a
common structure composed of seven membrane spanning R-helical segments (transmembrane domains, TMDs) separated by alternating
intracellular (ICL) and extracellular (ECL) loop regions, as well as an extracellular N-terminal (NT) and an intracellular C-terminal (CT)
extensions. Single-letter amino acid abbreviations are used. TheN111G(3.35) mutation inducing constitutive activity is indicated in TMD3 by a
bigger circle and font. The most conserved residues in their respective TMDs in rhodopsin-like GPCRs are represented by black and white
circles containing the corresponding letter. These indexed residues are Asn46(1.50), Asp74(2.50), Arg126(3.50), Trp153(4.50), Pro207(5.50),
Pro255(6.50), and Pro299(7.50). The three putative N-glycosylation sites (Asn4(1.08), Asn176(4.73), and Asn188(5.31)), the two disulfide bridges
(Cys18(1.22)-Cys274(7.25) and Cys101(3.25)-Cys180(5.23)) as well as the intracellular helix 8 are also shown. Important motifs for receptor
structures and functions are indicated by black circles containing a bold white letter. Native Met residues are depicted by bold gray circles
containing a bold black M, whereas native Lys residues are represented by light gray circles containing a bold black K.
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integrity of the WT- and CAM-hAT1 receptors, pharmaco-
logical parameters describing the equilibrium dissociation
constant (Ki) as well as the biological properties (ligand-
induced inositol-1-monophosphate (IP1) production levels)
were evaluated for each photoreactive analogues. In the
binding affinity assays (Table 1), for theWT-hAT1 receptor,
analogues B3, T3, B8, and T8 displayed high affinities that
were equivalent to that of the native AngII peptide. Analo-
guesB1,T1,B2, andT2 exhibited reduced affinities, whereas
analogues B4, T4, B5, T5, B6, T6, B7, and T7 presented
much lower affinities. For the CAM-hAT1 receptor, analo-
guesB1,T1,B2,T2,B3,T3,B5,T5,B8, andT8 retained high
affinities similar to that of the native AngII peptide. Analo-
gues B6, T6, B7, and T7 displayed reduced affinities, while
analogues B4 and T4 exhibited much lower affinities. We
thus selected the photoreactive analogues that maintained
AngII-like binding affinities toward both receptors in order
to characterize their capacities to produce levels of IP1.

These analogues were those substituted at positions 1, 2, 3,
and 8 for both receptors and at position 5 for theCAM-hAT1

receptor alone.
In the biological activity assays (Table 2), with the WT-

hAT1 receptor, analogues B1, T1, B2, and T2 elicited IP1

production levels comparable to that of the native AngII
peptide, which was indicative of the full agonist character of
the analogues substituted at positions 1 and 2.AnaloguesB3,
T3, and T8 had reduced levels of IP1 consistent with their
partial agonist nature. Analogue B8 displayed antagonist
properties, with levels of IP1 equivalent to the basal level of
the WT-hAT1 receptor. With the CAM-hAT1 receptor,
analogues B1, T1, B2, T2, B3, T3, B5, and T5 produced
IP1 levels equivalent to that of the native AngII peptide,
which was indicative of the full agonist character of analo-
gues substituted at positions 1, 2, 3, and 5. Analogues T8
showed reduced levels of IP1 consistent with their partial
agonist nature. Analogue B8 exhibited neutral antagonist

Chart 1. Structures of the Photoprobe Amino Acids and Photoreactive AngII Analoguesa

a (A) Chemical structures of the p-benzoyl-L-phenylalanine (Bpa) and of the p-[3-(trifluoromethyl)-3H-diazirin-3-yl]-L-phenylalanine (Tdf ) photop-

robe amino acids compared to the natural Phe amino acid. Note that these three amino acids are quite biosteric. (B) Primary amino acid structure of the

AngII peptide and the photoreactive AngII analogues. The Bpa and Tdf photoprobe are indicated in bold within the name and sequence of the peptide.

For photoaffinity labeling experiments, each photoreactive analogue was radiolabeled at Tyr4 with the 125I radioisotope (not represented). Since Tyr is

the 125I radioisotope incorporation site, Phe was substituted for Tyr at position 8 for analogues B4 and T4. Analogues B1, B3, B8, and T8 have all been

previously described.12,13,23,24
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properties since its level of IP1 were similar to the basal levels
of the CAM-hAT1 receptor.

Since the CAM-hAT1 receptor preserved nearly native
pharmacological properties (Ki and IP1 production levels)

forB1,T1,B2,T2,B3,T3,B5, andT5, photoaffinity labeling
studies were continued on this receptor model alone.

Photoaffinity Labeling of the CAM-hAT1 Receptor by the

Photoreactive AngII Analogues. The specificity of the photo-
labeling process of the selected analogues 125I-B1, 125I-B2,
125I-T2, 125I-B3, 125I-T3, 125I-B5, and 125I-T5 was validated
on the CAM-hAT1 receptor by the complete abolition of the
labeling by 1 mM of AngII (Figure 2A, lanes 2, 6, 10, 14, 18,
22, 26). Each of those ligand/receptor interactions was
specific and decreased in a dose-dependent manner in the
presence of AngII (data not shown). These photoreactive
analogues specifically labeled the CAM-hAT1 receptor,
which diffusely migrated on SDS-PAGE gels as a broad
glycoprotein band with an apparent molecular mass of
100-250 kDa (Figure 2A, lanes 3, 7, 11, 15, 19, 23, 27), as
previously described.12-14,25,26 All these analogues had good
(125I-B1, 125I-T2, 125I-B5, and 125I-T5) to excellent (125I-B2,
125I-B3, and 125I-T3) photoaffinity labeling yields of covalent
incorporation with the CAM-hAT1 receptor, except for
analogue 125I-T1 whose low yield prevented further investi-
gation. The other photoreactive analogues had good (125I-B8
and 125I-T8) to low (125I-B7 and 125I-T7) or extremely low
(125I-B4, 125I-T4, 125I-B6, and 125I-T6) photolabeling yields
with the CAM-hAT1 receptor (Table 3).

Determination of the CAM-hAT1 Receptor Regions Photo-

labeled by the Photoreactive AngII Analogues.To identify the
CAM-hAT1 receptor regions photolabeled by the photo-
reactive analogues, we cleaved the relevant photolabeled
ligand/receptor complexes with cyanogen bromide (CNBr),
with or without peptide-N-glycosidase F peptide-N4-(acetyl-
β-glucosaminyl)-asparagine amidase (PNGase F) deglyco-
sylation, and also digested them with endoproteinase Lys-C
(endoLys-C).

CNBr Cleavages of the 125I-B1, 125I-B2, 125I-T2, 125I-B3,
125I-T3, 125I-B5, and 125I-T5 Photolabeled Receptor Com-

plexes. We first cleaved the partially purified 100-250 kDa
glycoprotein band of the 125I-B1, 125I-B2, 125I-T2, 125I-B3,
125I-T3, 125I-B5, or 125I-T5 photolabeled receptor complexes
with CNBr. This chemical reactant specifically hydrolyzes
peptide bonds at the carboxylic side of Met residues. The
CNBr products of the photolabeled receptor complexes
appear as sharp, nondiffuse protein bands on SDS-PAGE

Table 1. Binding Affinities of the WT- and CAM-hAT1 Receptors for
the Photoreactive AngII Analoguesa

Ki (nM)

AngII

substituted

position

photoreactive

AngII analogue WT-hAT1

CAM-

hAT1

AngII 0.9( 0.2 0.5( 0.1

1 [Bpa1]AngII (B1) 19.4( 3.7 0.8( 0.2

[Tdf1]AngII (T1) 26.4( 7.1 0.7( 0.3

2 [Sar1,Bpa2]AngII (B2) 18.3( 3.4 0.6( 0.2

[Sar1,Tdf2]AngII (T2) 24.7( 6.7 0.4( 0.2

3 [Sar1,Bpa3]AngII (B3) 0.7( 0.2 0.4( 0.1

[Sar1,Tdf3]AngII (T3) 1.3( 0.3 0.3( 0.1

4 [Sar1,Bpa4,Tyr8]-

AngII (B4)

g500 g250

[Sar1,Tdf4,Tyr8]-

AngII (T4)

g500 g250

5 [Sar1,Bpa5]AngII (B5) g250 0.7( 0.2

[Sar1,Tdf5]AngII (T5) g250 0.5( 0.2

6 [Sar1,Bpa6]AngII (B6) g500 31.6( 5.8

[Sar1,Tdf6]AngII (T6) g500 58.2( 13.9

7 [Sar1,Bpa7]AngII (B7) g500 12.8( 4.1

[Sar1,Tdf7]AngII (T7) g500 3.8( 0.9

8 [Sar1,Bpa8]AngII (B8) 0.8( 0.2 0.6( 0.2

[Sar1,Tdf8]AngII (T8) 0.9( 0.3 0.7( 0.3
aBinding affinities (Ki) were obtained by heterologous competition

binding using 125I-[Sar1,Ile8]AngII (Sarile) as the radioactive tracer,
which is displaced by increasing concentrations of the indicated cold
ligand. Binding assays were run in cell membrane preparations of
transiently transfected COS-7 cells. See Experimental section for further
details. The means ( SD shown are for at least three independent
experiments, each with duplicate determinations. The Ki values were
determined from the IC50 values using theCheng-Prusoff equation:Ki=
IC50/(1 þ ([Tracer]/Kd)], where Ki is the equilibrium dissociation con-
stant of a ligand determined in inhibition studies, IC50 is the molar
concentration of an unlabeled ligand that inhibits the binding of a
radioligand by 50%, [Tracer] is the molar concentration of radioligand
used, and Kd is the equilibrium dissociation constant of the tracer
determined directly in a binding assay using a labeled form of the ligand
and under the same experimental conditions used in the competition
experiment.

Table 2. Ligand-Induced Inositol-1-Monophosphate Production by the WT- and CAM-hAT1 Receptora

aBasal (vehicle) and stimulated (1 � 10-6 M final concentration of AngII analogue) inositol-1-monophosphate (IP1) production were induced in
transiently transfected COS-7 cells for 30 minutes at 37 �C in a 5% [v/v] CO2 atmosphere. Each condition was run in triplicate, and parallel wells were
used tomeasure receptor expression. IP1 levels were adjusted based on receptor expression levels. See Experimental section for further details. Themeans
( SD shown are for three independent experiments, each with triplicate determinations.
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gels in the case of nonglycosylated protein fragments or as
diffuse protein bands with ambiguous apparent molecular
masses in the case of glycoprotein fragments.27,28 TheCNBr-
treated 125I-B1, 125I-B2, 125I-T2, 125I-B5, and 125I-T5 photo-
labeled receptor complexes migrated as a sharp, nonglyco-
sylated protein band with an apparent molecular mass of 6.0
kDa (Figure 2A, lanes 4, 8, 12, 24, 28). Potential photo-
labeled hAT1 receptor candidate regions (Figure 2B) were
the Glu91(2.67)-Met134(3.58) region (calculated molecular
mass of 6.1 kDa) and the Ala244(6.39)-Met284(7.35) region
(calculated molecular mass of 5.9 kDa). The CNBr-cleaved
125I-B1, 125I-T2, 125I-B5, and 125I-T5 photolabeled receptor
complexes generated a diffuse glycoprotein band with an
ambiguous apparent molecular mass of 20.5-100 kDa
(Figure 2A, lanes 4, 12, 24, 28), while the 125I-B1, 125I-B2,
125I-B3, and 125I-T3 photolabeled receptor complexes pro-
duced a glycoprotein band with an ambiguous apparent
molecular mass of 100 kDa (Figure 2A, lanes 4, 8, 16, 20).
CNBr cleavage of the hAT1 receptor would theoretically
yield two glycosylated candidates, namely, the monoglyco-
sylated Ile2(1.06)-Met30(1.34) region and the diglycosylated
Leu143(4.40)-Met243(6.38) region (Figure 2B).

PNGase F Deglycosylations of the 125I-B1, 125I-B2, 125I-

T2,
125

I-B3,
125

I-T3,
125

I-B5, and
125

I-T5 Photolabeled Re-

ceptor Complexes. To further characterize the glycosylated
CAM-hAT1 receptor regions photolabeled by the photo-
reactive analogues, the appropriate CNBr-treated photola-
beled receptor complexes were partially purified, and
radioactive glycoprotein bands with apparent molecular
masses greater than 12.5 kDa were deglycosylated using
PNGase F. This enzyme specifically hydrolyzes all types of
N-glycan chains bound to Asn. The partially purified
20.5-100 kDa protein band of the 125I-B1, 125I-T2, 125I-
B5, and 125I-T5photolabeled receptor complexes and the 100
kDaprotein band of the 125I-B1, 125I-B2, 125I-B3, and 125I-T3
photolabeled receptor complexes were incubated in the
absence (Figure 3A, lanes 1, 2, 4, 6, 8, 10, 12, 14) or presence
(Figure 3A, lanes 3, 5, 7, 9, 11, 13, 15) of PNGase F. The

Figure 2. (A) Photoaffinity labeling and glycosylation fragmenta-
tion patterns of the CAM-hAT1 receptor photolabeled by the
photoreactive AngII analogues. Analogues 125I-B1, 125I-B2, 125I-
T2, 125I-B3, 125I-T3, 125I-B5, and 125I-T5 were individually photo-
labeled on the CAM-hAT1 receptor. The resulting photolabeled
ligand/receptor complexes and proteolysis products were then
analyzed on SDS-PAGE gels followed by autoradiography.
Photolabeling of the mock (lanes 1, 5, 9, 13, 17, 21, 25) as well as
the CAM-hAT1 receptor in the presence (lanes 2, 6, 10, 14, 18, 22,
26) or in the absence (lanes 3, 7, 11, 15, 19, 23, 27) of 1 mM AngII
and CNBr products of the Met cleavage of the photolabeled
ligand/receptor complexes (lanes 4, 8, 12, 16, 20, 24, 28) are shown.
Each ligand/receptor interaction was specific and decreased in a
dose-dependentmanner in the presence ofAngII (data not shown).
Low molecular mass protein standards were used to determine
apparent molecular masses. See Experimental section for further
details. These results are representative of at least four indepen-
dent experiments. (B) Schematic glycosylation fragmentation pat-
terns of the CAM-hAT1 receptor photolabeled by the
photoreactive AngII analogues. Putative photolabeled CAM-
hAT1 receptor regions are depicted as thick gray bars, and the
photoreactive AngII analogue as a box with “Radioligand” inside.
Single-letter amino acid abbreviations are used with position
numbers. The calculated molecular masses of the photolabeled
regions are shown as the thick gray bars and include the molecular
mass of the photolabeled radioligand. The three putative N-
glycosylation sites are indicated by “Y”. All the analogues, i.e.,
125I-B1, 125I-B2, 125I-T2, 125I-B3, 125I-T3, 125I-B5, and 125I-T5,
specifically photolabeled a broad glycosylated protein band with
ambiguous apparent molecular mass of 100-250 kDa
(glycosylatedM1(1.05)-E359(7.110), glycosylatedCAM-hAT1). Ana-
logues 125I-B1, 125I-B2, 125I-B3, and 125I-T3 photolabeled a glyco-
protein band with ambiguous apparent molecular mass of
100 kDa (diglycosylated L143(4.40)-M243(6.38)). Analogues 125I-
B1, 125I-T2, 125I-B5, and 125I-T5 also photolabeled a diffuse
glycoprotein band with an ambiguous apparent molecular mass
of 20.5-100 kDa (monoglycosylated I2(1.06)-M30(1.34)). Analogues
125I-B1, 125I-B2, 125I-T2, 125I-B5, and 125I-T5 photolabeled a sharp
nonglycosylated protein band with an apparent molecular mass of
6.0 kDa (E91(2.67)-M134(3.58), theoretical molecular mass of 6.1
kDa and/or A244(6.39)-M284(7.35), theoretical molecular mass of
5.9 kDa).

Table 3. Photoaffinity Labeling Yields of Covalent Incorporation of
the Photoreactive AngII Analogues into the CAM-hAT1 Receptora

substituted

position

photoreactive

AngII analogue

photoaffinity

labeling

yield of

CAM-hAT1

(%)

difference in

photoaffinity

labeling

yield (fold)

1 [Bpa1]AngII (B1) 38( 4 5.4

[Tdf1]AngII (T1) 7( 1
2 [Sar1,Bpa2]AngII (B2) 89( 6 4.0

[Sar1,Tdf2]AngII (T2) 22( 2
3 [Sar1,Bpa3]AngII (B3) 61( 5 not significant

[Sar1,Tdf3]AngII (T3) 58( 5
4 [Sar1,Bpa4,Tyr8]AngII (B4) not applicable

[Sar1,Tdf4,Tyr8]AngII (T4)
5 [Sar1,Bpa5]AngII (B5) 36( 5 not significant

[Sar1,Tdf5]AngII (T5) 27( 4
6 [Sar1,Bpa6]AngII (B6) not applicable

[Sar1,Tdf6]AngII (T6)
7 [Sar1,Bpa7]AngII (B7) not applicable

[Sar1,Tdf7]AngII (T7)
8 [Sar1,Bpa8]AngII (B8) 39( 5 not significant

[Sar1,Tdf8]AngII (T8) 43( 5
aPhotolabeling yields were calculated from the percentage ratio of

radioactivity corresponding to photolabeled ligand/receptor com-
plexes to the related specific binding observed before the photoaffinity
labeling. The means ( SD shown are for at least three independent
experiments.
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PNGase F-cleaved 125I-B1, 125I-T2, 125I-B5, and 125I-T5
photolabeled receptor complexes migrated as a protein band
with an apparentmolecularmass of 4.5 kDa, confirming that
the Ile2(1.06)-Met30(1.34) region (calculatedmolecularmass of
4.4 kDa) was the only candidate (Figure 3B). This region
encompasses the NT of the hAT1 receptor. The PNGase F-
treated 125I-B1, 125I-B2, 125I-B3, and 125I-T3 photolabeled
receptor complexes generated a protein band with an appar-
ent molecular mass of 12.5 kDa, confirming that the Leu-
143(4.40)-Met243(6.38) region (calculated molecular mass of
12.5 kDa) was the only candidate (Figure 3B). This region
encompasses the TMD 4, ECL 2, TMD 5, and ICL 3 of the
hAT1 receptor.

EndoLys-CDigestions of the
125

I-B1,
125

I-B2,
125

I-T2,
125

I-

B5, and 125I-T5 Photolabeled Receptor Complexes. We pre-
viously showed (Figure 2) that the CNBr cleavage of the 125I-
B1, 125I-B2, 125I-T2, 125I-B5, and 125I-T5 photolabeled re-
ceptor complexes generated a sharp, nonglycosylated pro-
tein bandwith an apparentmolecularmass of 6.0 kDa,which
could be the Glu91(2.67)-Met134(3.58) and/or Ala244(6.39)-
Met284(7.35) regions. To discriminate between those two
candidate regions, we digested the appropriate photolabeled
receptor complexes with endoLys-C. This enzyme is a serine
protease that specifically hydrolyzes amide, ester, and pep-
tide bonds at the carboxylic side of Lys residues. The
partially purified 100-250 kDa protein band of the 125I-
B1, 125I-B2, 125I-T2, 125I-B5, and 125I-T5 photolabeled re-
ceptor complexes was incubated in the absence (Figure 4A,
lanes 1, 3, 5, 7, 9) or presence (Figure 4A, lanes 2, 4, 6, 8, 10)
of endoLys-C. The endoLys-C-treated 125I-B5 and 125I-T5
photolabeled receptor complexes migrated as a protein band
with an apparentmolecularmass of 6.0 kDa,which indicated
that the Thr61(2.37)-Lys102(3.26) (calculated molecular mass
of 5.9 kDa) and/or Ala21(1.25)-Lys58(1.62) region(s)
(calculated molecular mass of 5.4 kDa) were the only
candidate(s) (Figure 4B). Given the regions previously iden-
tified by CNBr cleavage (i.e., Glu91(2.67)-Met134(3.58)), the
only matching candidate was the Glu91(2.67)-Lys102(3.26)

region (Scheme 1). This region encompasses the ECL 1 of
the hAT1 receptor. The endoLys-C-cleaved

125I-B1, 125I-B2,
and 125I-T2 photolabeled receptor complexes generated a
protein band with an apparent molecular mass of 9.5 kDa,
pointing to the Ile241(6.36)-Lys307(7.58) region (calculated
molecular mass of 8.9 kDa) as the only candidate
(Figure 4B). Given the regions previously identified by the
CNBr cleavage (i.e., Ala244(6.39)-Met284(7.35)), the only
matching candidate was the Ala244(6.39)-Met284(7.35) region
(Scheme 1). This region encompasses the TMD 6, ECL 3,
and the upper part of the TMD 7 of the hAT1 receptor.

Discussion

The first aim of the present study was to determine whether
the WT- or the CAM-hAT1 receptor had a SAR more
amenable to amino acid substitution of the AngII octapeptide
sequence in order to characterize the topology of the AngII-
binding cleft using a photoaffinity labeling approach. Our
results (Tables 1 and 2) demonstrated that the CAM-hAT1

receptor was a more permissive system model than the WT
receptor with regards to the amino acid substitutions at
positions 1, 2, 3, and 5 of the AngII octapeptide sequence.
The aromaticity and bulkiness of the side chains of the Bpa
and Tdf photoprobes as well as the strong electronegative
nature of the CF3 group of the Tdf did not significantly alter
the binding affinities of the CAM receptor. This is in sharp
contrast with the major affinity losses observed with the WT
receptor. To our knowledge, it is the first time that a SAR is
sufficiently tolerant to allow such an extensive structural
characterization of the binding cleft of a rhodopsin-like
peptidergic CAM-GPCR using a photoaffinity labeling ap-
proach.

For theWT-hAT1 receptor, theAsp1 andArg2amino acids
of the AngII amino-terminus are important for binding
affinity and duration of action, but are not essential for
biological activity;17-20 AngIII (Ang2-8) is equipotent to
AngII on the AT1 receptor.

29 Moreover, the biological activ-
ities of the AngII peptide have been reported to be dependent

Figure 3. Determination of the glycosylated CAM-hAT1 receptor
regions photolabeled by the photoreactive AngII analogues. (A)
CNBr cleavage ofMet followed byPNGaseFdeglycosylation of the
photolabeled ligand/receptor complexes. Refer toFigure 2A legend.
The CNBr products of cleavage of the photolabeled ligand/receptor
complexes (see Figure 2A, lanes 4, 8, 12, 16, 20, 24, 28)were partially
purified, and the radioactive glycoprotein bands showing an appar-
ent molecular masses greater than 12.5 kDa were incubated in the
absence (lanes 1, 4, 6, 8, 10, 12, 14) or presence (lanes 3, 5, 7, 9, 11, 13,
15) of PNGaseF. Photolabeled ligand/receptor complexes were also
incubated solely in the presence of PNGase F (see lane 2 for a
representative example). The results are representative of at least
four independent experiments. (B) Schematic fragmentation pat-
terns of the deglycosylated CAM-hAT1 receptor regions photola-
beled by the photoreactive AngII analogues. Refer to Figure 2B
legend. All the analogues, i.e., 125I-B1, 125I-B2, 125I-T2, 125I-B3, 125I-
T3, 125I-B5, and 125I-T5, photolabeled a glycoprotein band with
ambiguous apparent molecular mass greater than 56 kDa
(glycosylated M1(1.05)-E359(7.110), glycosylated CAM-hAT1). Ana-
logue 125I-B1, as a representative example, photolabeled a protein
band with an apparent molecular mass of 45 kDa (deglycosylated
M1(1.05)-E359(7.110), deglycosylated CAM-hAT1, theoretical molec-
ular mass of 42 kDa). Analogues 125I-B1, 125I-B2, 125I-B3, and 125I-
T3 photolabeled a protein bandwith an apparent molecular mass of
12.5 kDa (deglycosylated L143(4.40)-M243(6.38), theoretical molecu-
lar mass of 12.5 kDa). Analogues 125I-B1, 125I-T2, 125I-B5, and 125I-
T5 photolabeled a protein band with an apparent molecular
mass of 4.5 kDa (deglycosylated I2(1.06)-M30(1.34), theoretical
molecular mass of 4.4 kDa).
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on the Arg2, Tyr4, His6, and Phe8 amino acid side chains as
well as the negatively charged carboxyl terminus,17-20 which
togethermay forma charge relay system.30-32The other amino
acids, Val3, Ile5, and Pro7, likely are determinants of the AT1

receptor-bound conformation of the AngII ligand.17-20

The analogues B1, T1, B2, and T2 presented reduced
binding affinities for the WT receptor, but were full agonists.
Analogues B3 and T3 exhibited affinities that were similar to
that of the nativeAngII peptide for theWT receptor, but both
had partial agonistic properties. However, analogues B1, T1,
B2, T2, B3, and T3 not only displayed AngII-like binding
affinities for CAM receptor, but were also complete agonists.
Despite being referred to as significant pharmacophores,17-20,30

Asp1 and Arg2 were unexpectedly and totally amenable to
Bpa and Tdf photoprobe substitutions in the CAM receptor.
However, both the WT and CAM receptors maintained a
much more stringent SAR for the other amino acid positions
of the AngII peptide. Analogues B4 and T4 exhibited prohi-
bitively low affinities for both receptors. This aromatic amino
acid is known to be of primordial importance in the interac-
tion of the AngII ligandwith its cognate receptor.21,22,33-36 In
contrast, the analogues B5 and T5 confirmed once again the
total SAR permissiveness of the CAM receptor with AngII-
like binding affinities and a full agonist profile, while
these analogues exhibited extremely low affinity for the
WT receptor. Analogues B6, T6, B7, and T7 displayed

Figure 4. Determination of the unglycosylated CAM-hAT1 recep-
tor regions photolabeled by the photoreactive AngII analogues. (A)
EndoLys-C digestions of the photolabeled ligand/receptor com-
plexes. Refer to Figure 2A legend, except for analogues 125I-B3
and 125I-T3. The photolabeled ligand/receptor complexes were
incubated in the absence (lanes 1, 3, 5, 7, 9) or presence (lanes 2,
4, 6, 8, 10) of endoLys-C. The results are representative of at least
three independent experiments. (B) Schematic fragmentation pat-
terns of the unglycosylated CAM-hAT1 receptor regions photo-
labeled by the photoreactive AngII analogues. Refer to Figure 3B
legend, except for analogues 125I-B3 and 125I-T3. Analogues 125I-B1,
125I-B2, 125I-T2, 125I-B5, and 125I-T5 photolabeled a glycoprotein
bandwith ambiguous apparentmolecularmass greater than 30 kDa
(glycosylatedM1(1.05)-E359(7.110), CAM-hAT1). Analogues 125I-B1,
125I-B2, and 125I-T2 photolabeled a protein band with an apparent
molecular mass of 9.5 kDa (I241(6.36)-K307(7.58), theoretical molec-
ular mass of 8.9 kDa). Analogues 125I-B5 and 125I-T5 photolabeled
a protein band with an apparent molecular mass of 6.0 kDa
(T61(2.37)-K102(3.26), theoretical molecular mass of 5.9 kDa and/or
A21(1.25)-K58(1.62), theoretical molecular mass of 5.4 kDa). Analo-
gue 125I-T2 photolabeled a protein bandwith an apparentmolecular
mass of 3.0 kDa (M1(1.05)-K12(1.16), theoretical molecular mass of
2.4 kDa and/orR13(1.17)-K20(1.24), theoreticalmolecularmass of 2.1
kDa).

Scheme 1. Schematic Summary of the CAM-hAT1 Receptor
Regions Photolabeled by the Photoreactive AngII Analoguesa

aThe various chemical and enzymatic agents used as well as the

resulting overlapped receptor regions are illustrated horizontally at the

top of the figure. The different photoreactiveAngII analogues employed

are illustrated vertically on the left. Single letter amino acid abbrevia-

tions are used with position numbers. The three putative N-glycosyla-

tion sites (Asn4(1.08), Asn176(4.73), and Asn188(5.31)) and the two disul-

fide bridges (Cys18(1.22)-Cys274(7.25) and Cys101(3.25)-Cys180(5.23)) are

shown. All the putative photolabeled CAM-hAT1 receptor regions

are represented by circles. Confirmed photolabeled receptor regions

are represented by black circles. The calculated molecular masses of the

photolabeled regions are shown and include the molecular mass of the

photolabeled radioligand. Note that Asn residue glycosylation leads

to an increase in apparent molecular mass of both the Ile2(1.06)-

Met30(1.34) (20.5-100 kDa) and Leu143(4.40)-Met243(6.38) (100 kDa)

receptor regions.
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prohibitively low binding affinities for theWT-hAT1 receptor
but only reduced affinities for the CAM-hAT1 receptor, in
accordance with the biological significance of the imidazole
ring ofHis6 and pyrrolidine ring of Pro7.17-20

B8 andT8were
the analogues with the most conservative substitutions and
confirmed AngII-like binding affinities for both the WT and
CAM receptors, but with neutral antagonist and weak partial
agonist characteristics on both receptors, respectively. An
increase in the steric hindrance of the aromatic ring of the
Phe8 amino acid has been shown to confers antagonistic
properties on such AngII analogues.37

Despite the fact that the CAM receptor has a more tolerant
SAR than theWT receptor, their ligand/receptor interactions
appear to be equivalent. An exhaustive mutagenesis and
photoaffinity labeling study using the analogue 125I-B8 on
both receptors showed that they have comparable liganded
receptor structures.38 Since the CAM receptor retained nearly
native pharmacological properties (i.e., in regard to the
respective Ki as well as IP1 production levels) for the analo-
gues B1, T1, B2, T2, B3, T3, B5, and T5, the active-state
receptor binding cleft probed by theses analogues should also
be similar to that of the liganded WT receptor. To follow the
ligand/receptor contact along the AngII ligand sequence, the
CAM receptor was thus the only viable strategy and should
provide valuable information on the AngII/AT1 interaction.

The second aim of the present study was to elucidate the
different regions of the hAT1 receptor binding cleft that
interact with a given position of the AngII ligand. Our
previous studies showed that amino acid positions 1 and 3
of the AngII ligand interact with ECL 2 of the hAT1

receptor and, in particular, position 3 interacts with residue
Ile172(4.69).12,13 The AngII carboxyl-terminus Phe8 interacts
deeper within the space created by the TMD core of the hAT1

receptor at residues Phe77(2.53) in TMD 2; Leu112(3.36) and
Tyr113(3.37) in TMD 3; Asn200(5.43) in TMD 5; Phe249(6.44),
Trp253(6.48), His256(6.51), and Thr260(6.55) in TMD 6; and
Phe293(7.44), Asn294(7.45) Asn295(7.46), Cys296(7.47), and
Leu297(7.48) in TMD 7.14-16 The integration of these experi-
mentally determined ligand/receptor contacts in in silico
molecular modeling of GPCR X-ray crystal structures
resulted in an evidence-based homology model of the
AngII-liganded hAT1 receptor complex where the interaction
of the AngII carboxyl-terminus with the hAT1 receptor is
practically identical to that of the retinal/bovine rhodopsin
complex.16 Nevertheless, the individual interaction of the
AngII amino acids positions 2, 4, 5, 6, and 7 with the various
domains of the hAT1 receptor remain unresolved.

The results presented herein (Figures 2-4 and Scheme 1)
show that the AngII amino-terminus simultaneously contacts
several regions of the hAT1 receptor, including ectodomains
such asNT andECL1.However, we could not totally exclude
the interaction of the AngII amino-terminus with both the
ECL 2 and ECL 3 of the hAT1 receptor. The NT of the AT1

receptor is known to contain essential AngII ligand-binding
epitopes, in particular adjacent to the top of TMD 1.39,40 The
ECL 1 of the AT1 receptor possesses a W94(2.70)X95(2.71)-
F96(2.72)G97(2.73) conserved motif, which has previously been
postulated to forma type IIβ-turnand tobe involved inAngII
binding.41,42 This motif has also been shown to be important
for ligand-mediated activation in another rhodopsin-like
GPCR, namely, the complement component 5a receptor.43

In addition, various reports have provided evidence support-
ing the essential role of these extracellular regions in AngII
ligand binding and hAT1 receptor functions.

44-50

We also took advantage of the complementary photoche-
mical properties of both the Bpa and Tdf photoprobes to
obtain further direct biochemical evidence of the AngII
ligand-binding environment. The photogenerated biradical
ketone intermediate of Bpa displays extremely low reactivity
with water. On the other hand, the electrophilic nature of the
much more reactive photogenerated carbene intermediate of
Tdf causes this photoprobe to also react with water molecules
and, thus, competes for and may even prevent receptor
photolabeling.23,51-54A significant reduction in the respective
photoaffinity labeling yields (Table 3) of the 125I-Tdf-substi-
tuted AngII analogues compared to the 125I-Bpa-substituted
AngII analoguesmay provide an indication of the presence or
absence of water molecules in or close to the ligand-binding
environment of the hAT1 receptor structure.

For analogues substituted at positions 1 and 2, the Tdf
photolabeling yields were respectively 5.4- and 4.0-fold lower
than those of the corresponding Bpa analogue, suggesting the
presence of water molecules in the vicinity of the amino-
terminus of the AngII ligand. In fact, analogues substituted
by the water-sensitive Tdf photoprobe exhibited the lowest
yields.Analogues 125I-B1 and 125I-T2photolabeled the hydro-
philic Asn4(1.08)-Asn25(1.29) region of the NT of the hAT1

receptor, among other regions. For GPCRs activated by
diffusible ligands like the beta-2 adrenergic receptor, the
water-accessible NT is disordered and has no clear contacts
with either the ECLs or TMDs.55 In contrast, analogues
substituted at positions 3, 5, and 8, which are reputed to
interact more deeply within the TMDs core of the receptor,
did not display any significant differences in Bpa and Tdf
photolabeling yields, suggesting that there is a hydrophobic,
water-free environment in the vicinity of the center and
carboxyl-terminus of the AngII ligand. A single large region,
Leu143(4.40)-Met243(6.38), spanning from TDM4 through
ECL 3 of the hAT1 receptor was photolabeled both by
analogues 125I-B3 and 125I-T3. This receptor region encom-
passes the AngII contact at position Ile172(4.69) in ECL 2.13

Crystallography and nuclear magnetic resonance spectrosco-
py experiments on opsin56 and rhodopsin57,58 confirmed that
the ECL 2 folds back deeply into the hydrophobic center of
the receptor protein and contributes to the retinal-binding site
as a “retinal plug”. In addition, substituted-cysteine scanning
mutagenesis59,60 and crystallographic studies61,62 on rhodop-
sin-like aminergic GPCRs also indicated that the ECL 2
contacts the ligand in the binding cleft of the receptor.
Analogues 125I-B5 and 125I-T5 photolabeled both the NT
and the ECL 1 of the hAT1 receptor, presumably close to or
at the extracellular region/TMDs interface. Various residues
located deeper within the TMDs hydrophobic core of the
hAT1 receptor are photolabeled by analogue 125I-B8,12,14-16

while analogue 125I-T8 simultaneously photolabels
receptor residues on TMDs 3 and 6.63,64 Unfortunately, no
photoaffinity labeling experiments were performed with ana-
logues substituted at positions 4, 6, and 7, since their
binding affinities and/or photolabeling yields prevented
further investigation.

Conclusion

In light of results provided in the present study, the CAM-
hAT1 receptor has a SAR more amenable to amino acid
substitutionat positions 1, 2, 3, and 5of theAngII octapeptide
sequence than that of theWT receptor. Photoaffinity labeling
has been previously used to gain information on the WT
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receptor binding environment of positions 1 and 3 of AngII.
Now, analogues containing photoprobe amino acids in posi-
tions 2 and 5 are available to further characterize the AT1

receptor binding cleft, using the CAM receptor. The use of
both the Bpa and Tdf photoprobe amino acids, which exhibit
different but complementary photochemical properties, evi-
denced that theAngII amino-terminus resides in ahydrophilic
environment and interacts simultaneously with several re-
gions of the CAM-hAT1 receptor, including ectodomains
such as the NT and ECL 1. Nevertheless, the interaction of
both the ECL 2 and ECL 3 of the CAM-hAT1 receptor with
the AngII amino-terminus could not be totally excluded.
Altogether, these results should be valuable in order to guide
an in-depth and more exhaustive investigation aimed at
identifying the precise receptor residues that contact AngII
using the methionine proximity assay.14,16,38,65

Experimental Section

Materials. Starting materials and reagents for the peptide
syntheses were fromNovabiochem (San Diego, CA, USA). The
p-benzoyl-L-phenylalanine photoprobe amino acid was from
Chem-Impex International Inc. (Wood Dale, IL, USA),
whereas the p-[3-(trifluoromethyl)-3H-diazirin-3-yl]-L-phenyla-
lanine (Tdf ) photoprobe amino acid was previously synthesized
by us.23 Pyrex tubes, solvents, and all inorganic chemicals were
from Fisher Scientific (Pittsburgh, PA, USA). All organic
chemicals were from Sigma-Aldrich (St. Louis, MO, USA).
IODO-GEN iodination reagent (1,3,4,6-tetrachloro-3R,6R-
diphenylglycoluril) was from Pierce Protein Research Products
(Rockford, IL, USA). Na125I was from Perkin-Elmer Inc.
(Wellesley, MA, USA). The plasmid containing the human
AT1 receptor subcloned in the mammalian expression vector
pcDNA3.0 was kindly provided by Dr. Sylvain Meloche
(Universit�e de Montr�eal, Montreal, QC, Canada). Site-directed
mutagenesis materials (QuikChange II XL Site-Directed Muta-
genesis Kit) were from Stratagene (La Jolla, CA, USA). Cell
culture materials, the pcDNA3.0 plasmid, oligonucleotides, and
low molecular mass protein standards were from Gibco
(Invitrogen, Carlsbad, CA, USA). FuGENE 6 transfection
reagent, Complete Protease Inhibitor Cocktail, Nonidet P-40,
endoproteinase Lys-C sequencing grade (endoLys-C, EC
3.4.21.50), and peptide-N-glycosidase F peptide-N4-(acetyl-β-
glucosaminyl)-asparagine amidase (PNGase F; EC 3.5.1.52)
were from Roche Applied Science (Indianapolis, IN, USA).
Bovine serum albumin (BSA) and bacitracin were from Sigma-
Aldrich. Binding filters (1.0 μm grade GF/B glass microfiber,
Whatman) were from VWR International (Arlington Heights,
IL, USA). Inositol-1-monophosphate production assays (IP-
One HTRF Assay) were from Cisbio (Bedford, MA, USA).
Flat-bottomwhite 96-well assaymicroplates were fromCorning
(Corning, NY, USA). Mini-spiral black light self-ballasted
ultraviolet lamps (13 W, 120 V, 60 Hz, 225 mA, λmax 365 nm)
were from Noma (Toronto, ON, Canada). Amicon Ultra-15
centrifugal filter devices with a 10 000 MWCO were from
Millipore (Billerica, MA, USA). Electrophoresis materials and
Precision Plus Protein Prestained Standards were fromBio-Rad
Laboratories (Hercules, CA, USA). Gel drying kits with perme-
able cellophane films were from Promega Corporation
(Madison, WI, USA). BioMax MR X-ray intensifying films
were from Kodak (Rochester, NY, USA).

Numbering ofGPCRs.The residues of the hAT1 receptorwere
given two numbering schemes. First, residues were numbered
based on their positions in the hAT1 receptor sequence. Second,
represented in superscript within parentheses, residues were
numbered on the basis of their position relative to the most
conserved residue in their respective TMDs within rhodopsin-
like GPCRs accordingly to Ballesteros and Weinstein.66 This
indexing simplifies the identification of aligned residues in

different GPCRs. By definition, the most conserved residue
was assigned the position index 50, with incremental numbering
of downstream residues and decremental numbering of
upstream residues. The indexed residues are Asn46(1.50),
Asp74(2.50), Arg126(3.50), Trp153(4.50), Pro207(5.50), Pro255(6.50),
and Pro299(7.50).

Peptide Synthesis and Radiolabeling. p-Benzoyl-L-phenylala-
nine (Bpa) and p-[3-(trifluoromethyl)-3H-diazirin-3-yl]-L-phe-
nylalanine (Tdf ) photoprobe amino acids substituted AngII
peptide analogues were synthesized using the standard solid-
phase peptide synthesis method with N-[(9-fluorenyl)-
methoxycarbonyl] (Fmoc)-protected amino acids and Wang
resin (p-benzyloxybenzyl alcohol resin) as previously reported.24,26

Once the synthesis was completed, the side chain protecting
group and resin linker were simultaneously cleaved. The crude
peptides were purified by reversed-phase high-pressure liquid
chromatography (RP-HPLC) on a Waters 625 LC instrument
equipped with a Waters C-18 reversed-phase column and mon-
itored by absorbance at 214 nm as well as by γ-counting when
necessary. Peptides were eluted as a single signal and were at
least 95% pure. The mass spectrum of each peptide analogue
was obtained using a Tofspec2 Micromass instrument with
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF; see Supporting Information). The resulting
peptides were then radiolabeled using the IODO-GEN iodina-
tion method as described by Fraker and Speck.67 In brief, in the
following order, 500 mM potassium phosphate buffer
(K2HPO4/KH2PO4, pH 5.0, 30 μL), 1 mM AngII analogue
(10 μL, 1.0 mol equiv), and 45 μM(5mCi) Na125I (10 μL, 1mCi,
0.045 mol equiv) were added to a 250 μL Eppendorf tube coated
with IODO-GEN (20.0 μg, 4.6 mol equiv) in a final volume of
50 μL. The solutions were incubated at room temperature for
15-20 min in the dark. The reaction conditions were optimized
to form monoiodinated peptide analogues. The reaction
mixtures were stopped by adding 50 μL of quenching solution
(0.2 mM Na2SO3, 0.2 mM KI, pH 7) and incubated at room
temperature for an additional 15 min in the dark. The radio-
labeled peptides were purified by RP-HPLC with a 20-40%
acetonitrile gradient containing 0.05% aqueous R,R,R-trifluoro-
acetic acid. Typical retention times were 14-18 min for the
29-33% acetonitrile portion of the gradient. The specific radio-
activity of the radiolabeled peptides was 1500( 500 Ci/mmol as
determined by homologous competition binding affinity assays
as reported by Wiener and Reith.68,69 Stock solutions of radi-
olabeled peptide analogues were adjusted to pH 7.0, diluted in
BSA (1 μM final concentration), flash-frozen in liquid nitro-
gen, and stored at-80 �Cuntil used. Under these conditions, we
typically obtained yields of 15-70% pure 125I-radiolabeled
photoreactive AngII peptide analogues as a white amorphous
solid. Note that the photoreactive Tdf-containing peptide ana-
logues were handled in amber flasks in dim light.

Site-Directed Mutagenesis.Oligonucleotide site-directed mu-
tagenesis was performed using QuikChange II XL site-directed
mutagenesis kits as described by Stratagene. Constitutively
active mutant [N111G]-hAT1 receptor cDNA was generated
using WT-hAT1 receptor cDNA subcloned into the HindIII-
XbaI sites of the mammalian expression vector pcDNA3.0 as a
template. Sets of forward and reverse oligonucleotides were
constructed and used to introduce a single Asn-Gly mutation at
position 111(3.35) of the hAT1 receptor. Site-directed mutations
were then confirmed by automated DNA sequencing by align-
ing the hAT1 receptor sequence using Sequencher 4.9 software
(Gene Codes Corporation, Ann Arbor, MI, USA).

Cell Culture and Transfections. COS-7 cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 2mML-glutamine, 10% [v/v] fetal bovine serum (FBS), 100
IU/mL penicillin, and 100 μg/mL of streptomycin. The cells
were seeded into 100mmdiameter cell culture dishes in 10mLof
the same medium and incubated at 37 �C in a 5% [v/v] CO2

atmosphere until the density reached (6-8) � 106 cells/dish.
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Following a trypsin treatment, 1.5� 106 cells were suspended in
10 mL of the same medium and grown in 100-mm-diameter cell
culture dishes for 24 h. Transfections were performed using
FuGENE 6 transfection reagent as described by Roche Applied
Science. Briefly, serum-free DMEM (172 μL) was incubated
with FuGENE 6 transfection reagent (18 μL) at room tempera-
ture for 5 min. Plasmid DNA (6 μg, 60 μL) was then added and
the solution (250 μL final volume) was incubated at room
temperature for 30 min. The cells were transiently transfected
by adding the transfection solutions (250 μL/dish). Transfected
cells were grown for an additional 36 h at 37 �C in a 5% [v/v] CO2

atmosphere. The cells were washed once with phosphate-
buffered saline (PBS; 137 mM NaCl, 0.9 mM MgCl2, 3.5 mM
KCl, 0.9 mM CaCl2, 8.7 mM Na2HPO4, and 3.5 mM
NaH2PO4), immediately flash-frozen in liquid nitrogen, and
stored at -80 �C until used. Frozen cells were subjected to one
freeze-thaw cycle (1 min at 37 �C), and 10 mL of ice-cold
washing buffer (5 mM MgCl2, 25 mM Trizma-Base, 100 mM
NaCl; pH 7.4) was added to the broken cells. The cells were then
gently scraped from the bottomof thewells andwere transferred
into a 15 mL centrifuge tube. The cell membrane suspensions
were centrifuged (500 g for 15 min at 4 �C) and the supernatants
were removed. The transfected COS-7 cell pellets were immedi-
ately stored at -80 �C until used.

Competition Binding Affinity Assay. The cell pellets were
resuspended in 10 mL of ice-cold binding buffer (5 mMMgCl2,
25 mM Trizma-Base, 100 mM NaCl, 0.1% [w/v] bovine serum
albumin (BSA), and 0.01% [w/v] bacitracin, pH 7.4). For the
heterologous competition binding assay, 30 aliquots of the
resulting cell membrane suspensions (50-100 μg total protein)
were independently incubated until complete equilibrium (room
temperature for 1 h in the dark in a final volume of 500 μL of
binding buffer) with increasing concentrations (15 different
concentrations in duplicate from 10 μM to 1 FM with half-log
increases) of AngII analogues and 0.1 nM of 125I-[Sar1,
Ile8]AngII (125I-Sarile; 1500 ( 500 Ci/mmol) as a radioactive
tracer. Total binding was measured in the presence of 1 pM
unlabeled ligand and 0.1 nM 125I-[Sar1,Ile8]AngII (125I-Sarile;
1500 ( 500 Ci/mmol), whereas nonspecific binding was mea-
sured in the presence of 10 μM unlabeled ligand and 0.1 nM
125I-[Sar1,Ile8]AngII (125I-Sarile; 1500 ( 500 Ci/mmol). Bound
radioligand was separated from free radioligand by vacuum
filtration at 4 �C through filters presoaked in binding buffer (at
room temperature for 1 h). Receptor-bound radioligand was
evaluated by γ-counting. Under these experimental conditions,
total binding was typically 2500 ( 1000 cpm while nonspecific
binding was typically 500 ( 250 cpm. Binding data were
analyzed with a nonlinear regression curve-fitting routine per-
formed using GraphPad Prism v 5.00 for Windows (GraphPad
Software, San Diego, CA, USA).

Ligand-Induced Inositol-1-Monophosphates Production Assay.

COS-7 cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 2 mM L-glutamine,
10% [v/v] fetal bovine serum (FBS), 100 IU/mL of penicillin,
and 100 μg/mL of streptomycin. The cells were seeded into
96-well cell culture plates (5000 cells/well) in 100 μL of the same
medium and incubated at 37 �C in a 5% [v/v] CO2 atmosphere
for 24 h. Transfections were performed using FuGENE
6 transfection reagent as described by Roche Applied Science.
Briefly, serum-free DMEM (87 μL) was incubated with
FuGENE 6 transfection reagent (3 μL) at room temperature
for 5 min. Plasmid DNA (1 μg in 10 μL) was then added and the
solution (100 μL final volume) was incubated at room tempera-
ture for 30 min. The cells were transiently transfected by adding
the transfection solution (5 μL/well). Transfected cells were
grown for an additional 24 h at 37 �C in a 5% [v/v] CO2

atmosphere. The inositol-1-monophosphate (IP1) production
assay was performed using IP-One HTRF assay (Terbium) kits
as described by Cisbio. Briefly, basal (vehicle) and stimulated
(1� 10-6Mfinal concentrationofAngII analogue) IP1 production

were induced for 30 min at 37 �C in a 5% [v/v] CO2 atmosphere in
triplicate, and parallel wells were used to measure receptor expres-
sion. IP1 levels were adjusted on the basis of receptor expression
levels. Samples were transferred from the 96-well cell culture plates
to flat bottom white 96-well assay microplates, and FRET fluores-
cence readouts were performed with a Tecan Infinite M1000
premium Quad4 Monochromator.

Photoaffinity Labeling Experiments. The cell pellets were
resuspended in 500 μL of binding buffer at 37 �C (5 mMMgCl2,
25 mM Trizma-Base, 100 mM NaCl, 0.1% [w/v] bovine serum
albumin (BSA), and 0.01% [w/v] bacitracin, pH 7.4). For the
photoaffinity labeling experiments, the resulting cell membrane
suspensions (50-100 μg of total protein) were incubated at
37 �C for 1 h in the dark in a final volume of 500 μL of binding
buffer with 10-25 nM of radiolabeled photoreactive AngII
analogue (1500( 500 Ci/mmol). The cell membranes were then
centrifuged at 500 g for 15 min at 4 �C. The cell pellets were
resuspended in 500 μL of 37 �C washing buffer (5 mM MgCl2,
25mMTrizma-Base, 100mMNaCl, pH7.4) and irradiated (hν=
350-360 nm) at 37 �C for 1 h in a temperature-controlled
photoreaction chamber ((1 �C) in a 5 mL Pyrex tube immersed
in distilledwater within the spiral cage of the ultraviolet lamp. The
cell membranes were centrifuged at 2500g for 15 min at 4 �C. The
cell pellets were solubilized in modified radio-immunopre-
cipitation buffer (mRIPA; 0.1% [w/v] SDS (electrophoresis
grade), 0.25% [w/v] sodium deoxycholate, 1% [v/v] Nonidet
P-40, 5 mM NaN3, 50 mM Trizma-HCl (pH 7.4), and 150 mM
NaCl) supplemented with Complete Protease Inhibitor Cocktail
and incubated on ice for 1 h. The cell lysates were centrifuged at
2500 g for 30 min at 4 �C to remove insoluble materials. The
supernatant containing the solubilized photolabeled ligand/
receptor complexes was flash-frozen in liquid nitrogen and stored
at -80 �C until they were partially purified.

Partial Purification of the Photolabeled Ligand/Receptor
Complexes. The solubilized ligand/receptor photolabeled com-
plexes were diluted with Laemmli loading buffer (0.1% [w/v]
bromophenol blue, 2% [w/v] SDS, 10% [v/v] glycerol, 50 mM
Trizma-HCl (pH 6.8), and 1% [v/v] β-mercaptoethanol) and
incubated at 37 �C for 1 h. Sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) with tris-glycine buffer
was performed essentially as described elsewhere70 using 8%
preparative gels. To locate the photolabeled ligand/receptor
complexes, the gels were exposed to an X-ray film with an
intensifying screen. Precision Plus Protein Prestained Standards
were used to determine the apparent molecular masses. Radio-
active bands were excised from the gel and the radioactive
content was measured by γ-counting to assess recovery yield.
The photolabeled ligand/receptor complexes were than pas-
sively eluted from the gel slices by maceration in 15 mL of tris-
glycine electrophoresis buffer (250 mM glycine, 25 mM Trizma
base, 0.1% [w/v] SDS) at 4 �C for 3 days with gentle agitation.
The macerated gel slices were centrifuged at 2500 g for 15min at
4 �C, and the supernatants containing the eluted photolabeled
ligand/receptor complexes were concentrated to a final volume
of 100-250 μL using Amicon Ultra-15 centrifugal filter devices
(10 000 MWCO) as described by Millipore. The partially pur-
ified photolabeled ligand/receptor complexes were flash-frozen
in liquid nitrogen and stored at -80 �C until use. Under these
conditions, we typically recovered at least 70% of the initial
radioactivity.

Photoaffinity Labeling Yields of Covalent Incorporation. The
yields of covalent incorporation of the selected radiolabeled
photoreactive AngII analogues were calculated as follows:
[CPM count of photolabeled ligand/receptor complex from
the SDS-PAGE of the partial purification step] ÷ [CPM count
of related specific binding] � 100%. The same cell membrane
preparations as well as the same radioligand were used in both
the numerator and denominator for the calculation.

CNBr Cleavages of Met. The reactions were performed with
0.47 M CNBr in 70% [v/v] formic acid/10% [v/v] acetonitrile.
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Partially purified photolabeled ligand/receptor complexes
(0.1-1 ng containing 3-15 nCi) were lyophilized for 24 h. The
lyophilized samples were then dissolved in a mixture of 90 μL of
77.7% [v/v] formic acid and 10 μL of CNBr (5 mg) dissolved in
acetonitrile for a total volume of 100 μL. The solutions were
then incubated at room temperature for 18 h in the dark. The
reaction mixtures were quenched by adding 1 mL of water and
were lyophilized for 24 h. The samples were flash-frozen in
liquid nitrogen and stored at -80 �C until analyzed. Note that
CNBr is particularly toxic and was handled in a fume hood. The
reactions were performed in sealed polypropylene ware.

Peptide-N-glycosidase F Peptide-N
4
-(acetyl-β-glucosaminyl)-

asparagine Amidase (PNGase F) Deglycosylations. Prior to
performing the PNGase F deglycosylations, the CNBr-treated
lyophilized samples were partially purified as previously re-
ported (see Partial Purification of the Photolabeled Ligand/
Receptor Complexes) using an SDS-PAGE procedure as de-
scribed below (see Analysis of the Proteolysis Products). The
radioactive glycoprotein bands with apparent molecular masses
greater than 12.5 kDa were the only ones that passively eluted.
They were lyophilized for 24 h and were deglycosylated using
PNGase F. The lyophilized samples were dissolved in 100 μL of
digestion buffer (50 mM Tris-Base, 25 mM EDTA, 0.5% [v/v]
Nonidet NP-40, 0.1% [w/v] SDS, 1% [v/v] β-mercaptoethanol,
pH 8.0) containing 10 U of PNGase F. The solutions were
incubated at room temperature for 16 h in the dark. The reaction
mixtures were quenched by adding 1 mL of water and were
lyophilized for 24 h. The samples were flash-frozen in liquid
nitrogen and stored at -80 �C until analysis.

Endoproteinase Lys-C (EndoLys-C)Digestions. Partially pur-
ified photolabeled ligand/receptor complexes (0.1-1 ng con-
taining 3-15 nCi) were lyophilized for 24 h. The lyophilized
samples were dissolved in 100 μL of digestion buffer (25 mM
Tris-Base, 1 mM EDTA, 0.1% [w/v] SDS, pH 8.5) containing 1
μg of endoLys-C. The solutions were incubated at 37 �C for 16 h
in the dark. The reaction mixtures were quenched by adding
1 mL of water and were lyophilized for 24 h. The samples were
flash-frozen in liquid nitrogen and stored at -80 �C until
analysis.

Analysis of the Proteolysis Products.The proteolysis products
generated from the chemical cleavage and enzymatic digestion
of the photolabeled ligand/receptor complexes were analyzed by
analytical sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) with Tris-tricine buffer. The procedures
were performed essentially as reported by Schagger and von
Jagow.71,72 For routine analyses (as for Figure 4), 4% T/3% C
stacking gels and 16.5% T/4.5%C separating gels with glycerol
were used. For more precise analyses (as for glycoprotein bands
in Figure 3), 2-cm-long 4% T/3% C stacking gels, 3-cm-long
10% T/3% C spacer gels, and 13-cm-long 16.5% T/4.5% C
separating gels with glycerol were run at room temperature for
24-36 h. Low molecular mass protein standards were used to
determine apparent molecular masses. The gels were fixed in gel
fixation buffer (7.5% [v/v] glacial acetic acid, 10% [v/v] glycerol,
40% [v/v] methanol) at room temperature for 5-10 min. The
gels were dried as described elsewhere70 or with permeable
cellophane film gel drying kits as described by Promega Cor-
poration. Radioactive bands were revealed using X-ray intensi-
fying films. Typical exposure times were 3-4 days for an initial
γ-count of 3 nCi and 12-24 h for an initial γ-count of 15 nCi.
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