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ABSTRACT: The ligand binding determinants for the
angiotensin II type 1 receptor (AT1R), a G protein-coupled
receptor (GPCR), have been characterized by means of
computer simulations. As a ﬁrst step, a pharmacophore model
of various known AT1R ligands exhibiting a wide range of
binding aﬃnities was generated. Second, a structural model of
AT1R was built making use of the growing set of crystal
structures of GPCRs, which was further used for the docking
of the AT1R ligands based on the devised pharmacophore
model. Next, ligand−receptor−lipid bilayer systems were
studied by means of molecular dynamics (MD) simulations.
Overall, the present study has permitted, combining the
pharmacophore model with binding free energy calculations
obtained from the MD simulations, to propose the molecular mechanisms by which sartans interact with AT1R.

■

compounds11,12 are in the ﬁnal stage of clinical trials, which
reinforce the importance of AT1R as a drug target.
Signiﬁcant advances in crystallization of GPCRs13,14 have
permitted to elucidate the crystal structures of many receptors in
the last years (see Katritch et al.15,16 for recent reviews). All these
structures share the common architecture of seven plasma
membrane-spanning (or transmembrane) domains (TMs, which
also terms this family of proteins as 7TM receptors) connected to
each other with three extracellular (ECL) and three intracellular
loops (ICL), a disulﬁde bridge between ECL 2 and TM 3, and a
cytoplasmic C−terminus containing an α-helix (Hx8) parallel to
the cell membrane.17 The crystal structure of AT1R is not solved,
which obviates the building of AT1R homology models from
homologous proteins of known structure and similar sequence
(templates). Because membrane proteins exhibit a strong
conservation of the TM structure even at low sequence identity
(<20%),18 it is feasible to obtain an accurate homology model of
AT1R from the crystal structures of other GPCRs.
A pharmacophore deﬁnition is often the ﬁrst essential step
toward understanding the interaction between a ligand and its
target receptor, and it is clearly established as a successful
computational tool for rational drug design. The model
developed during this work implements a pharmacophore
model of known AT1R ligands with a wide range of binding
aﬃnities, and molecular models of the ligand−receptor−lipid

INTRODUCTION
The actions of the natural ligand angiotensin II, an octapeptide
that is a RAAS (renin−angiotensin−aldosterone-system)
mediator, are elicited through speciﬁc G-protein coupled
receptors (GPCRs) such as the angiotensin II receptor type 1
(AT1R) and 2 (AT2R) present on various target organs.1 The
most characteristic aftermaths of AT1R are vasoconstriction,
aldosterone and vasopressin release, sodium and water retention,
left ventricular hypertrophy, and nephrosclerosis, making it an
important target for drug development.2 AT2R has a less critical
role in the aforementioned processes, but ﬁne-tunes the
regulation of natriuresis, body temperature, and blood pressure.3
Several orally administered potent nonpeptide antagonists
targeting AT1R, known as sartans, have been developed in the
past as antihypertensive drugs, which regulate blood pressure in
the human organism.4 A vast number of compounds has also
been recently reported.5,6 Losartan, eprosartan, valsartan,
irbesartan, candesartan, telmisartan, zolasartan, olmesartan, and
saprisartan are clinically available AT1R blockers for treatment of
hypertension, diabetic nephropathy, and (or at risk) heart failure
following myocardial infraction.7 Depending on the dissociation
rate of these antagonists from AT1R, they are classiﬁed as
noncompetitive, competitive surmountable, or competitive
insurmountable.8 EXP3174, the active metabolite of losartan
with increased binding aﬃnity relative to the latter, has been
proven to be an inverse agonist such as olmesartan and
candesartan.9 Azilsartan,10 a recently developed AT1R antagonist, has just been approved for clinical use, and two additional
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Table 1. Chemical Structures and Ki Values for the AT1R Antagonists Used As Training Set in the Generation of the
Pharmacophore Model for AT1R Antagonists

bilayer system, which were obtained from homology modeling,
docking, and molecular dynamics (MD) simulations. In addition,

the experimentally obtained ligand-binding free energies are
compared with the theoretically calculated, using the linear
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Figure 1. Sequence alignment of CXCR4 (Uniprot code: P61073) and the human AT1R (Uniprot code: P30556). The key residues used for the
alignment of TM helices are shown in black, and conserved amino acids are shown in gray. Regions corresponding to TM helices or β-strands (in ECL2)
of the CXCR4 crystal structure (PDB id: 3ODU) are highlighted in blue.

interaction energy (LIE) method.19 This combined computational study has permitted to propose the molecular mechanisms
by which sartans interact with the AT1R.

Molecular Dynamics Simulations. MD simulations of the
ligand−receptor complexes were performed using the GROMACS software v4.5.3.32 The complexes were embedded in a
pre-equilibrated box (9 × 9 × 10 nm) containing a lipid bilayer
(190 molecules of POPC) with explicit solvent (∼13,000 water
molecules) and a 0.15 M concentration of Na+ and Cl− ions
(∼130 ions) with its long axis perpendicular to the membrane
interface.33 Model systems were energy minimized and
subsequently subjected to a 0.5 ns MD equilibration, with
positional restraints on AT1R Cα atoms. These restraints were
released, and 5 ns MD trajectories were produced. All
simulations were run at a constant temperature of 300 K using
separate v-rescale thermostats34 for the protein, ligand, lipids,
and solvent molecules. A time step of 2 fs was used for the
integration of equations of motion. All bonds and angles were
kept frozen using the LINCS algorithm.35 Lennard-Jones
interactions were computed using a cutoﬀ of 10 Å, and the
electrostatic interactions were treated using PME36 with the
same real-space cutoﬀ. The AMBER99SB-ILDN37 force ﬁeld was
used for the protein, the parameters described by Berger and coworkers for the lipids,38 and the general Amber force ﬁeld
(GAFF) and HF/6-31G*-derived RESP atomic charges for the
ligands.39 This combination of protein and lipid parameters has
recently been validated.40
Quantum Mechanical Calculations. To discern the most
energetically favored conformation of AT1 receptor antagonists,
quantum mechanical calculations at the B3LYP/6-31G* level of
theory were performed using the torsional angle C12−C7−C4−
C5 between the two phenyl rings (see Figure S1), which deﬁnes
the syn and anti conformations of the ligands, as a reaction
coordinate. All calculations were performed with the GAUSSIAN09 program.41
Linear Interaction Energy Calculations. According to the
LIE approximation19 the binding free energy (ΔGLIE
bind) can be
computed as

■

METHODS
A 3-D Pharmacophore Model. The pharmacophore model
for AT1R antagonists was generated with the Hypogen module of
Discovery Studio20 using the BEST conformational analysis
procedure. Twenty-four structurally diverse compounds (Table
1) were built de novo using standard options within the 2D/3D
editor sketcher of the program. Most of the selected compounds
contain a tetrazole group or/and a carboxyl group, which have
similar pKa values of 4.89 and 4.76 respectively. Accordingly, the
tetrazole and carboxyl groups were considered to be deprotonated in the environment of the receptor.21 The number of
conformers was limited to a maximum of 250 and restricted to
those above a threshold of 20 kcal/mol relative to the global
minimum. Four distinct chemical features were considered for
hypothesis generation: hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), hydrophobic (HYD), and negative
ionizable (NI). The selection of the hypothesis was done based
on a cost analysis procedure.22 The two best output hypotheses
(hypotheses 1 and 2), selected for description in the manuscript,
are robust against statistical tests. The diﬀerence of 59.7 and 58.3
bits for hypotheses 1 and 2, respectively, between Fixed and Null
Costs indicate a 90% chance of obtaining predictive hypotheses.
These pharmacophore models were further validated for
statistical signiﬁcance using the Fischer randomization methods,
in which the Ki values were scrambled randomly 49 times, and
new hypotheses were generated (not shown). None of the
outcome hypotheses had a cost lower than the reported
hypothesis. Thus, there is at least 98% probability that these
hypotheses represent true correlation in the data.
Computational Model of AT1 Receptor. MODELLER
v9.723 was used to build a homology model of human AT1R
(Uniprot code P30556) using the crystal structure of human
CXCR4 (PDB code 3ODU)24 as template. The highly conserved
N1.50 in TM 1, D2.50 in TM 2, R3.50 in TM 3, W4.50 in TM 4, P5.50 in
TM 5, P6.50 in TM 6, and P7.50 in TM 7, which deﬁne the
Ballesteros and Weinstein numbering scheme,25 were used as
reference points in TM sequence alignment (Figure 1).
Docking of AT1 Receptor Antagonists. All docking runs
were carried out with GOLD v5.2, using the Genetic Algoritm
and the Goldscore and Chemscore scoring functions.26 The
selected docking solutions were rescored using the scoring
functions implemented in Discovery Studio v.3.520 (LigScore1Dreiding, LigScore2-Dreiding,27 PLP1,28 PLP2,29 Jain,30 and
PMF31).

LIE
el
ΔGbind
= αΔ⟨UlvdW
‐ s ⟩ + β Δ⟨Ul ‐ s⟩ + γ

(1)

el
where Δ⟨UvdW
l‑s ⟩ and Δ⟨Ul‑s⟩ account respectively for the average
diﬀerence in van der Waals and electrostatic energies for the
receptor-bound and for the free ligand. Coeﬃcients α and β
depend on the chemical nature of the ligands, whereas γ is a
constant term that needs to be considered for calculations of
absolute binding free energies.19,42 Previously reported values of
0.18 and 0.5 for α and β respectively were used.42,43 The
receptor-bound potential energy terms were taken directly from
the structures collected during the last 1 ns of each ligand/AT1R
simulation. The free ligand terms were obtained from additional
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located at the opposite side of the molecule, two of the HYD
features match with the aromatics rings, and the third HYD
feature corresponds to the hydrophobic chain. Losartan ﬁts into
hypothesis 1 with the NI and HBA elements in the syn
conformation and into hypothesis 2 with these pharmacophore
elements in the anti conformation. Several of the selected
compounds contain a tetrazole (as NI) and a carboxyl group (as
HBA) in their structure (Table 1), which are both deprotonated
in the environment of the receptor as shown from the acid−base
equilibrium constants of valsartan (see Methods).21 We used ab
initio calculations to evaluate the relative energy diﬀerence
between the syn (hypothesis 1) and anti (hypothesis 2)
conformations for losartan (see Methods), which contains only
the negatively charged tetrazole group, and EXP3174, which
containing two negatively charged groups (tetrazole and carboxyl
groups). In losartan the syn conformation is 8.1 kcal/mol more
stable than the anti conformation (due to the intramolecular
hydrogen bond present between the tetrazole and the hydroxyl
group). In contrast, the anti conformation is 0.7 kcal/mol more
stable than the syn conformation in EXP3174 (due to the
repulsion between the negatively charged groups in the latter)
(Figure S1), showing that EXP3174 can exist in both
conformations.
Structural Model of the AT1 Receptor. Figure 3 shows a
phylogenetic tree of the human AT1R and all class A GPCRs with
known structure. It can be seen in the ﬁgure that AT1R is located
in a branch that includes opioid receptors (OPRX, OPRK,
OPRD, and OPRM), the protease-activated receptor (PAR1),
the neurotensin receptor (NTR1), and the chemokine CXCR4
receptor, with the latter being clearly the most closely related
receptor. Figure 4 shows the superimposition of diﬀerent AT1
receptor models that were constructed based on the crystal
structures of either rhodopsin, β2, S1P1R, or CXCR4 as the
representative structures for the most relevant branches obtained
in the cluster analysis. The ﬁgure illustrates pictorially that all
homology models mostly retain analogous secondary/tertiary
structures at the seven-helical-bundle domain. However, it can be
seen that the orientation of Y872.63, R1674.64, and K1995.42, three
of the key side chains in the binding pocket, vary signiﬁcantly
depending on the used template. TM 2 of CXCR4 adopts a
closed helical segment (310 helix or tight turn), rhodopsin and β2have an open helical segment (π bulge or wide turn), and S1P1R
adopts a canonical helix.45 This diﬀerent conformation of TM 2 is
responsible for the change in the localization of the side chains of
residues at the extracellular side (Figure 4), which makes Y872.63
to point toward the helical bundle only in the CXCR4-based
model of AT1R. Both AT1R and CXCR4 contain the (S/T)xP2.58
motif that has been described as a key modulator of TM 2.46,47
Similarly, the additional helical turn of TM 4 in CXCR4 (the
helix extends up to position 4.64), together with the two βstrands that form the second extracellular loop (ECL2) of
CXCR4 and other receptors binding peptide ligands,48 shift the
extracellular part of TM 4 toward TM 3 (∼3 Å). In contrast to
the other templates, this conformation of TM 4 positions the key
R1674.64 side chain, which has been shown to be involved in
angiotensin II, losartan, EXP3174, and candesartan binding,49 at
the center of the helical bundle and, thus, forming the binding
site crevice (Figure 4). All receptors with an available crystal
structure except the S1P1R exhibit a π-bulge or wide turn in TM 5
that is characteristic of P5.50-containing receptors.50 Models
based on these receptors position K1995.42 toward the binding
site (Figure 4). Mutation of K1995.42 signiﬁcantly reduces the
binding aﬃnity of nonpeptide antagonists and fully impedes the

2 ns MD simulations performed with the ligand in a water box
using a similar simulation setup as for ligand/AT1R systems. The
computed binding free energies were obtained through the g_lie
tool of GROMACS. Comparison to experimental binding free
energies was made using either the ΔGexp
bind = RTlnKi relationship
(for ligands with known Ki values) or the ΔGexp
bind = RTln(IC50) −
RTln (1 + S/KM) relationship (for ligands with known IC50
values).44

■

RESULTS AND DISCUSSION
A 3-D Pharmacophore Model for AT1 Receptor
Antagonists. Using the Hypogen algorithm (see Methods)
Table 2. Fit Scores and Comparison between Experimental
and Estimated pKi Values in the Training Set for
Pharmacophore Hypotheses 1 and 2 (See Figure 2)a
hypothesis 1

hypothesis 2

pKi

pKi

compound

ﬁt

est

exp

error

ﬁt

est

exp

error

olmesartan
irbesartan
EXP3174
V8002
losartan
valsartan
eprosartan
V8003
V8001
C1
V8004
C8
C2
C7
C3
C4
C9
C14
C5
C13
C6
C12
C11
C10

14.5
14.7
14.4
14.4
13.9
13.5
11.5
13.1
13.0
12.1
12.6
12.1
12.5
12.2
12.1
12.0
11.3
12.4
11.6
11.1
11.9
11.4
11.6
11.8

8.7
8.9
8.5
8.5
8.1
7.7
5.7
7.3
7.2
6.2
6.7
6.3
6.6
6.3
6.2
6.2
5.4
6.6
5.7
5.2
6.0
5.6
5.8
5.9

9.2
9.1
8.7
8.6
8.3
8.1
8.1
7.7
7.6
7.0
6.7
6.7
6.4
6.2
6.0
5.7
5.5
5.4
5.3
5.2
5.0
5.0
4.9
4.8

0.5
0.2
0.2
0.1
0.2
0.4
2.4
0.4
0.4
0.8
0
0.4
−0.2
−0.1
−0.2
−0.5
0.1
−1.2
−0.4
0
−1
−0.6
−0.9
−1.1

12.50
13.80
13.27
12.47
11.67
13.19
10.98
12.27
12.53
11.20
10.85
12.05
10.95
10.98
11.14
11.13
11.19
11.10
10.23
9.27
10.45
10.12
10.34
10.37

7.8
9.1
8.6
7.8
7.0
8.5
6.3
7.6
7.8
6.5
6.1
7.3
6.2
6.3
6.4
6.4
6.5
6.4
5.5
4.6
5.7
5.4
5.6
5.7

9.2
9.1
8.7
8.6
8.3
8.1
8.1
7.7
7.6
7.0
6.7
6.7
6.4
6.2
6.0
5.7
5.5
5.4
5.3
5.2
5.0
5.0
4.9
4.8

1.4
0
0.1
0.8
1.3
−0.4
1.8
0.1
−0.2
0.5
0.6
−0.6
0.2
−0.1
−0.4
−0.7
−1
−1
−0.2
0.6
−0.7
−0.4
−0.7
−0.9

a

The maximum possible ﬁt score is 15; the error of the prediction is
given as the diﬀerence between experimental and estimated pKi values.

we have developed a 3-D pharmacophore model from a set of 24
structurally diverse AT1R antagonists with Ki values spanning
from 0.7 to 14500 nM (Table 2). The two best pharmacophore
hypotheses, hypothesis 1 (Figure 2A) and hypothesis 2 (Figure
2B), both contain ﬁve chemical features: a negatively ionizable
group (NI), a hydrogen bond acceptor group (HBA), and three
hydrophobic sites (HYD1-HYD3). The only diﬀerence between
the two hypotheses is the location of NI, which is either in close
proximity (hypothesis 1, Figure 2A) or distant (hypothesis 2,
Figure 2B) to HBA. Table 2 shows the relation between
experimental and predicted antagonistic activity for hypotheses 1
and 2. These models were further evaluated for statistical
signiﬁcance using the Fischer method (see Methods). In detail,
losartan (Figures 2C and 2D) fulﬁlls the NI feature through the
tetrazole ring, the HBA match with an electronegative group
2877

dx.doi.org/10.1021/ci400400m | J. Chem. Inf. Model. 2013, 53, 2874−2883

Journal of Chemical Information and Modeling

Article

Figure 2. Pharmacophore hypotheses 1 (panels A and C) and 2 (panels B and D) for the compounds depicted in Table 1. The structural features are a
negatively ionizable group (NI, blue), a hydrogen bond acceptor group (HBA, green), and three hydrophobic sites (HYD1-HYD3, cyan). Each feature is
drawn as single globes except for HBA, where an extra globe indicates the directional nature of this chemical function. A, B) Pharmacophore models with
the relative distances between features (in Å). C, D) Same pharmacophore models with the structure of Losartan mapped onto the hypotheses 1 and 2.

Figure 4. TM domain comparison of AT1R homology models built
using the crystal structures of rhodopsin (magenta), β2-adrenergic
(blue), S1P1R (yellow), and CXCR4 (orange) receptors. Helices are
represented as cylinders, and key side chains located in TM 2 (Y872.63),
TM 3 (V1083.32), TM 4 (R1674.64), TM 5 (K1995.42), TM 6 (H2566.51),
and TM 7 (I2887.39) are shown as sticks.
Figure 3. Phylogenetic tree for all class A GPCRs with known structure
plus the human AT1R. Analysis was made with MEGA5 software,68
using the maximum likelihood method under the JJT+G+I+F pairwise
distance model69 between the amino acid sequences. Values at each
ramiﬁcation correspond to the bootstrap percentages.70

binding of angiotensin II.51 Because the S1P1R lacks P5.50 and
exhibits a regular α-helical conformation of TM5, the S1P1Rbased model wrongly positions the key K1995.42 side chain
pointing toward the membrane environment. Thus, CXCR4 was
found to fulﬁll both sequence (Figure 3) and structural (Figure
4) characteristics and was used to model AT1R (see Methods).
2878
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Figure 5. The four main docking poses depicted for EXP3174 as a representative case. All ligands were docked into AT1R in such a manner that i) the NI
pharmacophoric element (blue sphere) either forms an ionic interaction with K1995.42 (panels A and C) or R1674.64 (panels B and D) and ii) HBA
(green spheres) either forms a hydrogen bond interaction with K1995.42 (panels B and D) or R1674.64 (panels A and C). Ligands are in either the syn
(panels A and B, hypothesis 1) or anti (panels C and D, hypothesis 2) conformation.

Table 3. Experimental and Theoretical Free Energies of
LIE
Binding, (ΔGexpt
bind) and (ΔGbind) respectively, Calculated Using
the Linear Interaction Energy (LIE) Procedure (see
Methods), in Orientations A1, B1, C2, and D2 (See Text and
Figure 5), for AT1R Compounds with Ki < 10 nM
ΔGLIE
bind (kcal/mol)
compound
losartan
eprosartan
EXP3174
valsartan
irbesartan
olmesartan
V8002

Figure 6. Docking scores for the binding of valsartan to the receptor
model, in binding modes A1-D2, evaluated with several scoring
functions. Functions LigScore1, LigScore2, and Jain are multiplied by
a factor of 10 for comparison and clarity reasons.

ΔGexpt
bind

(kcal/mol)

−11.3
−11.0
−11.9
−11.0
−12.4
−12.5
−11.7

A1

B1

C2

D2

−10.0
−10.5
−12.2
−11.2
−11.0
−11.8
−11.4

−6.9
−6.8
−8.7
−6.9
−5.7
−6.7
−5.3

−7.6
−7.3
−11.6
−9.8
−8.0
−10.0
−8.6

−7.1
−6.9
−7.2
−5.9
−7.0
−6.5
−4.9

(hypothesis 2, mode C2, Figure 5C) or in the opposite way
(hypothesis 2, mode D2, Figure 5D).
High aﬃnity compounds (Ki values <10 nM) were docked
into the receptor model using GOLD (see Methods). Each
ligand was docked twice using a distance constraint in such a
manner that the protonated amine of K1995.42 is located within 4
Å from the tetrazole group or from the carboxyl group of the
ligands. All docking solutions were visually inspected and the
poses corresponding to modes A1, B2, C2, and D2 were
extracted, for further evaluation with several scoring functions
(see Methods). Generally, binding mode A1 was scored higher in
most cases, especially with the scoring functions Goldscore,
Chemscore, Ligscore1, and Ligscore2 (Figure S2). In particular,
valsartan shows a slight preference for mode A1 in most of the
scoring functions, though without signiﬁcant diﬀerences (Figure
6).

Binding AT1R Antagonists into the Receptor Model.
Four diﬀerent binding modes (A−D) were assessed for sartans
and the V series of ligands, arising from the various possible
interaction models involving NI and HBA pharmacophoric
elements of the ligands (hypotheses 1 and 2) and R1674.64 and
K1995.42 of the AT1R detailed above. In mode A1 (Figure 5A),
the NI pharmacophoric element forms an ionic interaction with
K1995.42, while HBA (in the syn conformation relative to NI,
hypothesis 1) forms a hydrogen bond interaction with R1674.64.
In mode B1 (Figure 5B), NI and HBA are reversed to interact
with R1674.64 and K1995.42, respectively. In modes C2 and D2,
the anti conformation of the ligand is docked in such a manner
that NI interacts with K199 5.42 and HBA with R167 4.64
2879
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than binding mode C2, in which the NI element is buried in the
binding site crevice (anti conformation, Figure 5C). This is
attributed to the fact that in binding mode A1 both NI and HBA
pharmacophoric elements are exposed to the extracellular bulk
water (see below). Notably, the computed binding free energies
for binding mode A1 are in the range of the experimentally
determined binding free energies (Table 4). However, the LIE
method has been useful to discern between the A1−D2 binding
modes rather than to predict the diﬀerences in experimental
binding free energy because they are smaller than the statistical
error associated with the computational method. In speciﬁc, in
binding mode A1, K1995.42 anchors the NI pharmacophoric
element that is mainly formed by the tetrazole ring (losartan,
EXP3174, valsartan, irbesartan, olmesartan, V8002) or the
carboxylate group (eprosartan) in the selected set of AT1R
ligands (Figure 7). HYD1 and HYD2 correspond in both cases to
the phenyl ring (biphenyl group) that interacts with V1083.32,
H2566.51, and Y2927.43. The pharmacophoric HYD3 element
corresponding to the propyl or butyl group is placed in a
hydrophobic cavity, between TMs 1 and 7, formed by I311.35 and
I2887.39. Finally, the HBA feature is formed by either −CH2OH
(losartan), >CO (irbesartan), or >COO− (eprosartan,
EXP3174, valsartan, olmesartan, V8002), which interacts with
R1674.64. This binding mode contrasts with the proposed
interaction of the carboxyl group of candersatan with
T2877.38.52 Clearly compounds bearing the negatively charged
carboxyl group as HBA form a stronger salt bridge interaction
with the positively charged guanidine group of R1674.64. An
important feature in the binding of losartan, EXP3174, and

Table 4. Contributions of Each Potential Energy Term (van
der Waals; vdW) and (Electrostatic; el) to the Computed
Binding Free Energies (ΔGLIE
bind) Extracted from the MD
Simulations in the Bound and Free States of Each Ligand
Expressed in kcal/mola
compound

⟨UlvdW
‑s ⟩bound

⟨UlvdW
‑s ⟩free

⟨Uell ‑s⟩bound

⟨Uell ‑s⟩free

ΔGLIE
bind

losartan
eprosartan
EXP3174
valsartan
irbesartan
olmesartan
V8002

−45.5
−39.3
−23.6
−42.5
−52.8
−42.9
−42.2

−29.2
−17.6
−23.0
−23.8
−33.8
−26.3
−21.9

−81.3
−168.4
−143.8
−151.0
−77.2
−142.3
−149.4

−84.2
−172.8
−143.4
−154.0
−78.3
−143.2
−154.3

−10.0
−10.5
−12.2
−11.2
−11.0
−11.8
−11.4

a

Data shown corresponds to time averages for the simulations with the
most favorable orientation (mode A1) for a selected set of AT1R
compounds with Ki < 10 nM. The value of γ employed for the ﬁtting
was γ = −9.20 kcal/mol.

Evaluation of the Binding Free Energy through
Molecular Dynamics Simulations. The docking solutions
corresponding to modes A1, B2, C2, and D2 were reﬁned using
MD simulations (see Methods). The LIE method (see Methods)
was employed to estimate the free energies of binding for modes
A1−D2 (Table 3). Clearly binding modes A1 and C2, in which
NI interacts with K1995.42 and HBA interacts with R1674.64, are
more favorable than modes B1 and D1, in which these
interactions are reversed. Moreover, binding mode A1, in
which the NI element is pointing toward the extracellular
environment (syn conformation, Figure 5A), is more favorable

Figure 7. Schematic (A, B) and structural (C, D) representations for the binding mode A1 of sartans, predicted to be the most stable in the Linear
Interaction Energy calculations. (B) Schematic representation of the pharmacophore hypothesis 1, the most common functional groups observed in
compounds with Ki < 10 nM, and the predicted amino acids in the transmembrane domain of the AT1R involved in the interaction with the ligands.
Representative snapshots of the complex between EXP3174 (C) and Olmesartan (D) with the AT1R obtained during the molecular dynamics
simulations. The color code of the helices is TM 1 in white, 2 in yellow, 3 in red, 4 in gray, 5 in green, 6 in blue, and 7 in light brown, where EL2 is in light
green.
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Figure 8. A representative snapshot extracted from the MD simulations of EXP3174/AT1R showing the accessibility of water molecules to the binding
site of the AT1R. Waters are drawn in vdW spheres with blue color for the inner solvation shell of the ligand. The transmembrane lipids are displayed as
orange surface, and the color code of the helices and binding mode of EXP3174 are as in Figure 7.

olmesartan to AT 1 R that was not contained in the
pharmacophore model, is the additional interaction with
Y872.63. Clearly, the hydroxyl group of Y872.63 forms either a
halogen bond interaction53 with the −Cl atom of losartan and
EXP3174 or a hydrogen bond interaction with the hydroxyl
group of olmesartan. Recent studies have indicated that F182i+2,
H183i+3, and Y184i+4 in ECL2 (at position i+2, i+3, and i+4,
relative to the conserved C180i engaged in a disulﬁde bond with
C1153.25 in TM 3) are interacting with angiotensin II.54 We
found that F182i+2 is forming an aromatic−aromatic interaction
with the tetrazole ring of the ligands.
A crucial contribution to the ligand−receptor binding aﬃnity
is, in addition to their electrostatic and van der Waals
interactions, the desolvation of the ligand.55 This is of special
relevance in membrane proteins because the ligand has to be
transferred from the aqueous environment to the TM binding
site crevice.56 However, in contrast to other GPCRs, the ECL2 of
peptide receptors, formed by two β-strands, maintains the
binding site rather accessible from the extracellular environment.
Thus, the easy exposition of the NI and HBA pharmacophoric
elements of the ligands, in the syn conformation, to the
extracellular environment favors the interactions of the tetrazole
or/and the carboxyl groups with bulk water (Figure 8).

experimental results. The quality of the models here presented is
supported not only for its ability to explain previous experimental
results on side-chain substitutions within the binding pocket but
also by the agreement between theoretically calculated and
experimentally determined ligand-binding free energies. The
insights provided for the characterization of the mechanism by
which sartans bind to AT1R may be useful in the design of more
potent and selective compounds.
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simulations of a fluid bilayer of dipalmitoylphosphatidylcholine at full
hydration, constant pressure, and constant temperature. Biophys. J.
1997, 72, 2002−2013.
(39) Bayly, C. I.; Cieplak, P.; Cornell, W.; Kollman, P. A. A wellbehaved electrostatic potential based method using charge restraints for
deriving atomic charges: The RESP model. J. Phys. Chem. 1993, 97,
10269−10280.
(40) Cordomi, A.; Caltabiano, G.; Pardo, L. Membrane protein
simulations using AMBER force field and berger lipid parameters. J.
Chem. Theory Comput. 2012, 8, 948−958.
(41) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.;
Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
2882

dx.doi.org/10.1021/ci400400m | J. Chem. Inf. Model. 2013, 53, 2874−2883

Journal of Chemical Information and Modeling

Article

Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.;
Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich,
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