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The orientation of the second extracellular loop (ECL2) is
divergent in G-protein coupled receptor (GPCR) structures de-
termined. This discovery provoked the question, is the ECL2
conformation differentially regulated in the GPCRs that re-
spond to diffusible ligands? We have determined the conforma-
tion of the ECL2 of the angiotensin II type 1 receptor by report-
er-cysteine accessibility mapping in different receptor states
(i.e. empty, agonist-bound and antagonist-bound). We intro-
duced cysteines at each position of ECL2 of an N-terminal
epitope-tagged receptor surrogate lacking all non-essential cys-
teines and then measured reaction of these with a cysteine-reac-
tive biotin probe. The ability of biotinylated mutant receptors to
react with a steptavidin-HRP-conjugated antibody was used as
the basis for examining differences in accessibility. Two seg-
ments of ECL2 were accessible in the empty receptor, indicating
an open conformation of ECL2. These segments were inaccessi-
ble in the ligand-bound states of the receptor. Using the acces-
sibility constraint, we performed molecular dynamics simula-
tion to predict ECL2 conformation in different states of the
receptor. Analysis suggested that a lid conformation similar to
that of ECL2 in rhodopsin was induced upon binding both ago-
nist and antagonist, but exposing different accessible segments
delimited by the highly conserved disulfide bond. Our study
reveals the ability of ECL2 to interact with diffusing ligands and
to adopt a ligand-specific lid conformation, thus, slowing down
dissociation of ligands when bound. Distinct conformations
induced by the bound agonist and the antagonist around the
conserved disulfide bond suggest an important role for this
disulfide bond in producing different functional states of the
receptor.

The G-protein-coupled receptors (GPCRs)?* have taken cen-
ter stage in the study of cellular adaptation to environment,
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sensory perception, cell signaling, growth, and differentiation
(1-3). Because of the wide ranging role of GPCRs in biology,
understanding ligand-induced activation and inhibition mech-
anisms is critical for drug discovery endeavors. The unifying
structural feature of GPCRs (Fig. 1) consists of seven trans-
membrane (TM) helices connected by short cytoplasmic and
extracellular loops (ECL) (1-3). Sequence variability allows this
largest and most diverse membrane receptor superfamily to
respond to a wide variety of ligands and physical stimuli, includ-
ing mechanical stretch and light. Small molecule ligands bind
within the helical core of the receptor, whereas larger ligands
(peptide and proteins) may bind to both TM helices and ECLs
or only at ECLs. However, transmembrane signal transduction
during the activation of GPCRs adhere to a common molecular
mechanism (4). Binding of activating ligands to a GPCR induces
rigid body movements of TM helices, which facilitates G-pro-
tein activation leading to cytoplasmic signal transduction. The
crystallographic structures and accumulating structure-func-
tion studies reveal an unanticipated canonical role for ECL2 in
ligand-induced activation of GPCRs (3-6).

ECL2 in the prototypical GPCR, bovine rhodopsin, adopts a
B-hairpin structure that projects into the site of covalently
bound retinal as a stable lid directly interacting with the ligand
(7, 8). Upon light activation ECL2 moves away (8, 9). Absence of
asimilar lid in the recently solved structures of GPCRs suggests
that a path for diffusible ligands to the binding pocket may be a
specialization that evolved in other GPCRs. The ECL2 in f3,-
and B;-adrenergic receptors has an a-helical conformation sta-
bilized by an intraloop disulfide bond (10, 11). The ECL2 of A, .,
adenosine receptor with three disulfide bonds is unstructured
(12). Despite these variations, all GPCR structures predict the
ECL2 as a part of the ligand-binding pocket. ECL2 makes direct
contacts with bound inverse agonist, 11-cis-retinal in rhodop-
sin (Ser'®® to Ile'®, Glu'®', and Tyr'®"), the antagonist cyan-
opindolol in B,-adrenergic receptor (Thr*®®> and Phe*°"), the
inverse agonist carazolol in B,-adrenergic receptor (Phe'??),
and the antagonist ZM241385 in A,,-adenosine receptor
(Phe'®® and Glu'®®) (7, 8, 10-12).

Positioned at the entrance to the binding cavity, ECL2 may
regulate the entree of ligands in rhodopsin-like GPCRs (4, 6).
In several human pathologies, autoantibodies directed against
ECL2 region directly activate receptor signaling in different
GPCRs (13-17). Nonetheless, spatio-temporal changes in
ECL2 that occur upon ligand and autoantibody binding remain
to be elucidated. In this study, we examine the conformation of
ECL2 of the angiotensin II type 1 receptor (AT1R) specifically
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in empty and agonist- or antagonist-bound states. The AT1R is
a 359-amino acid peptide hormone GPCR, which productively
couples to G,/11 and other intracellular signal transduction
pathways, including the extracellular signal-regulated kinases
(ERK1/2) in cells upon Ang II stimulation (18). Abnormal
ATIR function causes hypertension, water-electrolyte imbal-
ance, cardiac hypertrophy and heart failure. AT1R blockers
(ARBs) are used to lower blood pressure and to prevent cardiac
and vascular hypertrophy (18). Therefore, a better understand-
ing of the mechanism of ligand interactions with ATIR is
important to target future drug development efforts.

The predicted structure of ECL2 in AT1R resembles that of
bovine rhodopsin (19). In AT1R, the ECL2 region is between
residues Ile'”? and Pro'®?, contains the highly conserved disul-
fide bond between Cys'' and Cys'®°, which connects ECL2
with TMIII (Fig. 1). As in rhodopsin, the residues located in
ECL2 directly interact with the ligands, Ang II (20, 21) and
losartan (21, 26). However, AT 1R responds to diffusible ligands,
similar to adrenergic and adenosine receptors, but lacks intra-
loop disulfide bond stabilizing ECL2. AT1R-directed autoanti-
bodies bind to ECL2 and activate signaling (15, 17). Thus, ECL2
is a pivotal structural element in generating different confor-
mational states of AT1R, but the role it plays in reversible bind-
ing of ligands is unknown. Here we show that ECL2 conforma-
tions are different in basal, Ang II-bound, and ARB-bound
states by reporter-cysteine accessibility mapping (RCAM).

EXPERIMENTAL PROCEDURES

Cysteine-scanning Mutagenesis—The synthetic rat ATIR
gene was cloned in pMT3 vector, N-terminally tagged with
hemagglutinin (HA) epitope and used for mutagenesis as
described previously (27, 28). HA-CYS™ ATIR construct and
single cysteine mutants were generated by PCR mutagenesis.

Western Blotting—COSI cells cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine
serum were transfected using FUGENE6 Transfection Reagent
(Roche) according to the manufacturer’s instructions. Trans-
fected cells cultured for 48 h were harvested and lysed in Mam-
malian Protein Extraction Reagent (Pierce) containing protease
(Sigma) and phosphatase inhibitors (Thermo Scientific). 50 ug
of protein were run on 10% SDS-PAGE and blotted onto nitro-
cellulose membranes (Bio-Rad). The membrane was probed
with mouse anti-HA monoclonal antibody (Roche) and HRP-
conjugated anti-mouse IgG (GE Healthcare). The receptor
expression was detected using ECL Plus Western blotting de-
tection system (Amersham Biosciences).

Immunocytochemistry—24-h post-transfection, cells were
plated onto poly-L-lysine-coated coverslips and serum-starved
for 18 h before treatment. Cells were fixed with 4% paraform-
aldehyde, permeabilized with 0.3% Triton X-100, and blocked
with 5% nonfat dry milk. Cells were incubated overnight with
mouse anti-HA monoclonal antibody (1:1000), washed with
PBS, and incubated with AlexaFluor 568 anti-mouse antibody
(1:2000). Cells were then washed and mounted for confocal
microscopy analysis.

Saturation Binding Assay— Assays were performed under
equilibrium conditions, with ['*°I]-[Sar1,lle8]Ang II (Dr. Rob-
ert Speth, University of Mississippi) concentrations ranging
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between 0.125 and 12 nm (specific activity: 2176 Ci/mmol)
in total volume of 125 ul for 1 h as previously described (27,
28). Nonspecific binding was measured in the presence of
107° M "7I-[Sar'lle®]Ang II (Bachem). The experiment was
stopped by filtering the binding mixture through Whatman
GEF/C glass fiber filters, which were extensively washed with
washing buffer. The bound ligand fraction was determined
from the counts per minute remaining on the membrane. The
binding kinetics was analyzed by program Ligand®, which
yields mean = S.D. for K, and B,,,, values.

Analysis of MAPK Activity— 48-h post-transfection, cells were
serum-starved for 18 h and treated with 1 um Ang II (Bachem)
for 10 min. Cells were immunoblotted as described above
and probed with phospho-ERK 42/44™4PX polyclonal anti-
body (1:1000) and HRP-conjugated anti-rabbit IgG (1:5000,
GE Healthcare). Immunoreactivity was detected using ECL
Plus. Same blots were then analyzed for total ERK 42/44™MA"PX
reactivity. Results were used to normalize pERK 42/44MAPK
measurements.

Intracellular [Ca®" ] Measurement—Changes in cytoplasmic
Ca** were measured using fluorescent calcium indicator Fura-2
(excitation maximum 340 and 380 nm; emission maximum 510
nm) (Invitrogen) (29). Cells were loaded with 1 wm Fura-2 ace-
toxymethyl ester at 37 °C following 48 h transfection with
HA-ATIR or HA-CYS™ AT1R. After 30 min of incubation with
Fura-2 in BSS-Ca?* buffer (140 mm NaCl, 5 mm KCl, 1.2 mm
MgCl,, 5.5 mm glucose, 10 mMm Hepes, 0.1% bovine serum albu-
min, and 2 mm CaCl,, pH 7.4), cells were washed to remove the
extracellular dye. Calcium measurements were done in single
cells using an inverted microscope (Zeiss Axiovert 135) con-
nected to a CCD camera (Photon Technology International).
The data were collected at 1.5-s intervals and analyzed using
Image Master software (Photon Technology International).
The release of intracellular Ca*>* in individual cells was mea-
sured after exposure to 1 um Ang II in BSS by rapid solution
exchange. Results are presented as average changes in the ratio
of Fura-2 fluorescence upon excitation at 340 nm and 380 nm
and plotted using SigmaPlot.

MTSEA-biotin Labeling—MTSEA-biotin (N-biotinylami-
noethylmethanethiosulfonate, Toronto Research Chemicals)
was dissolved in DMSO, and aliquots of 0.1 M stock solutions
were thawed just prior to use. Experiments were repeated at
least three times as described below. 48 h post-transfection,
cells were harvested using non-enzymatic cell dissociation
solution (Sigma), washed, and suspended in PBS. 500-ul ali-
quots of cells were incubated with 10 mm MTSEA-biotin at
25 °C for 30 min. The cells were diluted with cold PBS buffer,
pelleted and resuspended in Nonidet P-40 lysis buffer (1% Non-
idet P-40, 20 mm Tris (pH 7.4), 137 mm NaCl, 20% glycerol,
protease, and phosphatase inhibitors). 750 ug of protein were
incubated overnight with 4 ul of mouse anti-HA monoclonal
antibody in lysis buffer. The receptors were immunoprecipi-
tated with protein G-agarose beads (Millipore). Beads were
washed four times with cold PBS, and proteins were extracted
by heating at 60 °C in sample buffer for 10 min. Samples were
immunoblotted and probed with Streptavidin-HRP (Amer-
sham Biosciences). Total density of biotinylated mature mono-
meric receptor band was determined using KODAK 1D 3.6. To
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FIGURE 1. Secondary structure model of a typical GPCR. The rat AT1a receptor shows the interactions of
AT1R with Ang Il previously mapped by site-directed mutagenesis (solid black lines) and cross-linking experi-
ments (dashed lines) (20, 21, 24,45, 55-58). ECL2 residues are highlighted in light gray. Native free cysteines are

shown in dark filled circles, which were replaced with Ala in the HA-CYS ™ AT1R.

verify the receptor expression levels, the same blot was rep-
robed with anti-HA antibody as described above. The biotiny-
lation levels of receptor proteins were normalized to expression
levels. The same procedure was repeated following either 1 um
Ang II (Bachem) or 1 uM losartan (DuPont Merck Co, Wilm-
ington, DE) treatment for 10 min.

Molecular Dynamics (MD) Simulations—MD simulations
were performed using the MD software package NAMD (30)
and the CHARMM 22. The model structure of ATIR (PDB ID:
2AC6) and AT1R with Ang II (PDB ID: 2AH3) was downloaded
from the Protein Data Bank, and explicit hydrogens were added
using the package VEGA ZZ 2.0.7 (31). This structure was sub-
jected to 1000 steps of energy minimization. The energy-mini-
mized system was heated from 0 to 310 °C in 31 °C intervals
over the course 0f 20,000 steps. Simulations were carried out for
14 ns. The root-mean-square deviation of the backbone of
ATIR with Ang II was stabilized after 7 ns. MD simulations
were carried out using the molecular modeling software VEGA
77 2.0.7. We simulated ECL2 residues (Ile'®>-Pro'®?) with
selected loop constraints, and other receptor regions were not
simulated. The ECL2 simulations were carried out by imposing
Cys'?'—Cys'® disulfide bond as a constraint in different states.
The disulfide bond constraint was relaxed for 1 ns at the end of
14 ns of simulation. We used PyMOL (DeLano Scientific LLC)
to visualize the output.

Losartan Docking—Blind docking was carried out using
AutoDock4 Vina (32). The starting conformation of losartan
was an energy minimized form. The receptor was held rigid
during the docking process, while the ligand was allowed to be
flexible. The grid box size was 38.0 A-20.8A-264 Ainthex,
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central axis of the pore at Lys'*® and
His>*® at the base of the selectivity
filter. Exhaustiveness was set as
default. We used PyMOL to visual-
ize the output.

RESULTS

Experimental Setup for Cys-
scanning Mutagenesis on ECL2—
The MTS (methylthiosulfonate)
reagent-insensitive receptor con-
struct, CYS™ AT1R was used as the
background to substitute reporter
Cys residues in the ECL2. In the
CYS ATIR, native non-essential
free Cys residues were substituted
with Ala to prevent interference
with the reporter Cys residues.
Native disulfide bonds, Cys'®-
Cys*’* and Cys'*'—Cys'®°, which
are essential for receptor stability
(33, 34) were not mutated (Fig. 1).
Thus, the highly conserved (Cys'°'—
Cys'®) disulfide bond linking ECL2
with TMIII is preserved in all
mutants.

The properties of N-terminal HA-tagged ATIR and
CYS ATIR were similar when expressed in COS1 cells. Both
receptors appear to be glycosylated (41.9 kDa). When analyzed
by SDS-PAGE, unglycosylated, and glycosylated monomeric
forms of the receptors as well as small amounts of higher molec-
ular weight oligomers were present (Fig. 24). HA-CYS™ AT1R is
expressed on the plasma membrane (Fig. 2B) with a B, 5.8
pmol/mg (Fig. 2C). The K, value for '*°I-[Sar’, lle®]Ang II
obtained by saturation binding analysis performed on intact
cells was 4.4 nm (Fig. 2D). Ang II-induced signal transduction
capacity measured by ERK1/2 activation suggested that
HA-CYS™ATIR is comparable to HA-AT1R. The Ang II-in-
duced ERK1/2 activation was inhibited by ATI1R-selective
antagonist, losartan (Fig. 2E). Ang II-induced mobilization of
intracellular calcium, a measure of G-protein activation, was
similar in HA-CYS™ AT1R and HA-ATI1R (Fig. 2F). Based on
these similarities, we used the HA-CYS™ AT1R as a template to
create the ECL2 mutants used in this study.

Effect of Substitution of Reporter Cys in ECL2—We con-
structed 20 single Cys substitution mutants in the lle*”*~Pro"**
region in the HA-CYS™ATIR background. DNA sequencing
confirmed that each native residue was substituted by a Cys.
Each mutant expression plasmid transfected in COS1 cells
(which lack endogenous AT1R) yielded ~42-kDa mature form
of the functional receptor protein (Fig. 3). Variable expression
seen due to variability in transient transfection was not signifi-
cant. The expression level of mutant 1177C was highly reduced,
and the V179C mutant receptor protein appeared to be de-
graded, indicating instability of these two mutant receptors.
Substitution of Ser for Ile'”” significantly reduced the expres-
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FIGURE 2. Comparison of HA-AT1R and HA-CYS~AT1R. A, Western blot analysis of HA-AT1R (lane 4) and HA-CYS ™ AT1R (lane 5) expression in COS1 cells. Cells
which are untransfected (UT) (lane 1), transfected with pMT3 (lane 2) and CYS™ AT1R without HA tag (lane 3) are shown as negative controls. Three differentially
glycosylated monomeric bands of the receptor and higher molecular weight oligomeric forms of the receptor can be seen. B, localization of HA-AT1R (panel 2)
and HA-CYS™ AT1R (panel 3) on the plasma membrane of COS1 cells. Untransfected cells are shown as negative control (panel 1). Cells were labeled with DAPI
(blue) for nucleus and with HA primary antibody and Alexa fluor 568 (red) secondary antibody for HA-tagged receptors. C, saturation curves of HA-AT1R and
HA-CYS~ AT1Rdetermined using ['%°I]-[Sar’, lle®]Ang II. The inset shows the corresponding Scatchard plot. D, cell surface density of HA-AT1Rand HA-CYS~ AT1R
expressed as mean B,,,, values derived from Scatchard plots. Error bars indicate the S.E., n = 3. E, ERK1/2 phosphorylation upon treatment with 1 um Ang Il on
untransfected cells (lanes 1 and 2), HA-AT1R (lanes 3 and 4)-,and HA-CYS™ AT1R (lanes 7 and 8)-transfected cells. ERK1/2 phosphorylation is inhibited by losartan
treatment prior to Ang Il treatment (/anes 5 and 9) and together with Ang Il treatment (lanes 6 and 10). Total ERK levels are shown as loading control.
F, measurement of intracellular Ca>* mobilization upon 1 um Ang Il treatment in HA-AT1R- and HA-CYS~ AT1R-transfected COS1 cells. The time point of Ang
Il treatment is indicated by an arrow.
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FIGURE 3. Expression of ECL2 single cysteine mutants. Expression analysis of HA-CYS™ AT1R (lane 2) and
HA-tagged single cysteine mutants (lanes 3-22) in transiently transfected COS1 cells. Untransfected cells
served as negative control (lane 7). Actin expression levels are shown as loading control.

sion; whereas Ala substitution was normal, suggesting that a
hydrophobic residue is essential at position 177 for normal
expression of the receptor (supplemental Fig. S1) Substitution
of Ser and Ala for Val'”® produced stable receptor protein, sug-
gesting that Cys'”® substitution causes instability. Presumably,
Cys'”? interferes with the Cys'®'~Cys'®° disulfide bond forma-
tion. Cell surface receptor expression (B,,,, and receptor num-
ber) of twenty Cys mutants measured in intact cells is shown in
supplemental Table S1. All mutants bound the ligand with high
affinity and specificity. The calculated cell surface receptor num-
ber shows that there are enough receptors on the cell surface to
perform RCAM analysis in mutants with lower B, values. Bind-
ing of agonist Ang II elicited ERK1/2 activation response in all
ECL2 mutants (supplemental Table S1), demonstrating the capac-
ity of mutants to assume active conformation. Ang II-induced
ERK1/2 activation capacity displayed by mutants E173C, T175C,
E185C, S186C, S189C is reduced, however statistical analysis did
not show significance. The antagonist losartan inhibited Ang II-
dependent activation of mutants. Taken together, properties of
ECL2 mutants suggest that the engineered Cys residues did not
cause gross defect, which indicates that substituted Cys residue
functions similar to that of the WT residue at each position.
MTSEA-biotin Reaction with Reporter Cys—RCAM method-
ology previously used to determine activation-induced confor-
mational changes in AT1R employed radioligand binding as a
read-out (27, 28, 35-37). In this study we used MTSEA-biotin
(N-biotinylaminoethylmethanethiosulfonate) (Fig. 4A4); a thiol-
labeling reagent that does not react with disulfide bonded or
buried Cys residues, but rapidly reacts with water-exposed
reactive cysteines (38). The resulting site-specific attachment
of biotin to engineered Cys was detected by streptavidin-
HRP. Fig. 4B charts the experimental strategy. The receptor
topology was preserved during MTSEA-biotin reaction as
closely as possible to the native state in the plasma membrane
by using adherent cells rather than fractionated membranes.
Notably, the MTSEA-biotin labeling was compared in different
ligand-bound states concurrently (Fig. 4B) for each mutant and
the HA-CYS™ AT1R control, to minimize confounding factors,
which might influence due to different cell surface expression
levels. Differential labeling of a particular mutant with and
without agonist/antagonist suggests that it is the binding of
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ligand that influences position/con-
formation of ECL2 and alters acces-
sibility of the reporter.

Immunoprecipitation of deter-
gent-solubilized HA-tagged receptor
after MTSEA-biotin treatment of
representative samples is shown in
Fig. 4C. Fully glycosylated mono-
meric receptor band was monitored
for the mapping studies. As seen in
supplemental Table S2, examina-
tion of monomeric band yields
more consistent results with lower
standard error compared with
multimeric band. The overall acces-
sibility pattern was same regardless
of monomeric or multimeric bands
were analyzed. Band intensities observed by streptavidin-HRP
blot followed by HA blot estimated the level of biotinylation in
each experiment. MTSEA-biotin modification of HA-AT1R is
~2-fold more than HA-CYS™ATIR (Fig. 4D). This result is
anticipated, because Miura and Karnik (27) demonstrated that
native Cys’® in TMII of AT1R is MTSEA-sensitive. We used
HA-CYS ATIR as the control and the labeling of all other
mutants was quantified in comparison to labeling of HA-
CYS ™ ATIR in the same experiment. Fig. 4C shows changes in
the accessibility of Cys reporters replacing His'®* and Glu'®°.
The H183C is not accessible in the absence of ligand, but is
highly reactive in the Ang II-bound state. In contrast, Ang II
binding renders E185C less accessible, although it was highly
reactive in the absence of Ang II. In the presence of antagonist
losartan, the accessibility of both Cys reporters is reduced.
These results provided the first indication that the binding of
agonists and antagonists induce distinct changes in the confor-
mation or position of ECL2 in AT1R.

Of note, the significantly less MTSEA-biotin accessibility
observed for H183C, which has a free cysteine compared with
none in HA-CYS—ATIR (Fig. 4C, top panel) was real. In some
other mutants, MTSEA-biotin accessibility lower than that of
HA-CYS™ATIR was also observed (Fig. 54). The basis for
lower reactivity is not clear at this time. Theoretically, the
MTSEA-biotin reaction for substituted cysteine should be
greater than or at least equal to HA-CYS™ AT1R. The discrep-
ancy is not correlated with the expression of H183C or other
mutants. Because Ang II binding increased the H183C reactiv-
ity (Fig. 4C, middle panel), the substituted cysteine at this posi-
tion was acceptable as a sensor of local conformational change.

ECL2 Conformation Constrained by the Cys'®*—Cys*° Disul-
fide Bond—The accessibility map of Cys reporters in ECL2
without adding any ligand is shown in Fig. 5A. The mean = S.E.
observed for HA-CYS™ AT1R in nine independent experiments
represents the streptavidin-HRP signal for the receptor that
lacks free Cys residues. Significantly higher streptavidin-HRP
signal (mean * S.E.) was observed for reporter Cys residues in
two distinct regions of ECL2. The accessible N-terminal
(Glu'”3, Asn'”*, Thr'”®, Asn'”®, and Thr'”®) and the C-terminal
(Glu'®®, Ser'®®, Arg'®”, Ser'®®, and Thr'*°) regions were sepa-
rated by a region of low MTSEA-biotin reactivity. The inacces-
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FIGURE 4. MTSEA-biotin accessibility of representative mutants. A, structure of MTSEA-biotin, the part of the molecule that modify with reporter Cys is
shown in the box. B, schematic representation of experimental design for measuring MTSEA-biotin accessibility. C,immunoprecipitated receptors were probed
for both HA (left) and streptavidin-HRP (right) to detect receptor expression and biotinylation levels, respectively. Please note that the same blot is used for
probing with HA and streptavidin-HRP. The blots for representative mutants H183C and E185C are shown under three experimental conditions; in the absence
of ligand (upper), in the presence of 1 um Ang Il (middle), and in the presence of 1 um losartan (lower). The fully glycosylated monomeric receptor band at 41.9
kDa was used for determination of MTSEA-biotin accessibility. HA signal intensity and streptavidin-HRP signal intensity of each sample is compared with the
HA-CYS ™~ AT1R in the same gel as indicated by numbers below the bands. The corresponding plots show the MTSEA-biotin relative accessibility, which is the
ratio of relative streptavidin-HRP signal to relative HA signal for particular sample. Relative MTSEA-biotin accessibility of each mutant is compared with
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accessible, reacted with MTSEA-biotin (shown as -SR). D, MTSEA-biotin accessibility of HA-AT1R and HA-CYS™ AT1R.

sible le'””-Tyr'®* segment contains at its center the disulfide
bond linking ECL2 to TMIIL. In addition, reporter Cys residues
at lle'”?, Tle'””, Asn'®®, Leu'”', and Pro'®> were also inaccessi-
ble. All of the mutants in which MTSEA-biotin labeling did not
increase were expressed on the cell surface (supplemental
Table S1) and efficiently immunoprecipitated as shown by the
HA blot, suggesting that the absence of signal was due to inac-
cessibility of the particular Cys reporter, and not due to the lack
of cell surface expression. Unlabeled receptors with reduced
cell surface expression levels (1177C, P192C) were still ex-
pressed at sufficient quantity to yield accessibility signal, as seen
upon ligand exposure (see below).

Induced Change in Accessibility of ECL2 upon Ligand
Binding—Surprisingly, Ang II treatment prior to MTSEA-bio-
tin reaction significantly reduced the overall accessibility of
ECL2 (Fig. 5B). Residues found to be highly reactive in the
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absence of ligand did not react in the presence of Ang II,
which suggests two possibilities: either Ang II masked these
residues directly or the ECL2 undergoes an Ang II-depen-
dent conformational change. Decreased accessibility of con-
secutive residues of ECL2 in two segments rather than indi-
vidual residues supports the idea that Ang II induces
conformational rearrangement of ECL2. These results do
not support the notion that ECL2 acts as a reversible gate
that opens upon agonist activation, as proposed previously
(5). Rather, ECL2 may adopt different conformations in both
Angll- and losartan-bound states, which argues against the
idea that ECL2 opens to allow uptake or release of ligands.
Ang II binding increased the accessibility of Ala'®!, Phe'®?,
and His'®?, which are immediately C-terminal to the disul-
fide-bonded Cys'®. Thus Ang II changes local conformation
involving the disulfide bond.
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FIGURE 5. MTSEA-biotin accessibility maps of ECL2 single cysteine mutants. The MTSEA-biotin relative
accessibility of mutants are expressed as mean = S.E., n = 3. The red line shown on the graph designates the
significance cutoff (S.E. of HA-CYS™ AT1R accessibility, n = 9) that determines the accessibility of mutants.
Mutants with significantly higher accessibility compared with HA-CYS™AT1R are indicated with an red asterisk.
The conserved Cys'® residue is marked by gold star. A, MTSEA-biotin accessibility map of ECL2 mutants in the
absence of ligand. The autoantibody binding epitope sequences are indicated in dark red. B, MTSEA-biotin
accessibility map of ECL2 mutants in the presence of Angll. C, MTSEA-biotin accessibility map of ECL2 in the
presence of losartan. D, molecular dynamics simulation of ECL2 in the absence of ligand. TMI, TMII, TMIII, TMVI,
and TMV are shown in the model. The ECL2 residues and side chains are shown in a stick and surface model. The
accessible residues are shown in red. The disulfide-bonded cysteines Cys'®' (TMIIl) and Cys'®® (ECL2) are
shaded in yellow. E, molecular dynamics simulation of ECL2 in the presence of Ang Il. Ang Il is shown as a
magenta stick. The accessible residues are shown in red. F, molecular dynamics simulation of ECL2 in the
presence of losartan. Losartan is shown as blue stick. The accessible residues are shown in red.

Models shown in Fig. 5, D—F are
based on molecular dynamic sim-
ulation of ECL2 conformation in-
corporating the accessibility con-
straints. In the absence of ligand,
ECL2 conformation is open toward
the extracellular space (Fig. 5D).
The Val'”® to Tyr'®* region harbor-
ing the conserved disulfide bond
(Cys'! and Cys'® are shaded in yel-
low) is deeper and more restricted
than the N-terminal and C-terminal
regions of the loop (accessible resi-
dues are shown in red). The access
to ligand-binding pocket is wider
near TMV-TMVIL The model also
depicts ECL2 forming a tightly
packed lid against bound ligands,
Ang 1I (magenta in Fig. 5E) and
losartan (blue in Fig. 5F). Varying
positions of the disulfide bond and
the neighboring accessible residues
(red) in Ang II- and losartan-bound
conformations of ECL2 indicates
flexibility of the region that is nor-
mally thought to be constrained
because of the disulfide bond.

Hydrogen-bonding Networks In-
volving Ligand-associated ECL2—
The overall decrease of ECL2-acces-
sibility in the Ang II-bound state
indicates that ECL2 conformation
changes upon receptor activation.
We used inaccessible residues as
constraint to perform molecular
dynamic simulation to gain insight
regarding the nature of ECL2 con-
formational rearrangement. The
hydrogen bonding of the inaccessi-
ble residues with a 3.2 A cutoff are
displayed in the empty, Ang II-
bound, and losartan-bound states of
the ATIR (Fig. 6, supplemental
Fig. S3 for more details). In the
empty state, ten inaccessible resi-
dues are involved in extensive inter-
action with TM domain and ECL3
(red in Fig. 6A). In the Ang II-bound
state, sixteen residues inaccessible
to MTSEA-biotin increase intramo-

Binding of losartan before the MTSEA-biotin labeling (Fig.
5C) also decreased the overall reactivity of ECL2. These accessi-
bility changes are similar to that observed in rhodopsin (7, 9) and
dopamine receptor (39). Increase in the reactivity of residues,
Asn'”®-Val'”?, indicates that losartan binding induced flex-
ibility immediately N-terminal to the disulfide bond. Thus,
conformational changes induced near the disulfide bond upon
binding the agonist are different from binding the antagonist.

asEvie
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lecular contacts (red in Fig. 6B, supplemental Fig. 3B) of ECL2
with six TM helices and extracellular segments, N-terminal tail,
ECL1 and ECL3. The intramolecular hydrogen-bonding net-
work in the presence of losartan (Fig. 6C, supplemental Fig. 3C)
is even more extensive (red) with distinctly different contacts in
TM domain.

Two intermolecular hydrogen-bonding networks, the first
(green) between Ang II and TM-helices and the second (blue)
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FIGURE 6. Predicted hydrogen-bonding network formed by inaccessible residues of ECL2. The ECL2 is
highlighted in dark gray. A, intramolecular interactions of ECL2 with the TM helices (red) in the absence of
ligand. B, intramolecular interactions of ECL2 with the TM helices (red) in the presence of Ang Il. Ang Il is shown
in yellow spheres. Two intermolecular hydrogen bonding network between Ang lland ECL2 (blue) and between
Ang Iland TM helices (green) are also shown. C, intramolecular interactions of ECL2 with the TM helices (red) in
the presence of losartan. Losartan is shown in cyan spheres. Two intermolecular hydrogen-bonding network
between losartan and ECL2 (blue) and between losartan and TM helices (green) are also shown.

between Ang Il and ECL2 (Fig. 6B, supplemental Fig. 3B) high-
lights the major difference between basal and active states of
ATIR. The rearrangement of hydrogen bonding network in the
inhibited receptor state upon losartan binding is shown in Fig.
6C. The intermolecular hydrogen-bonding network between
TM domain and losartan (green) is less extensive than that
between losartan and ECL2 (blue) (see supplemental Fig. 3C for
details).

Together, molecular dynamic simulation studies predict a
flaccid ECL2 conformation in the empty state. In the ligand-
bound state extensive hydrogen bonding of ECL2 with the
ligand, TM domain, ECL1, ECL3, and N-terminal tail stabi-
lizes a compact lid-like structure. These hydrogen-bonding
networks may govern the high affinity of AT1R toward Ang
II and losartan. Leaning of Ang II-bound ECL2 toward a set
of residues and losartan-bound ECL2 toward a different set
appears to contribute respectively to receptor activation and
inhibition.

DISCUSSION

Results presented here shed new light on ligand-specific
structural dynamics of ECL2 in AT1R. In bovine rhodopsin, the
EC-domain forming a compact lid interacts with the inverse
agonist form of the chromophore (5-9). A less compact lid
conformation is maintained in opsin with an aqueous channel
opening near the extracellular ends of TMV-TMVII and
ECL3 (8). Similar lid is not found in subsequently solved
GPCR structures. Although, tethered to TMIII the ECL2 in
these GPCRs is stabilized outside the ligand pocket by addi-
tional disulfide bonds (10-12). This observation led to the
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speculation that open ECL2 confor-
mation plays a specific role, namely
capturing diffusible ligands and
provide an aqueous channel to facil-
itate the ligand entry and exit from
the binding pocket in milliseconds
(5, 10-12). Whether ligands modu-
late conformation of ECL2 is not
known. In many peptide hormone
receptors including ATIR, ECL2
directly interacts with agonists and
is also target of autoantibodies.
Hence, the propensity of ECL2 in
ATIR to assume ligand-specific
conformation described here is
important. The ECL2 sequence of
ATIR and rhodopsin share 11 of 21
residues (supplemental Fig. S4), and
the predicted structure of ECL2 is
ideally positioned to form multiple
interactions with the bound ligand
and other segments of the receptor
(19).

Autoantibody epitope mapping
studies in human AT1R indepen-
dently support the open confor-
mation of the ECL2 in the empty
receptor (15-17). Circulating auto-
antibodies recognize the readily accessible Ile'”>~Thr'”® and
Glu'®-Thr'*° segments. For instance, agonistic autoantibod-
ies from preeclampsia patients bind to the epitope AFHYESQ
(17), and from patients with malignant hypertension and
refractory, vascular allograft rejection bind to epitopes ENT-
NIT and AFHYESQ in ECL2 (15, 16). It is interesting to note
that the antigenic epitopes (dark red in Fig. 5A) are interrupted
by the Val'”*~Tyr'®* region adjoining the disulfide bond that
was found inaccessible by RCAM. Autoantibody binding to
ECL2 epitopes may exert strain on the disulfide bond to activate
the AT1R directly or may open the entrance channel for circu-
lating Ang II. Losartan binding, which masks epitopes, is known
to protect patients harboring autoantibodies. In many other
GPCRs, the autoantibodies directed toward ECL2 may also
modulate conformation of the EC-domain (13, 14). In a more
general sense, conformational dynamics of ECL2 may regulate
the fundamental process of autoantibody-mediated GPCR acti-
vation and thus initiate the pathophysiological process.

Atleast in some GPCRs, the proposed function of the ECL2 is
to regulate inactive receptor conformation (6, 40). Mutagenesis
directed to ECL2 in our study, as well as in a previous study (50),
did not find activating mutations. ECL2 possibly serves an
essential function in protein folding and maintaining the folded
state of the AT1R as indicated by [177C and V179C mutations.
Reducing agents that break the Cys'®'—Cys'®° disulfide linkage
with TMIII do inactivate folded AT1R (33, 34). We speculate
that the inaccessible residues of ECL2 may actually regulate low
basal activity of ligand free receptor. Out of ten inaccessible
residues, seven are similar to the residues in Ang II (supple-
mental Fig. S5), which can form an Ang II-analogous pharma-
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cophore hidden within ECL2. Whether the predicted Ang II-
analogous pharmacophore in ECL2 works like an extremely
weak agonist or antagonist will need further study. When pri-
mary sequence is scrambled in Ang I, an inhibitory pharma-
cophore is generated as shown earlier (41—-44).

The open conformation of ECL2 in AT1R may facilitate cap-
turing the ligands. Photoaffinity cross-linking of Val® and Phe®
side chains in Ang II with Ile'”” in ECL2 and Phe***/Asn*** in
TMVII, supports the ECL2 folding hypothesis (45). Site-di-
rected mutagenesis studies further support the idea because
Val® and Asp" side chains in Ang II specifically interact with
Ile’”? and His'®? in ECL2 (20, 21) and remaining Ang II residues
directly interact with TM helices (Fig. 1). Molecular model of
ATIR predicted that ligands bind in the TM domain ~25 A
deeper from the membrane border (19). The model suggests
that the proximal part of ECL2 dips into the binding pocket
reaching the bound Ang II (19). Direct interaction of Ang II
possibly induces folding of ECL2 to a lid conformation (Fig. 5E),
which is different when compared with the movement of ECL2
away from the activating ligand, all-trans-retinal in light-acti-
vated rhodopsin (9). In other GPCRs the conformation of ECL2
in the presence of agonist is not yet known. Thus, the ligand-
induced folding of ECL2 requires considerable rearrangement
in the hydrogen bonding networks (Fig. 6 and supplemental
Fig. S3) in AT1R. Similar conformational changes are likely in
other GPCRs, where a direct role of ECL2 in ligand specificity is
documented (46 —48).

A rhodopsin-like lid formed by ECL2 in the losartan-bound
state is quite similar to the proposed arrangement of ECL2 in
the antagonist-bound state of D2 dopamine receptor (39).
Mutagenesis, photoaffinity cross-linking, and modeling studies
(21-26, 49) show that losartan competitively occupies the Ang
II binding site. Molecular modeling studies show that the only
possibility for both ECL2 and TM domain to interact with
losartan would be through folding of ECL2 as shown in Fig. 5F,
forming a lid over bound losartan.

Ligand-specific folding of ECL2 appears to induce specific
perturbation around the disulfide bond, which may play a crit-
ical role in the inhibition and activation of the receptor. The
N-terminal residues in Ang II interact with ECL2 and the C
terminus with the receptor’s inter-helical crevice (Fig. 1), lead-
ing Ang II to fold into a C shape, a conformation predicted in
many studies (41,43, 51, 52). We propose that reorganization of
the hydrogen-bond network with residues on ECL2 is then cou-
pled to movements of TM helices through the Cys'°*-Cys'#°
bond. The ECL2 length (27 = 13) is conserved in the GPCR
family (4), but the frequency of activating mutations targeting
this region is lower than TM helices. What is the significance
of ligand-specific conformation of ECL2 in the receptor acti-
vation process? One possibility is that in the ligand bound
state ECL2 interacts with multiple TM helices, which enables
ECL2 to integrate conformational cues originating at multiple
contacts between ligand and the receptor. The disulfide bond in
ECL2 conserved in >90% of GPCRs may play a general role in
efficiently coupling ligand binding to GPCR activation or inhi-
bition. In all five main human GPCR families (rhodopsin, glu-
tamate, secretin, adhesion, and frizzled/taste2) mutations tar-
geting ECLs impair ligand-dependent activation, also suggests a
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conserved function of the EC-domain throughout the GPCR
superfamily (4). Thus, the dynamic conformational changes in
the ECL2 may be critical for the activation mechanism of the
receptor.

Current ideas about how an EC-lid may limit the access of
ligands to cognate GPCRs are based on extrapolation from ele-
gant dynamic and structural studies on bovine rhodopsin (7-9).
Our analysis allows us to reach a different conclusion, that a lid
conformation is induced in AT1R upon binding of both ago-
nists and antagonists. Transient formation of an EC-lid may be
very important in other GPCRs for blocking rapid exit of the
ligand from the pocket. Their ligands bind to the pocket rapidly
and leave the binding pocket at a much slower rate. For exam-
ple, the dissociation rate (k_,) is five times larger than the asso-
ciation rate (k,) of both Ang Il and losartan for AT1R (53, 54). A
transiently formed lid can prevent the ligands from leaving the
pocket rapidly, thus sustaining the ligand-specific conforma-
tion longer. In the agonist-bound state, this would allow the
receptor to amplify the signal by prolonged G-protein activa-
tion. Unlike rhodopsin, the activation in most other GPCRs
may require calling to order different dynamic parts of the
receptor to achieve a sharp transition to active state. In this way,
the lid may help to ensure that the strain energy gain by agonist
and/or antagonist binding is efficiently transformed into helix
rearrangement. In other words, the lid allows the ligand to flip
the GPCR switch more easily and perhaps faster, as suggested
by Bourne and Meng (5).
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