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Abstract

The 3D model of the AT, receptor has been built employing homology to the transmembrane domain of rhodopsin and a novel build-up
procedure for restoring the extracellular loops. By docking a model peptide of angiotensin II in the AT, receptor model two plausible binding
modes were identified. These binding modes were in agreement with most of the suggested ligand—receptor contact points reported in the literature.
Eight active and one inactive pseudopeptide angiotensin II analogue were also docked in the receptor and four of the active pseudopeptides were
found to mimic the binding mode of angiotensin II. An alternative binding mode for the other four active pseudopeptides was found.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The octapeptide angiotensin II (Ang II, Asp-Arg-Val-Tyr-
Ile-His-Pro-Phe) acts on two receptors in the renin—angiotensin
system (RAS), the AT and the AT, receptors. The AT, receptor
mediates the well-known effects of Ang II, such as regulation of
blood pressure and electrolyte and water retention. The
physiological role of the AT, receptor is still under investiga-
tion and has been linked to processes such as apoptosis, tissue
repair, and fetal development [1,2]. Both of the receptors
belong to the same class of the seven transmembrane domain G
protein-coupled receptors (GPCRs) but share only 32-34%
sequence identity [3,4].

The conformation of Ang II when bound to the AT, receptor
has been thoroughly investigated earlier with most results
indicating that Ang II adopts a turn conformation around the
Tyr residue [5-14]. Photoaffinity labeling studies combined
with homology modeling have suggested, however, that Ang I1
binds to the AT receptor in an extended conformation [15,16].
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The binding conformation of Ang II when interacting with the
AT, receptor has been investigated to a lesser extent, but mono-
and bi-cyclizations, including turn mimicking structures, in the
3-5 region of Ang II have produced analogues with retained
affinity [7,17-21]. An extended receptor-bound conformation
of Ang II has also been suggested in the case of AT, binding
[16]. Two independent amino acid scans of Ang Il have shown
that modification of most of the side chains do not drastically
affect the affinity to the AT, receptor [22,23]. The side chains
most sensitive to modification in both studies were the Arg and
His side chains, followed by Tyr. In one of the studies
amidation of the Phe carboxyl group was performed, which
also resulted in a peptide with decreased affinity to the AT,
receptor [23].

Point-mutation studies of the AT, receptor performed by
several groups have found amino acid residues in the receptor
important for affinity of different ligands. Arg'®* [24,25],
Lys®" [26,27], His*” [28], Asp™ [25,29], and Asp®”® [30],
have been shown to affect affinity of Ang II and Ang II
analogues to the AT, receptor (for easier notation we herein
refer to non-numbered amino acids as part of ligands and
numbered amino acids as part of the AT, receptor). Notably,
the site-directed mutagenesis studies performed for the
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AT, receptor were mainly limited to positions occupied by
important residues in the homologous AT receptor. Also, these
conserved receptor residues are suggested to interact with the
same Ang II residues in both AT and AT, receptor binding. In
more direct experiments, Escher and co-workers have used
photoaffinity labeling to identify contact points between Ang I1
analogues and the AT}, receptor. Their results suggested that Val
is in the vicinity of the N-terminal segment, in proximity of
Ile'*, of the AT, receptor and that Phe is within 6-7 A of the
Met'?® and Met'*® in the receptor and that Ang II is binding in
an extended conformation to reach these contact points
[16,31,32]. Fig. 1 presents a schematic overview of the
investigated AT, receptor residues and suggested Ang II-AT,
receptor contact points.

We have previously derived models of the binding mode of
several constrained pseudopeptide Ang II analogues to the AT,
receptor using a ligand-based approach [18-21]. In the present
study we aim to explore the ligand binding mode of both the
pseudopeptides and the native ligand in the environment of the
receptor. Since experimental 3D structures of neither the AT,
nor the AT, receptor are currently available, modeling is the
only way to build the plausible 3D models of the AT, receptor.
Both the AT, and AT, receptor belong to the same GPCR
family as the photoreceptor rthodopsin (family A) [33]. The
high resolution X-ray structure of the bovine rhodopsin
receptor, first published by Palczewski et al. [34], has been
used as a template for several homology modeling studies of
GCPRs, including the AT; and AT, receptors [16,35,36].
However, there is no pronounced sequence homology between
the extracellular region of rhodopsin and those of the AT; and
AT, receptors, which means that the conformational prefer-
ences for the extracellular loops of the AT, and AT, receptors
may be quite different from the snapshot provided by the X-ray
structure of rhodopsin. Therefore, a more detailed study of the
binding of Ang IT and Ang II analogues should also account for
the conformational flexibility of the extracellular domain of the
receptor as well as for the flexibility of the ligands.
Accordingly, the aims of this study were first, to build a
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Fig. 1. Ang II and reported AT, receptor residues possibly involved in binding.
The positioning of the residues reflects the suggested ligand—receptor contacts
as well as residues that are close to the Ang II binding pocket. For Arg'®?
Lys , and Asp*”? the suggested contacts are from Ang IT interactions

with conserved amino acids in the AT, receptor.
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homology model of the transmembrane (TM) region of the AT,
receptor using the bovine rhodopsin as a template structure;
second, to explore the conformations of the extracellular loops
to find suitable conformations allowing docking of Ang II;
third, to explore the binding mode of Ang II in the receptor;
fourth, to explore the binding mode of pseudopeptide ligands in
the receptor.

2. Experimental methods
2.1. Building the AT, receptor model

Molecular modeling procedures for building the 3D model
of the transmembrane (TM) region of the AT, receptor and
restoring the extracellular loops (ECL) were the same as were
applied earlier for building the 3D model of rhodopsin [37,38].
All energy calculations were performed with the ECEPP/2
force field [39,40], employing rigid valence geometry and using
a dielectric constant of 80.0 to reduce possible excessive
interactions between the charged groups. Only the trans-
conformation of the amide bonds was considered, and Arg, Lys,
Glu, and Asp residues were modeled as charged species. The
His residues were built with the hydrogen atom bonded to the
N.; atom. The N- and C-termini of each helix were capped with
acetyl- and NHMe-groups, respectively.

The strategy used in this study for building and validating
the AT, receptor model consisted of the following steps: (1)
build the seven TM helical fragments of the AT, receptor
starting from rhodopsin, and (2) build the extracellular loops
(ECL1-ECL3) in energetically favorable positions. The
intracellular loops of the AT, receptor were not considered,
since they would not influence binding of ligands accessing the
extracellular loops. Furthermore the N-terminal tail of the
receptor was not considered because of its high flexibility.
Therefore, the AT, receptor model built in this study should be
regarded as a partial AT, receptor model.

2.1.1. Transmembrane region

The 3D structure of the TM region of the rat AT, receptor
was built based on the X-ray structure of bovine rhodopsin [34]
(PDB entry 1F88). First, the TM helical fragments of the AT,
receptor were defined by sequence homology to the rhodopsin
helices found by the Clustal W procedure [41] as follows: TM1,
E45-157-C70 (the first, middle and last residue, respectively);
TM2, S79-1.92-Y106; TM3, V115-A130-V146; TM4, N156—
V167-F179; TMS, S208-F220-G233; TM6, T250-F265-
L281; and TM7, A299-F308-Y318. The sequence alignment
can be found in the supporting information. Then, the helical
fragments of the AT, receptor were assembled in a TM helical
bundle based on the following procedure: (i) determining the
conformation of each individual helix by optimization of the
side chain torsions and energy minimization involving all
dihedral angles, (ii) superimposing the obtained helix
conformations over the X-ray structure of rhodopsin (C,
atoms only) according to the alignment, and (iii) packing the
seven helices into the energetically best arrangement while
keeping the dihedral angles of the helical backbone fixed in the
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values obtained for the individual helices (step (i)). These steps
are further described below.

(i) Energy minimization for each individual TM helix of the
AT, receptor started from the backbone conformation (¢, U,
and o dihedral angles) of the corresponding rhodopsin helix
(PDB entry 1F88A). The ¢ and {s angles were allowed to rotate
with the limitation —60 =+ 40° that to some extent mimics the
maximal limitations on intrahelical mobility of TM helices
immobilized in the membrane; most dihedral angle values
found in the X-ray structures of TM helical fragments do not
exceed these limitations [34]. For the same reason, the w angle
in Pro residues was limited to a value of 180 + 30°. Side chain
torsions were optimized before and after energy minimization
by an algorithm developed earlier [42]. Due to an obvious
distortion in the helical structure of TM6 after this minimiza-
tion procedure, the starting &, y-values for Tyr*® were
changed to —100°, —60° to keep its backbone angles within the
limits.

(i1) For each individual helix, the obtained structures
differed from the corresponding helices in rhodopsin by the rms
values 1.2 A (TM1), 2.1 A (TM2), 1.3 A (TM3), 1.6 A (TM4),
1.9 A (TM5), 0.9 A (TM6), and 1.7 A (TM7); all rms values
were calculated for positions of C, atoms only.

(iii) Packing of the seven TM helices into the bundle con-
sisted of minimization of the sum of all intra- and inter-helical
interatomic energies in their multi-dimensional parameter
space. These included the 6 x 7=42 “global” parameters
(related to movement of the individual helices as rigid bodies,
namely, translations along the coordinate axes X, Y, Z, and
rotations around these axes, T, T;, and T;) and the “local”
parameters (the dihedral angles of the amino acid side chains in
all helices). Side chain torsions were optimized prior to each
energy minimization step by an algorithm described earlier [42].
Energy minimization proceeded until reaching the convergence
criterion of AE < 1 kcal/mol. The coordinate system for the
global parameters was selected as follows: the long axial X
coordinate axis for each TM helix was directed from the first to
the last C,, atom; the Y-axis was perpendicular to X and traversed
through the C, atom of the “‘middle” residue of each helix; and
the Z-axis was built perpendicular to X and Y to maintain the
right-handed coordinate system. The resulting 3D structure
differed from the TM bundle of rhodopsin by 1.9 A (rms
distance of the C, atoms).

2.1.2. Extracellular loops

The obtained structure of the TM region of the AT, receptor
was used as a template for restoring possible 3D structures of
the external loops connecting TM2 and TM3 (ECL1, fragment
106-115), TM4 and TMS5 (ECL2, 179-208) and TM6 and TM7
(ECL3, 281-299). The N-terminal fragment of the receptor was
not included in the modeling procedure. All loops were
mounted on the template by adding three residues before and
after the loop fragment and overlapping C, atoms for the first
and last four residues of the loop fragment with the
corresponding C, atoms in the stems of the TM helices. First,
geometrical sampling of the individual loops was performed
starting from the smallest loop to the largest, i.e., from ECL1 to

ECL3 to ECL2. As soon as the resulting structures of the
smaller loop were selected, the loop structure closest to the
average spatial positions of the C, atoms was included in the
template, providing additional geometrical limitations for
thelarger loops. The sampling was basically a stepwise
elongation of the loop covering all combinations of the
possible backbone conformations for the stepwise growing
loops. Starting conformations of individual residues and overall
sampling procedure were as described earlier [38] with
limitations on the residue-residue contacts within the loop
(C,—C, distances greater than 4 A) and on the contacts between
the loop and the template (C,—C,, distances greater than either 6
or 8 A). The values of the EL coefficient ranged from 1.0 to 3.0
and the DEL coefficient was 0.0 (for an explanation of the
coefficients see [38]). The specific values of the coefficients
were selected to keep the number of structures to consider at
each elongation step between 100 and 500,000. Elongation
steps were as follows: a single step from residue 106 to residue
115 for ECL1; sequential steps from 281 to 290 to 292 to 294 to
296 to 299 for ECL3; and steps from 179 to 188 to 190 to 192
to 195 to 197 to 199 to 202 to 204 to 208 for ECL2. In the case
of ECL2, an additional limitation imposed by the conserved
disulfide bridge Cys''’-Cys'®> was employed by limiting
C,—C, distances from the helical stems of TM4 and TM5 to
Cys'? to the values of the corresponding distances to Cys'®’ in
rhodopsin.

In total, geometrical sampling selected 634 potentially loop-
closing backbone conformations for ECL1; 38381 for ECL3;
and 592 conformations for ECL2. Then, the selected structures
for each individual loop were subjected to energy minimization
employing the ECEPP/2 force field; the dielectric constant was
set at 80 to mimic to some extent the water environment of the
protruding loops. All parameters employed for energy
minimization were as described previously [38]. The energy
minimizations yielded 35 low-energy structures (AE < 8 kcal/
mol), which were divided into seven clusters of similar
structures (defined by an rms distance <2 A, C,-atoms only)
for ECL1; 81 structures within AE < 19 kcal/mol falling into
69 (38) different clusters for ECL3 (the number in parenthesis
correspond to clustering with the rms distance of 3 A); and 52
structures within AE < 40 kcal/mol falling into 27 (9) different
clusters for ECL2. The energy cut-off values were arbitrarily
chosen, but roughly followed 1 kcal/mol per residue [43]. The
elevated energy cut-off for ECL2 was used to compensate for
the unexpectedly high-energy gap between the lowest energy
structure and the second lowest energy one, which otherwise
might cause a drastic decrease of the number of selected low-
energy conformations.

The lowest-energy conformers in each cluster were selected
as representatives for further consideration in the extracellular
“package’” comprising all combinations of conformations for
ECL1 + ECL2 + ECL3 (7 x 9 x 38 =2394 combinations).
Then, for all combinations, energy minimizations were
performed with the same limitations as those described earlier
[38]. Three hundred and seventy-three combinations were
finally selected using an energy cut-off of 50 kcal/mol, which
were divided into nine structural clusters, based on the
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“global” rms distance cut-off of 2 A (the heavy atoms of
the backbone) overlapping only the residues corresponding to
the helical stems. The AT, receptor model that had the most
open conformation with respect to the extracellular loops was
selected for further studies.

2.2. Refinement of the AT, receptor model

This step consisted of (1) identification of a possible
receptor-bound conformation of Ang II, (2) constrained
docking of Ang II in the receptor starting from this
conformation, and (3) refinement of the positioning of the
extracellular loops by also including the docked ligand in the
build-up procedure of the loops.

2.2.1. Receptor-bound conformation of Ang Il

Before refining the extracellular loops a plausible starting
conformation of Ang II that reflected the receptor-bound
conformation was needed since this conformation indirectly
guides the positioning of the loops. To generate this starting
conformation we first performed independent energy calcula-
tions using a previously described build-up procedure [14] on
four peptides with high AT, receptor affinity, namely Ang II
(K;=0.6 nM), Asp-Arg-cyclo(Pen-Tyr-Pen)-His-Pro-Phe
(K;=6.2nM), Asp-Arg-cyclo(Cys[CH,]-Tyr-Cys)-His-Pro-
Phe (K;=0.6nM), and Asp-Arg-cyclo(Cys[CH,]-Tyr-
homoCys)-His-Pro-Phe (K;=1.6 nM) [44]. For Ang II, the
Ile residue was replaced by Val in the modeling. For each
peptide, the build-up procedure and energy minimization
generated the set of low-energy backbone conformations within
8 kcal/mol of the lowest energy conformation, with the spatial
positions of the side chains optimized according to a previously
developed algorithm [42]. Geometrical comparison of the sets
showed that they included two families of low-energy
conformers similar for all four peptides at the rms level
<1.5 A when Asp was excluded (C, atoms for residues 2-8).
One of the conformational families was more extended, and the
other more folded. The conformation of Ang Il in either of these
families could be a candidate for binding to the AT, receptor.
Interestingly, both families were very different from the
suggested AT, receptor binding conformation of Ang II, which
has been deduced by molecular modeling earlier [14]. Since
some experimental data support the extended conformation of
Ang I in complex with the AT, receptor [16] and because of the
significant distance between the AT, receptor residues Asp>’
and Lys®'” in our model, which are suggested contact points for
Ang II [25-27,29], the extended conformer was selected for
further docking to the 3D model of the receptor. The dihedral

angles of the backbone atoms defining this conformer (residues
2-8) are listed in Table 1 (conformation 1).

2.2.2. Initial docking of Ang II to the AT, receptor

The derived AT, receptor structure was first minimized
within MacroModel [45] with the amino acid backbone of the
receptor frozen. The OPLS-AA/L force field [46] as
implemented in MacroModel (OPLS 2005) was used with a
dielectric constant of 1. For energy minimization, truncated
newton conjugate gradient (TNCG) [47] with a maximum of
500 steps and a convergence criterion of 0.5 kJ mol ' A" was
used. After this initial minimization ECL2 had to be removed
from the AT, receptor model to create an opening for the ligand
and to form a tentative binding pocket based on the suggested
Ang II-AT, receptor contact points.

Since no consensus of the orientation of the Asp residue
was found between the peptides in the generation of the
possible binding conformation described above (conforma-
tion 1 in Table 1), this residue was removed to form a model
peptide of Ang II (Arg-Val-Tyr-Val-His-Pro-Phe), used as
ligand in the docking study. The Arg guanidino group and
the Phe carboxyl group were built as charged species but to
reduce any strong electrostatic interactions specific for the
model peptide the N-terminal amine was left uncharged. The
ligand was manually docked in the tentative binding pocket
in the receptor guided by the suggested Arg-Asp>®’ and
Phe-Lys?'> contacts and with a minimum of steric clashes.
Two distance constraints (4 & 1 A with a force constant of
100 kJ mol ! Afz), representing the possible Cgyanidino,Arg—
Ccarboxyl,Asp297 and Ccarboxyl,Phe_Namine,Lys215 ionic bridges,
were introduced to preserve these contact points in the
docking. The docking was performed using the Monte Carlo
multiple-minimum (MCMM) [48,49] search protocol in
MacroModel. The ligand and the side chain atoms of
Lys?'®, His*"?, Asp?”®, Asp?®’, and Lys''® were allowed to
move in the analysis (Lys''® was included because the
position of this side chain was severely affected by the
now removed ECL2). The side chain atoms of residues
within 10 A of the moving atoms were fixed with a force
constant of 200 kJ/mol, but their mutual interactions were
kept in the energy -calculations (debug switch 17 in
BatchMin). The backbone atoms within 10 A of the moving
atoms were frozen during the calculation. The torsion angles
and ligand movement were searched with 1000 MCMM steps,
altering 1-28 d.o.f. in each step. Energy minimization was
performed using TNCG with a maximum of 500 steps and a
convergence criterion of 1.0 kJ A~"mol~". The OPLS 2005
force field was used with a dielectric constant of 1.0.

Table 1
Backbone dihedral angles (in degrees) of presented conformations of the Ang II model peptide
Conformation Arg Val Tyr Val (Ile) His Pro Phe

¢ ¥ ¢ ¥ ¢ K ¢ ¥ ¢ ¥ ¢ ¥ ¢ ¥
1 - 175 —84 108 —110 10 —84 =31 54 74 =75 73 —137 -
2 - 149 —84 140 —84 70 -79 58 —40 99 —98 10 —158 -
3 - 142 —84 141 —86 71 -72 55 —45 108 —-96 27 92 -
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Conformations within 100 kJ/mol of the energy minimum
were saved. The criterion for unique conformations was a
minimum atomic separation of 1.5 A when comparing the
position of all heavy atoms of the ligand and the

Ccarboxyl,Asp297v Ccarboxyl,Asp279v Namine,LyleS, Namine,LysllSs
and C, yis273 atoms of the receptor.

2.2.3. Refinement of the extracellular domain

When the 10 lowest energy docking poses of the ligand
(corresponding to AFE =8 kcal/mol) were examined it
appeared that the previously selected ‘“most open” conforma-
tion of ECL2 may well tolerate the poses except for some
possible steric clash of the ligand with residues 188—199 in the
center of the loop. Therefore, this portion of ECL2 was rebuilt
starting from the receptor model that included ECL1, ECL3,
and ECL2 (fragments 179-188 and 199-208) as well as Ang II
according to the previously described procedure. The
rebuilding procedure was performed as previously described,
with elongation steps from residue 188 to 195 to 199 in ECL2,
which yielded 123 backbone structures for further considera-
tion. The subsequent energy minimization found 18 low-
energy conformations (AE < 12 kcal/mol) that satisfied an
additional limitation imposed by the disulfide bridge Cys''’-
Cys'?". The conformations were then divided into four clusters
by an rms distance cut-off of 2 A and the one that could best
accommodate the poses of the ligand was added to the final 3D
model of the AT, receptor. To prepare the receptor for further
analysis, the ligand was removed from the complex and the
spatial positions of the amino acid side chains of the receptor
were redefined by energy minimization to convergence
(0.5 kJ mol ! Afl) in the OPLS 2005 force field and now
also using the generalized-born/surface-area (GB/SA) water
solvation model [S0] implemented in MacroModel. The amino
acid backbone of the receptor was frozen during the
minimization.

2.3. Ligand docking to the final AT, receptor model

The next step in this study consisted of (1) unconstrained
docking of the Ang II model peptide to the final receptor and (2)
docking of the pseudopeptide analogues of Ang II in the
receptor for comparison with the Ang II binding model.

2.3.1. Docking of the Ang Il model peptide to the final
receptor structure

An unconstrained conformational analysis of the model
peptide Arg-Val-Tyr-Val-His-Pro-Phe was performed in the
receptor model, starting in the putative binding pocket previously
selected. The ligand and the side chain atoms of Asp®”’, Asp>”,
and Lys®'” were allowed to move. The side chains of the amino
acids within 15 A of the moving atoms were fixed with a force
constant of 200 kJ mol " A~2 but their mutual interactions were
kept in the energy calculations (debug switch 17 in BatchMin).
The backbone atoms of the receptor residues were frozen during
the analysis. The torsion angles and ligand movement were
searched with 3400 steps MCMM, altering 2-5 d.o.f. in each
step. Energy minimization was performed using TNCG with a

maximum of 500 steps and a convergence criterion of
1.0kJ A~ mol~!. The OPLS 2005 force field and the GB/SA
water solvation model were used in the analysis. The criterion for
unique conformations was a minimum atomic separation of 1 A
when comparing the position of Cgyanidino, Arg» Ophenol Tyr N Hiss
Ccarboxy],Phe’ C4Phe7 Namine,LyleS’ Ccarboxy],Asp2795 and Ccarbox—
yLAsp297- Conformations within 100 kJ/mol of the lowest found
energy minimum were saved.

2.3.2. Pseudopeptide docking

Conformational analysis of nine pseudopeptides (1-9,
Fig.2) [18-21] was performed in the Ang II binding site of the
AT, receptor model. The ligand-receptor complex corre-
sponding to ligand conformation 3 in Table 1 was used as a
template for building the pseudopeptides. The Asp residue in
the pseudopeptides was replaced with an acetyl capping
group. The benzodiazepine-based scaffold was built in an
inverse y-turn conformation (equatorial Tyr side chain). Since
all ligands have the same three C-terminal residues (His-Pro-
Phe), the position of these residues was taken from the
docking result of the Ang Il model peptide, in order to remove
degrees of freedom and focus the analysis on the part of the
ligands that differed. Thus, only the atoms of the ligands from
the N-terminal up to C, of His were allowed to move in the
analysis, with the surrounding atoms within 15 A set as
frozen. The torsion angles were searched using 200 MCMM
search steps per torsion angle, altering 1 to N — 1 torsion
angles in each step (where N is the number of searched torsion
angles). Energy minimization was performed using a
maximum of 500 TNCG steps with a 1.0kJ A~ mol™!
convergence criterion. The OPLS 2005 force field and the GB/
SA water solvation model were used in the analysis. The
criterion for unique conformations was a minimum atomic
separation of 1 A when comparing the position of Cyyanigi-
no,Arg» Ophenol,Tyra COL,HiS? Cmethyl,acetylcap and CB,Val (lf Present)-
Conformations within 50 kJ/mol of the lowest found energy
minimum were saved.

3. Results
3.1. Building and refinement of the AT, receptor model

The initial docking study starting from the extended
conformer of the Ang II model peptide when ECL2 was
removed resulted in 119 configurations of the ligand-receptor
complex. However, since the main objective with this small
initial docking was to refine the positioning of ECL2, only the
10 configurations with the lowest energy (AE = 8 kcal/mol)
were further examined. Geometrical comparison of the
extracted ligands showed that they had a backbone conforma-
tion similar to the starting conformation (rms atom-pair
distance of 1.2-1.7 A when superimposing the C, atoms).
When ECL2 was mounted on the receptor the only portion of
ECL2 in the original conformation not compatible with the
ligand conformations was the 188—199 residue segment. This
segment was therefore rebuilt with one of the ligand poses
included as a boundary. This resulted in four conformational
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Fig. 2. Angiotensin II and the pseudopeptides used in the modeling along with their AT, receptor affinity (pig uterus myometrium).
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Fig. 3. Sketch of the final AT, receptor model shown as purple line ribbons. The
ligand conformations corresponding to conformations 2 and 3 in Table 1 are
shown in green and orange, respectively, except oxygen atoms of the C-terminal
carboxyl group that are shown in red. The contact residues of the receptor
suggested by experimental data are shown in conventional atom colors (only
side chains shown). All hydrogens are omitted.

clusters of this segment and the most open was selected for the
final receptor 3D model (Fig. 3).

3.2. Docking of the Ang Il model peptide to the refined AT,
receptor model

Using the final receptor model, an unconstrained conforma-
tional analysis of Arg-Val-Tyr-Val-His-Pro-Phe was performed.
In total, 1347 configurations of the ligand-receptor complex
were found in the docking. Twenty of the ligand-receptor
configurations displayed an unlikely binding mode involving
interaction of the Arg side chain with Glu* in the receptor.
Glu® is located far from the extracellular cavity of the AT,
receptor on the outer side of TMI1. In all 20 conformations
where a Glu* interaction was present, the Arg side chain was
positioned on top of TM 1, which is not a possible binding mode
since in a complete receptor model the N-terminal segment of
the AT, receptor occupies this space. Thus, these conformations
were not considered to be a valid binding mode for the ligand
and were removed, leaving 1327 ligand—-receptor configura-
tions for further analysis.

As described in Fig. 1, some receptor residues in the TM
region and extracellular loops, namely Met'*® and Met'*® [31],
Arg'®? [24,25], Lys*'® [26,27], His*”® [28], Asp®”® [30], and
Asp®®’ [25,29], were suggested to participate in Ang II-AT,
receptor interactions. The 1327 ligand—receptor configurations

were analyzed by measuring the distance between the
suggested ligand-receptor contact points. These distances
were Phe-Met'?® (represented by atom-pair para-Hppe—
SMet128), Phe-Met'** (para-Hphe=Spet138)s Tyf'Afglsz (Ophe-
nol,Tyr_Cguanidino,Ar 182)» Phe_Lyszls (Ccarbox l,Phe_Nami»
ne.rys215), Phe-His™” (Cg pne—Cp piis273), His-Asp””® (N i~
Ccarboxyl,Asp279)a and Arg'ASp297
Lasp207)- In addition, during visual inspection of the results
several other ligand contacts or proximities with the important
receptor residues were found with high occurrence, and were
thus included in the analysis. These were Arg-Asp’® (atom-
pairs Cguanidino,Arg_Ccarbox 1,Asp279)’ TyI‘—ASp297 (Ophenol,Tyr_
Ccarboxyl,As;)297)v Tyr'ASP2 ? (Ophenol,Tyr_Ccarboxyl,Asp279)a and
PhG-AI'g ' (Ca,Phe_Cguanidino,Arg 1 82) .

Visual inspection of the clusters of short atom-pair
distances was performed, which suggested that a specific
distance range could be used to define some of the ligand-
receptor contacts. These distance ranges were defined as less
than 5 A fora Cguanidino—Ccarboxyl distance and less than 4 A for
a Ccarboxyi-heteroatom distance (i.e., measured distances
including His, Lys and Tyr residues). Furthermore, guided
by the reaction radius in the photoaffinity labeling study, the
definition for a Phe-Met contact was set to a distance of
maximum 6 A.

The docking results showed that several of the proposed
contact points of Ang II with the AT, receptor were accounted
for in the ligand-receptor complexes. Using the defined
distances of ligand—receptor contacts, the Phe(carboxyl)-Lys?'
ionic bridge was the most frequently occurring in the ligand—
receptor configurations (1277 of 1327), followed by the His-
Asp®”® (745) and Arg-Asp®®’ (627) contacts. For the Tyr
residue, contacts with Asp®’® were the most frequent among the
investigated contacts (129). In some of the ligand-receptor
complexes, interactions between Tyr-Asp?®’ (76) and Arg-
Asp>”® (36) could also be found. In total, 494 ligand—receptor
configurations had three or more contacts between the ligand
and important residues in the AT, receptor, 549 had two, 273
had one, and 11 had zero contacts. Only one configuration had a
Phe-Met'?® contact. Interestingly, this configuration also had
ligand contact with Asp?”®, Lys?!3, and Asp*®”. In addition, this
configuration had the closest distance between Phe and His?">
9.8 A Cg phe—Cp His273) and the ligand was also in proximity of
Arg'®?. The dihedral angles of the backbone defining the ligand
conformation are listed in Table 1 as conformation 2.
Disappointingly, this configuration had a high relative energy
(AE = 23 kcal/mol). However, a very similar ligand-receptor
configuration with a low energy (AE = 0.8 kcal/mol) was also
identified and the ligand conformation is listed in Table 1 as
conformation 3. The only difference between the two
conformations was the relative geometry of the Phe residue
(Fig. 3). The AT, receptor residues in the region around Phe are
closely packed with the ligand and this may greatly affect the
energy of the complex if the receptor is allowed to move. Thus
we believe that both of these configurations are probable
binding modes for Ang II. Compared to the initially derived
Ang II binding model (conformation 1, Table 1) the backbone
dihedral angles differ from these two ligand conformations

(C guanidino,Arg_Ccarboxy—
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but the overall backbone orientation is similar, with an rms
atom-pair distance of 1.7-1.8 A when superimposing the C,
atoms.

In summary, these two conformations can interact with
Met'?®, Lys®">, Asp®”®, and Asp®”’ and show proximity to
Arg'® and His?">. Also notably, an inverse y-turn conformation
is formed around the Tyr residue in these conformations, in
accordance with previous modeling studies of cyclized Ang II
analogues [51] and the pseudopeptides comprising a y-turn
mimetic moiety in this study. Both structures of the ligand-
receptor complex configurations can be requested from the
corresponding author.

3.3. Pseudopeptide binding

To investigate whether the pseudopeptides (1-8) could adopt
the same binding mode as Ang II they were docked to the AT,
receptor model. To facilitate the docking analysis, the His-Pro-
Phe fragment was constrained to the position of the His-Pro-Phe
fragment obtained from the docked Ang II model peptide
(conformation 3, Table 1). The inactive pseudopeptide 9 was also
included in the analysis in an attempt to rationalize the inactivity
of this compound. For each of the pseudopeptides 1-9, 129, 168,
163, 114, 226, 96, 126, 90, and 14 conformations, respectively,
were identified within 10 kcal/mol of the lowest energy
configuration. These conformations were analyzed by extracting
and exporting the conformations to SYBYL [52] and performing
acomparison with the binding mode attained by the Ang Il model
peptide (conformation 3 in Table 1). In the comparison we
focused on the positions of the Arg and Tyr side chains by
measuring the Ophenol,Tyr_Ophenol,Tyr and Cguanidine,Arg_Cguanidi—
ne,Arg atom-pair distances between the conformations of each
pseudopeptide and the Ang II binding model. The comparison
showed that all pseudopeptides had conformations that could
position the Arg guanidino group within 1.5 A of the position of
this group in the Ang II binding model. When considering the
positioning of both the Arg and Tyr side chains, conformations of
1 and 3 were found to fully match the Ang II model, obtaining a
direct contact with Asp*’® and Asp®®’. Pseudopeptides 2 and 5
were partly matched to this model, with their Tyr residues in the
same area of the receptor but not with the same Tyr-Asp®’’
interaction as the Ang II model. The Val residue present in 1, 2
and 5 were found in proximity to Ile*’, which may be an
additional ligand-receptor interaction for these compounds.
The ligand-receptor configurations of the Ang II model peptide,
1, 2, 3 and 5 are presented in Fig. 4. These models fulfill most of
the contact points previously discussed, especially when
considering the alternative positioning of the Phe side chain
seen in Fig. 3.

None of the conformations of 4, 6, 7 and 8 could be matched
to the Ang II model when considering the positioning of both
the Arg and Tyr side chains. The analysis of these structures
was instead focused on conformations that could obtain the
Arg—Asp297 interaction. This analysis resultedin 7, 6, 38 and 35
conformations of 4, 6, 7 and 8, respectively, that positioned the
Arg guanidino group within 5 A of the corresponding position
in the Ang I binding model. When the conformations of these

LS D297

Fig. 4. Ligand configurations for the Ang II model peptide (a) and pseudopep-
tides 1 (b), 2 (c), 3 (d), and 5 (e). The receptor residues Iie*’, Lys215 s Asp279, and
Asp?” are also shown. Only essential hydrogen atoms are shown.
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ﬁ D297

Fig. 5. Ligand configurations showing an alternative binding mode for pseu-
dopeptides 4 (a), 6 (b), 7 (¢), 8 (d), and 9 (e). The receptor residues e, Lys215 s
Asp279, and Aspzq7 are also shown. Only essential hydrogen atoms are shown.

pseudopeptides were examined it was apparent that to be able
to obtain the Arg-Asp>®’ interaction the scaffold was rotated,
positioning the Tyr side chain far from the position in the Ang II
model. The inactive compound 9 also adopted a similar
binding configuration, making it difficult to rationalize the
inactivity of this compound based on this binding mode. The
ligand-receptor configurations of 4, 6, 7, 8, and 9 are presented
in Fig. 5.

4. Discussion
4.1. Flexibility in the extracellular region of the AT, receptor

The region of the AT, receptor responsible for the initial
binding of ligands such as Ang II consists of the extracellular
loops and the N-terminal segment. While the conformational
flexibility of each loop is somewhat constrained by connec-
tions with two TM helices immobilized in the membrane, the
N-terminal segment may have much more flexibility. One can
assume that whatever binding mode Ang II adopts in the AT,
receptor, the N-terminal segment will always be able to adjust
to this mode due to the high conformational flexibility in this
region. This was the main reason why we did not include the
N-terminal segment of the receptor in the building process. It
has been suggested that in addition to the conserved Cys''’-
Cys'® disulfide bridge in the AT, receptor, a second disulfide
bridge between Cys>> in the N-terminal segment of the AT,
receptor can form a disulfide bridge with Cys**° in ECL3.
Even if this additional disulfide bridge would reduce the
flexibility of these segments, the importance of this disulfide
bridge is unclear as shown by a higher Ang II affinity to AT,
receptor mutants where Cys>> and Cys**® are replaced by Ala
[53,54]. Also, it has been shown that AT, receptors can homo-
oligomerize, forming an intermolecular disulfide bridge
between the Cys® residue in one AT, receptor and the
Cys290 residue in other AT, receptor [55]. Thus the roll and
occurrence of the intramolecular Cys*-Cys?*° disulfide
bridge seem unclear.

The loops are presumably not as flexible as the N-terminal
segment, but, on the other hand, the snapshots of the
extracellular loops presented in the X-ray structure of
rhodopsin are likely not representative of the situation in a
complex with a rather large octapeptide ligand such as Ang II. It
seems much more likely that the loops need to be in an “‘open”
conformation at some stage during the initial binding of Ang II.
Thus, rather than using the conformations of the loops in the
crystallized rhodopsin structure, the loops were modeled using
a build-up procedure. Energy calculations performed for the
ECL1 + ECL2 + ECL3 package, in the absence of Ang II,
showed that in all low-energy structures the ECLs are tightly
packed, and therefore do not provide a suitable binding pocket
for Ang II. Therefore, modeling studies of the interaction of
Ang II with the AT, receptor started from docking a model
peptide of Ang II with the most “open” conformation of
ECL1 + ECL2 + ECL3 found. The final receptor structure was
derived by including the docked ligand when building the
ECLs. This made the receptor model suitable for ligand
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docking, at least for modeling the initial binding mode of the
ligands. An earlier modeling approach to the AT, receptor [16]
used the positioning of the loops as they were presented in the
X-ray template of rhodopsin, so that the ligand had to be placed
in the “closed” receptor before applying energy minimization.
Thus, our approach may more closely mimic the ligand binding
event. It should be noted that results of our modeling
correspond to the resting state of the AT, receptor, since the
receptor model was built based on the template of the dark-
adapted rhodopsin. The activation process of GPCRs is
proposed to involve several intermediate receptor conforma-
tions, induced or stabilized by an agonist that disrupts the
intramolecular bond network in the receptor [56]. Our partial
AT, receptor model is thus more suitable to describe the initial
ligand binding rather than the conformational transitions in the
AT, receptor during activation and therefore, this model may
not be suitable for determining the binding mode of the ligands
when the receptor is activated (the “‘off” stage of the on/off
process).

4.2. Ang II binding

The conformational analysis of the model peptide of Ang ITin
the final receptor model resulted in a number of interesting
binding models. In general, the positioning of the suggested
ligand—receptor contact points Arg-Asp>®’ and Phe-Lys'> was
only compatible with an extended conformation of the ligand. In
all low-energy models, Phe was positioned close to Lys*'” with
an ionic bridge between the C-terminal carboxyl group of Ang II
and the amino group of the Lys*'” residue. For the Phe side chain,
two reasonable binding modes were found, one on each side of
the Lys”' side chain. One binding mode was present in all low-
energy models, where the side chain was positioned in a
relatively small pocket. In one of the models with higher energy,
the Phe side chain was instead positioned towards a larger pocket,
pointing downwards in the TM region. In this binding mode the
Phe side chain is in contact with Met'*® and much closer to the
His>"? residue, which are two suggested contact points for Ang II.
Thus, this binding mode of Phe looks reasonable. However,
depending on the receptor movement in general or during
activation, Ang Il and/or different analogues may be able to bind
in both ways with a good fit to the receptor. Therefore, we
consider the two models depicted in Fig. 3 as the most plausible
3D models for the complex of Ang II with the AT, receptor
derived in this study, since these models include contacts of Ang
IT with almost all receptor residues suggested as contact points by
experimental data (Met'?®, Lys?'®>, Asp®”®, and Asp?®’ and
proximity to Arg'®? and His>"*). Although the docking results are
supported by most of the available experimental data, more
experimental data are desired in order to increase the reliability of
the derived models, especially data that indicate specific ligand—
receptor contacts.

It should be noted that even though most of the experimental
data supports the current models, some of the reported results
cannot be explained by this model. Ligand contact with Met'>®
seems especially difficult to obtain with our model. Met'?® is
far down in the TM region and would require massive

movement of the TM side chains to position the Phe side chain
in the vicinity of this residue. Furthermore, Arg'® is not in
direct contact with the ligand in any configuration found. This
residue is somewhat shielded by ECL2, which is not freely
movable because of the disulfide bridge between this loop and
TM3. From studies of Ang II interactions with the AT, receptor
[57], Arg'® is speculated to interact with Tyr in Ang II when
binding to the AT, receptor [24,25]. This seems unlikely from
the results in the present study. Instead our calculations indicate
that the Phe residue of Ang II is closer to Arg'®?, which may be
a possible contact if any direct ligand-receptor interaction

exists with Arg'®%.

4.3. Pseudopeptide binding

When comparing the pseudopeptides with the Ang II
binding model, all compounds are able to obtain a common
Arg-Asp®®’ interaction. In general, the ligands comprising the
benzodiazepine-based y-turn mimetic seem to most closely
mimic the presented binding mode of Ang II. For some of the
ligands (4, 6, 7, and 8), the Tyr residues are, however, oriented
very differently compared to the Ang II binding model. The
inactive compound 9 also adopts a similar conformation as 4, 6,
7, and 8 in the conformations where an Arg-Asp®”’ interaction
is present, which makes it difficult to rationalize the inactivity
of this compound based on this binding mode. However, 9 is the
compound that has the Tyr side chain deepest in the TM region,
which may result in non-optimal interactions with the receptor.
It also adopts the energetically less favorable classic y-turn
conformation with an axial Tyr side chain, which can contribute
to the inactivity of this compound. The docking poses of
compounds 7 and 8, comprising the 3-turn mimic scaffold, also
adopt the energetically less favorable conformation with an
axial side chain in the scaffold, but with Ile instead of Tyr in this
position. Thus one possible reason for the difference in affinity
of 7 and 8 compared to 9 is less steric clash with the receptor.
We recently published a ligand-based model using 1-6 and
superimposed 7 and 8 to this model. It was suggested that all
pseudopeptides 1-8 could obtain a similar binding mode in the
AT, receptor, including the alignment of both the Arg and Tyr
residues [18,19]. Even though the pseudopeptides have high
AT, receptor affinity and contain similar side chains, their
geometry in the turn mimetic region around Tyr are noticeably
different, both regarding the positioning of the Tyr side chain
and the direction and length of the peptide backbone. In the
present study when the His-Pro-Phe residues in the pseudopep-
tides were forced to adopt the same position as the docked Ang
II model peptide no common alignment of the Tyr residue could
be identified. However, in a dynamic binding process such an
exact positioning of the C-terminal fragments will likely not
occur and these amino acids may reposition so that a common
alignment of Tyr can be obtained. On the other hand, amino
acid scans of Ang II have shown that no single amino acid is of
vast importance for high AT, receptor affinity. Thus, the
different positions observed for the Tyr side chain may not be of
great importance as long as other contacts can still be achieved,
e.g., with Arg, His, Pro and Phe.
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Fig. 6. Comparison between a previously derived ligand-based binding model
(green carbons) and the structure-based model (white carbons) obtained herein.
Compound 2 is shown.

Four of the pseudopeptides (1, 2, 3, and 5) could all adopt
similar binding modes as found for the Ang I model peptide.
A comparison of the binding mode obtained from docking
in the AT, receptor and from the model derived using the
ligand-based approach is shown in Fig. 6, where the
benzodiazepine-based scaffold of 2 from each model is
superimposed. From this comparison it can be seen that the
models are very similar. The main difference lies in the
backbone torsion angle in the outgoing C-terminal part of
the benzodiazepine scaffold. Importantly, we are now able to
incorporate a hypothesis concerning the outgoing direction
and conformation of the C-terminal His-Pro-Phe fragment to
the indirect model.

The valine residue present in 1 was previously thought to
introduce some flexibility in the backbone between Arg and Tyr
to enable a favorable ligand—receptor interaction, such as the
Arg-Asp?” interaction [20]. This hypothesis is now supported
in the docked conformations of 1. Also, the valine side chain in
1, 2 and 5 are oriented towards Ile*’ (Fig. 4) in the receptor,
which could explain some of the increased affinity when a
valine residue is present in the pseudopeptides, which has also
been suggested before [21].

5. Conclusions

In summary, we have explored binding modes of Ang IT and
pseudopeptide Ang II analogues in the AT, receptor model,
taking into account also the conformational flexibility of the
extracellular loops. The AT, receptor was built using the
bovine rhodopsin receptor structure as a template for the
transmembrane helical domain. The extracellular loops were
added using a build-up procedure to create a receptor structure
suitable for docking studies. From the docking of an Ang II
model peptide, several ligand-receptor contacts were found
that were in agreement with experimental data. Furthermore,
nine pseudopeptide Ang II analogues were docked in the
receptor but only four of these adopted a similar binding mode
as compared to Ang II. Interestingly, this binding mode was
similar to the binding model of these analogues that was
derived without knowledge of the 3D structure of the AT,
receptor.
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