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Agonists of the angiotensin II receptor type 2 (AT2), a G-protein coupled receptor, promote tissue
protective effects in cardiovascular and renal diseases, while antagonists reduce neuropathic pain. We
here report detailed molecular models that explain the AT2 receptor selectivity of our recent series of
non-peptide ligands. In addition, minor structural changes of these ligands that provoke different
functional activity are rationalized at a molecular level, and related to the selectivity for the different
receptor conformations. These findings should pave the way to structure based drug discovery of AT2
receptor ligands.
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The peptide hormone angiotensin II (Ang II, sequence
DRVYIHPF) mediates its actions through interaction with two
G-protein coupled receptors (GPCRs), AT1 and AT2 (angiotensin II
type 1 and 2). The sartans, a family of selective non-peptide AT1
receptor antagonists, have been on the market as effective
antihypertensives since losartan was introduced in the clinic in
1995, and lately also for the treatment of heart failure (e.g.,
candesartan).1 More recently the AT2 receptor has attracted large
interest for its potential as a new drug target. Activation of the
AT2 receptor induces a diverse set of biological responses, often
opposing the effects mediated by the AT1 receptor such as
vasodilatation and antiproliferation.2–7 Selective stimulation of
the AT2 receptor produces anti-inflammatory and tissue protective
effects in cardiovascular and renal diseases,8–13 while a selective
antagonist (EMA401) has reached clinical trials (phase II) and is
aimed for the treatment of neuropathic pain.14 Thus, the discovery
of selective drug-like AT2 receptor ligands with specific
pharmacological effects (i.e., agonists or antagonists) has attracted
a considerable interest in the pharmaceutical sector.

The first selective non-peptide AT2 receptor agonist reported,
C21/M024 (Fig. S1), comprising a thienylphenyl scaffold, was
disclosed by our group in 200415 and followed by reports on a
series of structurally related analogs.16–18 These compounds are
suggested to adopt conformations that mimic the three C-terminal
amino acid residues of Ang II (Fig. 1).19 Notably, the aromatic side-
chain of Phe8 in Ang II, which is crucial for stimulation of the AT1
receptor, is not needed to retain agonistic activity at the AT2 recep-
tor. It can be replaced by a lipophilic sidechain of variable size as
recently demonstrated by the functional characterization of the
Ang II analogs saralasin and sarile as AT2 receptor agonists
(Fig. S1).20 On the contrary, the position of the methylene imida-
zole linked to the thienylphenyl scaffold, suggested to mimic
His6 of Ang II, is critical to define the pharmacological effect (i.e.,
agonist vs antagonist) of these compounds.21 Thus, moving the
imidazole from the para to the meta position of the phenyl ring
transforms an agonist into an antagonist. Replacement of the cen-
tral thienylphenyl scaffold by a plain biphenyl system led to a sec-
ond generation of AT2 receptor ligands (Fig. 1).16 In this series, a
similar transformation of an agonist to an antagonist, depending
on the imidazole positioning, was observed. It was also demon-
strated that the position of the isobutyl sidechain in the phenyl
ring bearing the sulfonyl carbamate group also affected the
functional activity. A comparison of the resulting agonists and
antagonists, in their predicted bioactive conformation, led to the
hypothesis that the sulfonyl carbamate and the imidazole ring
could be the common anchoring points. The determining feature
for pharmacological activity would thus be the different spatial
location adopted by the isobutyl chain.16 The same behavior,
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Figure 1. Structures of the potent AT2 receptor ligands 1 (C53/M053, agonist) and 2
(C4/M203, antagonist), and the non-selective potent AT1 receptor ligands 3
(L-162,782, agonist), and 4 (L-162,389, antagonist). These ligands are suggested
to mimic the C-terminal residues of Ang II, shown on top.

Table 1
Templates used in the homology modeling of the AT1 and AT2 active and inactive
conformations

PDB Name AT1 AT2

Code Inactive Active Inactive Active

2Z73 sRHO TM5 TM5
3AYMa sRHO TM6
3EML hAA2A allb allb

3ODU hCXCR4
3PBL hD3 allb

3VW7 hPAR1 TM6
4BUOa rNTSR1 EL1
4DAJ rCHRM3 allb allb

4DJH hOPRK IL1
4DKL mOPRM1 TM1 TM3
4IAR h5HT1b EL2
4MBS hCCR5 allb

4N6H hOPRD IL1
4PHUa hGPR40 N-ter allb TM3,TM5,TM6
4PXZa hP2Y12 TM2 N-ter, TM1,TM4,TM7
4NTJ hP2Y12 allb IL3

a Active-like conformation of the template.
b The main template(s), for which the full sequence is considered. For the rest, the

topological regions considered are indicated.
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switch from agonist to antagonist upon small modifications of the
lipophilic sidechain, was previously observed in connection with
studies of the AT1 receptor with a series of non-selective AT1/AT2
receptor ligands, bearing a bicyclic imidazopyridine substituent
instead of the imidazole ring (Fig. 1).22 Understanding the struc-
ture–activity relationships (SAR), including the AT1 and AT2 recep-
tor selectivity and functional activity, is crucial to guide the
discovery of novel chemical modulators of Ang II mediated func-
tions. The combined advances in the structural biology of GPCRs
and computational ligand design allow us to investigate these
intriguing questions from the structural ligand design perspec-
tive.23 We herein report a structural analysis of the binding mode
of one of the most potent non-peptide AT2 receptor agonist and a
structurally related AT2 receptor antagonist, both of which highly
selective for the AT2 receptor,16 and a set of related non-selective
agonist/antagonists for the AT1 receptor (Fig. 1).22 The structural
models are based on the most recent crystal structures of GPCRs
and allow for a rationale of the functional activity of agonists and
antagonists derived from the same scaffold.

The AT1 and AT2 receptors were modeled in both their active-
like and inactive conformations by means of homology-based
modeling. Sequence alignment against a profile of crystallized
GPCR templates, classified by receptor conformation, was per-
formed with the GPCR-ModSim server.24 Multiple-template
homology modeling followed with the routines implemented in
Modeller v9.14,25 preserving the sequences with higher homolo-
gies for each topological region of the receptor. Table 1 summarizes
the template structures and the topological region(s) considered
for each template in each modeled structure. The best model,
according to the DOPE-HP scoring function implemented in Model-
ler, the stereochemistry quality and best agreement with mutage-
nesis data, was selected and submitted to a short (5 ns) molecular
dynamics (MD) equilibration protocol, as implemented in GPCR-
ModSim.24,26 Briefly, the receptor-ligand complex was inserted in
an appropriate orientation in a POPC lipid bilayer soaked with bulk
water. The simulation box was created with a hexagonal prism
geometry, which was energy-minimized and carefully equilibrated
using periodic boundary conditions and the NPT ensemble with the
GROMACS simulation package.27 The MD equilibration scheme
included a gradual release of harmonic restraints on protein (and
ligand) heavy atoms for 2.5 ns, after which only weak backbone
restraints were retained on the protein for an additional 2.5 ns.
The final snapshot was energy minimized and retained for docking
purposes. For the inactive conformation of the AT1 receptor, the
recent experimental structure in complex with a sartan inhibitor
was retrieved from the PDB (code 4YAY),28 and used for docking
purposes, after reconstruction of missing sidechains in the X-ray
structure with Modeller. This structure and derived docking results
were comparable with docking to our homology-based model of
the AT1 receptor, built before the experimental structure became
available. Supporting Information Fig. S2 compares this crystal
structure with the homology models of the inactive conformations
of both AT1 and AT2 receptors. It can be appreciated that the gen-
eral topology and residue location around the binding cavity is cor-
rectly predicted, with RMSD values for the Ca trace of the TM
region of 2.1 and 2.8 Å for the AT1 and AT2 models, respectively,
as compared to the AT1 crystal structure. Docking of compounds
1–4was performed with GOLD v5.2,29 using the Chemscore scoring
function. 20 independent genetic algorithm runs were carried out
for each ligand, with the center of the docking sphere located
between residues K5.42, R4.64 and Y7.43. This docking strategy
was validated with successful re-docking (RMSD < 1 Å) of the sar-
tan inhibitor co-crystallized in the AT1 crystal structure.28 Before
the docking exploration, a reasonable 3D structure of the selected
ligands was obtained with the LigPrep utility in the Schrödinger
package.30 This method also allowed determining the most proba-
ble protonation state of the ligands at physiological pH, bearing a
net negative charge localized on the sulfonylcarbamate group.
The selection of the docking pose(s) for further analysis was done
based on combined criteria of: (i) consensus binding mode
obtained for each receptor/ligand complex (ii) being within the
top 5 scored poses and (iii) compatibility with a binding orienta-
tion of Ang II in the active-like models (see bellow). Each selected
pose was refined with the MD equilibration protocol implemented
in GPCR-ModSim26 and the final selected snapshot was energy
minimized and analyzed.

With this strategy, a conserved binding mode for each pair of
structurally related agonists and antagonists to the active and
inactive version of the AT1 (compounds 3–4) and AT2 receptors
(compound 1–2) is proposed, as shown in Figure 2. The main
anchoring point is the salt-bridge interactions of the sulfonyl
carbamate group with K5.42 and R4.64, conserved in all cloned
angiotensin receptors (the Ballesteros–Weinstein generic amino



Figure 2. Computational models of the complexes between compounds 1–2 and the AT2 receptor and compounds 3–4 and the AT1 receptor. Agonists (1 and 3) docked to the
active conformation of the AT receptors are displayed on the left panels and antagonists (2 and 4) docked on the inactive conformation of AT receptors on the right panels, in
analogy to Figure 1.
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acid numbering scheme31 is used). The imidazole ring (bicyclic
imidazopyridine in compounds 3 and 4) is pointing toward the
extracellular side of transmembrane regions TM1-TM2 and TM7,
surrounded by the hydrophobic cluster composed by the residues
F/L2.53, L2.57, W2.60, T/Y2.64, Y2.65, V/L3.32, P7.36, and I7.39 (we use
the notation AT1/AT2 for differing amino acid positions between
the two receptors). As explained before, the only structural differ-
ence between the selective AT2 agonist (1) and antagonist (2) is the
location of the methylene imidazole substituent (Fig. 1). Our dock-
ing models support the idea that this group overlays in the binding
site of the AT2 receptor, making the same hydrogen-bond interac-
tion with Y2.64 for both the agonist and the antagonist. This pro-
motes a shift in the position of the distal isobutyl group, which is
accommodated in the hydrophobic groove defined by residues
W6.48, M3.36, F6.51, F7.43 and L3.32, located in the lower region of
the binding cavity. This cavity presents a different shape between
the active and inactive conformations, with a small cleft deep
between TM3 and TM6 in the active-like models of AT receptors,
which is optimally stabilized by the agonists 1 and 3 (Figs. 2 and
S3 in the Supporting Information). On the contrary, the isobutyl
group in the AT2 receptor antagonist 2 and the n-propyl group in
the AT1 receptor antagonist 4 are accommodated in a more central
and wider cavity, located toward the center of the orthosteric bind-
ing pocket in the inactive conformation of both receptors. The dif-
ferent positioning of this aliphatic sidechain between agonists and
antagonists is in line with our previous hypothesis based on 3D



Figure 4. Pseudo-sequence alignment of TMs 2–7 of AT1 and AT2 receptors.
Residues referenced in the manuscript are boxed. ‘‘Hot-spots”, residues with an
important contribution to the selective binding of ligands to their receptors, are in
bold; identical residues are marked with a vertical bar; similar residues with a colon
and dissimilar residues with a dot. The important ‘‘anchoring” residues are shown
in a white box.
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ligand superposition.16 In addition, the observed conformational
changes between active and inactive GPCRs,32–34 which are driven
by the rotation of TM3 and the outward movement of TM6, pro-
duce analogous changes at the interaction region between these
two helices. Thus, the differences in the predicted binding modes
between agonist and antagonist in the respective active-like and
inactive conformations of AT receptors provide a plausible expla-
nation for the different pharmacological behavior of these
molecules.

The active-like model generated for the AT2 receptor was tested
for its ability to reproduce a binding mode of the endogenous ago-
nist Ang II that demonstrates compatibility with available mutage-
nesis data. The coordinates of Ang II were retrieved from the NMR
structure with PDB code 1N9V35 and superimposed on the pre-
dicted binding mode of compound 1. The structural similarity of
the C-terminal part was used in combination with the available
mutagenesis data, and the docking pose was then further refined
with the same MD equilibration protocol described above. As can
be appreciated from Figure 3, the octapeptide penetrates deeply
into the TM bundle. His6 is accommodated into the groove defined
by Y2.64, W2.60, L3.32 and F7.43 in the AT2 receptor, while Phe8 is
positioned in a hydrophobic cavity defined by TM3 and TM5-
TM7, allowing ionic interaction between the C-terminus and resi-
dues R4.64 and K5.42. The C-terminus of Ang II adopts an elongated
fold, and overall this binding mode is in very good agreement with
previous models in the literature and the mutagenesis data
available for the AT1 receptor.36,37 The nice overlay of the
His-Pro-Phe C-terminal tripeptide of Ang II with the chemotype
of compounds 1–4 further supports the medicinal chemistry
design behind this set of small ligands.

Compounds 1 and 2 are highly selective for the AT2 receptor. To
investigate a molecular explanation for the selectivity, the analo-
gous binding mode of the agonist 1 was examined in the modeled
structure of the active-like AT1, and antagonist 2 in the correspond-
ing inactive crystal structure of AT1 (see Supplementary Fig. S4). In
this analysis, we immediately detect some key differences in the
predicted interaction pattern with receptor-specific residues.
Figure 4 shows a pseudo-sequence alignment of the residues in
the binding site, which illustrates the potential hot spots for
AT1/AT2 receptor selectivity. The first of these hot spots is found
Figure 3. Binding mode of the endogenous agonist, Ang II (beige) and compound 1
(light gray) on the modeled active-like conformation of the AT2 receptor. The N-
terminal, EL3 and parts of TM6-TM7 of the AT2 receptor are not shown for better
clarity.
in the lower part of the binding pocket, between TM3 and TM7.
AT1 contains Y7.43, which connects these two helices through a
hydrogen bond with the backbone carbonyl of V3.32 in TM3.28

Interestingly, crystal structures of aminergic receptors in their
inactive conformation show a similar interaction pattern between
a conserved Y7.43 and the sidechain of D3.32. More precisely, in the
M2 muscarinic receptor, which has been crystallized in both its
inactive and active conformations, one can observe that the
inter-helical interaction between TM3 and TM7 is lost upon recep-
tor activation.32–34 On the other hand, the AT2 receptor has a
phenylalanine in this position (F7.43), thus lacking the hydroxyl
group to make this linkage between TM3 and TM7 in the inactive
state. This mutation could thus be related to the high level of con-
stitutive activity in the AT2 receptor.38 In addition, the Y/F7.43

mutation might partially explain the selectivity of antagonist 2
for the AT2 receptor, since it would clash with Y7.43 in AT1
(Fig. S4). Moreover, this important difference is accompanied by
mutations at positions L/M3.36 and H/F6.51, which might amplify
the difference in this area of the binding site. A second hot-spot
residue for receptor selectivity is located at the nearby position
T/Y2.64. The larger tyrosine in the AT2 receptor interacts with the
methylene imidazole present in the selective AT2 receptor com-
pounds 1 and 2, an interaction that is not possible with the smaller
threonine in AT1 (Fig. S4).

In conclusion, we describe the binding modes of Ang II and a
series of drug-like agonists and antagonists with high affinity for
the AT1 and AT2 receptors. Our computational models explain the
structural features responsible for the functional activity of these
ligands. The spatial relationship between the imidazole ring and
the isobutyl sidechains is important in the AT2 receptor, while
the functional activity in the AT1 receptor is determined by the iso-
butyl/n-propyl sidechains. Furthermore, important hot spots for AT
receptor subtype selectivity have been identified, which should be
considered in the ligand design of AT modulators.
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