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ABSTRACT
Ligand-independent signaling by the angiotensin II type 1 re-
ceptor (AT1R) can be activated in clinical settings by mechanical
stretch and autoantibodies as well as receptor mutations.
Transition of the AT1R to the activated state is known to lower
inverse agonistic efficacy of clinically used AT1R blockers
(ARBs). The structure-function basis for reduced efficacy of
inverse agonists is a fundamental aspect that has been
understudied not only in relation to the AT1R but also regarding
other homologous receptors. Here, we demonstrate that the
active-state transition in the AT1R indeed attenuates an inverse
agonistic effect of four biphenyl-tetrazole ARBs through
changes in specific ligand-receptor interactions. In the ground
state, tight interactions of four ARBs with a set of resi-
dues (Ser109TM3, Phe182ECL2, Gln257TM6, Tyr292TM7, and

Asn295TM7) results in potent inverse agonism. In the activated
state, the ARB-AT1R interactions shift to a different set of
residues (Val108TM3, Ser109TM3, Ala163TM4, Phe182ECL2,
Lys199TM5, Tyr292TM7, and Asn295TM7), resulting in attenuated
inverse agonism. Interestingly, V108I, A163T, N295A, and
F182A mutations in the activated state of the AT1R shift the
functional response to the ARB binding toward agonism, but in
the ground state the same mutations cause inverse agonism.
Our data show that the second extracellular loop is an important
regulator of the functional states of the AT1R. Our findings
suggest that the quest for discovering novel ARBs, and improving
current ARBs, fundamentally depends on the knowledge of the
unique sets of residues that mediate inverse agonistic potency in
the two states of the AT1R.

Introduction
G Protein–coupled receptors (GPCRs) constitute one of the

largest gene superfamilies in the human genome (Fredriksson
et al., 2003). GPCRs are activated by ligands such as ions,
neurotransmitters, peptides, and proteins as well as by sensory
agents such as photons, touch, taste, and smell. Activation of
GPCRs is a fundamental mechanism that promotes intracel-
lular signaling in numerous physiologic and pathologic pro-
cesses. Therefore, drugs that interfere with mechanisms of
the GPCR activation are important tools in combating

disease. Indeed, approximately 26% of clinically available
drugs are known to target GPCRs (Garland, 2013).
The angiotensin II (Ang II) type 1 receptor (AT1R) is an

extensively studied GPCR in the context of ligand-mediated
and ligand-independent mechanisms of receptor activation
(Unal et al., 2012; Unal and Karnik, 2014). It is the primary
receptor for Ang II, a peptide hormone produced by the renin-
angiotensin system and the antihypertension drugs known as
AT1R blockers (ARBs). The AT1R is the principal regulator of
blood pressure and body-fluid homeostasis, and it plays vital
roles in cardiovascular and renal pathophysiology. Over-
stimulation of AT1R is implicated in hypertension, coronary
artery disease, cardiac hypertrophy, heart failure, arrhyth-
mia, stroke, diabetic nephropathy, and ischemic heart and
renal disease states, which can be greatly reduced by
treatment with ARBs (Khan, 2011; Vijayaraghavan and
Deedwania, 2011; Lee et al., 2012; Vejakama et al., 2012). The
ARBs are nonpeptide receptor inhibitors with a common
biphenyl-tetrazole scaffold, including the well known clini-
cally used antihypertension drugs Losartan, Candesartan,
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Valsartan, Irbesartan, Telmisartan, Eprosartan, Olmesartan,
and Azilsartan.
The AT1R activates the heterotrimeric G protein Gq/11,

leading to inositol phosphate (IP) signaling. Typically, Ang II
binding induces the active conformation of the AT1R;
however, recent studies have demonstrated that both me-
chanical stress and AT1R-directed autoantibodies can acti-
vate the AT1R, independent of agonist binding (Mederos y
Schnitzler et al., 2011; Storch et al., 2012; Unal et al., 2012;
Wallukat and Schimke, 2014). Both modes of ligand-
independent activation of AT1R may occur clinically as in
hypertension, preecclampsia, or cardiac overload conditions,
which can be attenuated by actions of inverse agonists such as
Candesartan (Zou et al., 2004; Wei et al., 2011). Mutations
produce ligand-independent activation in the AT1R by in-
ducing conformational changes in the receptor, and in this
state the binding affinity of the AT1R for ARBs is known to
reduce significantly (Noda et al., 1996; Le et al., 2003).
However, the molecular basis for a decrease in the affinity of
activated GPCRs toward inverse agonists has not been
studied in the AT1R, and in general this aspect is under-
studied in the entire GPCR superfamily. We hypothesize that
interactions that determine the inverse agonism of an ARB
differ in the active state compared with the ground state of
a GPCR owing to the conformational change associated with
the active state transition. To test this hypothesis in the
present study, we combine mutagenesis (Fig. 1A), ligand-
binding and IP production assays, and molecular modeling to
understand the structural basis of inverse agonism for four
biphenyl-tetrazol ARBs (Fig. 1B) evaluated in wild-type (WT)
and constitutively activated mutant N111G-AT1R. Our find-
ings indicate that different sets of residues mediate inverse
agonism of ARBs in the two states of the AT1R.

Materials and Methods
Ang II and [Sar1, Ile8]Ang II were purchased from Bachem

(Bubendorf, Switzerland). 125I-[Sar1, Ile8]Ang II (specific activity,
2,200 Ci/mmol) was purchased from Dr. Robert Speth (Peptide
Radioiodination Service Center, University of Mississippi, University,
MS). Losartan and EXP3174 [2-butyl-5-chloro-3-[[4-[2-(2H-tetrazol-
5-yl)phenyl]phenyl]methyl]imidazole-4-carboxylic acid] were gifted
from Merck & Co. (Kenilworth, NJ). Valsartan and Irbesartan were
gifted from Novartis Pharmaceuticals (Cambridge, MA) and Sanofi
Aventis (Paris, France), respectively. Myo-[2-3H(N)]Inositol was pur-
chased from GE Healthcare Life Science (Little Chalfont, UK). COS-1
cells were purchased from the European Collection of Cell Culture
(Salisbury, UK). The FuGENE 6 transfection reagent was purchased
from Roche Diagnostics (Indianapolis, IN).

Mutagenesis, Expression, and Membrane Preparation. The
synthetic rat AT1R gene, cloned in the shuttle expression vector pMT-3,
was used for the expression and mutagenesis as previously described
(Noda et al., 1996). We mutated the residues that are shown as the
binding site residues for ARBs by previous experimental and modeling
studies. For each residue, we substituted a side chain with nearly the
same size and/or chemical characteristics. For instance, Asn is replaced
with Ala, which has a similar size but cannot form a hydrogen bond
(H-bond). The Lys side chain is replaced with Gln, which has a similar
size but cannot form a salt bridge, as described in previous mutagenesis
studies (Yamano et al., 1992; Ji et al., 1994, 1995; Schambye et al., 1994;
Noda et al., 1995; Gosselin et al., 2000; Takezako et al., 2004; Baleanu-
Gogonea and Karnik, 2006; Tuccinardi et al., 2006). To express the AT1R
protein, 10 mg of purified plasmid DNA per 107 cells was used in the
transfection. COS1 cells cultured in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum were transfected
using the FuGENE6 transfection reagent for membrane preparation.
The transfected cells were cultured for 48 hours and then harvested, and
the nitrogen Parr bomb disruption method was used in the presence
of protease inhibitors to prepare the cell membranes. The receptor
expression was assessed in each case according to immunoblot analysis
and 125I-[Sar1, Ile8]Ang II saturation binding analysis.

Competition Binding Assay. The 125I labeled [Sar1, Ile8]Ang II
binding experiments were carried out under equilibrium conditions as
previously described (Takezako et al., 2004).

Inositol Phosphate Production Assay. Semiconfluent AT1R-
transfected COS1 cells seeded in 6-well plates were labeled for 24 hours
with myo-[2-3H(N)]-Inositol (1.5 mCi/ml; specific activity, 22 mCi/mol) at
37°C in DMEM supplemented with 10% fetal bovine serum. The labeled
cells were washed two times with DMEM and incubated with DMEM
containing 10 mM LiCl and vehicle or 1 mM of Ang II for various time
intervals between 5 and 120 minutes at 37°C. To examine the inverse
agonist activity, the cells were preincubated with DMEM containing
vehicle or various concentrations of each ligand for 30 minutes at 37°C. A
total of 10 mM LiCl was subsequently added, and the incubation was
continued for a further 120 minutes at 37°C. At the end of the incubation,
the mediumwas removed, and the total soluble IP was extracted from the
cells using perchloric acid extraction, as previously described (Noda et al.,
1996). The EC50 and IC50 values were calculated according to a nonlin-
ear regression analysis using the GraphPad Prism software program
(GraphPad, La Jolla, Ca). The inverse agonist activity of the ARBs for each
mutant was calculated as a percent of receptor activity of vehicle-treated
cell expressing each mutant (constitutive activity of each mutant). We
defined vehicle-treated 0% constitutive activity for each mutant receptor.
Therefore, 210% inverse agonist activity means 90% of constitutive
activity and 2100% of inverse agonist activity means 0% of constitutive
activity. In other words, 2100% inverse agonist activity means complete
suppression of the constitutive activity for the WT or mutant examined.

Models of the AT1R Ligand-Binding Pocket with ARBs.
Models of the binding pocket for Losartan, EXP3174, Valsartan, and
Irbesartan were constructed as described in Zhang et al. (2015). The
AT1R crystal structure was used to dock these four ARBs through an
energy-based docking protocol in the ICM molecular modeling
software suite provided by Molsoft (San Diego, CA). The initial model
for each ARB was optimized by adding side chain hydrogen atoms,
followed by optimization of the conformations generated and by
generation of soft potential maps in a 30� 30� 30 Å3 box that covered
the extracellular half of the receptor. Molecular models of compounds
were generated from two-dimensional representations and their
three-dimensional geometry was optimized using the Merck molec-
ular force field 94 force field (Halgren, 1995). Molecular docking
employed biased probability Monte Carlo optimization of the ligand
internal coordinates in the grid potentials of the receptor (Abagyan
and Totrov, 1997). Five independent docking runs were performed for
each ligand starting from a random conformation; Monte Carlo
sampling and optimization was performed at high thoroughness set to
30. We treated the Lys1995.42 side chain as a flexible group in the
receptor, allowing these side chain rotamers to freely sample the
space. Up to 30 alternative complex conformations of the ligand-
receptor complex were generated and rescored using the ICM binding
score function, which accounts for Van der Waals, electrostatic,
H-bonding, nonpolar and polar atom solvation energy differences
between bound and unbound states, the ligand internal strain,
conformational entropy, and ligand- and receptor-independent con-
stants. The results of individual docking runs for each ligand were
considered consistent if at least three of the five docking runs
produced similar ligand conformations (root mean square deviation,
2.0 Å) and binding score,220.0 kJ/mol in three out of five trials. The
unbiased docking procedure did not use distance restraints or any
other a priori derived information for the ligand-receptor interactions.

Statistical Analysis. All data are presented as the mean 6 S.E.M.
of at least three independent experiments performed in duplicate.
Multiple comparisons weremade using a one-way analysis of variance
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followed by the Bonferroni post hoc test or Dunnett’s post hoc test.
P values of ,0.05 were considered to be statistically significant.

Results
Prolonging Incubation Increases the Constitutive

Activity of WT AT1R. We used the WT AT1R (WT-AT1) as
a ground state receptor and constitutively active N111G
mutant AT1R (N111G-AT1), which mimics activated AT1R

conformation (Boucard et al., 2003; Martin et al., 2004, 2007;
Unal et al., 2013), as an activated state receptor. Previous
studies have reported that WT-AT1 displays only a modest
constitutive activity (Miura et al., 2006, 2008). To examine
the inverse agonist activity for the ground state AT1R with
adequate sensitivity, we prolonged the incubation period
during IP measurement to take advantage of the cumulative
constitutive activity optimized to an adequate level. The
constitutive IP production was increased in a linear fashion as

Fig. 1. Structures of the AT1R and four biphenyl-tetrazole group ARBs. (A) Secondary structure model of rat AT1R revised based on the crystal
structure of human AT1R. Residues that were mutated in this study are numbered and highlighted. The epitope tag attached at the C-terminal end for
detection by the ID4 monoclonal antibody is underlined. The attachment of this sequence does not alter the properties of the AT1R (Takezako et al.,
2004). (B) Chemical structures of Losartan, EXP3174, Valsartan, and Irbesartan. All four ARBs share a structure with the biphenyl-tetrazole group.
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the incubation period increased in the WT-AT1, reaching
the highest total IP level following a 120-minute incubation
period (Supplemental Fig. 1). Hence, the following experi-
ments were performed using the 120-minute incubation time.
Differences in the Pharmacological Properties of the

ARBs between WT-AT1 and N111G-AT1. The pharmaco-
logical properties of the ARBs Losartan, EXP3174, Valsartan,
and Irbesartan (Fig. 2A) were compared between WT-AT1
and N111G-AT1. The binding affinity of all four ARBs was
higher for WT-AT1 than for N111G-AT1. The order of the
binding affinity of the four ARBs for WT-AT1 was the same as
that for N111G-AT1. The order of the binding affinity was
Irbesartan . EXP3174 . Valsartan . Losartan for both WT-
AT1 and N111G-AT1 (Tables 1 and 2). All four ARBs showed
inverse agonist activity in a concentration-dependent manner
for both WT-AT1 and N111G-AT1. The order of potency
observed from EC50 toward WT-AT1 and N111G-AT1 is
different for the four ARBs. The order of potency observed
toward WT-AT1 for the four ARBs is EXP31745 Valsartan5
Irbesartan. Losartan (Fig. 2A). On the other hand, the order
of potency toward N111G-AT1 for the four ARBs is EXP31745
Irbesartan . Valsartan . Losartan (Fig. 2A). As anticipated,

the inverse agonist efficacy (i.e., maximal inhibition) of all four
ARBs was stronger for WT-AT1 than for N111G-AT1 and the
efficacy of the four ARBs for N111G-AT1 differed from WT-
AT1. The efficacy of EXP3174 . Valsartan 5 Losartan 5
Irbesartan forWT-AT1 andEXP31745Valsartan. Losartan5
Irbesartan for N111G-AT1 (Fig. 2B). These pharmacological
differences suggest that the degree of transition of the AT1R
toward an activated state may alter the binding mode of the
four ARBs.
Residues Specific for Binding of Ligands in WT-

AT1. To identify the residues specific for the binding of
ligands in WT-AT1, the effects of various mutants introduced
in theWT-AT1 background (WT-BG) on the binding affinity of
the ligands were examined (Table 1). Since ARBs make
contact with several residues in the AT1R and the change of
some contact residues shows a small reduction of ligand-
binding affinity, we used the effect of a known change to set
the 3-fold change as the cutoff. For example, substitution of
Lys199 for an Ala reduced the binding affinity of Losartan by
about 3-fold compared with WT-AT1R (Table 1). Therefore,
we consider the 3-fold change in binding as a functionally
important change because close, small structural differences

Fig. 2. Differences in the inverse agonist properties of the four ARBs for WT-AT1 and mutant N111G as measured by IP assay. (A) Concentration-
dependent inverse agonist activity of Losartan, EXP3174, Valsartan, and Irbesartan for WT-AT1 (left panel) and mutant N111G-transfected (right
panel) COS1 cells. (B) Maximal inverse agonist activity of Losartan, EXP3174, Irbesartan, and Valsartan for WT-AT1 (left panel) and mutant N111G
(right panel) was measured at a concentration of 10 mM of each ARB. The inverse agonist activity of four ARBs is expressed as the percent of the
constitutive activity of the vehicle-treatedWT-AT1 and N111G-AT1–transfected COS1 cells, respectively. The constitutive activity of the vehicle-treated
WT-AT1 and N111G-AT1 cells is defined as 0%. *P , 0.05.
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are assessed in this study. The Y113A, F182A, Y184A, K199A,
K199Q, and N295A mutants reduced binding affinity for Ang
II, which was not altered by any of the other mutants.
The V108I, S109T, Y113A, A163T, Q257E, Y292A, and

N295A mutants reduced binding affinity for all four ARBs.
The K199A and Q257A mutants reduced binding affinity
for Losartan, EXP3174, and Valsartan. The K199Q mutant
reduced binding affinity for Valsartan. The Y184A mutant
increased binding affinity for Irbesartan. All other mutants
demonstrated an unaltered binding affinity for all four ARBs.
These results indicate that the residues Val108, Ser109, Tyr113,
Ala163, Gln257, Tyr292, and Asn295 constitute a common
pocket for the binding of all four ARBs. The residue Tyr184 is
specific for the binding of Irbesartan and the residue Lys199 is
specific for the binding of Losartan, EXP3174, and Valsartan in
WT-AT1.
To unravel the putative interactions between the residues

involved in the binding of the four ARBs in WT-AT1, the
effects of seven double mutants on the binding affinity for the
four ARBs were examined (Table 1). Since the ARB binding
site residues Ser109TM3, Ala163TM4, Lys199TM5, His256TM6,
and Asn295TM7 in the AT1R are located on different trans-
membrane (TM) helices, we selected combinations of S109T,
A163T, K199Q, H256A, and N295A mutants to evaluate the
combined effect of different TM helices for both binding
affinity and inverse agonism. The S109T/N295A, A163T/
N295A, and K199Q/H256A mutants synergistically reduced
binding affinity for all four ARBs. In contrast, the S109T/
A163T and S109T/H256A mutants did not show a combined
effect on the binding affinity for any of the four ARBs. These
results indicate that the combinational interactions be-
tween Ser109 and Asn295, between Ala163 and Asn295,
and between Lys199 and His256 are possibly important for
the binding of all four ARBs in WT-AT1. It is interesting
that K199Q and H256A do not change Irbesartan binding
individually.
Residues Specific for Binding of Ligands in N111G-

AT1. To identify the residues specific for the binding of
ligands in N111G-AT1, the effects of various mutants in-
troduced in the N111G-AT1 background (N111G-BG) on the
binding affinity of the ligands were examined (Table 2). Since
the N111G/Y113A mutant did not show any detectable
radioligand-binding activity, the effect of this mutant could
not be examined. The N111G/F182A, N111G/K199A, and
N111G/N295Amutants reduced binding affinity for Ang II. In
addition, N111G/Q257A and N111G/Y292A mutants also
reduced binding affinity for Ang II in N111G-BG, which is
quite different from those observed in WT-BG. The N111G/
Y184A and N111G/K199Q mutants did not alter binding
affinity for Ang II.
The effects of most of the mutants on the binding affinity

of the ARBs in N111G-BG were quite different from those
observed in WT-BG. The N111G/V108I, N111G/S109T,
N111G/K199A, and N111G/N295A mutants reduced binding
affinity for all four ARBs, while the N111G/E173A and
N111G/Y184A mutants did not show an altered binding
affinity for all four ARBs. However, the effects of other
mutants in the N111G-BG were different from those observed
in WT-BG. The N111G/K199Q mutant reduced binding
affinity for Valsartan but not for the other ARBs. The
binding affinity for Irbesartan was reduced by two additional
mutations, N111G/A163T and N111G/F182A. Contrary to

that observed for the Q257A and Y292A mutants, the N111G/
Q257A and N111G/Y292A mutants increased binding affinity
for all four ARBs. These results indicate that the residues
Val108, Ser109, Lys199, and Asn295 are common for the
binding of all four ARBs, while Ala163 and Phe182 are specific
for the binding of Irbesartan in N111G-AT1.
To unravel the putative interactions between the residues

involved in the binding of the four ARBs in N111G-AT1, we
examined the effects of seven triple mutants on the binding
affinity for the four ARBs (Table 2). The N111G/S109T/N295A
mutant synergistically reduced binding affinity for all four
ARBs. The N111G/S109T/A163T, N111G/S109T/H256A, and
N111G/A163T/H256A mutants did not show any combined
effects on the binding affinity for all four ARBs. The effects of
the other mutants in N111G-BG on the binding affinity for the
ARBs were partially different from those observed in WT-BG.
The N111G/A163T/N295A mutant synergistically reduced
binding affinity for Losartan, EXP3174, and Valsartan,
and additively reduced binding affinity for Irbesartan. The
N111G/K199Q/H256A mutant synergistically reduced bind-
ing affinity for EXP3174, Valsartan, and Irbesartan. These
results indicate that the combinational interactions between
Ser109 and Asn295 and between Ala163 and Asn295 are
important for the binding of all four ARBs, while those
between Lys199 and His256 are important for the binding of
EXP3174, Valsartan, and Irbesartan in N111G-AT1.
Mutations Affecting the Inverse Agonism of the

ARBs in WT-AT1. To identify the residues responsible for
the inverse agonism of the ARBs in the WT-AT1, the effects of
various mutants introduced in WT-BG on inverse agonism
were examined. The V108I, S109T, A163T, E173A, F182A,
Q257A, Y292A, and N295A mutants demonstrated sufficient
constitutive activity (Supplemental Fig. 2A), and thus the
effects of these mutants on the inverse agonism were
examined (Fig. 3). Since the Y113A, K199A, K199Q, and
H256A mutants displayed only a modest constitutive activity,
the effects of these mutants on the inverse agonism could
not be examined. The S109T, Y292A, and N295A mutants
significantly attenuated inverse agonism for all four ARBs.
The V108I mutant significantly attenuated inverse agonism
for Losartan and EXP3174. The attenuating effect of
V108I on the inverse agonism for Valsartan and Irbesartan
was not statistically significant. The E173A mutant signifi-
cantly attenuated inverse agonism for EXP3174 and attenuated
—although not significant statistically—inverse agonism for
Losartan. The F182A mutant significantly attenuated inverse
agonism forEXP3174, Valsartan, and Irbesartan and attenuated
—although not significant statistically—inverse agonism for
Losartan. The Q257A mutant significantly attenuated in-
verse agonism for Losartan, EXP3174, and Valsartan. Other
mutants did not alter inverse agonism by any of four ARBs.
These results suggest that the residues Val108, Ser109,
Phe182, Tyr292, and Asn295 are responsible for the inverse
agonism of all four ARBs; the residue Gln257 is responsible
for the inverse agonism of Losartan, EXP3174, and Valsar-
tan; and the residue Glu173 is responsible for the inverse
agonism of Losartan and EXP3174 in WT-AT1. Note that
Phe182 influences inverse agonism without having a signif-
icant effect on binding (see Discussion).
To determine the combinational interactions between the

residues responsible for the inverse agonism in WT-AT1, the
effects of three double mutants on the inverse agonism were
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examined. The S109T/A163T, S109T/N295A, and A163T/
N295A mutants demonstrated sufficient constitutive activity
(Supplemental Fig. 3A), and thus the effect of these mutants
on the inverse agonism were examined (Fig. 3). The A163T/
N295A mutant additively attenuated inverse agonism for all
four ARBs. The S109T/N295A mutant additively attenuated
inverse agonism for EXP3174 and Irbesartan. The S109T/
A163T mutant did not demonstrate any combined effects on
the inverse agonism of any of the four ARBs. These results
suggest that the combination of Ala163 and Asn295 is
important for the inverse agonism of all four ARBs, while
those between Ser109 and Asn295 are important for the
inverse agonism of EXP3174 and Irbesartan in WT-AT1.
Mutations Affecting the Inverse Agonism of the

ARBs in N111G-AT1. The effects of various mutants in-
troduced in N111G-BG on the inverse agonism were exam-
ined. All mutants showed significantly higher constitutive
activity than WT (Supplemental Fig. 2B), and thus the effects
of these mutants on the inverse agonism of the four ARBs
were examined (Fig. 4). The effects of different mutants on the

inverse agonism of the four ARBs in N111G-BG were quite
different from those observed in WT-BG.
The N111G/V108I mutant abolished inverse agonism for

Irbesartan and shifted efficacy from inverse agonism toward
agonism for Losartan, EXP3174, and Valsartan. The N111G/
S109T mutant significantly attenuated inverse agonism for
EXP3174, Valsartan, and Irbesartan, but not for Losartan.
The N111G/A163T mutant significantly attenuated inverse
agonism for EXP3174 and shifted efficacy toward agonism for
Losartan and Irbesartan. The N111G/E173A mutant signif-
icantly attenuated inverse agonism for EXP3174 and mod-
estly attenuated inverse agonism for Losartan. The N111G/
F182A mutant significantly attenuated inverse agonism for
EXP3174. However, the N111G/F182A mutant switched the
efficacy toward agonism for Losartan and Irbesartan. The
N111G/K199A mutant significantly potentiated inverse
agonism for all four ARBs and the N111G/K199Q mu-
tant significantly potentiated inverse agonism for Losartan,
Valsartan, and Irbesartan. A previous study reported that
the N111G/K199Q mutant attenuated inverse agonism for

Fig. 3. Effects of the mutants on the inverse agonism of four ARBs in the WT-BG cells as measured by IP assay. The inverse agonist activity of Losartan
(A), EXP3174 (B), Valsartan (C), and Irbesartan (D) at a concentration of 10 mM of each ARB in the COS1 cells transfected with WT-AT1 (white bars),
single mutants (gray bars), and double mutants (black bars) is shown. Double mutants were constructed using two independent mutants that
significantly attenuated the inverse agonist activity. Inverse agonist activity is expressed as the percentage of the constitutive activity of either WT-AT1
or each mutant. The constitutive activity of the vehicle-treated WT-AT1 cells and each mutant is defined as 0%, respectively. *P, 0.05 versus WT-AT1;
†, additive effect. Gray and black bars indicate single and double mutants, respectively.
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Fig. 4. Effects of the mutants on the efficacy
of four ARBs in the N111G-BG cells. The
efficacy (inverse agonism or efficacy switch
from inverse agonism toward agonism) of
Losartan (A), EXP3174 (B), Valsartan (C),
and Irbesartan (D) at a concentration of
10 mM of each ARB in COS1 cells transfected
with N111G-AT1 (white bars), single mu-
tants in N111G-BG (gray bars), and double
mutants in N111G-BG (black bars) is shown.
Double mutants in the N111G-BG cells were
constructed using the N111G mutant with
two additional independent mutants that
significantly attenuated the inverse agonist
activity or switched efficacy from inverse
agonism toward agonism. Agonist activity
and inverse agonist activity are expressed as
the percentage of the constitutive activity of
the vehicle-treated N111G-AT1 cells and each
mutant in N111G-BG, respectively. The con-
stitutive activity of the vehicle-treated N111G-
AT1 cells and each mutant in N111G-BG is
defined as 0%, respectively. *P , 0.05 versus
N111G-AT1; †, additive effect. Gray and black
bars indicate single and double mutants,
respectively.
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Valsartan (Miura et al., 2008); the reason for the difference is
unclear at this time. The N111G/H256A mutant significantly
attenuated inverse agonism for EXP3174 and Valsartan. The
N111G/Q257A mutant significantly attenuated inverse ago-
nism for EXP3174 and Valsartan, but did not exhibit an
altered inverse agonism for Losartan and Irbesartan. The
N111G/Y292A mutant significantly attenuated inverse ago-
nism for EXP3174; however, unlike the Y292A mutant, the
N111G/Y292A mutant did not exhibit an altered inverse
agonism for Losartan and Irbesartan and unexpectedly
potentiated the inverse agonism of Valsartan. The N111G/
N295A mutant significantly attenuated inverse agonism for
EXP3174; however, unlike the N295A mutant, the N111G/
N295A mutant shifted efficacy toward agonism for Losartan
and Irbesartan and unexpectedly potentiated the inverse
agonism of Valsartan.
These results suggest that Val108 influences the inverse

agonism of Irbesartan and the efficacy switch from inverse
agonism toward agonism for Losartan, EXP3174, and Val-
sartan. Ser109 affects the inverse agonism of EXP3174,
Valsartan and Irbesartan. Ala163, Phe182, and Asn295 affect
the inverse agonism of EXP3174 and modulate the efficacy
switch from inverse agonism toward agonism for Losartan
and Irbesartan. Glu173 influences the inverse agonism
of Losartan and EXP3174. Gln257 influences the inverse
agonism of EXP3174 and Valsartan. Finally, Tyr292 affects
the inverse agonism of EXP3174 in N111G-AT1.
To determine the combinational interactions between the

residues responsible for the inverse agonism in N111G-AT1,
the effects of seven triple mutants on the inverse agonism
were examined. The N111G/S109T/A163T, N111G/S109T/
H256A, N111G/S109T/N295A, N111G/A163T/H256A, N111G/
A163T/N295A, N111G/K199Q/H256A, and N111G/H256A/
N295A mutants demonstrated sufficient constitutive activity
(Supplemental Fig. 3A), and thus the effect of these mutants
on the inverse agonism were examined (Fig. 4). The N111G/
S109T/N295A mutant, as well as the S109T/N295A mutant,
additively attenuated inverse agonism for EXP3174. The
N111G/A163T/H256A mutant additively attenuated inverse
agonism for Valsartan. The N111G/A163T/N295A mutant, as
well as the A163T/N295A mutant, additively attenuated
inverse agonism for EXP3174; however, unlike the A163T/
N295A mutant, the N111G/A163T/N295A mutant additively
potentiated the efficacy switch from inverse agonism toward
agonism for Losartan and Irbesartan. No other triple mutants
exhibited combined effects on the inverse agonism of any of
the four ARBs. These results suggest that the combinational
interactions between Ser109 and Asn295 are important for
the inverse agonism of EXP3174, while those between Ala163
and His256 are important for the inverse agonism of Valsartan
and those between Ala163 and Asn295 are important for the
inverse agonism of EXP3174 and the efficacy switch from
inverse agonism toward agonism for Losartan and Irbesartan
in N111G-AT1.
Molecular Model of ARB/WT-AT1 Complexes. To

examine whether the residues targeted in our study do
actually interact with the four ARBs, molecular models of the
AT1R were employed. The molecular models we used were
developed based on the crystal structure data of human AT1R
bound to an experimental hypertensive agent ZD7155 [5,7-
diethyl-3,4-dihydro-1-[[29-(1H-tetrazol-5-yl)[1,19-biphenyl]-4-
yl]methyl]-1,6-naphthyridin-2(1H)-one hydrochloride] (see

Fig. 5A), as described in Materials and Methods (Zhang
et al., 2015). We used the human AT1R structure since the
overall sequence homology of rat and human AT1Rs is 95%
and all the residues examined in this study are the same as in
the residues of the human AT1R. Moreover, the sequence of
the crystalized human AT1R portion and rat AT1R are
identical. Therefore, it was more reliable to model the human
AT1R for the sake of linking our study to human health
relevance, especially when ARB docking is addressed.
Figure 5A depicts the ARB binding site observed in the
crystal structure of the AT1R, which consists of all seven TM
helices and extracellular loops 1 and 2. The four individual
ARB/AT1R complexes are shown in Fig. 5, B–E. The binding
poses for the four ARBs in the AT1R were predicted by
energy-based docking simulation studies. The nature of the
interactions with the AT1R is different for each ARB due to
their distinct chemical structures. However, all four com-
pounds bind in similar orientations and engage in inter-
actions with the critical residue Arg167ECL2. In previous
mutagenesis studies, we mutated the Arg167 to Ala, Gln, and
His and examined the binding affinity of Ang II and several
ARBs for these mutants. These mutants markedly reduced
the binding affinity for all ligands (Noda et al., 1995;
Takezako et al., 2004; Zhang et al., 2015). These studies
have already validated the critical requirement of Arg167ECL2

for binding all ARBs and Ang II. Therefore, we did not
mutate Arg167 in the present study in order to avoid
duplication of negative binding results. Out of the 12 residues
examined in this study, Val108, Ser109, Tyr113, Ala163,
Phe182, Tyr184, Lys199, His256, Gln257, Tyr292, and
Asn295 were present in the common ARB-binding pocket.
One residue, Glu173, lacks reliable X-ray diffraction density
in the AT1R structure; therefore, we did not indicate this
residue in Fig. 5, B–E.
The canonical ARB binding pocket of the AT1R (Fig. 5;

Zhang et al., 2015) consists of interacting residues of TM
helices I-VII as well as mainly from the second extracellular
loop (ECL2). The tetrazole group, a common acidic moiety
present in all four ARBs, bonds with Arg167 in ECL2, which is
not targeted in this study, hence not shown in Fig. 5. The
canonical ARB binding pocket includes contacts mediated
by residues, including Val108TM3, Ser109TM3, Ala163TM4,
Gln257TM6, Tyr292TM7, and Asn295TM7. The ARB docking
results suggest that the flexible side chain of Lys199TM5

retains some conformational heterogeneity in the AT1R that
the amino group of this residue can form salt bridges with
acidic moieties of ARBs or participate in water-mediated
interactions with the biphenyl scaffold in ARBs. This entropic
state of Lys199TM5 partly explains the variable role this
residue seems to play in previous studies (Takezako et al.,
2004; Miura et al., 2006, 2008, 2013). The residues Tyr113TM3,
Phe182ECL2, Tyr184ECL2, and His256TM6 may hydrophobi-
cally interact with ARBs in the AT1R ligand-binding pocket.
The complex structures show that the imidazole ring of
Losartan and EXP3174 and equivalent substituents in
Valsartan and Irbesartan interact with the floor of the ligand
pocket, including residues Tyr292TM7 and Asn295TM7. The
biphenyl rings of ARBs interact with Val108TM3 and
Ser109TM3 as well as with Trp253TM6 and Gln257TM6. Thus,
the residues targeted in this study along with Arg167ECL2

define the unique shape of the AT1R ligand-binding pocket.
The distances and angles of the different bonding interactions
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Fig. 5. Human AT1R structure showing details of the ligand, ZD7155 interactions with specific residues (A). Models of the AT1R binding pocket
interaction with Losartan (B), EXP3174 (C), Valsartan (D), and Irbesartan (E). Side-chain positions for the residues studied are located within a 10 Å
pocket for each ARB. In each ARB-bound model, the side-chain single mutations affecting binding with .3-fold change of Ki are indicated by the blue
color and bold labels, both in the ground state (WT-AT1) and activated state (N111G-AT1). A residue label in red indicates a significant effect on the
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differ, which may explain the differences in the binding
affinity and pharmacological properties of the four ARBs at
the AT1R. For instance, the docking results suggest that
Losartan, the clinically used ARB for treatment of hyperten-
sion with a weak inverse agonist and lower binding affinity to
AT1R forms only a salt bridge with Arg167ECL2 through the
tetrazole moiety and lacks polar interactions with other
residues. The active metabolite of Losartan, EXP3174, a better
binder and stronger inverse agonist (Takezako et al., 2004),
binds in a similar way as Losartan; however, its carboxyl group
could engage in an additional salt bridge interaction with
Arg167ECL2.
Superposition of Binding and Inverse Agonism Data

in the ARB/N111G-AT1 Complex. Modeling the active
state of N111G-AT1R was problematic, as has been reported
for many other GPCRs, because the long timescale required
for molecular dynamics simulations is untenable (Manglik
and Kobilka, 2014). Short-time simulation efforts showed
modest changes in the biding pocket in the AT1R with low
P values. In addition, comparison of multiple active and
inactive crystal structures of GPCRs have been reported to
show only modest changes in the binding pocket residues in
each receptor, and the two states are remarkably similar in
the ligand-binding pocket (Katritch et al., 2013). Therefore,
we color-highlighted residues based on the experimental data
for each ARB in the ground and active states as indicated in
Fig. 5, B–E.
Superposition of the experimental data for WT-AT1 and

N111G-AT1 binding and inverse agonism is shown in Fig. 5.
Different residues affect both measured properties of ARBs,
suggesting subtle movement of the TM helices and extracel-
lular loop regions in N111G-AT1 for all four ARBs. In the WT
background, residues Ser109TM3, Tyr292TM7, and Asn295TM7

are essential for inverse agonism of all four ARBs, and
Gln257TM6 and Phe182ECL2 are essential for three out of four
ARBs. In contrast, in the N111G-AT1 a completely different
set of interactions mediates inverse agonism. While Val108TM3

and Lys199TM5 are essential for the inverse agonism of all four
ARBs, Ser109TM3, Ala163TM4, Phe182ECL2, Tyr292TM7, and
Asn295TM7 affect inverse agonism of three out of four ARBs.

Discussion
Our data confirm the inverse agonist property of the four

biphenyl-tetrazole ARBs, Losartan, EXP3174, Valsartan, and
Irbesartan, for both ground (WT) and constitutively activated
(N111G-AT1) states of AT1R. Our data validate previous
observations that the inverse agonism potency of ARBs is
attenuated during the transition of the AT1R toward the
activated state (Noda et al., 1996; Le et al., 2003; Miura et al.,
2006, 2008). We herein propose a potential molecular mecha-
nism for this phenomenon.
Mechanism of the Inverse Agonism of ARBs for AT1R

in the Ground State. Themolecular models suggest that all
of the residues examined potentially interact with the ARBs.
The contribution of different residues to binding and inverse
agonism could differ due to the distances and angles of
different bonding interactions, which differ based on the

unique chemical structure of each ARB. The differences in
binding affinity and inverse agonism potential of ARBs at the
AT1R must be based on the differences in energy gained
through their bonding with residues. In view of this, our
experiments identified Ser109TM3, Tyr292TM7, and Asn295TM7

as common residues essential for the inverse agonism of all four
ARBs and Gln257TM6 and Phe182ECL2 are essential for three
out of four ARBs. Out of these, four residues also significantly
affect binding affinity, thus confirming a direct relationship
between binding and inverse agonism in the ground state.
Phe182ECL2 seems to be an exception; this residue does not
significantly affect Ki but affects inverse agonism, which may
be due to its location in a dynamic portion of the AT1R, as
suggested previously (Unal et al., 2010, 2013) and confirmed by
the X-ray structure of the AT1R (Zhang et al., 2015). The
influence of residues located in the dynamic region of the
receptor may be reflected in the prolonged functional assay at
37°C rather than in the shorter time binding assay at room
temperature.
Since mutations of either Asn111TM3 or Asn295TM7 induce

constitutive activation of the AT1R, the inactive conformation
of AT1R was proposed to be stabilized by the H-bond between
Asn111TM3 and Asn295TM7, which is confirmed by the crystal
structure (Zhang et al., 2015). Ligand activation of the WT
receptor disrupts this H-bond, leading Asn295TM7 to interact
with the conserved Asp74TM2. The Asp74TM2-Asn111TM3-
Asn295TM7 H-bond network in the active state involves
additional residues, Trp253TM6 from the toggle-switch motif
(Ahuja and Smith, 2009; Holst et al., 2010); Phe77TM2,
Val108TM3, Ile288TM7 and Tyr292TM7; and Asn298TM7 from
the NPxxY motif (Cabana et al., 2013; Zhang et al., 2015).
Thus, the network of interacting residues around Asn111TM3

and Asn295TM7 play an essential role in AT1R activation,
probably by relaying the conformational changes in the
ligand-binding pocket to the cytoplasmic domain coupling to
the G proteins. This network may also impact the interhelical
interactions required for the binding and functional proper-
ties of ARBs as well the consequent inactivation of the AT1R.
We propose that the observed direct interaction of the ARBs
with the residues Ser109TM3, Gln257TM6, Tyr292TM7, and
Asn295TM7 constrains this network, thereby leading to stabi-
lizing the inactive state of the receptor, i.e., inverse agonism.
All residues involved in the inverse agonism of the ARB in the
AT1R are conserved at the equivalent position inmanyGPCRs,
implying that this may be a general mechanism for inverse
agonists. However, the role played by Phe182ECL2 in the
inverse agonism of ARBs may be unique to the AT1R, which
seems to be supported by previous functional studies (Unal
et al., 2010, 2013) and by the X-ray structure of the AT1R
(Zhang et al., 2015).
Mechanism of the Attenuated Inverse Agonism of

ARBs for the Activated State AT1R. In the activated
mutant N111G-AT1, the H-bond network and residues con-
tributing to inverse agonism are different. Mutations of
Val108TM3 and Lys199TM5 affect the inverse agonism of all
four ARBs, while five different residues, Ser109TM3,
Ala163TM4, Phe182ECL2, Tyr292TM7, and Asn295TM7, affect
the inverse agonism of three out of four ARBs. Losartan

inverse agonism for IP formation in the ground state (WT-AT1) and activated state (N111G-AT1). Highlighted residues depict unique influence on
inverse agonism for IP formation in the specified state of the AT1R for the particular ARB.
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inverse agonism involves interaction with TM3, TM4, ECL2,
TM5, and TM7 in the activated state, while in the ground
state it involves interaction with TM helices 3, 6, and 7. The
EXP3174 inverse agonism involves interaction with TM3,
TM4, ECL2, TM5, TM6, and TM7 in N111G-AT1, while in the
ground state it involves interaction with TM helices 3, 6, 7,
and ECL2. Inverse agonism of Valsartan involves interaction
with TM helices 3, 5, 6, and 7 in N111G-AT1, while in the
ground state it involves interaction with TM3, ECL2, TM6,
and TM7. Irbesartan inverse agonism involves interaction
with TM3, TM4, ECL2, TM5, and TM7 in N111G-AT1, while
in the WT it involves interaction with TM3, ECL2, and TM7.
These comparisons suggest that leaning of ARBs on TM
helices and ECL2 changes in the activated state from the
ground state of the AT1R.More residues appear to be involved
in the inverse agonist response, independent of the binding
affinity in the activated state (see Fig. 5), suggesting a more
dynamic interaction of these residues akin to that observed
for Phe182ECL2 in the ground state, which is thought to be due
to conformational flexibility. Much evidence for conforma-
tional changes in the ligand-binding pocket in the activated
state compared with the inactive state has been identified in
the case of the agonist-bound b2 adrenergic receptor, light-
activated rhodopsin, the constitutively active rhodopsin
mutant, and the agonist-bound adenosine A2A receptor (Choe
et al., 2011; Lebon et al., 2011; Rasmussen et al., 2011;
Standfuss et al., 2011). By analogy to these GPCRs, we
suggest that the active state of the AT1R harbors conforma-
tional changes in the ligand-binding pocket. Furthermore,
direct structure-function studies on the AT1R have suggested
both rotational and translational motion of TM2, TM3, TM5,
TM6, and TM7 in the N111G-AT1R (Boucard et al., 2003;
Martin et al., 2004, 2007; Domazet et al., 2009). Based on
molecular dynamics simulation studies on N111G-AT1R, an
active-state H-bond network where Asp74TM2 interacts with
Asn46TM1 and Asn295TM7 was proposed (Cabana et al., 2013).
The same authors also indicated that the N111G mutation
leads to hydrating the hydrophobic core and facilitating the
interaction of the toggle switch residue, Trp253TM6 with
Ala291TM7 and Leu112TM3 (Cabana et al., 2013). All four
ARBs may thus prevent stability of the Asn46-Asp74-Asn295
H-bond network and reduce hydration of the transmembrane
core through their hydrophobic characteristics.
Essential Role of the ECL2 in the Regulation of the

AT1R Conformational States. The crystal structure indi-
cates that residues Glu173ECL2 and Phe182ECL2 are within
10 Å of the binding location of all four ARBs, clearly providing
structural basis for the E173A and N111G/E173A mutants in
the attenuated inverse agonism of Losartran and EXP3174,
and the F182A mutant attenuated inverse agonism of all four
ARBs. Furthermore, the most critical interaction of tetrazole
with Arg168 in this loop suggests that ARBs modulate ECL2
conformation directly in the AT1R (Zhang et al., 2015). ECL2
is known as an important regulator for ligand entry and the
receptor function in various GPCRs (Shi and Javitch, 2004;
Scarselli et al., 2007). In the AT1R, the ECL2 was shown to
assume an open conformation in the ligand free state, and to
assume a lid conformation in the Losartan-bound state,
Candesartan-bound state, and Ang II–bound state (Unal
et al., 2010, 2013). These studies suggest that the ECL2
regulates the conformational state of the AT1R. The data in
the present study indicate that the ECL2 residues Glu173 and

Phe182 are important regulators of conformation for inverse
agonism of ARBs for the AT1R.
Residues Switching Efficacy toward Agonism in the

Activated State of AT1R. We observed that substitution of
Val108TM3, Ala163TM4, Asn295TM7, and Phe182ECL2 switched
efficacy toward agonism for the ARBs in the activated state
but not in the ground state (Fig. 4). Although the exact
mechanism for the change of the ligand-based function of the
receptor is unclear, a possible mechanism for this phenome-
non is described subsequently. Bulky substitution of Val108
and Ala163 may cause steric hindrance in the ARB-induced
inactive-state transition (which may hydrate the hydrophobic
core) and in the stabilization of the Asn46-Asp74-Asn295
H-bond network. On the other hand, Ala substitution for
Asn295 and Phe182 may weaken the interaction with the
ARBs (which may also hydrate the hydrophobic core) and the
stabilization of the Asn46-Asp74-Asn295 H-bond network.
However, elucidating the precise mechanism of such a trans-
formation of pharmacological behavior of ligands needs
additional biophysical experiments, such as visualization of
bound water molecules in active and inactive states. The
current resolution of the AT1R structure is not sufficient for
this type of analysis. Saturation mutagenesis at Val108,
Ala163, Asn295, and Phe182 sites combined with binding
affinity and receptor activity assessment may be an alternate,
but indirect, method that would elucidate the potential
mechanism for this phenomenon. Ultimately, both types of
analyses are essential to provide insights into the regulatory
mechanism of the GPCR function.
Conclusions. Our findings provide significant informa-

tion that could be useful in developing novel ARBs as well as
improving the inverse agonism efficacy of currently used
ARBs for the active state of the AT1R. Novel ARBs could be
more therapeutically relevant than the current commercially
available ARBs in treating clinical conditions in which ligand-
independent activation of the AT1Rmay be prevalent, such as
hypertension, preeclampsia, and renal transplantation. Fi-
nally, our findings provide new insight into the essential role
of the ECL2 residues Glu173 and Phe182 for the regulation of
the conformational states of the AT1R and the potential for
developing a new class of ARBs that directly targets the
ECL2. Further studies are needed to identify the precise role
of the residues in the ECL2 for the regulation of the
conformational states of the AT1R.
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