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domains of G protein-coupled receptors.

to a ligand-specific conformation in the extracellular domain.

(Bacl(ground: The binding of ligands to the orthosteric pocket induces ligand-specific conformational changes all through
Results: Loss of function and gain of function mutations in the transmembrane domain spontaneously induce changes similar

Conclusion: Coupling between domains determines the overall signaling state of GPCRs.
Significance: Targeting domain interfaces might be the future for GPCR-specific drug development.
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The topology of the second extracellular loop (ECL2) and its
interaction with ligands is unique in each G protein-coupled
receptor. When the orthosteric ligand pocket located in the
transmembrane (TM) domain is occupied, ligand-specific con-
formational changes occur in the ECL2. In more than 90% of G
protein-coupled receptors, ECL2 is tethered to the third TM
helix via a disulfide bond. Therefore, understanding the extent
to which the TM domain and ECL2 conformations are coupled
is useful. To investigate this, we examined conformational
changes in ECL2 of the angiotensin II type 1 receptor (AT1R) by
introducing mutations in distant sites that alter the activation
state equilibrium of the ATIR. Differential accessibility of
reporter cysteines introduced at four conformation-sensitive
sites in ECL2 of these mutants was measured. Binding of the
agonist angiotensin II (Angll) and inverse agonist losartan in
wild-type AT1R changed the accessibility of reporter cysteines,
and the pattern was consistent with ligand-specific “lid” confor-
mations of ECL2. Without agonist stimulation, the ECL2 in the
gain of function mutant N111G assumed a lid conformation
similar to Angll-bound wild-type ATI1R. In the presence of
inverse agonists, the conformation of ECL2 in the N111G
mutant was similar to the inactive state of wild-type AT1R. In
contrast, AnglI did not induce alid conformation in ECL2 in the
loss of function D281A mutant, which is consistent with the
reduced AnglI binding affinity in this mutant. However, a lid
conformation was induced by [Sar',GIn?Ile®] Angll, a specific
analog that binds to the D281A mutant with better affinity than
Angll. These results provide evidence for the emerging para-
digm of domain coupling facilitated by long range interactions
at distant sites on the same receptor.
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The superfamily of G protein-coupled receptors (GPCRs)>
includes the Glutamate, Rhodopsin, Adhesive, Frizzled and
Secretin families, of which the Rhodopsin family with ~750
GPCRs is the largest (1). GPCRs respond to a wide array of
stimuli that include sensory signals, protein and peptide hor-
mones, amino acids, bio-amines, lipids, nutrients, and metabo-
lites. When agonists bind, the GPCRs switch to an activated
conformation and recruit either G proteins or other proteins,
which initiate intracellular signaling cascades. The extraordi-
nary ability to elicit responses to diverse environmental cues
makes the GPCR superfamily a fascinating target for drug
development for a broad spectrum of diseases.

Structural features common to all GPCRs include a trans-
membrane domain (TMD) containing seven helices connected
by three intracellular loops and three extracellular loops (ECL)
(1, 2) (see Fig. 1). In the majority of GPCRs, the natural or
orthosteric ligand-binding site resides in the core of the TMD.
Crystal structures have revealed variability in the position of the
orthosteric ligand-binding pocket in different GPCRs and con-
servation in the TMD core extending to the G protein-coupling
domain (3). These structural findings broadly match those of
earlier pharmacological, biochemical and biophysical studies
on a variety of GPCRs, suggesting a general coupling mecha-
nism for GPCRs activating different G protein isoforms. How-
ever, the mechanism of efficacies of different ligands for a given
GPCR that can exhibit a wide range of activities remains
unclear.

The binding of a ligand induces ligand-specific conforma-
tional changes that have been detected through all domains in
GPCRs that establish a new equilibrium of activity states (4).
Activating ligands (agonists) stabilize a receptor conformation
that enables coupling to G proteins, and inhibiting ligands

2 The abbreviations used are: GPCR, G protein-coupled receptor; ECL, extra-
cellular loop; RCAM, reporter cysteine accessibility mapping; Angll, angio-
tensin Il; AT1R, angiotensin Il type 1 receptor; MTSEA-biotin, N-biotinylami-
noethyl methanethiosulfonate; TM, transmembrane; TMD, TM domain;
B2AR, B2-adrenergic receptor; ECD, extracellular domain; MD, molecular
dynamics.
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(inverse agonists/antagonists) stabilize a conformation that
inhibits signaling. The structural changes that occur in the
TMD and the cytoplasmic domain indicate that activating
ligands induce movement of TM helices. The TM helical
motion seen in the crystal structures of the activated states of
B2-adrenergic receptor (32AR) and opsin is essential for acti-
vation of signaling (5). In contrast, very little information exists
on the dynamics of the ligand pocket in the TMD and the extra-
cellular domain (ECD), which consists of short interhelical
ECL1, ECL2, and ECL3 and the N-terminal tail (see Fig. 1A4).
Mutations in the ECD result in misfolding and dysfunction of
GPCRSs (6). The greatest diversity in structure is seen in ECD of
GPCRs (3); however, tethering of ECL2 to TM3 helix through a
disulfide bond is conserved in ~90% GPCRs. ECL2 is a part of
the ligand-binding pocket in different GPCR structures and has
an integral role in activation (3, 7). In rhodopsin, the ECL2
interacts extensively with the ligand. Upon activation of rho-
dopsin, ECL2 is displaced, which is tightly coupled to the reori-
entation of helices in the TMD (8, 9). Coupling between the
ECD and the orthosteric ligand-binding pocket is also seen in
the B2AR. For instance, drugs that bind within the TMD of
B2AR affect intramolecular interactions between ECL2 and
ECD (10). Therefore, whether mutations in the TMD that alter
activation states of a GPCR affect the conformation of ECL2 is
a significant and timely research question.

The present study explores the effect of mutations in the TM
domain on basal and ligand-induced conformation of ECL2 by
introducing gain and loss of function mutations in the hor-
mone-binding pocket in the angiotensin II type 1 receptor
(AT1R). The ATIR is a rhodopsin family GPCR with an essen-
tial role in regulating blood pressure. Several studies have elu-
cidated the importance of the ECL2 in AT1R in ligand binding
and receptor activation. The ECL2 has been shown to be cross-
linked with ligands and is targeted by autoantibodies that acti-
vate AT1R in several pathologies, such as preeclampsia, malig-
nant hypertension, and refractory vascular allograft rejection
(6). In the ligand-free basal state, ECL2 of AT1R exists in an
open conformation, and ECL2 conformation is modulated in a
ligand-specific manner (11). AnglI binding is shown to stabilize
aless accessible conformation of ECL2, which is referred to as a
“lid” conformation. The Angll-induced lid conformation dif-
fers from a lid conformation that is stabilized when the AT1R-
selective inverse agonist losartan is bound. In this study,
reporter cysteine accessibility mapping (RCAM) analysis dem-
onstrated a lid conformation in the ligand-free state of the gain
of function mutant (N111G in TMIIJ; see Fig. 1), which was not
observed in the loss of function mutant (D281A in TMVII; see
Fig. 1). Thus, ECL2 dynamics are affected by perturbations in
distant regions of the receptor. In addition, binding of different
ligands differentially modulates conformational change in-
duced by the gain or loss of function mutations in the ECL2.
Our studies elucidated the role of the ECL2 as a structural unit
of GPCRs that is rearranged not only upon ligand binding, but
also by perturbation in TMD. Moreover, a new insight into the
dynamic behavior of GPCRs not addressable by the static, inac-
tive state crystal structures is revealed.
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EXPERIMENTAL PROCEDURES

Model and Molecular Dynamics (MD) Simulations—The
models of rat AT1R (Protein Data Bank code 2AC6), rat ATIR
with AnglI (Protein Data Bank code 2AH3), and rat AT1R with
losartan were obtained as described previously (11). We used
the software package NAMD and CHARMM 22 to perform
MD simulations essentially as described earlier (11). Each of the
three model structures was subjected to 1000 steps of energy
minimization, and then the energy-minimized structure was
heated from 0 to 310 °C in 31 °C intervals over the course of
20,000 steps. Simulations were carried out for 14 ns. The root
mean square deviation of the backbone of AT1R with AngllI or
losartan was stabilized after 7 ns. MD simulations simulation of
ECL2 residues (Ile'®®~Pro'®?) were carried out using the
molecular modeling software VEGA ZZ 2.0.7 with selected
loop constraints. The ECL2 simulation was carried out by
imposing Cys'**—Cys*# disulfide bond as a constraint in dif-
ferent 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. Upon completion of MD
simulation of ECL2 and the side chains of the residues, we cre-
ated a library of ECL2 conformations consisting of 345 nonre-
dundant frames. Frames 1-100 come from simulation of the
empty state, frames 101-245 come from AnglI-bound state,
and frames 246 —345 come from losartan-bound state. To select
the frame that fit the experimental data for each state in each
of the mutant background, this library was manually scanned, and
the frames that best fit the data are displayed in each instance.

Cysteine Scanning Mutagenesis—The N-terminal HA-tagged
synthetic rat AT1R gene, which is cloned in pMT3 vector, was
used for construction of all mutants in this study as described
previously (12, 13). CYSTATIR construct and single-cysteine
mutants were generated by PCR mutagenesis. N111G or
D281A mutations were simultaneously introduced into these
single-cysteine mutants by PCR mutagenesis as described pre-
viously (12, 13).

Cell Culture and Western Blotting—COS1 cells were grown
and maintained in DMEM, supplemented with penicillin/
streptomycin (100 units/ml) and 10% FBS. The cells were trans-
fected using FUGENE 6 transfection reagent (Roche Applied
Science) according to the manufacturer’s instructions. 48 h
post-transfection, the cells were harvested and lysed in mam-
malian protein extraction reagent (Pierce) containing protease
(Sigma) and phosphatase inhibitors (Thermo Scientific). A
total of 50 ug of cell lysate protein was run on 10% SDS-PAGE
(Invitrogen) and blotted onto nitrocellulose membranes
(Bio-Rad). Each membrane was probed with mouse anti-HA
monoclonal antibody (Roche Applied Science) and HRP-con-
jugated anti-mouse IgG (GE Healthcare). The receptor expres-
sion was detected using ECL Plus Western blotting detection
system (Amersham Biosciences).

Saturation Binding Assay—COS1 cells were harvested 72 h
post-transfection and suspended in binding buffer (140 mm
NaCl, 54 mMmKCl, 1 mmEDTA, 0.006% BSA, 25 mm HEPES, pH
7.4). Assays were performed under equilibrium conditions,
with ['?°T]-[Sar1,lle8]AngIl (Dr. Robert Speth, University of
Mississippi) concentrations ranging between 0.125 and 12 nm
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(specific activity, 2176 Ci/mmol) for 1 h at room temperature as
previously described (12, 13). Nonspecific binding was mea-
sured in the presence of 107> M ['*’I]-[Sar'lle®]AngIl
(Bachem). 25 ul of binding buffer or ['*"I]-[Sar'le®] AngII was
mixed with 50 ul of increasing concentrations of ['*°1]-
[Sar1,Ile8] and 50 ul of cell suspension in total volume of 125 ul
in duplicate in 96-well plates. The cells were harvested by filter-
ing the binding mixture through Whatman GF/C glass fiber
filters (102 X 256 mm), which were extensively washed with
washing buffer (20 mm sodium phosphate, 100 mm NaCl, 10
mMm MgCl,, 1 mm EGTA, pH 7.2). The bound ligand fraction
was determined as the cpm remaining on the membrane. The
binding kinetics were analyzed by nonlinear curve-fitting pro-
gram Ligand®, which yields the means = S.D. for the K, and
B, values.

Calcium Mobilization Assay—Calcium mobilization experi-
ments were performed using a FLIPR Calcium 5 assay kit
(Molecular Devices) according to the manufacturer’s instruc-
tions. The cells were plated into black Costar clear-bottomed
96-well plates (50,000 cells/well) 24 h post-transfection and
incubated in DMEM supplemented with 10% FBS overnight
and then replaced with serum-free culture medium for 4 h at
37 °C. 50 ul of calcium assay reagent was added to each well.
The plates were incubated for 30 min at 37 °C and allowed to
return to room temperature 30 min before reading. The cells
were stimulated by adding eight different concentrations of
Angll (ranging between 0 and 10 um), and fluorescence was
measured every 2 s for 2 min on a fluorometric imaging plate
reader (FlexStation; Molecular Devices). The data were ana-
lyzed by averaging maximum-minimum relative fluorescence
units generated during the calcium flux assay. The EC,, values
were calculated by using sigmoidal dose-response curve fit in
GraphPad Prism®.

MTSEA-Biotin Labeling—MTSEA-biotin labeling experi-
ments were repeated at least three times as described previously
(11). Briefly, 48 h post-transfection, the cells were washed twice
with PBS, harvested using nonenzymatic cell dissociation solu-
tion (Sigma), and suspended in PBS. 500-ul aliquots of cells
were incubated with 10 mMm MTSEA-biotin (Toronto Research
Chemicals) at 25 °C for 30 min. The cells were then resus-
pended in Nonidet P-40 lysis buffer (1% Nonidet P-40, 20 mm
Tris, pH 7.4, 137 mm NaCl, 20% glycerol) with protease and
phosphatase inhibitors. 750 ug of cell lysate protein was incu-
bated overnight with 4 ul of mouse anti-HA monoclonal anti-
body in lysis buffer. The receptors were immunoprecipitated
with protein G-agarose beads (Millipore). The receptor-bound
beads were then washed four times with cold PBS, and the pro-
teins were extracted by heating at 60 °C in NuPAGE LDS sam-
ple buffer for 10 min. The samples were blotted as described
above and probed with streptavidin-HRP (Amersham Biosci-
ences). To control for differences in receptor expression levels,
the same blot was reprobed with anti-HA antibody as described
above. MTSEA-biotin accessibility of each receptor was
obtained by normalizing the biotinylation level of each receptor
to its expression level. The same procedure was repeated fol-
lowing treatment of cells with ligands for 10 min at room tem-
perature prior to harvesting. The results are expressed as the
means * S.E. and analyzed by unpaired ¢ test for statistical
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significance to compare variables between mutants and
CYS™ATIR using GraphPad Prism®. The significance is set at
p <0.05.

RESULTS

Modeling ECL2 in Relation to ATIR Residues Asn''" and
Asp®®'—The AT1R model in Fig. 1 is validated previously for
compliance with experimentally determined interactions of
Angll and losartan, as well as previous RCAM data (11, 14). The
Ca distances between Cys'®° in the middle of ECL2 and Asn'"!
on TMIII and Asp>®' on TMVII in the empty state of the recep-
tor is shown. The distances between Cys'®® and Asn''! in the
Angll-bound and losartan-bound models were nearly the same.
Similarly, the distance between Cys'*® and Asp®*! in the AnglI-
bound and losartan-bound models also did not change substan-
tially. The mutation effects of Asn''* and Asp®*' on pharma-
cology, signaling and in mimicking different activation states of
the receptor is well documented (15-25). Functional interac-
tion between receptor regions that are more than seven resi-
dues apart in the primary sequence and located at a distance
greater than the hydrogen bonding distance (4 A) in the tertiary
structure is defined as long range interaction. The >10 A dis-
tance observed in the model indicates that conformation of
ECL2 is likely affected through multiple interactions with the
neighboring domains of the receptor and not through a direct
effect of mutation of Asn'*! and Asp?®!. Thus, local effects of
above mentioned mutations could have global influence on the
dynamics of ECL2 in AT1R.

Construction of the ECL2-Cys Reporters in Gain of Function
and Loss of Function CYS™ ATIR Background—Previously, we
engineered the MTSEA-biotin-insensitive N-terminal HA-
tagged CYS™ AT1R, which lacks six native nonessential Cys res-
idues to prevent interference with the reporter Cys residues
(Fig. 1). Essential Cys residues involved in disulfide bonds,
Cys'®*~Cys®”* and Cys'®'-Cys'®’, that stabilize the receptor
were not mutated. The ATIR and CYS ATIR have similar
ligand binding and signal transduction characteristics (11).
Therefore, CYS™ AT1R is used as a surrogate template to intro-
duce a reporter Cys in ECL2 and either N111G in TMIII or
D281A in TMVIL

To scrutinize the conformation in different regions of ECL2,
areporter Cys was substituted at either 174, 176, 182, or 187 in
ECL2 in the background of N111G-CYS™ ATI1R and D281A-
CYSTATIR. These reporter positions are highly sensitive to
ligand-specific conformation changes in the ECL2 in the
CYS™ATIR background (11). Expression and properties of 10
mutants created for this study and the corresponding single
reporter controls in CYS™ ATIR are listed in Table 1.

Effect of ECL2-Cys Reporter Substitutions on Gain of Function
and Loss of Function Phenotypes—The expression of the
mutants in transiently transfected COS1 cells determined by
Western blotting is shown in Fig. 2. Each mutant yielded a ~42-
kDa glycosylated, functional form of the receptor protein in
COSI cells, suggesting that Cys substitutions did not signifi-
cantly interfere with the overall folding and transport to cell
surface. Variability caused by transient transfection was not
significant. The expression level of mutant N111G-N176C and
D281A-F182C was reduced but did not affect further studies.
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A Asp1-Arg2 - Val3 - Tyr4 - lle5 - His6 — Pro7 - Phe8 |

© Disulfide bonded cysteines

@ Positions of ECL2 reporter cysteines
Common residues binding Angll and losartan
Gain-of-function mutation N111G
Loss-of-function mutation D281A

Extracellular

FIGURE 1. Model of rat AT1R. A, secondary structure model of rat AT1R. ECL2 residues substituted with reporter cysteines are highlighted in dark blue. Cysteine
residues involved in formation of disulfide bonds are shown in yellow. Nonessential cysteines are replaced with alanine as described previously (11). The gain
of function substitution residue Asn'"" on TMIIl is highlighted in green. The loss of function substitution residue Asp?®' on ECL3 is shown in a red circle. The
interactions of Asn'"" and Asp?®’ with Angll previously mapped by site-directed mutagenesis are shown with solid lines. The residues involved in both Angll
and losartan binding are boxed. B, model of rat AT1R showing position of residues Asn''" and Asp?®' relative to Cys'®®located in the middle of ECL2 in the AT1R.
The backbone Ca trace of AT1R model is shown in gray, and the ECL2 region is highlighted in magenta. The Ca-Ca distances of Asn'"" (green) and Asp®®’ (red)
from Cys'® (yellow) are shown as dashed lines. The distance between Cys'® and Asp?®" in Angll- and losartan-bound states did not change substantially (not
shown). The native residues replaced by Cys reporters are represented as blue sticks. PyMOL (version 0.99rc6) was used to visualize the protein structures and

generate images.

Cell surface receptor expression (B,,,,) measured by saturation
binding assay in intact cells is shown in Table 1. The cell surface
receptor expression was sufficient to perform RCAM analysis
for all mutants. All of the reporter Cys mutants in the N111G-
CYS ATIR background bound the AnglI analog with higher
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affinity compared with the CYS™ AT1R receptor. On the other
hand, reporter Cys mutants in D281A-CYS™ AT1R background
exhibited lower affinity (14 —16-fold) toward the AnglI analog.
AnglI binding elicited Ca®" mobilization response inall N111G
mutants with similar EC;, values (1-1.5-fold). EC;, values in
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TABLE 1

Characterization of ECL2 single cysteine mutants of N111G-CYSTAT1R
and D281A-CYS™AT1R

The K, value for CYS™ATIR was 5.10 nm, and the B, ,, value was 7.46 pmol/mg in
experiments (n = 3). Fold change in K, and B, values for each mutant were
derived from ['*°I]-[Sar',Ile®] Angll saturation binding assay. Fold change in ECs,
values were derived from [Sar'] AnglI-induced calcium mobilization assay. All of the
mutants in this table were N-terminally HA-tagged and at CYS™ AT1R background.

Ca’* response

Mutant B, .« AK, AEC,, Basal Maximum
pmol/mg
CYSATIR 7.46 1.0 1.0 1.0 2.8
N174C 1.03 1.4 1.2 11 2.7
N176C 091 1.3 1.0 0.9 2.4
F182C 0.91 1.4 15 1.0 2.5
R187C 8.40 1.6 1.6 0.8 2.2
N111G-CYS ATIR 2.76 0.2 1.2 13 3.2
N111G-N174C 2.78 0.7 1.1 1.3 2.8
N111G-N176C 2.30 0.2 14 12 2.8
N111G-F182C 2.39 0.5 1.3 13 2.7
N111G-R187C 2.79 0.5 1.1 12 2.8
D281A-CYS ATIR 671 143 175 0.9 1.1
D281A-N174C 4.37 145 332 1.0 1.2
D281A-N176C 7.88 139 299 1.0 12
D281A-F182C 3.50 156 101 0.9 1.0
D281A-R187C 8.57 15.1 10.2 0.9 11
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FIGURE 2. Expression of ECL2 single-cysteine mutants of N111G-
CYS AT1R and D281A-CYS AT1R. Expression of HA-CYS™ AT1R and HA-
tagged single-cysteine mutants of N111G-CYS™ AT1R and D281A-CYS™AT1R
in transiently transfected COS1 cells was analyzed. Untransfected (UT) cells
served as negative controls. Actin expression levels are shown as loading
controls. IB, immunoblot.

D281A reporter mutants (10-33-fold) were higher compared
with CYSTATIR. Because the expression levels of the D281A
mutants are similar to the CYS™ ATI1R (Table 1), the differences
in the cell surface expression of the receptors is not the basis for
diminished signaling; instead, the decreased response indicates
the loss of efficiency in ligand-mediated activation. Thus, intro-
ducing Cys reporters in ECL2 did not alter the gain of function
and loss of function characteristics previously shown for the
selected mutants (21, 22, 28 —30).

MTSEA-Biotin Reaction with Reporter Cys—We used
MTSEA-biotin, a thiol-labeling reagent that preferentially
reacts with water-accessible cysteines and does not react with
buried or disulfide bonded cysteines (26) (Fig. 34). The reaction
of MTSEA-biotin with the thiol group of an accessible cysteine
can be quantified by streptavidin-HRP reaction, which is a
measure of accessibility of a reporter cysteine introduced in the
receptor (11). The MTSEA-biotin accessibility of single-cys-
teine mutants of ECL2 was compared in different ligand-bound
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FIGURE 3. MTSEA-biotin accessibility of representative mutants. A, struc-
ture of MTSEA-biotin. The region of the molecule that is modified with
reporter Cys is shown in red. B, immunoprecipitated receptors were probed
with anti-HA (left panel) or streptavidin-HRP (right panel) to estimate receptor
pulldown and biotinylation levels, respectively. The same blot is used for
probing with HA and streptavidin-HRP. The blots for representative mutants
N111G-N174C and N111G-N176C are shown under three experimental con-
ditions: in the absence of ligand (top panel), in the presence of 1 um Angll
(middle panel), and in the presence of 10 um losartan (bottom panel). The
42-kDa monomeric receptor band was used for determination of MTSEA-
biotin accessibility. The HA signal intensity and streptavidin-HRP signal inten-
sity of each sample are compared with the N111G-CYS™AT1R in the same gel
as indicated by the numbers below the bands. The corresponding plots show
the MTSEA-biotin relative accessibility, which is the ratio of relative streptavi-
din-HRP signal to relative HA signal for a particular sample. Relative MTSEA-
biotin accessibility of each mutant is compared with the N111G-CYS™ AT1RIin
the same gel. The insets show schematic representations of reporter cysteines
that point up when inaccessible (shown as SH in green) and point down when
accessible, when reacted with MTSEA-biotin (shown as S-SR in red). IB,
immunoblot.

states (Fig. 3B). We used N111G-CYS™ ATI1R, as the control,
and the labeling of single-cysteine mutants was quantified in
comparison with labeling of the control in the same experi-
ment. Any significant measurement above the reactivity of con-
trol indicates accessibility of the particular reporter cysteine.
The modification levels of single-cysteine mutants were deter-
mined by normalizing the streptavidin-HRP signal of immuno-
precipitated receptors to the HA signal to minimize the influ-
ence of different cell surface expression levels on the level of
MTSEA-biotin reactivity. 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. Immunoprecipitation of
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FIGURE 4. MTSEA-biotin accessibility maps of ECL2 single-cysteine mutants in the empty states. The MTSEA-biotin relative accessibility of mutants are
expressed as the means =+ S.E., n = 3. The red line shown on the graph designates the significance cut off that determines the accessibility of mutants. Mutants
with significantly higher accessibility compared with control are indicated with red asterisks. A-C, MTSEA-biotin accessibility maps of ECL2 mutants in
HA-CYS™AT1R (A), N111G-CYS™ AT1R (B), and D281A-CYS™ AT1R (C) are shown in the absence of ligand. Note that the scales in A and B are different from that
in C. D-F, the molecular dynamics of ECL2 frames that best fit accessibility data are shown in CYS™AT1R (D), N111G-CYS™ AT1R (E),and D281A-CYS™ AT1R (F).TM
helices are shown in gray. The ECL2 backbone is shown in magenta. The side chains replaced by Cys reporter residues are shown in red when accessible and
green when inaccessible. The disulfide-bonded cysteines Cys'®" (TMIll) and Cys'®° (ECL2) are shaded in yellow.

representative mutants differentially labeled with MTSEA-bio-
tin in the presence and absence of ligands is shown in Fig. 3B.

Effect of N111G and D281A Mutations on Relative Accessibil-
ity of ECL2-Cys Reporters—The accessibility pattern of four Cys
reporters in ECL2 shows distinctly different basal conforma-
tion of ECL2 in different genetic background. For example, in
the empty state of the CYS™ATIR, a different degree of acces-
sibility is seen for reporter Cys at positions 174, 176, and 187,
but position 182 is inaccessible (Fig. 4A4). This pattern is con-
sistent with two accessible segments of ECL2 separated by the
Cys'%—Cys'® disulfide bond tethering ECL2 to TM3, which
we reported in our previous study (11).

The accessibility of ECL2 Cys reporters in the empty state of
N111G-CYS™ATIR is shown in Fig. 4B. The mean *= S.E.
observed in three independent experiments indicates inacces-
sibility of reporter Cys at positions 174, 182, and 187. Signifi-
cantly higher accessibility (means = S.E.) was observed for
reporter Cys at position 176 when compared with the open
conformation of ECL2 observed in the empty state of
CYS™ATIR. Thus, introduction of the gain of function N111G
mutation reduced the accessibility of ECL2 on both sides of the
tethered Cys'°°~Cys'®* bond. This change in ECL2 conforma-
tion is suggestive of a lid-like conformation of ECL2, which
appears to be induced in this mutant in the absence of any
ligand.
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Interestingly, in the empty state of D281A genetic back-
ground, the reporter Cys located at positions 174, 176, and 182
are accessible, but Cys at 187 is not (Fig. 4C). This pattern sug-
gests that the 174-182 segment of ECL2, which includes the
tethering disulfide bond, is open, whereas the region containing
position 187 is buried. This mutation causes a loss of function
phenotype; hence the observed change of ECL2 conformation
is functionally significant.

Conformation of ECL2, which fit the reporter accessibility
data in the empty states of CYSTATIR, N111G-CYS ATIR,
and the D281A-CYS™ ATI1R, is shown in Fig. 4 (D—F). When the
345 frames in ECL2 conformation library are searched (see
“Experimental Procedures”), frames 1-20 matched the open
conformation for empty state of CYS™ AT1R, out of which the
best frame is shown in Fig. 4D, consistent with our previous
study (11). However, the same analysis for the empty state of
N111G-CYS™ATIR matched none of the 1-100 frames but
matched frames 193-199, which correspond to the Angll-
bound state of the CYSTATIR. This MD simulation result
means that the spontaneous ECL2 conformation in this mutant
background appears to be similar to the ligand-induced lid con-
formation. Analysis of empty state of D281A-CYS ATIR
matched frames 97-100. Because none of the 101-345 frames
matched the accessibility data of D281 A mutant empty state,
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FIGURE 5. Concentration-dependent change in MTSEA-biotin accessibility. A, Angll and induced calcium mobilizationin CYS”AT1Rand N111G-CYS™ AT1R
transfected COS1 cells is shown upon stimulation with 0-1 um Angll. B and C, the accessibility of N176C is shown at different concentrations of Angll in
CYS AT1R (B) and N111G-CYS™ AT1R (Q). D, dose-response inhibition of CYS™AT1R and N111G-CYS™ AT1R with 0-10 um candesartan is shown. E and F, the
accessibility of N176C is shown at different concentrations of candesartan in CYS™AT1R (E) and N111G-CYS ™~ AT1R (F). The data indicate the higher variability
in the accessibility measurements when the concentration of ligands is closer to ~K in both CYS™AT1R and N111G-CYS~AT1R and indicate the rationale

behind using saturation concentrations.

we speculate that this mutation stabilized an inactive empty
state that may be only transiently present in the WT receptor.

Ligand Modulation of ECL2 Conformation in the N111G
Mutant Background—The relationship between the binding of
ligands in the orthosteric ligand pocket and the accessibility of
the reporter Cys'”® is shown in Fig. 5. In the AnglI-bound state,
both CYSTATIR and N111G-CYSTATIR produced a Ca®**
response (Fig. 54). The dose-dependent change of accessibility
of the reporter Cys'”® (Fig. 5, Band C) indicated a similar trend
in both CYSTATIR and N111G-CYS ™ ATIR, but the variation
is higher in the N111G-CYS™ ATI1R. The inverse agonist can-
desartan inhibited these receptors but with different efficacies
(Fig. 5D). The reporter Cys'”® accessibility decreased in both
genetic backgrounds but was maximal at 10 uM candesartan in
the N111G-CYS™ ATIR (Fig. 5, E and F).

Fig. 6A shows activation of N111G-CYS™ AT1R by Angll and
[Sar',lle*,lle®]AngIl. Although both the peptides produced
higher calcium responses in the N111G-CYSTATIR, the
increase over basal is small. In contrast, AnglI produced a full
response in the CYS ATIR, and [Sarl,Ile4,Iles]AngII did not
produce a response. This finding is similar to the observation
reported for WT and N111G-AT1R (20). Consistent with the
small change in calcium response, treatment of N111G-
CYS™ATI1R with AnglI (Fig. 6B) and [Sar',Ile*,lle®*] AnglI (Fig.
6C) produced only small changes in the overall accessibility of
ECL2 reporters. The accessibility changes seen for Cys'”® with
both ligands indicate higher variability, which is consistent with
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the instability of conformation, which has been suggested for
constitutively activated GPCRs in general. The accessibility
data for the Angll-bound state of N111G-CYS™ AT1R best fit
with MD simulation frames 189 -200, which are frames from
the Angll-bound state. Treatment with 1 uM losartan, a weak
inverse agonist, did not change the ECL2 conformation, and
treatment with 1 puM candesartan, a strong inverse agonist,
decreased accessibility of Cys'”® (Fig. 6, D and E). At higher
concentrations, both losartan and candesartan (10 uM) com-
pletely reduced the accessibility of ECL2, which is indicative of
the inactive receptor state. Inhibition of basal activity of
N111G-CYS ATIR by losartan and candesartan confirmed
suppression of the constitutive activity when used at high con-
centrations (Fig. 6E). This is consistent with our previous
experimental observation that N111G receptor has a lower
affinity for antagonists, and losartan cannot fully suppress basal
activation of the receptor function imparted by the N111G
mutation (19, 20). The candesartan-bound state matched with
frames 309-312, which are frames from the losartan-bound
state (Fig. 6, F and G).

Ligand Modulation of ECL2 Conformation in the D281A
Mutant Background—The accessible conformation of ECL2
observed in the empty state of D281A-CYS™ ATIR did not
change when treated with 1 um AnglI (Fig. 7A). AnglI binding
to D281A-CYS™ATIR is impaired as indicated by the high K,
and EC,, values observed (Table 1). Feng and co-workers (19)
reported that binding affinity for the D281 A mutant is restored
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FIGURE 6. MTSEA-biotin accessibility maps of ECL2 single-cysteine mutants in the N111G-AT1R in the presence of ligands. A, Angll and
[Sar’,lle* lle®]Angll induced calcium mobilization in CYS™ATTIRand N111G-CYS~ AT1R.CYS AT1Rand N111G-CYS~ AT1Rtransfected COS1 cells are stimulated
with 0-1 um Angll or [Sar' lle* lle®]Angll. B and C, MTSEA-biotin accessibility maps of ECL2 mutants in N111G-CYS™AT1R in the presence of Angll (B) and
[Sar' lle* lle®]Angll (C) are shown. B-E, the gray shading shows the accessibility pattern of ECL2 mutants in the absence of ligand. D, molecular dynamics
simulation frames of ECL2 that fit accessibility data in the presence of Angll (orange spheres) are shown. The peptide and ECL2 backbones are shown in gray. The
ECL2 backbone that corresponds to the best of all frames is shown in magenta. The side chains replaced by Cys reporter residues are shown in red when
accessible and green when inaccessible. £, dose response inhibition of N111G-CYS™ AT1R with 0-10 umlosartan or candesartan is shown. Fand G, MTSEA-biotin
accessibility maps of ECL2 mutantsin N111G-CYS™ AT1Rin the presence of losartan (F) and candesartan (G) are shown. H, molecular dynamic simulation frames

of ECL2 in the presence of losartan (cyan spheres) are shown.

when the positively charged ARG” of Angll is substituted with
a neutral residue, Gln?. Therefore, we tested the effect of the
analog [Sar',GIn?Ile®]Angll on accessible ECL2 conformation.
Binding of [Sar',GIn*lle®]Angll to D281A-CYS ATIR actually
induced accessibility changes in ECL2, rendering all reporter cys-
teines inaccessible (Fig. 7B). Thus, rescuing peptide ligand binding
to the D281A mutant using an Angll analog alters the conforma-
tion of ECL2. Treatment with 1 uM losartan decreased the acces-
sibility of position 182 but did not suppress accessibility at position
174 and 176 (Fig. 7C). Thus, losartan binding altered the ECL2
conformation as anticipated. The accessibility data for the AnglI-
bound state of D281A-CYS™ ATIR best fit with MD simulation
frames 229-231, and that for the [Sar',GIn?Ile®]Angll-bound
state best fit with frames 228 —234, all of which are frames from the
AnglI-bound state (Fig. 7, D and E). The losartan-bound state
matched with frames 271-278, which come from the losartan-
bound state (Fig. 7E).

DISCUSSION

The most important observation in this study is the discovery
of a lid conformation of ECL2 in the gain of function AT1IR
mutant in absence of any ligand. In contrast, the loss of function
D281A mutant displayed an open conformation in the empty
state that failed to produce a lid conformation in response to
Angll binding. Previously, we demonstrated ligand-specific
modulation of ECL2 conformation in AT1R. In the empty state
of ATIR, 10 of 22 ECL2 residues examined were accessible,
which is defined as an open conformation. In the ligand-bound
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state, only four residues are accessible, defined as a lid confor-
mation in which the specific accessible residues differ when
agonist and antagonist bind to AT1R (11). ECL2 is a critical
structural element ideally positioned to interact with the bound
ligands, as well as the TM helices and other extracellular seg-
ments of the receptor. Logical questions that followed our pre-
vious work on the AT1R are: (i) whether the ECL2-lid confor-
mation is present in constitutively activated and inhibited
states of the AT1R, (ii) whether the mutations located in distant
sites on TM helices modulate ECL2 conformation, and (iii)
whether the mutation-induced ECL2 conformation is further
modulated by ligands. To answer these questions, we utilized
the well characterized gain of function (N111G) and loss of
function (D281A) mutants of ATIR. The mutation-induced
conformational changes were analyzed by RCAM analysis of
four Cys reporters introduced in ECL2. In our previous study
RCAM was shown to depict specific conformational changes in
ECL2 upon binding of the ligand in the orthosteric site of cell
surface AT1R in the intact cells under conditions used for signal
transduction studies (27-31). The RCAM analysis in this study
indicated the presence of a distinct ECL2 lid conformation in
the empty state of the gain of function AT1R mutant but not in
the loss of function receptor mutant. The mutation-induced
conformation of ECL2 was reversible by specific ligands that
selectively alter the activity of gain of function and loss of func-
tion mutant receptors as shown in Fig. 6 for N111G and in Fig.
7 for D281A. Two mutations examined are located outside the
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ECL2, thus providing new insights into long range interactions
between domains of AT1R.

Of the four Cys reporters used, Cys'”* and Cys'”® monitor
the accessible ECL2 segment on the N-terminal side of the
Cys'?'-Cys'®° disulfide bond tethering ECL2 to TMIIL Cys'®*
is located in a region of low MTSEA-biotin reactivity, and
Cys'® is in the accessible ECL2 segment on the C-terminal side
of the Cys'®'-Cys'#° disulfide bond. The accessibility pattern of
these reporters in the empty state of CYS™ AT1R (surrogate for
the basal state wild-type AT1R) matched the results reported in
our previous work (11). The accessibility map of the same
reporters in mutant backgrounds differed from ECL2 confor-
mational states of the CYSTATIR. Observed accessibility
patterns in the empty states of N111G-CYSTATIR and
D281A-CYSTATIR indicate mutation-induced conforma-
tional change in ECL2. To avoid experimental confounds, the
MTSEA-biotin reaction was carried out on adherent cells
expressing these receptors rather than fractionated mem-
branes. Furthermore, the accessibility of each Cys reporter was
compared in empty and ligand-bound states concurrently for
each mutant and the CYS™ATIR control. The data suggested
that accessibility of each Cys reporter is modulated to different
extents in empty state and agonist/antagonist-bound states of
the mutants. The reversible effect of each mutation on function
and ligand-specific accessibility pattern of Cys reporters is a
hallmark of functional relevance of altered topology of ECL2 in
these mutants.
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The N111G and D281A mutations effectively induced differ-
ent activity states in the CYS™ATIR surrogate as originally
shown in the AT1R. Mimicry of activated state AT1R confor-
mation in the N111G mutant is very well established. Asn''" is
a key residue responsible for coupling ligand binding to confor-
mational changes leading to ATI1R activation. The N111G
mutation in AT1R increases affinity and efficacy (3—10-fold) for
agonists, Angll, and Angll analogs and lowers the affinity
(3-315-fold) for losartan and other inverse agonists (20). The
agonist bias of N111G-AT1R conformation is also reflected in
agonist-independent IP3 production, ~50% more basal activity
compared with wild-type ATIR and full activation by Angll
analogs that can only partially activate the wild-type AT1R. The
basal activity of N111G-AT1R can be inhibited by AT1R-selec-
tive blockers, albeit at 3—315-fold higher concentrations com-
pared with wild-type AT1R (16, 19, 20, 22, 23). The conforma-
tion of the TMD of the N111G-AT1R has been shown to be
altered to the activated state (12, 13, 32—36). The RCAM results
in Fig. 6 showed that ECL2 in N111G-CYS™ATI1R spontane-
ously mimics a lid conformation in the absence of agonist,
which is similar to AnglI-induced folding of ECL2 observed in
the CYS™ATIR. Further change in reporter accessibility upon
binding Angll and [Sar,Ile*lle®]Angll in N111G-CYS™AT1R
supports the concept that the N111G mutant is sensitive to
both these ligands (17). A different degree of ECL2 conforma-
tional change in response to losartan and candesartan binding
was also anticipated. Being a stronger inverse agonist, cande-
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sartan was more effective in reducing the overall accessibility of
ECL2 than losartan when used at a 1 uM concentration. This
observation reflects the well known ability of constitutively
active GPCRs to discriminate between different inverse ago-
nists, which stabilize the inactive conformation of the receptor.
It is known that binding of inverse agonists induces the most
pronounced stabilizing effect on the extracellular region of the
receptor. The agonist binding promotes a conformational
change around the intracellular domain while having little
impact on other structural elements of the receptor (37).

The ATIR conformation that disfavors high affinity Angll
binding and exhibits a poor agonist efficacy state is produced by
mutation of Asp®®' located in TMVIL The loss of function
effect of D281 A mutation is reported independently by differ-
ent laboratories. The Asp?®! side chain is the primary docking
point for the positively charged Arg? side chain of Angll. This
interaction is essential for high affinity Angll binding and
receptor activation (15, 18, 21, 24). The binding affinity of
losartan and other nonpeptide antagonists is not signifi-
cantly altered in the D281A mutant. The inactive state of the
receptor produced by D281A mutation is further validated
by analysis of ECL2 conformation in this study. RCAM
results demonstrated open ECL2 conformation in the empty
state for the D281A mutant. Altered accessibility of Cys'”*
and Cys'®? reporters upon losartan binding resembles the
losartan-induced conformation of ECL2 in the CYS™ATIR.
Thus, the D281A mutant is normal in the empty state and in
response to losartan. However, the defect in the D281A
mutant is specific toward Angll; the ECL2 conformation did
not change to a lid conformation upon exposing the D281A
mutant to Angll. This was anticipated because when Asp>®!
is substituted with a neutral hydrophobic Ala side chain, the
affinity of Angll is reduced (Table 1), but the affinity is
regained by replacing the Arg” side chain in Angll with a
neutral side chain, such as GIn? (15). This expectation was
indeed borne out when the D281A mutant AT1R was com-
pensated by GIn? substituted analog of Angll in the RCAM
experiment. The reporter accessibility pattern of ECL2 in the
mutant was similar to a lid conformation. This observation
suggests that the Angll-specific defect of the D281A mu-
tant is overcome by the mutant-specific Angll analog
[Sar'GIn?1le®]Angll.

The study of conformational dynamics of the extracellular
regions of a GPCR is relevant to better understanding of the
mechanism of efficacies of different ligands for a given GPCR
that can exhibit a wide range of activities. Analytical
approaches capable of probing dynamic conformational states
of GPCRs elucidate the plasticity of the receptor that is critical
for function but not revealed by crystal structures. Techniques
such as hydrogen/deuterium exchange coupled with mass
spectrometry, nuclear magnetic resonance spectroscopy, site-
directed labeling with spin probes, or fluorescent probes have
been used to probe ligand-induced conformational changes in
ECD in rhodopsin (38) and B2AR (10). Conformational
changes in ECD have been analyzed using other sensitive but
indirect methods in other GPCRs that are not amenable to puri-
fication (6, 7, 11, 38, 39). The RCAM data in this study provide
new insights regarding two different modes of regulating ECL2
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conformation. First, the effects of TMD mutation suggest coop-
erativity between TMD and ECL2. N111G mutation in TMIII
spontaneously induces lid, an active state conformation of
the ECL2, and D281A mutation in TMVII has the opposite
effect. These mutation effects must occur via long range
interaction with ECL2. The N111G mutation is ~13.4 A
from the disulfide bond that links TMIII to ECL2, and the
D281A mutation is ~13.8 A from the conserved disulfide
bondin ECL2. A local structural perturbation caused by each
mutation could be transmitted to distant domains, leading to
global consequences.

Empirical support for long range communication between
domains of GPCRs is very common. The extensively studied
retinitis pigmentosa mutations of human rhodopsin suggest
that the folding of the receptor polypeptide generates coopera-
tivity between different domains. Retinitis pigmentosa muta-
tions located in the TM and cytoplasmic domains of rhodopsin
are associated with disruption of the unique disulfide bond of
rhodopsin in the ECD (i.e., intradiscal domain) and loss of ret-
inal binding in the TM domain (40, 41). Evidence suggests that
the intradiscal domain is structurally coupled to the TM
domain, because mutations in the intradiscal domain can
severely affect the ability of rhodopsin to bind 11-cis-retinal in
the TM domain. In rhodopsin without any mutations, light
activation, which takes place in TM domain, has been shown to
displace ECL2 (9). A similar long range conformational effect is
seen in both rhodopsin and B2AR through NMR studies. Drugs
that bind within the TMD of B2AR stabilize distinct conforma-
tions of the ECD (10). Rotation and/or tilting of the TM helices
and orthosteric binding site changes associated with a consti-
tutively active B2AR mutant in which mutation is in the cyto-
plasmic domain are documented (42). In a recent crystallo-
graphic study, a cytoplasmic domain directed nanobody
binding induced subtle changes in binding pocket at >35 A
distance, and these changes led to active state orientation of
critical serine residues that favor agonist binding (43). Induced
conformational changes in the ECL2 have been documented in
several GPCRs, including the D2 dopamine receptor and C5A
complement receptor (44, 45) upon ligand occupancy of the
orthosteric pocket in the TM domain. Long range conforma-
tional changes associated with ligand binding have been shown
in ECL1 of glucagon receptor (46); the N terminus, ECL1, and
extracellular ends of all TM helices of Saccharomyces cerevisiae
G protein-coupled receptor Ste2p are known (47-49). These
observations suggest that a mutation in a particular domain of
the receptor causes a local structural perturbation that is even-
tually transmitted to other domains, leading to a global conse-
quence in terms of affinity toward ligands and G protein. The
conformational change in the extracellular domain thus seems
a core function of ligand binding and receptor activation in
GPCRs. This mechanism is presumably shared by the entire
rhodopsin family of receptors, despite their selectivity for a
diverse group of ligands. Understanding the intrinsic coupling
between different domains of a GPCR will help explain the flex-
ibility essential for its biological function and transduction of
signal across the membrane. Domain coupling has been shown
to be critical for the biological activity of many different protein
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families with signaling and structural roles, as well as in
enzymes (50, 51).

Second, the ligand-specific modulation of ECL2 conforma-
tion in both mutants illustrates further regulation of coupled
domains by ligands. AngIl makes contact with multiple resi-
dues on the TMD, ECL3, and the N terminus to facilitate con-
formational changes in ECL2 (i.e., a distinctly ligand-facilitated
step in receptor function). We speculate that this initial ligand
contact, resulting in reduced entropy of ECL2, is the driving
force for coupled transition of conformation in the TMD. Clas-
sical drug efficacy theories have postulated that ligand-regu-
lated isomerization of protein conformation underlies activa-
tion and inhibition of GPCR function (4). Based on the
observation that ligands bind within TMD in well known
GPCRs, different mechanistic models have been proposed to
describe how positional conserved ligand-binding residues in
TMD modulate GPCR function. Recent crystallographic stud-
ies, however, revealed variability in the position of ligand-bind-
ing pocket of GPCRs. Still unresolved is how conformation of
TMD changes when it lacks the inherent ability to bind the
physiological ligand. As is the case in some GPCRs, the activat-
ing ligands do not reach the TM domain. Other ECD motions,
either subtle or large scale, could be involved in coupling ligand
binding to TMD conformational changes in such GPCRs. The
existence of both aspects of the mechanism in GPCRs leads to a
more diverse and complex process of ligand sensing and may
explain the variability of the efficacy observed under different
experimental conditions. The emerging role of ECD in AT1R
and other GPCRs make the components of this domain an
attractive target for rational drug design and improvement of
new classes of ligands including allosteric modulators and
biased ligands of GPCRs.
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