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1  Introduction 

1.1  Peptides in Drug Discovery
Many physiological effects are mediated by endogenous peptides acting as 
hormones or neurotransmitters, which makes them interesting in drug devel-
opment.1,2 Unfortunately, peptides are not optimal as drugs because of their 
low oral absorption and rapid degradation in the body.3 However, there are 
examples of nonpeptide compounds that can mimic the interactions and ef-
fects of a peptide and that also have more favorable pharmacokinetic proper-
ties.1,4-6 Such compounds are referred to as peptide mimetics, or peptidomi-
metics.7 One of the most well-known peptidomimetics is the opiate mor-
phine (Figure 1). Although morphine has been used in medicine for centu-
ries, endogenous peptide ligands to the opiate receptors were not discovered 
until 1975 (the enkephalins, Figure 1) and 1997 (the endomorphins, Figure 
1).8,9 In contrast to the opiate system, often only the endogenous peptide is 
known. Thus, one of the goals in medicinal chemistry is to convert such 
peptides into peptidomimetics.  
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Figure 1. The peptidomimetic compound morphine and endogenous opiate receptor 
peptides.  
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1.2  Peptidomimetic Design Strategy 
Figure 2 describes a general strategy for designing ligands to peptide recep-
tors. Two main methods are used: rational step-wise conversion of the pep-
tide ligand and screening of compounds already lacking peptide character. 
These methods can be integrated to gain information from both routes. 

Figure 2. A general strategy for ligand design targeting peptide receptors, as de-
scribed by Hruby.2

1.2.1  Bioactive Conformation 
One of the central steps in peptidomimetic design is to elucidate the bioac-
tive conformation of the peptide, i.e. the conformation adopted when it is 
bound to the receptor or enzyme. Many high-quality 3D structures of 
ligands, when bound to their macromolecular target, have been obtained 
using X-ray crystallography, but this technique is not readily applicable to 
all types of systems. This is, for example, the case for G protein-coupled 
receptors (GPCRs), to which many of the endogenous peptides bind. Since 
direct modeling studies of ligand binding are not possible for these receptors 
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they present a challenging target for drug design. The only GPCR with a 
known 3D structure at high resolution is bovine rhodopsin, first reported in 
2000.10 This 3D structure has been used for building models of other related 
GPCRs using homology modeling, as will be discussed in Chapter 2. With a 
model of the receptor, potential receptor-bound conformations can be ex-
plored in the receptor environment for further guidance in ligand develop-
ment.

To model the receptor-bound conformation when the 3D structure of the 
target is unknown, experimental or theoretical studies of only the ligand are 
often performed. It should be noted, however, that the conformations 
adopted by flexible linear peptides are numerous, and are strongly influenced 
by interactions with the environment.11 Therefore, to limit the conforma-
tional flexibility, conformational constraints can be introduced into the pep-
tide to provide information about the bioactive conformation. In many cases 
the constrained part of the peptide is not completely rigid (e.g., using side 
chain cyclizations as constraints) and therefore several differently con-
strained analogues of the ligand may be needed to derive a putative receptor-
bound conformation. When peptides bind to their receptors they become an 
integral part of the protein structure and thus can be predicted to adopt sec-
ondary structure motifs as part of the bioactive conformation.2 Therefore, 
conformational constraints that induce or mimic secondary structures can 
give valuable information when searching for the bioactive conformation. 

1.2.2  Secondary Structure Mimetics 
The main secondary structures found in proteins and peptides are the -
helix, -sheet and turns. For peptide ligands, secondary structures corre-
spond to local rigidified structure motifs with a specific arrangement of the 
residue side chains, which could provide important recognition elements 
during receptor binding and activation.11 Thus, mimicking such structural 
elements of the peptide with organic scaffolds is a rational approach in the 
development of peptidomimetic compounds. In addition, such an approach 
may also give compounds with increased metabolic stability and higher re-
ceptor specificity, and provide a rational basis for exploring the conforma-
tional effect on activity.12 There are indications that turn structures are pre-
sent in several peptide ligands when bound to their receptors, and this makes 
it appealing to mimic turns.11 The major types of turns present in proteins 
and peptides are the -turn and the -turn, depicted in Figure 3, where turn 
mimetic examples also can be found. 
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Figure 3. A - and -turn conformation of a peptide chain and examples of a -turn 
mimetic (A)13 and a -turn mimetic (B)14. The backbone torsion angles phi ( ) and 
psi ( ) are indicated for the relevant residues in the peptide turns.  

Venkatachalam first suggested the presence of -turns in proteins based on 
modeling studies in 1968.15 The -turn causes reversal of the peptide back-
bone and is defined as a sequence of four amino acid residues in a non-
helical segment with a distance of less than 7 Å between C i and C ,i+3.16

The -turns are often, but not necessarily, stabilized by a COi–NHi+3 hydro-
gen bond. The -turn has been divided into several types depending on the 
values of the backbone torsion angles of residues i+1 and i+2. The most 
common -turns found in proteins are types I, I , II, II , and VIII (Table 
1).15,17-19 In addition to these, other classes such as III, III , VIa, VIb and VII 
have been proposed.15,16 The miscellaneous category IV has been introduced 
to accommodate -turns that do not fit any specific type. 

Table 1. Idealized backbone torsion angles for the most common -turn types15,18

and the backbone torsion angles for the classic and inverse -turn.20,21

 Residue i+1 Residue i+2 

-Turn   Phi ( )   Psi ( )   Phi ( ) Psi ( )
I 60   30   90     0 
I    60     30     90     0 
II 60 120     80     0 
II    60 120   80     0 
VIII 60   30 120 120 
-Turn (classic)   70 to 85   60 to 70   
-Turn (inverse) 70 to 85     60 to 70   
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The -turn is not as common as the -turn but has been found to be adopted 
by peptides as short as tripeptides.22 A -turn spans over three amino acid 
residues with a hydrogen bond between COi and NHi+2, resulting in the 
shape of a seven-membered ring. There are two types of -turns: the classic 
-turn with the i+1 residue side chain in an axial geometry and the inverse -

turn with the side chain in an equatorial geometry (Table 1).20,21 Although 
the classic -turn was proposed first, it has been shown to be very rare and 
the inverse -turn is the significantly more common of the two.23 The classic 
-turn conformation causes reversal of the backbone direction and is mainly 

found in -hairpin structures, as a tight turn, forming an antiparallel -sheet 
structure. The inverse -turn can be found as backbone kinks and rarely 
causes reversal of the backbone direction.23
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2  Computational Chemistry

Computational chemistry is commonly used in the drug discovery process 
with the intention of extracting information, predicting properties, and in-
creasing our understanding of ligand–target interaction, which can be used 
for decisions regarding the design of potential drugs.24 In drug discovery 
projects a multidisciplinary team is assembled and computational chemistry 
is integrated into many of the steps in the discovery process.25 This thesis 
relies heavily on results obtained by computational methods, and a brief 
introduction to the methods used will be given in this chapter.  

2.1  Molecular Mechanics 
Using molecular mechanics, geometries and conformational energies can be 
readily calculated for molecular structures.26 Unlike more precise quantum 
chemistry methods, in which the motion of the electrons is considered, the 
energy calculated by molecular mechanics is approximated to be dependent 
only on the position of the atomic nuclei. The advantage of this approxima-
tion is faster calculations but the downside is lower accuracy. However, the 
results obtained are often accurate enough for most studies and molecular 
mechanics can be applied to large molecular systems that are not suitable for 
quantum mechanical calculations.  

In molecular mechanics the potential energy function of a molecular sys-
tem is described by a force field. The force field contains terms for bond 
stretching, angle bending, torsional rotation, and non-bonded interactions, 
presented in their general forms in Equations 1–4, respectively. These equa-
tions are dependent on the distance (r), angle ( ), and torsion angle ( ) be-
tween atoms. The other parameters in the equations are adjusted to repro-
duce results obtained, for example, by experimental methods or quantum 
mechanical calculations. Several sets of potential energy functions with dif-
ferent fitted parameters are available, forming different force fields such as 
AMBER, MMFF94, and OPLS-AA, which can be used in molecular me-
chanic calculations.27-29
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2.2  Conformational Analysis 
Every molecule has one, or most often, several stable conformations which 
are different minima on the potential energy surface described by the force 
field used. Starting from 3D structures of a molecule and applying an energy 
minimization algorithm to the energy function, the geometry and energy of 
the molecule in these low-energy conformations can be obtained.30 The 
minimization algorithms move downhill on the energy surface and thus only 
find the energy minimum closest to the starting geometry. To thoroughly 
explore the potential energy surface of a molecule, a number of different 
approaches can be used, such as molecular dynamics simulation, random or 
systematic searching, and distance geometry.31

In this work the conformational sampling was performed using random or 
systematic searches. In these methods different starting geometries are gen-
erated on the potential energy surface followed by an energy-minimization 
step. The Monte Carlo Multiple-Minimum (MCMM)32 method is a random 
search method, in which starting geometries are generated by randomly al-
tering selected torsion angles of the molecule. In a systematic search the 
starting geometries are instead generated by systematic alterations of each 
investigated torsional angle of the molecule. This method can be applied in 
different ways. In the Systematic Unbound Multiple Minimum (SUMM)33

method the torsion angles are first searched at a low resolution to cover the 
energy surface quickly. When all the starting geometries have been gener-
ated with a low resolution, new starting geometries are sampled using a 
higher resolution for the torsion angles. 

In each search step, the starting geometry obtained is energy-minimized 
to a predefined convergence criterion and saved in the list of conformations, 
if it is considered unique and within a specified energy window compared to 
the conformation with the lowest energy in the list. The test for unique con-
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formations is usually based on the atom-pair distances of superimposed con-
formations, where a threshold distance defines whether the conformation is 
unique. The number of conformations obtained in a conformational analysis 
can be very high, especially if the molecules are flexible and have many 
rotatable bonds. This can make the analysis of the output quite complex. To 
make this analysis easier, the values of the energy window, number of atoms 
compared and the atom-pair distance threshold can all be modified to reduce 
the number of conformations identified. The convergence criterion in the 
minimization step can also be used in this process, since two quite similar 
conformations can minimize to the same conformation when an increased 
convergence criterion is used. 

2.3  Ligand-Based Modeling 
When the structure of the macromolecular target of a ligand is unknown, 
modeling of the ligand–target interactions has to be performed based solely 
on the properties of the ligands. This is referred to as ligand-based modeling. 

2.3.1  Pharmacophores 
Different ligands that bind to the same target probably have some necessary 
structural features in common that are important for the ligand–target inter-
action. These could, for example, be hydrogen bond acceptor/donor atoms, 
hydrophobic regions, or charged groups. Such features are central in the 
pharmacophore concept, attributed to Paul Ehrlich.34 Peter Gund later de-
fined a pharmacophore as: “a collection of atoms spatially disposed in a 
manner that elicits a biological response”.35

A number of pharmacophore modeling methods and programs are avail-
able to search for possible pharmacophores in a set of active ligands.36 In this 
work the DISCO (DIStance COmparison) method,37 implemented as DIS-
COtech in the molecular modeling program SYBYL,38 was used in several 
studies. In addition to the derivation of pharmacophores, DISCOtech is use-
ful as a tool for structural alignment based on superimposition of pharma-
cophore groups. The input to DISCOtech consists of a set of conformations 
derived for each active compound. In the analysis a network of distances 
between the structural features representing possible pharmacophore groups 
is calculated for all conformations of the compounds. These distance net-
works are compared, and if a sub-graph of the distance network can be 
matched within a specified tolerance to all the compounds included, this 
distance network is reported as a possible pharmacophore. A simplified ex-
ample of the method is depicted in Figure 4.  
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Figure 4. Distance network between structural features in three compounds with the 
possible pharmacophore depicted (HA, hydrogen bond acceptor; AR, aromatic cen-
ter; +, potential positive charge).  

DISCOtech has some limitations as a fully automated approach to pharma-
cophore recognition.39 For example, as only the distances in the ligands are 
analyzed, the overall structural alignment (e.g., those parts of the structures 
that are not included in the pharmacophore model) is not considered in the 
deduction of the models. This can result in models in which the structures 
are not always intuitively well-aligned and thus DISCOtech analyses usually 
require a post-processing step. Also, since all conformations of each com-
pound are compared, DISCOtech is limited to include a maximum of 300 
conformations per compound. This can lead to difficulties when large, flexi-
ble compounds with many conformations are analyzed. In addition, large 
compounds usually contain many possible pharmacophore features, resulting 
in rather complex distance networks. Thus, such compounds take a long time 
to analyze and may produce many proposed pharmacophores if all possible 
pharmacophore features are included in the analysis.  

2.3.2  Quantitative Structure–Activity Relationship 
One important task for medicinal chemists is to derive general structure–
activity relationships (SARs) and quantitative SARs (QSARs) by designing, 
synthesizing, and modeling series of compounds. This generates information 
that can be used for the development of new compounds with, for example, 
improved activity, selectivity, or pharmacokinetic properties. QSAR models 
describing the correlation between the responses and the descriptors of 
ligands are often obtained by using partial least squares projection to latent 
structures (PLS).40 In short, PLS is a method of relating two data matrices, 
such as a descriptor table and a response table, to form a linear multivariate 
model. 



20

In this work comparative molecular field analysis (CoMFA)41 was used to 
derive QSAR models. CoMFA is a QSAR method belonging to the 3D-
QSAR class, in which the 3D arrangement of atoms in the ligands is also 
considered. The descriptors in CoMFA consist of the interaction energies 
between the molecules in the series and a probe atom positioned in a grid 
surrounding the molecules (Figure 5). By aligning common parts of the 
molecules, for example, a central scaffold, different interaction energies in 
different areas of the ligands are obtained depending on their substituents. 
Using PLS these interaction energies are correlated with a response, most 
often affinity, and a 3D model of how the substituent pattern affects the re-
sponse is obtained. Many of the steps in the analysis can affect the outcome 
of the CoMFA modeling, such as the selected conformations of the ligands, 
the method used for calculating partial charges, alignment, and CoMFA set-
tings.42,43 Optimally, the conformations and alignment should reflect the 
receptor-bound conformation of the ligands, especially if comparison are to 
be made of the CoMFA model obtained and the receptor structure.  

Figure 5. Visualization of the CoMFA grid points for calculation of ligand–probe 
interaction energies at each point. These energies are collected in a table for subse-
quent correlation with a measured response to obtain the CoMFA model. 

2.4  Structure-Based Modeling 
The 3D structure of a macromolecular target, such as an enzyme or receptor, 
can provide important information on how the ligand interacts with the tar-
get, especially when obtained with a bound ligand. This information can be 
used to modify the ligand to improve the interaction with the target. When 
the 3D structure of the target is included in the modeling of the ligand–target 
interaction the modeling is referred to as structure-based modeling.  
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2.4.1  Homology Modeling 
Unfortunately, high-quality 3D structures of all targets are not readily avail-
able. This is especially the case for GPCRs where the receptors are incorpo-
rated into the membrane of the cells, which makes 3D structures of these 
receptors very difficult to derive. Nevertheless, the 3D structure of one 
GPCR, bovine rhodopsin, has been determined by X-ray crystallography10

and can therefore be used in homology modeling. Homology modeling is 
based on the idea that homologous proteins have a common 3D structure and 
that the known 3D structure of one protein can be used as a template to cre-
ate a model of a protein with unknown 3D structure. Thus, by using the 3D 
structure of bovine rhodopsin, a receptor model of related GPCRs can be 
obtained. The general steps involved in homology modeling are listed be-
low.44

1. Fold assignment and template selection  
2. Sequence alignment of the target and template  
3. Modeling of structurally conserved regions  
4. Modeling of structurally variable regions  
5. Refinement of the generated 3D model  
6. Validation of the 3D structure model  

When modeling structures with an amino acid sequence identity greater than 
30% with the template, homology modeling is likely to produce high-quality 
model structures.45 In the case of GPCRs, the amino acid identity is usually 
not that high. However, due to the presence of conserved motifs in the 
transmembrane region of GPCRs even a low sequence identity can be ex-
pected to give more accurate models than homology models of other types of 
proteins based on low sequence identity.46 The extramembrane domains of 
GPCRs are not expected to be modeled accurately using the 3D structure of 
bovine rhodopsin as template. This is because there is very low or no se-
quence identity in these structural regions, and the template may be influ-
enced by crystal packing forces.44,47 Although homology modeling using the 
rhodopsin 3D structure is currently the most successful approach to obtain-
ing 3D structures of GPCRs, a simple and general homology modeling pro-
tocol will probably not be sufficient to obtain reliable receptor models.48,49

Also, the 3D structure of rhodopsin was obtained in the inactivated state, and 
this may be rather different from the activated receptor state,50 which could 
have implications in modeling ligand binding of agonists and antagonists. 

2.4.2  Molecular Docking 
When a 3D structure of a target has been obtained, direct modeling of 
ligand-binding is possible: this is referred to as docking. Depending on the 
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objective of the study, different methods can be used. For example, to screen 
for a suitable starting compound in a drug discovery project several hundred 
thousand compounds can be quickly evaluated regarding their fit to the tar-
get using a fast docking protocol. The results from such a study can be used 
to increase the probability of finding promising compounds in later experi-
mental screening.51 When only a few compounds are to be investigated more 
precise and more computationally demanding docking methods, such as 
molecular dynamic simulations or conformational analysis of the ligand in 
the target binding site, can be applied.52,53



23

3  Aims of the Present Study 

This study is part of a research project aiming to convert peptides to nonpep-
tidic drug-like compounds using an iterative process. As the model peptide, 
angiotensin II was selected and the main focus of the project was its interac-
tion with the AT2 receptor.

The specific objectives of this study were: 

to design and characterize - and -turn mimetics for incorporation into 
angiotensin II; 

to investigate the structure–activity relationships of angiotensin II and 
angiotensin II analogues when interacting with the AT2 receptor; 

to investigate the binding mode of angiotensin II using conformationally 
constrained angiotensin II analogues; 

to derive a 3D model of the AT2 receptor and investigate the binding 
mode of angiotensin II and angiotensin II analogues with the AT2 recep-
tor;

to derive 3D-QSAR models based on nonpeptide ligands for the AT1 and 
AT2 receptors. 
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4  Angiotensin II 

Angiotensin II (Ang II, Asp1-Arg2-Val3-Tyr4-Ile5-His6-Pro7-Phe8) is the cen-
tral ligand in the renin–angiotensin system (RAS). It is formed through step-
wise cleavage starting from the protein angiotensinogen, from which the 
enzyme renin cleaves off the decapeptide Ang I. Ang I is further cleaved to 
the active octapeptide Ang II via angiotensin-converting enzyme (ACE).54

Ang II acts on two receptors in the RAS, the AT1 and AT2 receptors, which 
both belong to the seven-transmembrane domain GPCR superfamily.55 A 
picture of the path to receptor activation is presented in Figure 6. The me-
tabolites of Ang II are also important effectors in the RAS: Ang III (Ang 2–
8) acts as an agonist on the Ang II receptors while Ang 1–7 and Ang IV 
(Ang 3–8) act on other receptors.56,57 A major function of the RAS is the 
regulation of blood pressure, and this effect has been of great interest to the 
pharmaceutical industry for several decades in attempts to produce anti-
hypertensive drugs. The successful approaches have been to inhibit the hy-
pertensive actions of Ang II by either inhibit the formation of Ang II using 
ACE inhibitors or to block its binding to the AT1 receptor using antago-
nists.58 Renin inhibitors have also been investigated for a considerable time, 
but only recently have suitable compounds emerged.59

Figure 6. Formation of Ang II and some of the AT1 and AT2 receptor effects. 
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4.1  The AT1 Receptor 
The AT1 receptor belongs to the rhodopsin-like GPCR class A (IUPHAR 
receptor code 2.1:ANG:1:AT1).55,60 The AT1 receptor mediates virtually all 
well-known physiological actions of Ang II, such as vasoconstriction, aldos-
terone release, water and salt retention, sympathetic transmission, cell 
growth and proliferation.61,62 AT1 receptors are primarily found in the brain, 
adrenal gland, vasculature, heart, and kidney.63

4.1.1  Ang II SAR for the AT1 Receptor 
By studying Ang II analogues, the importance of each amino acid for affinity 
and functional response has been thoroughly investigated and reviewed64-69

and a short summary will be given below.  
Position one in Ang II (Asp) is the least important position for both affin-

ity and functional response. Many modifications, including deletion and 
elongation, of this position are possible without severely disrupting the bio-
logical activity. An important modification of this position that should be 
mention is when sarcosine (Sar, N-methylglycine) is introduced. [Sar1]Ang 
II shows enhanced in vitro and in vivo activities and increased metabolic 
stability.70,71 Thus, [Sar1]Ang II analogues are often used in studies involving 
Ang II.

Position two (Arg) is important for affinity, which is attributed to the 
positive charge of the guanidino group.  

Position three (Val) is considered to have a conformational role since Val 
can be replaced by Ala or Pro and cyclization between position three and 
five is well-tolerated by the AT1 receptor.

Tyrosine in position four plays a critical role for the agonistic function. 
The phenolic hydroxyl group is crucial since methylation or deletion pro-
duces antagonists.

Position five (Ile) is, similar to position three, considered to mainly have a 
conformational role. However, -branched amino acids are important in this 
position. [Val5]Ang II, the endogenous Ang II peptide in bovine species, is 
interchangeably used in studies involving Ang II in non-bovine species. 

In position six, His has a critical role in retaining both functional response 
and binding. [4-NH2-Phe6]Ang II lacks affinity for the AT1 receptor, but is 
an agonist to the AT2 receptor.72

Position seven (Pro) is considered to have a conformational role. Secon-
dary amino acids are necessary for high-affinity binding.  

Position eight (Phe) is the primary determinant for the agonistic or an-
tagonistic activity of Ang II. The C-terminal carboxyl group is required for 
both agonism and binding affinity. Aliphatic residues such as Ile or Ala in 
this position give AT1 receptor antagonists. The AT1 receptor antagonists 
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[Sar1, Ile8]Ang II and [Sar1, Val5, Ala8]Ang II (saralasin) have been com-
monly used in studies of the AT1 receptor.

4.1.2  AT1 Receptor-Bound Conformation of Ang II
Many studies suggest that Ang II adopts a turn structure in the 3–5 region, 
around Tyr, when binding to the AT1 receptor.14,73-81 Also, cyclization in the 
5–7 region of Ang II has produced ligands with good affinity to the AT1
receptor, implying a turn structure also in this region.82 However, an ex-
tended receptor-bound conformation has also been suggested by the results 
of photoaffinity labeling and homology modeling studies.83,84 Based on the 
numerous suggestions regarding the receptor-bound conformation and data 
from diverse cyclized analogues with high AT1 receptor affinity, Marshal 
and coworkers suggested that no specific secondary structure was necessary 
for binding to the receptor as long as important ligand–receptor interactions 
take place.77

4.1.3  Nonpeptide AT1 Receptor Ligands 
A major research area in the field concerning the AT1 receptor has been to 
develop AT1 receptor antagonists for the treatment of hypertension. Guided 
by lead compounds, such as S-8307 (Figure 7), originating from Takeda 
Chemical Industries, losartan was developed by DuPont-Merck as the first 
oral, nonpeptide, AT1 receptor antagonist.85 Losartan reached the market in 
1994 and was followed by several similar compounds to form a new class of 
drugs known as the “sartans” (some examples are shown in Figure 7).  
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Figure 7. The antihypertensive lead compound S-8307 that was developed into 
clinically used antihypertensive drugs such as losartan, irbesartan and eprosartan. 
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4.1.4  The AT1 Receptor Binding Site 
Point-mutation studies of the AT1 receptor have provided valuable informa-
tion on potential ligand–receptor contacts during AT1 receptor binding. For 
Ang II analogues, mutation of Lys102, Arg167, Lys199, Trp253, Phe259, Asp263 or 
Asp281 results in receptors with reduced ligand affinity.86-88 His256 has been 
suggested to play an important role in signal transduction by interaction with 
the aromatic side chain of Phe8 in Ang II.89,90 Two disulfide bridges impor-
tant for binding have been suggested in the AT1 receptor, Cys101–Cys180 and 
Cys18–Cys274, where the former is conserved within the receptor family. 
Point mutation of these cysteine residues or reduction of the disulfide 
bridges with dithiothreitol (DTT) lowers both Ang II and nonpeptide ligand 
affinity.91

It has been indicated that the nonpeptide AT1 receptor ligands, such as 
losartan, have an overlapping binding pocket with the C-terminal part of 
Ang II, forming interactions with Lys199 and His256.87,89 This binding site may 
reside deeper in the TM region as mutations in the exterior domain have 
shown little effect on nonpeptide binding.92 Thus, such nonpeptide com-
pounds may be regarded as mimics of the C-terminal part of Ang II, which 
was also one of the original design ideas for these compounds.93 Homology 
modeling has been employed in several studies to derive 3D models of the 
AT1 receptor.84,94-98 These receptor models have been used to investigate 
ligand–receptor binding and have mainly focused on nonpeptide binding in 
the Lys199/His256 region. 

4.2  The AT2 Receptor 
The selective AT1 receptor antagonists, together with DTT and selective 
synthetic peptide ligands such as [4-NH2-Phe6]Ang II and CGP-42112A 
(Figure 8), were recognized as key compounds in the discovery and charac-
terization of the angiotensin II receptor heterogeneity in the late 1980s.72,99-
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29

Analogous to the AT1 receptor, the AT2 receptor belongs to the rhodopsin-
like GPCR class A (IUPHAR receptor code 2.1:ANG:2:AT2).55,60 Although 
both AT1 and AT2 receptors are activated by the same ligand, they share only 
32–34% sequence identity.102,103 The AT2 receptor has been shown to medi-
ate apoptosis, cell differentiation, alkaline secretion in the duodenal mucosa 
and some anti-AT1 receptor effects, such as antiproliferation and vasodilata-
tion.61,62,104,105 The AT2 receptor is believed to play an important role in fetal 
development since this receptor is the predominant Ang II receptor prior to 
birth. The expression of the AT2 receptor in adults is low, and can mainly be 
found in specific tissues such as the heart, uterus, ovary, vascular endothe-
lium, adrenal gland, and distinct brain areas.61,106 However, the AT2 receptor 
is up-regulated during certain pathological conditions such as heart and kid-
ney failure, vascular, skin and axonal injury, wound healing, and myocardial 
infarction,63,105 indicating a role in these conditions. Recently it has been 
shown that treatment with a selective AT2 receptor agonist improves the 
heart function after myocardial infarction in rats.107 Furthermore, there are 
indications that some of the beneficial effects of the AT1 receptor antagonists 
could be attributed to indirectly increased stimulation of the AT2 recep-
tor,108,109 but no drug has yet reached the market intentionally targeting the 
AT2 receptor. 

Functional assays for the AT2 receptor are complex and not generally 
available, and thus the functional properties of only a few ligands have been 
identified. Two commonly used compounds for functional studies of the AT2
receptor are CGP-42112A and PD-123,319,110 an AT2 receptor agonist and 
antagonist, respectively.111

4.2.1  Ang II SAR for the AT2 Receptor 
In contrast to the manifold investigations of peptide SAR for AT1 receptor 
ligands, only a few systematic SAR studies have been reported for AT2 re-
ceptor binding of Ang II and Ang II analogues.69,112-114 The lack of an easily 
accessible functional assay has resulted in SAR being confined to investiga-
tion of binding affinity only. An amino acid scan of [Sar1]Ang II has been 
reported by Miura et al.,69 where Ala was introduced in six positions and Gln 
was used to study the importance of Arg in position two. In general, no sin-
gle amino acid was shown to be crucial for AT2 receptor affinity. The great-
est effect was observed when Arg2 was replaced by Gln, resulting in a 20-
fold decrease in affinity. Other significant reductions in AT2 receptor affinity 
were seen when either Tyr4 or His6 was replaced by Ala. Also, amidation of 
the C-terminal carboxyl group of Phe gave significantly reduced affinity.  

Position one in Ang II has been thoroughly investigated114 and, as in the 
case of affinity to the AT1 receptor, the presence of the Asp in this position 
seems to be of minor importance. Many modifications of this position, such 
as methylation of the N-terminal amine, and even deletion of the whole resi-
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due, gave analogues with improved affinity. Position eight was also investi-
gated in the same study. An Ile or Met residue in position eight gave ana-
logues with increased AT2 receptor affinity, and substituents on the Phe 
aromatic ring gave increased affinity in many cases. Amino acids as bulky as 
Bpa (p-benzoylphenylalanine) in position eight were also found to be well 
tolerated by the AT2 receptor. 

4.2.2  AT2 Receptor-Bound Conformation of Ang II
In contrast to the many hypotheses concerning AT1 receptor binding, signifi-
cantly less has been reported on the preferred conformation of Ang II when 
binding to the AT2 receptor. The AT2 receptor was unknown when many of 
the receptor-bound conformational studies of Ang II were performed. There-
fore less data have been obtained for the AT2 receptor. Also, the lack of an 
easy functional assay may have contributed to the limited number of studies. 
However, incorporation of secondary structure mimetics and side chain cy-
clization in Ang II have provided support for a turn structure around the Tyr 
residue, as also suggested for Ang II binding to the AT1 receptor.77,115 Also 
similar to the case of AT1 receptor binding, photoaffinity labeling data have 
been used in combination with a homology model of the AT2 receptor to 
propose an extended receptor-bound conformation of Ang II when bound to 
the AT2 receptor.84

4.2.3  Nonpeptide AT2 Receptor Ligands 
In vivo studies of selective AT1 receptor antagonists have shown that these 
drugs increased Ang II plasma concentration, with unknown long-term ef-
fects due to the potential increase in AT2 receptor activation.116 In a study 
aimed at developing antagonists that would have a safer pharmaceutical pro-
file, a large series of nonselective AT1/AT2 receptor ligands was pro-
duced.117,118 In that project, compounds were also identified that led to the 
discovery of the first nonselective, nonpeptide AT1 receptor agonist            
L-162,313 (Figure 9).119,120 This compound was later shown to also posses 
agonistic properties to the AT2 receptor.121 Using structural modifications of 
L-162,313, the first selective, nonpeptide AT2 receptor agonist M024 (Figure 
9) was developed in 2004.122

The selective AT2 receptor antagonist PD-123,319 (Figure 9) was discov-
ered in a project aimed at producing Ang II receptor ligands with antihyper-
tensive effects. Although the compounds in the project did bind to Ang II 
receptors, they showed no or little antihypertensive effect because of the AT2
receptor selectivity.110 Even though the original aim was not achieved, PD-
123,319 has been of great use as a reference compound in studies of AT2
receptor effects. Recently M132 (Figure 9), a compound closely related to 
M024, has been reported to act as a selective AT2 receptor antagonist.123
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Thus, the structurally similar M024 and M132 could prove to be valuable 
research tools in the evaluation and elucidation of AT2 receptor effects and 
requirements for the functional response of nonpeptide ligands. 
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4.2.4  The AT2 Receptor Binding Site 
As shown by point-mutation studies, a number of AT2 receptor residues are 
important for affinity of Ang II and Ang II analogues. The point-mutation 
studies of the AT2 receptor have been focused on conserved or similar recep-
tor areas/residues shown to be important for ligand binding to the more well-
studied AT1 receptor. Point-mutation of Arg182, Lys215, His273, Asp279, or 
Asp297 in the AT2 receptor results in receptors with lower affinity for Ang II, 
indicating that these residues are potential ligand–receptor contact   
points.124-130 In photoaffinity labeling studies, the C-terminal in Ang II has 
been suggested to be in the proximity of Met128 and Met138, and the N-
terminal segment of Ang II has been suggested to be in the proximity of the 
N-terminal tail of the AT2 receptor during binding.131,132 Similarly to the AT1
receptor, two disulfide bridges have been proposed in the extracellular do-
main of the AT2 receptor, Cys117–Cys195 and Cys35–Cys290, both of which 
have implications for ligand binding.133,134 The Cys117–Cys195 bridge is con-
served in the receptor family and, as for the AT1 receptor, disruption of this 
bridge produces unstable AT2 receptors which are unable to bind Ang II. The 
second disulfide bridge is proposed to connect Cys35 in the N-terminal seg-
ment with Cys290 in the third extracellular loop. However, mutation of Cys35

or Cys290, which eliminates this disulfide bridge, produces AT2 receptors 
with slightly increased affinity for Ang II. Also, an intermolecular disulfide 
bridge has been suggested between the Cys35 residue in one AT2 receptor 
and the Cys290 residue in another AT2 receptor, forming a homo-oligomer 
with induced cell signaling.135 These studies of the disulfide bridges make 
the role, occurrence and importance of the intramolecular Cys35–Cys290 di-
sulfide bridge somewhat unclear for the AT2 receptor. 
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4.3  Assays 
The biological assays for Ang II receptor binding and functionality that were 
used to evaluate the compounds described in this thesis are briefly presented 
below.

4.3.1  Binding Affinity Assays 
The binding affinity data were obtained using radioligand-binding assays 
relying on displacement of [125I]Ang II from AT1 receptors in rat liver mem-
brane136 or AT2 receptors in pig uterus myometrium.137 The natural ligand 
Ang II and the selective AT2 receptor ligand [4-NH2-Phe6]Ang II were used 
as reference compounds in the assays. All experiments were performed in 
triplicate.

4.3.2  Functional Assays 
Functional properties were obtained for some of the compounds. The classic 
contractile rabbit aorta strip assay was used for the evaluation of compound 
functionality on the AT1 receptor.138 Two functional assays were used for the 
evaluation of compound functionality on the AT2 receptor, based on induced 
neurite outgrowth in NG108-15 cells139,140 or suppression of proliferation in 
PC12 cells.141 In the neurite outgrowth assay, cells with at least one neurite 
longer than a cell body were counted as positive for neurite outgrowth (Fig-
ure 10). 

Figure 10. Unaffected NG108-15 cells (left) and cells with induced neurite out-
growth when treated with Ang II as an AT2 receptor agonist (right).  
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5  Ligand-Based Modeling of AT2 Receptor 
Ligands (Papers I–V) 

A compilation of the structures of the investigated compounds described in 
this and the following chapter, including their biological data, can be found 
in Table A1 in the Appendix.  

5.1  Background
Cyclization of Ang II in the Val3-Tyr4-Ile5 region has proven to be a success-
ful approach for producing high-affinity AT2 receptor ligands. Plucinska et 
al. have published a series of disulfide-based bicyclizations of [Sar1]Ang II 
in the 3–5 region, which in many cases produced Ang II analogues with high 
affinity to the AT2 receptor.77 Our group has shown that 3–5 monocyclized 
Ang II analogues also had high AT2 receptor affinity, where the most active 
compound 1 (Ki = 0.62 nM) contained a methylenedithioether ring structure 
(Figure 11).115 Based on conformational analysis, this ring structure was 
shown to preferentially adopt an inverse -turn conformation around the 
central Tyr residue.80 These results indicated that a rational approach to less 
peptide-like Ang II analogues with AT2 receptor affinity would be to incor-
porate rigidified -turn mimetics replacing the Val3-Tyr4-Ile5 segment in Ang 
II. An isoquinolinone-based bicyclic scaffold has previously been used as a 
-turn mimicking moiety with the intention of producing a pseudopeptide 

with AT1 receptor affinity, although incorporation of this scaffold in Ang II 
gave two diastereomers 2a and 2b (Figure 11), which both lacked affinity to 
the AT1 receptor.14
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5.2  Benzodiazepine-Based -Turn-Like Mimetics 
(Paper I) 
When the previously synthesized diastereomers, 2a and 2b, were evaluated 
for AT2 receptor affinity, one of them was shown to possess fairly good af-
finity (Ki = 61 nM). Insertion of NH into the -turn mimetic moiety of 2
gives the benzodiazepine core structure that has previously been recognized 
as a turn mimetic.142 Thus, to further explore bicyclic scaffolds as -turn 
mimetics, the benzodiazepine-based scaffold A (Figure 12) was evaluated.  

N

H
N

N
H

O
O

HO

Asp-Arg-Val

His-Pro-Phe

N

H
N

N
H

O
O

HO

Asp-Arg

His-Pro-Phe3 4

N

H
N

H2N
O

O

HO

OHScaffold A

Figure 12. Scaffold A and pseudopeptides 3 and 4 comprising scaffold A. 

First, the geometry of scaffold A was compared with the cyclic scaffolds in 1
and 2, using conformational analysis and scaffold alignment. The alignment 
of the structures was focused on the i+1 and i+2 -turn residues since the 
peptide backbone in the -turn region that corresponds to the i residue is only 
present in 1. When the turn-mimicking moieties were superimposed it was 
evident that the geometries of the residues entering the -turn region were 
different (Figure 13). Because of the geometric differences of the i residue, 
both compound 3 and 4 (Figure 12) were evaluated as Ang II analogues, 
where the latter had a Val residue also present, analogous to Val3 in Ang II.  

Figure 13. Scaffold A (blue) with the turn-mimicking moieties in 1 (green) and 2
(orange) superimposed. Only atoms in residues i+1 and i+2 were superimposed. 

Both 3 and 4 lacked AT1 receptor affinity, but interestingly they exhibited 
different affinities to the AT2 receptor in that compound 3 lacked AT2 recep-
tor affinity (Ki > 10,000 nM) while 4 had high AT2 receptor affinity (Ki = 3.0 
nM). Since the structural difference in the N-terminal end of 3 and 4 resulted 
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in such a drastic difference in affinity we could start to formulate hypotheses 
concerning which structural properties are important for AT2 receptor affin-
ity. One hypothesis explaining the observed difference in affinity was that 
the Val residue in 4 could act as a spacer, enabling the N-terminal residues 
Asp and Arg to reach an area in the receptor favorable for interactions. This 
receptor area should also be accessible to Asp and Arg in 1, but not in 3.

To test this hypothesis, conformational analysis was performed on model 
structures of 1, 3 and 4, where the Asp residue was replaced by an acetyl 
capping group, the Tyr residue replaced by an Ala residue, and His-Pro-Phe 
replaced by an NHMe capping group. When the cyclic moieties in the differ-
ent conformations for each compound were superimposed, it was found that 
the guanidino group of Arg and the N-terminal end occupied different re-
gions in space in 3 and 4. When the conformations of 1 were included in the 
analysis it was shown that areas could be located that were only accessible to 
the guanidino group and the N-terminal end of the active ligands (Figure 14, 
in which 3 and 4 are shown). This supported the hypothesis that Val enabled 
4 to make similar, favorable contacts with the AT2 receptor as 1, which are 
not accessible to 3. To investigate the importance of the Arg residue, com-
pound 5 (Table A1, Appendix), in which Arg in 4 was replaced by Ala, was 
tested regarding AT2 receptor affinity. This compound lacked AT2 receptor 
affinity, which supported the importance of the Arg residue in 4.

Figure 14. Scaffold superimposition of 3 (dark gray) and 4 (white), showing that 
Arg and the N-terminal end of 3 cannot reach areas accessible to 4. The Arg gua-
nidino group and Asp residue of 1 can also reach the respective positions of these 
groups in 4 when the scaffolds are superimposed.  
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5.3  Ang II Structure–Activity Relationship (Paper II) 
Based on the systematic positional scan of Ang II analogues by Miura et al. 
it has been shown that no single amino acid was essential for AT2 receptor 
affinity.69 To complete, complement and confirm these results using our 
assay setup, a glycine scan of Ang II was performed (compounds 6–13, Ta-
ble 2). It should be noted that an alanine scan is preferable since the confor-
mational preference of the backbone is more preserved than in a glycine 
scan. However, the glycine scan also gave an opportunity to investigate the 
influence of the small alanine side chain in the Ang II analogues. In addition 
to the glycine scan, Ang II analogues truncated or prolonged in the N-
terminal side between Arg and Tyr were tested with regard to AT1 and AT2
receptor affinity (compounds 14–19, Table 2) to further explore the results 
obtained for pseudopeptides 3 and 4.

Table 2. Peptide Ang II analogues. 
Compound

no
Compound Ki (  SEM) 

AT1

Ki (  SEM) 
AT2

Ang II Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 1 0.6 
6 Gly-Arg-Val-Tyr-Ile-His-Pro-Phe 6.1  0.2 4.0  0.6 
7 Asp-Gly-Val-Tyr-Ile-His-Pro-Phe > 10,000 55  5 
8 Asp-Arg-Gly-Tyr-Ile-His-Pro-Phe 1.6  0.1 1.2  0.2 
9 Asp-Arg-Val-Gly-Ile-His-Pro-Phe 48  2 5.2  0.8 

10 Asp-Arg-Val-Tyr-Gly-His-Pro-Phe 1.6  0.1 2.3  0.1 
11 Asp-Arg-Val-Tyr-Ile-Gly-Pro-Phe 14.3  0.06 7.6  1.0 
12 Asp-Arg-Val-Tyr-Ile-His-Gly-Phe 146  7 4.3 0.6 
13 Asp-Arg-Val-Tyr-Ile-His-Pro-Gly > 10,000 1.1 0.1 
14 Arg-Val-Tyr-Ile-His-Pro-Phe 10.5  0.3 2.2  0.2 
15 Gly-Val-Tyr-Ile-His-Pro-Phe > 10,000 5.4  0.4 
16 Ac-Gly-Val-Tyr-Ile-His-Pro-Phe 17.3  0.2 2.8  0.3 
17 Asp-Arg-Gly-Val-Tyr-Ile-His-Pro-Phe > 10,000 2.9  0.3 
18 Asp-Arg-Val-Gly-Tyr-Ile-His-Pro-Phe > 10,000 255  12 
19 Asp-Arg-Tyr-Ile-His-Pro-Phe 204  10 238  7 

Similar to the scan performed by Miura et al., the results of the glycine scan 
showed that the AT2 receptor was very tolerant with respect to the removal 
of side chains in Ang II. The most pronounced effect was seen when replac-
ing Arg by Gly, resulting in an almost 100-fold decrease in affinity. In the 
case of the AT1 receptor, all affinity was lost when replacing either Arg or 
Phe with Gly. It was thus confirmed that the Arg side chain was important 
for both AT1 and AT2 receptor affinity. Surprisingly, this was not the case 
for Ang III (14), where only a 2-fold decrease in AT2 receptor affinity was 
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seen when Arg was replaced by Gly (15). To rule out the possibility that the 
positive charge of the N-terminus of Ang III interacts at the Arg binding site, 
the acetylated Gly analogue 16 was tested. However, 16 had even higher 
AT2 receptor affinity, showing that a positive charge on the N-terminal end 
of Ang III was not required for high-affinity AT2 receptor binding. These 
results suggest that, compared to Ang II, the slightly shorter Ang III does not 
need the Arg side chain to ensure good interaction with the AT2 receptor. 
However, for binding to the AT1 receptor, the Arg side chain in Ang III is 
very important, since 15 lacks affinity to the AT1 receptor, although, by ac-
etylating the N-terminus of 15, much of the affinity can be recovered (16).

As previously indicated from the study of the relatively long pseudopep-
tide 4, the Ang II analogue 17 showed that elongation between Arg and Tyr 
was tolerated by the AT2 receptor. However, the location of the inserted Gly 
was important since 18 showed a considerable decrease in AT2 receptor af-
finity. When Ang II was shortened between Arg and Tyr (19), loss in both 
AT1 and AT2 receptor affinity was observed.

5.4  Improved Benzodiazepine-Based -Turn Mimetics 
(Paper III) 
Based on the superimposition shown in Figure 13, it can be speculated that 
the positioning of the N-terminal handle on scaffold A may be more favor-
able in the 9-position than in the 7-position. Comparison of the geometries of 
these scaffolds showed that better correspondence with an inverse -turn was 
in fact obtained for this new scaffold, B (Figure 15).  
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Figure 15. Scaffold B and geometrical comparison (C  distances) of the -turn mi-
metic scaffolds A and B with an inverse -turn (upper triangle).  
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Scaffold B was also compared to inverse -turns extracted from a diverse set 
of crystallized proteins obtained from the Protein Data Bank (PDB)143-145 and 
this comparison further supported the -turn-mimicking properties of scaf-
fold B (Figure 16). 

Figure 16. Superimposition of scaffold B (dark gray) on an inverse -turn (residue 
i+1 superimposed) found in a crystallized protein (PDB code 1NNF, chain A, Ala83

as central turn residue). 

Scaffold B was incorporated into Ang II, replacing Val3-Tyr4-Ile5, giving 
pseudopeptide 20 (Figure 17). Interestingly, 20 had high AT2 receptor affin-
ity (Ki = 2.8 nM), despite the fact that it lacked the Val residue, which was a 
necessary structural feature for binding when scaffold A was used. Pseu-
dopeptide 21 (Figure 17), comprising a Val residue, was also evaluated and 
was shown to have an even higher AT2 receptor affinity. However, although 
the affinity increased, a Val residue was no longer crucial for affinity to the 
AT2 receptor when scaffold B was used. Also, the SAR of the Arg residue in 
compound 20 and 21 was more in line with the SAR of Ang II since when 
Arg was replaced by Ala in these compounds, giving 22 and 23 (Table A1, 
Appendix), only about a 10-fold decrease in AT2 receptor affinity was seen. 
This supports the hypothesis that the Val residue in 4 mainly functions as a 
spacer to correct for the non-optimal geometry of scaffold A.  
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Figure 17. Pseudopeptides comprising scaffold B, in which the N-terminal handle is 
positioned in the 9-position of the scaffold. 

To further develop scaffold B an Ile side chain was incorporated at the C-
terminal handle in an attempt to mimic Ile5 in Ang II. Two diastereomers of 
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unassigned stereochemistry were obtained when this moiety was incorpo-
rated into Ang II replacing either Val-Tyr-Ile (24a and 24b, Figure 18) or 
Tyr-Ile (25a and 25b, Figure 18).  
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Figure 18. Pseudopeptides comprising an Ile side chain in the turn mimetic scaffold. 

When the diastereomers 24a and 24b were evaluated regarding AT2 receptor 
affinity, one was found to have decreased affinity (Ki = 117.4 nM) while the 
other showed similar affinity (Ki = 2.6 nM) to the corresponding pseudopep-
tide without the Ile side chain, 20. Interestingly, when the diastereomers 25a
and 25b were evaluated regarding AT2 receptor affinity, both displayed 
higher affinity than the corresponding pseudopeptides lacking the Ile side 
chains, 21. One showed slightly better affinity (Ki = 0.3 nM), while the other 
showed a 10-fold increase in affinity (Ki = 0.08 nM). Compared to Ang II 
this was a 3-fold increase in affinity, making this pseudopeptide the first in 
the series with higher AT2 receptor affinity than the endogenous peptide.  

The three pseudopeptides 4, 20, and 21 were shown to be AT2 receptor 
agonists in the neurite outgrowth assay, and 4 was also found to act as an 
agonist in the proliferation assay. These compounds also had high affinity to 
and selectivity for the AT2 receptor, despite having geometrically different 
fragments between Arg and Tyr. A study was therefore initiated to investi-
gate whether these three pseudopeptides were able to interact with the AT2
receptor in a similar fashion. For this study the pharmacophore searching 
program DISCOtech was used, with the aim of generating an unbiased 
alignment of potentially important structural elements in the three pseu-
dopeptides. To reduce the size of the long flexible pseudopeptides, smaller 
model structures (Figure 19) were built before performing conformational 
analysis.  
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Figure 19. Model structures of 4, 20, and 21, used in a DISCOtech analysis to de-
rive binding mode models. 
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It was assumed that the three amino acids His-Pro-Phe found in all com-
pounds were positioned in the same area of the receptor. Therefore, these 
amino acids were removed for the model structures, retaining only part of 
the C-terminal handle of the scaffolds. Similarly, only the C  atom of the Tyr 
side chain was included in the model structures, and the N-terminal Asp 
residue was replaced by an acetyl capping group. For the DISCOtech analy-
sis, pharmacophore features were added to represent the position of the trun-
cated groups, and only pharmacophore features originating from these 
groups and the Arg guanidino group were included in the analysis.  

DISCOtech found 82 different models but many had a very low structural 
overlap in those areas of the structures not included in the analysis. To iden-
tify relevant models, their structural volume was calculated and used as an 
indication for the structural overlap. The model with the lowest volume cor-
responded to a plausible binding mode for the pseudopeptides and is pre-
sented in Figure 20. In this model, the N-terminal acetyl group (correspond-
ing to the position of Asp), the Arg guanidino group, the C-terminal handle 
and the Tyr C  of the scaffolds are positioned in approximately the same 
areas. To challenge this model, a new DISCOtech analysis was performed 
including the corresponding model structure of the inactive pseudopeptide 3.
In this analysis, no models were found that had a convincing alignment. Fur-
thermore, none of the conformations of the active compounds in the previous 
model (Figure 20) was present in any of these new models, in which 3 was 
included. This supported the idea that the active pseudopeptides 4, 20, and 
21 may have a common binding mode not accessible to the inactive com-
pound 3.

Figure 20. A common binding mode of the model compounds of 4 (white), 20 (yel-
low) and 21 (green) found by DISCOtech. The cyan sphere corresponds to the re-
ceptor area interacting with the Arg guanidino group, as suggested by DISCOtech. 
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5.5  1,3,5-Trisubstituted Benzene-Based -Turn
Mimetics (Paper IV) 
Although several studies have suggested that Ang II adopts a turn around the 
Tyr residue when binding to the AT1 receptor, the pseudopeptides compris-
ing the benzodiazepine-based scaffolds A or B did not show any AT1 recep-
tor affinity. Also, both diastereomers 2a and 2b comprising the isoquinoli-
none-based scaffold lacked AT1 receptor affinity, while one possessed AT2
receptor affinity. It therefore appears that the requirement of the correct ge-
ometry of the turn mimetic moiety in the 3–5 region of Ang II is more im-
portant to obtain AT1 receptor affinity than AT2 receptor affinity. In pseu-
dopeptides targeting the AT1 receptor, the synthetically easily accessible 
1,3,5-trisubstituted benzene scaffold C (Figure 21) has previously been in-
vestigated as a -turn-mimicking scaffold by our group. Incorporation of this 
scaffold into the 3–5 region of Ang II gave a pseudopeptide that lacked AT1
receptor affinity.80 However, because of the differences between the AT1 and 
AT2 receptor regarding the sensitivity of the turn mimetic region, we wanted 
to investigate whether incorporation of scaffold C, and perhaps the even 
more compact, novel scaffold D (Figure 21), could render ligands with high 
AT2 receptor affinity.

H2N OH
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OH

Scaffold C Scaffold D

Figure 21. The 1,3,5-trisubstituted benzene scaffolds C and D and superimposition 
of scaffold C (left, dark gray) and scaffold D (right, dark gray) on an inverse -turn 
(white) found in a crystallized protein (PDB code 1EUV, chain A, Leu597 as central 
turn residue). Only backbone and C  atoms are shown. 

Scaffolds C and D were compared with -turns in crystallized proteins and 
both were shown to be well-suited as inverse -turn mimetics (Figure 21), 
albeit not with as good backbone alignment to residues i and i+2 as scaffold 
B. Nevertheless, incorporation of scaffolds C and D in Ang II gave the pseu-
dopeptides 26–30 (Table A1), which all had affinity the AT2 receptor. Com-
pound 28 also showed AT1 receptor affinity (Ki = 30.3 nM) and in functional 



42

studies 28 was shown to act as an AT2 receptor agonist but no agonistic ef-
fect was seen at the AT1 receptor.
For the AT2 receptor there were now a number of rather different scaffolds 
which, when incorporated into the 3–5 region in Ang II, all gave pseudopep-
tides with a Ki value of 10 nM or lower (4, 20, 21, 26, 27, and 28). As previ-
ously done for 4, 20, and 21, we now wanted to investigate whether this 
extended set of pseudopeptides comprising the different -turn-mimicking 
moieties could also adopt a common binding mode. Therefore a DISCOtech 
analysis was performed on model compounds of these six pseudopeptides 
(Figure 22).

N
HNNH

O
Ac-Arg

N
H

O

OH

N

HNNH
O

Ac-Arg-Val

N
H

O

OH

N
HN O

N
H

O

OH

NHAc-Arg-Val

O

Ac-Arg
N
H

OH

O

Ac-Arg-Val
N
H

OH

NH

O

Ac-Arg-Val
N
H

OH

20m 21m4m

26m 27m 28m
N
H

H
N

Figure 22. Model structures of 4, 20, 21, 26, 27, and 28, used in the DISCOtech 
analysis.

Compared to the previous DISCOtech analysis, larger parts of the com-
pounds were used in the analysis, including the Tyr side chains and the re-
gion up to the C  of the His residue (represented by an NHMe capping 
group). Because of the increased size and flexibility of the new model struc-
tures, the number of conformations in the conformational analysis preceding 
the DISCOtech analysis was rather high. To include the most relevant con-
formations, i.e. those that would have a high chance of being included in the 
DISCOtech models, sets of conformations for the DISCOtech analysis were 
selected based on comparison with each other. Only those conformations of 
each compound capable of giving approximate alignment with the conforma-
tions of the other compounds were included in the final sets. When the con-
formations were selected, unique DISCOtech features were created for the 
N- and C-terminal cap, the phenol oxygen atom of Tyr, and the receptor sites 
for Arg interactions. All other potential pharmacophore groups in the struc-
tures were removed to facilitate the analysis. To allow for the possibility that 
not all the compounds would align well, DISCOtech was set to find models 
where one compound could be excluded. 

In the DISCOtech analysis 316 models were found. A few models includ-
ing all six structures were identified; one is shown in Figure 23. This model 
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suggests that all six compounds can interact similarly with the AT2 receptor, 
despite their geometrical differences. Also, this model was similar to the 
DISCOtech model obtained when only 4, 20, and 21 were included (Figure 
20). Notably, the Val residues present in many of the compounds were fairly 
well aligned, which may suggest that a specific receptor interaction with Val 
could be obtained for these compounds. In summary, we now had developed 
a binding mode model of the region from C  of Asp to C  of His for these 
pseudopeptides, which may reflect how Ang II binds to the AT2 receptor. 

Figure 23. A DISCOtech model obtained from model structures of 4, 20, 21, 26, 27,
and 28 with aligned regions highlighted. 

5.6  Benzodiazepine-Based -Turn Mimetics (Paper V) 
The -turn mimetic scaffold E was developed by introducing one more side 
chain into scaffold A. By comparing scaffold E with -turns found in crys-
tallized proteins it was found that the new scaffold best mimicked a type II 

-turn (Figure 24).  
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Figure 24. Scaffold E and the scaffold (dark gray) superimposed on a type II -turn 
(PDB code 1H2C, chain A, Pro143 and Asp144 as central turn residues). Only back-
bone and C  atoms are shown.  
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This scaffold was incorporated into Ang II to replace Val-Tyr-Ile, Tyr-Ile or 
Val-Tyr-Ile-His (31–33, respectively, Table A1). Compounds 31 and 32
showed high AT2 receptor affinity, with Ki values of 4.7 nM and 1.8 nM, 
respectively, comparable to the pseudopeptides comprising -turn mimetic 
moieties. This was interesting since we had now developed pseudopeptides 
with high AT2 receptor affinity that both comprised both -turn- and -turn-
mimicking scaffolds. We hypothesized that although the scaffolds were dif-
ferent from each other, they could position the N- and C-terminal residues in 
the same areas in the receptor and still render the same interactions with the 
Arg and Tyr side chains. To test this hypothesis, conformational analysis of 
model structures of 31 and 32 (analogous to the model structures in Figure 
22, but with scaffold E) was performed, and the conformations obtained 
were superimposed on the previously obtained DISCOtech model presented 
in Figure 23. This superimposition suggested that the -turn mimetic moiety 
was also able to position the N- and C-terminal parts and the Tyr side chain 
in the AT2 receptor in similar positions to those in the -turn mimetics (Fig-
ure 25). However, the Ile residues in 31 and 32 did not have any correspon-
dence in the -turn mimetics when superimposed as in Figure 25, which may 
provide extra receptor interactions for the -turn mimetics.  

Figure 25. Model structures of 31 (green) and 32 (orange), comprising -turn mi-
metic moieties, superimposed on the DISCOtech model structures of 21 (white) and 
27 (yellow), comprising -turn mimetic moieties. 
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6  Structure-Based Modeling of AT2 Receptor 
Ligands (Paper VI) 

To further explore the binding mode of Ang II and the pseudopeptide Ang II 
analogues, a model of the AT2 receptor was constructed. The transmembrane 
(TM) domain was modeled employing homology modeling using the 3D 
structure of the bovine rhodopsin receptor as template. To account for the 
flexibility of the extracellular loops (ECLs), the three ECLs were modeled 
using step-wise elongation of each loop, followed by energy minimization 
into families of loop conformations. The N-terminal tail and the intracellular 
domain of the receptor were excluded in the model. As an initial AT2 recep-
tor model, the receptor structure with the most open set of ECLs was chosen 
for further consideration. However, localization of the putative binding 
pocket for Ang II, based on important receptor residues reported in the litera-
ture, showed that ECL2 had folded down in the region most likely to be oc-
cupied by Ang II during binding. Therefore ECL2 was temporarily removed 
from the receptor model, and the peptide Arg-Val-Tyr-Val-His-Pro-Phe, 
serving as a model peptide of Ang II, was docked in the located binding 
pocket. The backbone of the ligand was constrained in a plausible bioactive 
conformation, and two ligand–receptor distance constraints were introduced 
(Arg guanidino group to Asp297 and Phe C-terminus to Lys215) to constrain 
the ligand to the putative binding pocket. When the ten ligand–receptor 
complexes with the lowest energy were examined it was clear that the major 
part of the removed ECL2 was tolerated by the ligand poses. However, to 
fully accommodate the ligand, the central residues 188–199 of ECL2 needed 
to be remodeled, which resulted in a final receptor model suitable for further 
docking studies. A flexible docking study was performed of the Ang II 
model peptide in the AT2 receptor model. The side chain conformations of 
the receptor residues Lys215, Asp279, and Asp298, situated in the binding 
pocket, were also investigated in the docking study.  
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Based on the number of ligand contacts with receptor residues indicated to 
be important or in the proximity during binding, one ligand pose was found 
to fulfill most of the contacts (Figure 26), albeit in a high-energy ligand–
receptor complex. In general, the conformation of the ligand was extended, 
with a -turn adopted around the Tyr residue. Interestingly, the conformation 
of the Ang II model peptide was also similar to a crystal structure of Ang II, 
obtained in complex with an antibody.146 Figure 27 shows the docked pose 
superimposed on the Ang II crystal structure (root mean square distance of 
0.76 Å when C  atoms are superimposed).  

For the receptor–ligand complex, ligand contacts or close proximities to 
the ligand can be found for Met128, Lys215, Asp279,and Asp297, and to some 
extent also Arg182 and His273, which are receptor residues that have been 
suggested to be involved in the binding of Ang II to the AT2 receptor. How-
ever, all the suggested contact points could not be accounted for in the dock-
ing results. Phe in Ang II has been suggested to be in the proximity of Met138

during binding but this residue is too far down in the TM region of the AT2
receptor model to be reached with this ligand binding mode.  

Figure 26. One of the plausible binding models found for the Ang II model peptide 
when docked in the AT2 receptor model. The receptor residues shown are reported 
to affect binding affinity (Arg182, Lys215, His273, Asp279, and Asp297) or to be in the 
proximity of the ligand during binding (Met128 and Met138). 
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Figure 27. Docked pose of the Ang II model peptide (dark gray) superimposed on a 
crystal structure of Ang II (white).  

Although this ligand–receptor complex had high energy, a low-energy com-
plex with a similar ligand pose was also identified. The main difference be-
tween the two ligand poses was in the local conformation of the C-terminal 
Phe residue (Figure 28). This part of the ligand was located in a region of the 
receptor with tightly packed residues in both complexes. Since the receptor 
structure was frozen during the docking analysis, more favorable ligand–
receptor packing might have been obtained if the receptor had been allowed 
to move. Thus, both these ligand configurations can be regarded as plausible 
binding models for the binding of Ang II to the AT2 receptor. 

Figure 28. The different orientations of Phe in the plausible binding models found, 
shown in dark gray (low-energy complex) and light gray (high-energy complex). 
The AT2 receptor surface, and the receptor residues Lys215, His273, and Met128, situ-
ated in this region, are also shown.  

Using the result obtained from the docking of the Ang II model peptide, the 
pseudopeptide ligands 4, 20, 21, 26, 27, 28, 31 and 32 were docked in the 
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binding pocket. To try to elucidate the inactivity of 3, this pseudopeptide 
was also included in the analysis. To reduce the number of degrees of free-
dom, both the receptor and the His-Pro-Phe segment of the pseudopeptides 
were kept rigid during docking. Furthermore, the Asp residue of the pseu-
dopeptides was replaced by an acetyl capping group.  

The docking results suggested that 4, 20, 21 and 27 could adopt a binding 
mode similar to the Ang II model peptide (Figure 29), with an Arg–Asp297

interaction and with Tyr in the same receptor region. The docking result for 
4 supported the hypothesis that the extra Val residue inserted into this com-
pound acted as a spacer to compensate for the non-optimal scaffold and to 
enable contact with Asp297, as seen in Figure 30. In addition, the docking 
results of the pseudopeptides also supported the previously derived hypothe-
sis that the incorporated Val residues also contributed to the affinities also by 
a direct receptor interaction, as indicated in Figure 30, with the Val residue 
of 4 in proximity to Ile47.

Figure 29. Docked pose of the Ang II model peptide in the AT2 receptor model. The 
receptor residues Ile47, Lys215, Asp279, and Asp297 are also shown.  

Figure 30. Docked pose of 4 in the AT2 receptor model. The receptor residues Ile47,
Lys215, Asp279, and Asp297 are also shown.  



49

The docked poses of 26, 28, 31, and 32 differed from the binding mode 
shown in Figure 30. For these pseudopeptides the Tyr side chain was ori-
ented very differently to allow the pseudopeptides to reach the Arg contact 
with Asp297, as seen in Figure 31 for 28. The inactive compound 3 also 
adopted a similar binding mode, which makes it difficult to rationalize the 
inactivity of this compound based on this binding mode.  For the pseudopep-
tides comprising the benzodiazepine-based -turn-mimicking scaffold (31
and 32), the energetically less favorable classic -turn conformation of the 
scaffolds was found in these docked poses.  

Figure 31. Docked pose of 28 in the AT2 receptor model. The receptor residues 
Ile47, Lys215, Asp279, and Asp297 are also shown. 

When the docked poses of 4, 20, 21 and 27 were compared with the previ-
ously derived ligand-based model, obtained using DISCOtech, they were 
found to be in good agreement. The binding modes of 21 obtained from the 
two different approaches are shown in Figure 32, where it can be seen that 
the main difference lies in the orientation of the outgoing C-terminal seg-
ment from the scaffold.  

Figure 32. The conformation of 21 obtained from the ligand-based DISCOtech 
model (green) presented in Figure 23, superimposed on the structure-based model 
(AT2 receptor docked pose) of 21 (white). 
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The docking of 26, 28, 31 and 32 did not result in the binding mode derived 
using ligand-based modeling regarding the positioning of the Tyr side chain. 
Thus, it would be interesting to investigate whether this side chain has any 
specific importance for AT2 receptor binding. This is especially interesting 
for the pseudopeptides that adopted the classic -turn conformation of the 
benzodiazepine-based scaffold during docking, which indicates that a Gly or 
D-amino acids in the ring may be more energetically favorable, since an 
axial substituent would not be present.



51

7  Modeling of Ang II C-Terminal Mimetics 
(Papers VII and VIII) 

In 1991 de Gasparo et al. reported that the truncated and acylated Ang II 
analogues Ac-Tyr-Val-His-Pro-Phe and Ac-Tyr-Val-His-Pro-Ile had affinity 
and selectivity to the AT2 receptor.147 This finding was further investigated 
by our group, showing that the closely related Ac-Tyr-Ile-His-Pro-Phe and 
Ac-Tyr-Ile-His-Pro-Ile had Ki values of 38 nM and 3 nM, respectively, to the 
AT2 receptor.148 In the same study, scaffolds A–D were incorporated into 
these pentapeptides, replacing the Tyr-Ile residue fragment. Several of the 
resulting short pseudopeptides were found to have high affinity to the AT2
receptor and a few also showed AT1 receptor affinity. Compound JG15 (Fig-
ure 33) bound selectively to the AT2 receptor and had the highest affinity in 
the series, with a Ki of 0.5 nM. This compound was also shown to act as an 
AT2 receptor agonist, making it a suitable lead structure for further develop-
ment towards smaller, fully nonpeptide AT2 receptor ligands. 
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Figure 33. The truncated pseudopeptide Ang II analogue JG15, acting as a selective 
AT2 receptor agonist. 

7.1  His-Pro-Phe-Based Ang II Analogues (Paper VII) 
As previously described, losartan and structurally similar compounds have 
been proposed to mimic the interactions of the C-terminal residues of Ang II 
when binding to the AT1 receptor. Because of their structural similarity, this 
may also apply to the selective AT2 receptor agonist M024 when binding to 
the AT2 receptor. Structural comparison between M024, Ang II and JG15 
shows that no apparent structural motif in M024 corresponds to the Tyr side 
chain in Ang II and JG15. Therefore, we hypothesized that Tyr could be 
removed from JG15 to produce analogues without great loss of AT2 receptor 
affinity. To test this hypothesis, four tripeptides (34–37, Table A1) and eight 
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pseudopeptides (38–45, Table A1), corresponding to the His-Pro-Phe C-
terminal segment of Ang II, were evaluated with regard to AT1 and AT2
receptor affinity. The pseudopeptides comprised aromatic scaffolds with 
either a His side chain, as in Ang II, or an N-imidazolemethyl side chain, as 
in M024.

In the series of compounds evaluated, 45 (Figure 34) bound selectively 
and with good affinity (Ki = 16.6 nM) to the AT2 receptor. From structural 
comparison of 45 and M024 it can be seen that the structures have several 
groups in common (e.g., the imidazole rings, phenyl rings, acidic moieties 
and alkyl chains), which may be interact with the same receptor areas during 
binding. However, when comparing the 2D structures it is not evident to 
which group in M024 the Ile side chain in 45 corresponds.
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Figure 34. Compound 45 developed from both the endogenous peptide Ang II and 
the nonpeptide agonist M024.  

To explore the possibilities, pharmacophore superimposition was performed 
of 45 and M024 using DISCOtech. Among the suggested pharmacophore 
models, two were found that presented plausible superimpositions of the 
compounds (Figure 35). Both these models had the imidazole and the acidic 
moiety well-aligned, but the Ile side chain in 45 is oriented towards different 
parts of the M024 structure.  

Figure 35. Superimposed structures from DISCOtech models based on 45 (dark 
gray) and M024 (white). The Ile side chain of 45 is positioned towards the thiophene 
ring and isobutyl side chain of M024 (left), or the n-butyl side chain of M024 
(right). 
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Both these models seemed reasonable, and compound 45 thus represents a 
compound that was derived using a rational approach, starting from the en-
dogenous peptide and which shows potentially similar interactions with the 
AT2 receptor as the nonpeptide ligand M024. However, M024 will have an 
additional receptor interaction with the “extra” side chain, which may be one 
of the reasons why M024 has a higher AT2 receptor affinity than 45. In the 
docking results described earlier for the C-terminal part of the full-length 
Ang II analogues, the Phe side chain was found in two different positions 
(Figure 28). Thus, it could be speculated that 45 can occupy one of these 
Phe-positions while M024 could occupy both, to obtain a more optimal re-
ceptor interaction. 

7.2  Nonpeptide Ligand 3D-QSAR Models (Paper VIII) 
Since we now had approached structures that were similar to the fully non-
peptide Ang II receptor ligands such as M024 and the “sartan” class of com-
pounds, we were interested in investigating such compounds in more detail. 
A data set of 244 nonpeptide angiotensin II receptor ligands was therefore 
compiled from the literature.149-156 These compounds had been evaluated in a 
common binding assay and had reported AT1 and AT2 receptor affinity. This 
made it possible to derive models for AT1 and AT2 receptor affinity as well 
as selectivity towards these receptors. The general SAR for this data set has 
been reported previously,117,118 but we now used the data set to obtain quanti-
tative models for future affinity and selectivity predictions of new ligands. 

To obtain these models the data set was analyzed using CoMFA. First, a 
conformational analysis was performed on two of the compounds in the data 
set, MK1 and MK2 (Figure 36), representing the two different structural 
classes in the data set. To reduce the number of conformations of MK1 and 
MK2, the constrained conformational properties of the macrocyclic analogue 
MK3 (Figure 36) were used as a filter.  
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Figure 36. Structures used to create the data set alignment, using the macrocyclic 
compound as a conformational filter. 
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The alignment of MK1 and MK2 was obtained by superimposing possible 
pharmacophore groups found in the two compounds using the DISCOtech 
program. This resulted in the alignment presented in Figure 37. From this 
alignment the rest of the compounds in the data set were built in SYBYL. 
Semi-empirical AM1 charges157 were calculated for the structures, followed 
by calculation of the CoMFA interaction energies. A diverse training set 
consisting of half of the total data set was selected using hierarchical cluster-
ing based on the CoMFA fields, AT1 and AT2 receptor affinity, and AT1/AT2
receptor selectivity. The remaining compounds were used as an external test 
set to asses the predictive ability of the CoMFA models.  

Figure 37. Alignment of MK1 and MK2 using DISCOtech. The spheres correspond 
to the DISCOtech features included in the model. 

The CoMFA interaction energies of the compounds in the training set were 
correlated with the responses using PLS to obtain models for AT1 receptor 
affinity, AT2 receptor affinity and AT1/AT2 receptor selectivity. The three 
models obtained had both good internal and external predictive ability, as 
can be seen in Table 3. The R2

pred values were derived from the predictions 
of the test set using Equation 5.  

Table 3. Statistical results of the CoMFA models for each response. 
Response ca R2 Q2b R2

pred

pAT1 4 0.78 0.54 0.69 
pAT2 3 0.82 0.69 0.86 
pSel 5 0.89 0.69 0.80 

aNumber of components 
bLeave-20%-out cross-validation 
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The CoMFA contour plots of each response can be seen in Figure 38. The 
CoMFA contours are in accordance with the qualitative SAR previously 
reported for this data set in several areas. The most easily interpreted contour 
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is the one originating from the alkyl side chain of the heterocyclic rings. A 
long chain favors AT1 receptor affinity and selectivity, shown by the green 
contour in this area. A long chain is correlated with lower AT2 receptor af-
finity, shown by the yellow contour. The partial negative charge of the o-
fluoro substituent in the biphenyl group is correlated with higher AT2 recep-
tor affinity, but is not significant for AT1 receptor affinity in the contour 
level shown. However, the AT1/AT2 receptor selectivity is affected: a posi-
tive charge increases the selectivity.  

Figure 38. The CoMFA contour plots of AT1 receptor affinity (left), AT2 receptor 
affinity (middle) and AT1/AT2 receptor selectivity (right), at upper 85th and lower 
15th percentiles. Red and blue contours correspond to areas favorable for negative 
and positive charge, respectively. Green and yellow contours correspond to steri-
cally favorable and unfavorable areas, respectively.  

The information from these QSAR models and the ability to predict affinities 
and selectivity can now be used as guidance for future development of new 
nonpeptide compounds, both those originating from Ang II and in series of 
M024 analogues.   
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8  Conclusions

In the present work, new insight has been gained into the binding mode of 
Ang II and Ang II analogues when binding to the AT2 receptor.

Benzodiazepine-based and 1,3,5-trisubstituted benzene scaffolds were 
designed, characterized and evaluated as -turn mimetic moieties.  

A benzodiazepine-based scaffold was designed, characterized and evalu-
ated as a -turn mimetic moiety.  

Computational modeling of the Ang II analogues comprising the turn 
mimetic moieties revealed a binding mode that all active compounds 
could adopt.  

A homology-based model of the AT2 receptor was constructed. Using 
this receptor model in a docking study, enabled binding modes of Ang II 
and pseudopeptide Ang II analogues to be identified that were in agree-
ment with contact points suggested for the binding of Ang II to the AT2
receptor. The identified binding modes were in agreement with a turn 
structure around Tyr, while still adopting an overall extended binding 
mode, and were similar to the binding mode identified using the ligand-
based approach. 

Using step-wise modification of Ang II, a low-molecular-weight com-
pound was developed that could potentially provide interactions with the 
AT2 receptor similar to the nonpeptide agonist M024. 

CoMFA models were derived for affinity and selectivity to the AT1 and 
AT2 receptors for nonpeptide ligands. These models were in general 
agreement with the SAR of the compound series and showed high quan-
titative predictive ability. 



57

9  Acknowledgments 

I wish to express my sincere gratitude to the following people: 

My supervisor Assoc. Prof. Anders Karlén, for his fantastic support and wise 
guidance. He always managed to make time for me in his busy schedule and 
has made these years a really, really great time.  

Prof. Anders Hallberg, for his skillful leadership and for providing a great 
scientific atmosphere at the department. His enthusiasm and curiosity in 
science are extremely contagious. Dr. Mats Larhed is a role model in effi-
ciency and focus, who always had a good answer to any question. Gunilla 
Eriksson always had time to help and provides such a positive atmosphere at 
the department. Sorin Srbu kept a close eye on our computers and provided 
swift help when they misbehaved. 

Thanks to my co-authors: Dr. Ulrika Rosenström, Dr. Jennie Georgsson and 
Dr. Gunnar Lindeberg for discussions, ideas and skilful (and swift!) synthe-
sis of the compounds in our projects. Thanks also to Dr. Gregory Nikifor-
ovich, for all his ideas and considerable help in constructing the AT2 recep-
tor model; Milad Botros for the binding affinity evaluation of our com-
pounds; Prof. Fred Nyberg, Prof. Nicole Gallo-Payet, Bianca Plouffe, 
Hélène Beaudry and Gunter Wolf for rewarding collaboration; and Prof. 
Torbjörn Lundstedt, for his great knowledge and his help in chemometics. 

All other past and present Ang II and peptidomimetics group members: 
Charlotta, Hanna, Prasad, Máté, Daniel M., Anja, and Rebecca for valuable 
discussions and ideas.

My MSc student Magnus Anderson, for his work in the crystallized protein 
turns project. 

Present and former members of the “Comp. Chem.” group: my room-mate of 
the past five years, Shane Peterson, for all his help, especially with 
Linux/SGI problems and all the zillions of linguistic questions and proof-
readings; Dr. Susanne Winiwarter and Dr. Wes Schaal, for all their Comp 
Chem help; Daniel Muthas, Dr. Yogesh Sabnis, Anneli Nordqvist, Dr. Anna 



58

Ax and Micael Jacobsson – thanks for all the good times and discussions 
over the years. 

All other at alla@orgfarm: the wonderful people who make the department 
such a nice place to work in. Robert Rönn (soon to be Dr. Rönn), for the 
great times we have had together, both scientific and non-scientific, you 
have been a true friend for, hmmm…, 26 years (!) of school/work/spare 
time.

The members of the Åqvist group, for interesting discussions over the years 
and great times at conferences. Dr. Martin Almlöf, for great times out of 
work, proof-readings, and wow, almost forgot all nice discussions and ideas 
aired over the thousands of lunches we have had.  

The Swedish Foundation for Strategic Research (SFF) and the Swedish Re-
search Council (VR) are acknowledged for financial support of this project. 
The Anna Maria Lundin Foundation is acknowledged for making my atten-
dance at international scientific meetings possible.   

The people that have read, spell-checked and given constructive criticism on 
my thesis: Helen Sheppard, Dr. Martin Almlöf, Daniel Muthas, Charlotta 
Wallinder, and Shane Peterson. 

All my friends out there: 2xHansson, 2xHåkan, Jimmy, 2xJocke, Jon, Kjell, 
Martin, Pelle, Robert, The Band and others for all the relaxing times, parties, 
jam sessions, fishing trips, games, [insert whatever fun stuff], which helped 
me charge my batteries. 

My father Rolf and my sister Erica with family, for all their support and for 
always being there when I needed them. The Englund and the Strand fami-
lies for many great times in Söderhamn. 

Mari, thank you for all your support and love and the many, many fantastic 
times we have had, and will have in the future. I really can’t thank you 
enough. And to my soon-to-be born child, loaded with up-regulated AT2
receptors, you have given me great inspiration during these past months. 



59

10  References 

(1) Jones, R. M.; Boatman, P. D.; Semple, G.; Shin, Y.-J.; Tamura, S. Y. Clini-
cally validated peptides as templates for de novo peptidomimetic drug de-
sign at G-protein-coupled receptors. Curr. Opin. Pharmacol. 2003, 3, 530-
543. 

(2) Hruby, V. J. Designing peptide receptor agonists and antagonists. Nat. Rev. 
Drug Discovery 2002, 1, 847-858. 

(3) Veber, D. F.; Freidinger, R. M. The design of metabolically-stable peptide 
analogs. Trends Neurosci. 1985, 8, 392-396. 

(4) Adang, A. E. P.; Hermkens, P. H. H.; Linders, J. T. M.; Ottenheijm, H. C. 
J.; van Staveren, C. J. Case histories of peptidomimetics: Progression from 
peptides to drugs. Recl. Trav. Chim. Pays-Bas 1994, 113, 63-78. 

(5) Beeley, N. R. A. Can peptides be mimicked? Drug Discov. Today 2000, 5,
354-363. 

(6) Freidinger, R. M. Nonpeptidic ligands for peptide and protein receptors. 
Curr. Opin. Chem. Biol. 1999, 3, 395-406. 

(7) Morgan, B. A.; Gainor, J. A. Approaches to the discovery of non-peptide 
ligands for peptide receptors and peptidases. In Annual Reports in Medici-
nal Chemistry; Vinick, F., J., Ed.; Academic Press: 1989; Vol. 24, pp 243-
252. 

(8) Zadina, J. E.; Hackler, L.; Ge, L.-J.; Kastin, A. J. A potent and selective 
endogenous agonist for the -opiate receptor. Nature 1997, 386, 499-502. 

(9) Hughes, J.; Smith, T. W.; Kosterlitz, H. W.; Fothergill, L. A.; Morgan, B. 
A.; Morris, H. R. Identification of two related pentapeptides from the brain 
with potent opiate agonist activity. Nature, 1975, 258, 577-580. 

(10) Palczewski, K.; Kumasaka, T.; Hori, T.; Behnke, C. A.; Motoshima, H.; 
Fox, B. A.; Le Trong, I.; Teller, D. C.; Okada, T.; Stenkamp, R. E.; Yama-
moto, M.; Miyano, M. Crystal structure of rhodopsin: A G protein-coupled 
receptor. Science 2000, 289, 739-745. 

(11) Rose, G. D.; Gierasch, L. M.; Smith, J. A. Turns in peptides and proteins. 
Adv. Protein Chem. 1985, 37, 1-109. 

(12) Hruby, V. J. Conformational restrictions of biologically active peptides via 
amino acid side chain groups. Life Sci. 1982, 31, 189-199. 

(13) Ripka, W. C.; De Lucca, G. V.; Bach, A. C., II; Pottorf, R. S.; Blaney, J. M. 
Protein -turn mimetics I. Design, synthesis, and evaluation in model cyclic 
peptides. Tetrahedron 1993, 49, 3593-3608. 



60

(14) Schmidt, B.; Lindman, S.; Tong, W.; Lindeberg, G.; Gogoll, A.; Lai, Z.; 
Thornwall, M.; Synnergren, B.; Nilsson, A.; Welch, C. J.; Sohtell, M.; 
Westerlund, C.; Nyberg, F.; Karlén, A.; Hallberg, A. Design, synthesis, and 
biological activities of four angiotensin II receptor ligands with -turn mi-
metics replacing amino acid residues 3-5. J. Med. Chem. 1997, 40, 903-
919. 

(15) Venkatachalam, C. M. Stereochemical criteria for polypeptides and pro-
teins. V. Conformation of a system of three linked peptide units. Biopoly-
mers 1968, 6, 1425-1436. 

(16) Lewis, P. N.; Momany, F. A.; Scheraga, H. A. Chain reversals in proteins. 
Biochim. Biophys. Acta 1973, 303, 211-229. 

(17) Richardson, J. S. The anatomy and taxonomy of protein structure. Adv. 
Protein Chem. 1981, 34, 167-339. 

(18) Wilmot, C. M.; Thornton, J. M. Analysis and prediction of the different 
types of -turn in proteins. J. Mol. Biol. 1988, 203, 221-232. 

(19) Hutchinson, E. G.; Thornton, J. M. A revised set of potentials for -turn 
formation in proteins. Protein Sci. 1994, 3, 2207-2216. 

(20) Nemethy, G.; Printz, M. P. The -turn, a possible folded conformation of 
the polypeptide chain. Comparison with the -turn. Macromolecules 1972,
5, 755-758. 

(21) Matthews, B. W. The -turn. Evidence for a new folded conformation in 
proteins. Macromolecules 1972, 5, 818-819. 

(22) Motta, A.; Reches, M.; Pappalardo, L.; Andreotti, G.; Gazit, E. The pre-
ferred conformation of the tripeptide Ala-Phe-Ala in water is an inverse -
Turn: Implications for protein folding and drug design. Biochemistry 2005,
44, 14170-14178. 

(23) Milner-White, E.; Ross, B. M.; Ismail, R.; Belhadj-Mostefa, K.; Poet, R. 
One type of gamma-turn, rather than the other gives rise to chain-reversal 
in proteins. J. Mol. Biol. 1988, 204, 777-782. 

(24) Martin, Y. C. What works and what does not: lessons from experience in a 
pharmaceutical company. QSAR Comb. Sci. 2006, 25, 1192-1200. 

(25) Jorgensen, W. L. The many roles of computation in drug discovery. Science
2004, 303, 1813-1818. 

(26) Leach, A. R. Empirical force field models: molecular mechanics. In Mo-
lecular modelling: principles and applications.; 2nd ed.; Pearson Education 
Limited: Harlow, 2001, pp 165-252. 

(27) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M., Jr.; 
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. 
A. A second generation force field for the simulation of proteins, nucleic 
acids, and organic molecules. J. Am. Chem. Soc. 1995, 117, 5179-5197. 

(28) Halgren, T. A. Merck molecular force field. I. Basis, form, scope, parame-
terization, and performance of MMFF94. J. Comput. Chem. 1996, 17, 490-
519. 

(29) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development and test-
ing of the OPLS all-atom force field on conformational energetics and 
properties of Organic Liquids. J. Am. Chem. Soc. 1996, 118, 11225-11236. 



61

(30) Leach, A. R. Energy minimisation and related methods for exploring the 
energy surface. In Molecular modelling: principles and applications.; 2nd 
ed.; Pearson Education Limited: Harlow, 2001, pp 253-302. 

(31) Becker, O. M. Conformational analysis. In Computational Biochemistry 
and Biophysics; Becker, O. M., MacKerell, A. D. J., Roux, B., Watanabe, 
M., Eds.; Marcel Dekker Inc.: New York, 2001, pp 69-90. 

(32) Chang, G.; Guida, W. C.; Still, W. C. An internal-coordinate Monte Carlo 
method for searching conformational space. J. Am. Chem. Soc. 1989, 111,
4379-4386. 

(33) Goodman, J. M.; Still, W. C. An unbounded systematic search of confor-
mational space. J. Comput. Chem. 1991, 12, 1110-1117. 

(34) Ehrlich, P. Present Status of Chemotherapy. Ber. Dtsch. Chem. Ges. 1909,
42, 17-47. 

(35) Gund, P. Three-dimensional pharmacophoric pattern searching. Prog. Mol. 
Subcell. Biol. 1977, 5, 117-143. 

(36) Khedkar, S. A.; Malde, A. K.; Coutinho, E. C.; Srivastava, S. Pharma-
cophore modeling in drug discovery and development: an overview. Med. 
Chem. 2007, 3, 187-197. 

(37) Martin, Y. C.; Bures, M. G.; Danaher, E. A.; DeLazzer, J.; Lico, I.; Pavlik, 
P. A. A fast new approach to pharmacophore mapping and its application to 
dopaminergic and benzodiazepine agonists. J. Comput.-Aided Mol. Des.
1993, 7, 83-102. 

(38) SYBYL, Tripos Inc.; 1699 South Hanley Rd., St. Louis, Missouri, 63144, 
USA. 

(39) Martin, Y. C. DISCO: what we did right and what we missed. In Pharma-
cophore perception, development, and use in drug design.; Guner, O. F., 
Ed.; International University Line: La Jolla, 2000, pp 49-68. 

(40) Eriksson, L.; Johansson, E.; Kettaneh-Wold, N.; Wold, S. PLS. In Multi- 
and megavariate data analysis; Umetrics AB: Umeå, 2001, pp 71-112. 

(41) Cramer, R. D., III; Patterson, D. E.; Bunce, J. D. Comparative molecular 
field analysis (CoMFA). 1. Effect of shape on binding of steroids to carrier 
proteins. J. Am. Chem. Soc. 1988, 110, 5959-5967. 

(42) Kim, K. H.; Greco, G.; Novellino, E. A critical review of recent CoMFA 
applications. Perspect. Drug Discov. 1998, 12/13/14, 257-315. 

(43) Peterson, S. D.; Schaal, W.; Karlen, A. Improved CoMFA modeling by 
optimization of settings. J. Chem. Inf. Model. 2006, 46, 355-364. 

(44) Patny, A.; Desai, P. V.; Avery, M. A. Homology modeling of G-protein-
coupled receptors and implications in drug design. Curr. Med. Chem. 2006,
13, 1667-1691. 

(45) Ginalski, K. Comparative modeling for protein structure prediction. Curr. 
Opin. Struct. Biol. 2006, 16, 172-177. 

(46) Bissantz, C.; Bernard, P.; Hibert, M.; Rognan, D. Protein-based virtual 
screening of chemical databases. II. Are homology models of G-protein 
coupled receptors suitable targets? Proteins 2002, 50, 5-25. 

(47) Mehler, E. L.; Periole, X.; Hassan, S. A.; Weinstein, H. Key issues in the 
computational simulation of GPCR function: representation of loop do-
mains. J. Comput.-Aided Mol. Des. 2003, 16, 841-853. 



62

(48) Archer, E.; Maigret, B.; Escrieut, C.; Pradayrol, L.; Fourmy, D. Rhodopsin 
crystal: new template yielding realistic models of G-protein-coupled recep-
tors? Trends Pharmacol. Sci. 2003, 24, 36-40. 

(49) Fanelli, F.; De Benedetti, P. G. Computational modeling approaches to 
structure-function analysis of G protein-coupled receptors. Chem. Rev.
2005, 105, 3297-3351. 

(50) Rasmussen, S. G. F.; Gether, U. Molecular mechanisms of GPCR activa-
tion. In Methods and Principles in Medicinal Chemistry; Seifert, R., 
Weiland, T., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 
2005; Vol. 24, pp 27-42. 

(51) Kitchen, D. B.; Decornez, H.; Furr, J. R.; Bajorath, J. Docking and scoring 
in virtual screening for drug discovery: methods and applications. Nat. Rev. 
Drug Discovery 2004, 3, 935-949. 

(52) Guida, W. C.; Bohacek, R. S.; Erion, M. D. Probing the conformational 
space available to inhibitors in the thermolysin active site using Monte 
Carlo/energy minimization techniques. J. Comput. Chem. 1992, 13, 214-
228. 

(53) Alonso, H.; Bliznyuk, A. A.; Gready, J. E. Combining docking and molecu-
lar dynamic simulations in drug design. Med. Res. Rev. 2006, 26, 531-568. 

(54) Lavoie, J. L.; Sigmund, C. D. Overview of the renin-angiotensin system-an 
endocrine and paracrine system. Endocrinology 2003, 144, 2179-2183. 

(55) Foord, S. M.; Bonner, T. I.; Neubig, R. R.; Rosser, E. M.; Pin, J.-P.; Dav-
enport, A. P.; Spedding, M.; Harmar, A. J. International Union of Pharma-
cology. XLVI. G protein-coupled receptor list. Pharmacol. Rev. 2005, 57,
279-288. 

(56) Cesari, M.; Rossi, G. P.; Pessina, A. C. Biological properties of the angio-
tensin peptides other than angiotensin II: implications for hypertension and 
cardiovascular diseases. J. Hypertens. 2002, 20, 793-799. 

(57) Albiston, A. L.; McDowall, S. G.; Matsacos, D.; Sim, P.; Clune, E.; 
Mustafa, T.; Lee, J.; Mendelsohn, F. A. O.; Simpson, R. J.; Connolly, L. 
M.; Chai, S. Y. Evidence that the angiotensin IV (AT4) receptor is the en-
zyme insulin-regulated aminopeptidase. J. Biol. Chem. 2001, 276, 48623-
48626. 

(58) Ibrahim, M. M. RAS inhibition in hypertension. J. Hum. Hypertens. 2006,
20, 101-108. 

(59) Staessen, J. A.; Li, Y.; Richart, T. Oral renin inhibitors. Lancet 2006, 368,
1449-1456. 

(60) Gether, U. Uncovering molecular mechanisms involved in activation of G 
protein-coupled receptors. Endocr. Rev. 2000, 21, 90-113. 

(61) Kaschina, E.; Unger, T. Angiotensin AT1/AT2 receptors: Regulation, sig-
nalling and function. Blood Pressure, 2003, 12, 70-88. 

(62) de Gasparo, M.; Catt, K. J.; Inagami, T.; Wright, J. W.; Unger, T. Interna-
tional union of pharmacology. XXIII. The angiotensin II receptors. Phar-
macological Reviews 2000, 52, 415-472. 

(63) Dinh, D. T.; Frauman, A. G.; Johnston, C. I.; Fabiani, M. E. Angiotensin 
receptors: Distribution, signalling and function. Clin. Sci. 2001, 100, 481-
492. 



63

(64) Hodges, J. C.; Hamby, J. M.; Blankley, C. J. Angiotensin II receptor bind-
ing inhibitors. Drug. Future 1992, 17, 575-593. 

(65) Samanen, J.; Regoli, D. Structure-activity relationships of peptide angio-
tensin II receptor agonists and antagonists. In Angiotensin II Receptors, 
Volume I: Molecular Biology, Biochemistry, Pharmacology and Clinical 
Perspectives; Ruffolo Jr, R. R., Ed. 1994, pp 11-97. 

(66) Regoli, D.; Park, W. K.; Rioux, F. Pharmacology of angiotensin. Pharma-
col. Rev. 1974, 26, 69-123. 

(67) Moore, G. J. Angiotensin and bradykinin receptors. In Comprehensive 
Medicinal Chemistry; Emmett, J. C., Ed.; Pergamon Press: New York, 
1990; Vol. 3, pp 961-980. 

(68) Khosla, M. C.; Smeby, R. R.; Bumpus, F. M. Structure-activity relationship 
in angiotensin II analogs. In Handbook of Experimental Pharmacology;
Page, I. H., Bumpus, F. M., Eds.; Springer-Verlag: New York, 1974; Vol. 
37, pp 126-161. 

(69) Miura, S.-I.; Karnik, S. S. Angiotensin II type 1 and type 2 receptors bind 
angiotensin II through different types of epitope recognition. J. Hypertens.
1999, 17, 397-404. 

(70) Kono, T.; Taniguchi, A.; Imura, H.; Oseko, F.; Khosla, M. C. Relative 
biological activities of Asn1, Val5-angiotensin II, Ile5-angiotensin II and 
Sar1-angiotensin II in man. Life Sci. 1985, 37, 365-369. 

(71) Hall, M. M.; Khosla, M. C.; Khairallah, P. A.; Bumpus, F. M. Angiotensin 
analogs. Influence of sarcosine substituted in position 1. J. Pharmacol. Exp. 
Ther. 1974, 188, 222-228. 

(72) Speth, R. C.; Kim, K. H. Discrimination of two angiotensin II receptor 
subtypes with a selective agonist analog of angiotensin II, p-
aminophenylalanine6 angiotensin II. Biochem. Biophys. Res. Commun.
1990, 169, 997-1006. 

(73) Spear, K. L.; Brown, M. S.; Reinhard, E. J.; McMahon, E. G.; Olins, G. M.; 
Palomo, M. A.; Patton, D. R. Conformational restriction of angiotensin II: 
cyclic analogues having high potency. J. Med. Chem. 1990, 33, 1935-1940. 

(74) Johannesson, P.; Lindeberg, G.; Johansson, A.; Nikiforovich, G. V.; 
Gogoll, A.; Synnergren, B.; Le Greves, M.; Nyberg, F.; Karlén, A.; Hall-
berg, A. Vinyl sulfide cyclized analogues of angiotensin II with high affin-
ity and full agonist activity at the AT1 receptor. J. Med. Chem. 2002, 45,
1767-1777. 

(75) Sugg, E. E.; Dolan, C. A.; Patchett, A. A.; Chang, R. S. L.; Faust, K. A.; 
Lotti, V. J. Cyclic disulfide analogs of [Sar1,Ile8]-angiotensin II. In Pep-
tides, Chemistry, Structure Biology, Proceedings of the Eleventh American 
Peptide Symposium; Rivier, J. E., Marshall, G. R., Eds.; ESCOM: Leiden, 
1990, pp 305-306. 

(76) Samanen, J. M.; Peishoff, C. E.; Keenan, R. M.; Weinstock, J. Refinement 
of a molecular model of angiotensin II (AII) employed in the discovery of 
potent nonpeptide antagonists. Bioorg. Med. Chem. Lett. 1993, 3, 909-914. 



64

(77) Plucinska, K.; Kataoka, T.; Yodo, M.; Cody, W. L.; He, J. X.; Humblet, C.; 
Lu, G. H.; Lunney, E.; Major, T. C.; Panek, R. L.; Schelkum, P.; Skeean, 
R.; Marshall, G. R. Multiple binding modes for the receptor-bound confor-
mations of cyclic AII agonists. J. Med. Chem. 1993, 36, 1902-1913. 

(78) Nikiforovich, G. V.; Kao, J. L. F.; Plucinska, K.; Zhang, W. J.; Marshall, 
G. R. Conformational analysis of two cyclic analogs of angiotensin: impli-
cations for the biologically active conformation. Biochemistry 1994, 33,
3591-3598. 

(79) Printz, M. P.; Némethy, G.; Bleich, H. Proposed models for angiotensin II 
in aqueous solution and conclusions about receptor topography. Nature 
New Biol. 1972, 237, 135-140. 

(80) Lindman, S.; Lindeberg, G.; Nyberg, F.; Karlén, A.; Hallberg, A. Compari-
son of three -turn mimetic scaffolds incorporated into angiotensin II. Bio-
org. Med. Chem. 2000, 8, 2375-2383. 

(81) Nikiforovich, G. V.; Marshall, G. R. Three-dimensional recognition re-
quirements for angiotensin agonists: a novel solution for an old problem. 
Biochem. Biophys. Res. Commun. 1993, 195, 222-228. 

(82) Zhang, W.-J.; Nikiforovich, G. V.; Pérodin, J.; Richard, D. E.; Escher, E.; 
Marshall, G. R. Novel cyclic analogs of angiotensin II with cyclization be-
tween positions 5 and 7: conformational and biological implications. J.
Med. Chem. 1996, 39, 2738-2744. 

(83) Clement, M.; Martin, S. S.; Beaulieu, M.-E.; Chamberland, C.; Lavigne, P.; 
Leduc, R.; Guillemette, G.; Escher, E. Determining the environment of the 
ligand binding pocket of the human angiotensin II type I (hAT1) receptor 
using the methionine proximity assay. J. Biol. Chem. 2005, 280, 27121-
27129. 

(84) Deraët, M.; Rihakova, L.; Boucard, A.; Perodin, J.; Sauvé, S.; Mathieu, A. 
P.; Guillemette, G.; Leduc, R.; Lavigne, P.; Escher, E. Angiotensin II is 
bound to both receptors AT1 and AT2, parallel to the transmembrane do-
mains and in an extended form. Can. J. Physiol. Pharmacol. 2002, 80, 418-
425. 

(85) Duncia, J. V.; Carini, D. J.; Chiu, A. T.; Johnson, A. L.; Price, W. A.; 
Wong, P. C.; Wexler, R. R.; Timmermans, P. B. M. W. M. The discovery 
of DuP 753, a potent, orally active nonpeptide angiotensin II receptor an-
tagonist. Med. Res. Rev. 1992, 12, 149-191. 

(86) Feng, Y.-H.; Noda, K.; Saad, Y.; Liu, X.-p.; Hasain, A.; Karnik, S. S. The 
docking of Arg2 of angiotensin II with Asp281 of AT1 receptor is essential 
for full agonism. J. Biol. Chem. 1995, 270, 12846-12850. 

(87) Noda, K.; Saad, Y.; Kinoshita, A.; Boyle, T. P.; Graham, R. M.; Husain, 
A.; Karnik, S. S. Tetrazole and carboxylate groups of angiotensin receptor 
antagonists bind to the same subsite by different mechanisms. J. Biol. 
Chem. 1995, 270, 2284-2289. 

(88) Yamano, Y.; Ohyama, K.; Kikyo, M.; Sano, T.; Nakagomi, Y.; Inoue, Y.; 
Nakamura, N.; Morishima, I.; Guo, D.-F.; et al. Mutagenesis and the mo-
lecular modeling of the rat angiotensin II receptor (AT1). J. Biol. Chem.
1995, 270, 14024-14030. 



65

(89) Noda, K.; Saad, Y.; Karnik, S. S. Interaction of Phe8 of angiotensin II with 
Lys199 and His256 of AT1 receptor in agonist activation. J. Biol. Chem. 1995,
270, 28511-28514. 

(90) Han, H. M. C. B.; Shimuta, S. I.; Kanashiro, C. A.; Oliveira, L.; Han, S. 
W.; Paiva, A. C. M. Residues Val254, His256, and Phe259 of the angiotensin II 
AT1 receptor are not involved in ligand binding but participate in signal 
transduction. Mol. Endocrinol. 1998, 12, 810-814. 

(91) Ohyama, K.; Yamano, Y.; Sano, T.; Nakagomi, Y.; Hamakubo, T.; Mor-
ishima, I.; Inagami, T. Disulfide bridges in extracellular domains of angio-
tensin II receptor type IA. Regul. Pept. 1995, 57, 141-147. 

(92) Hjorth, S. A.; Schambye, H. T.; Greenlee, W. J.; Schwartz, T. W. Identifi-
cation of peptide binding residues in the extracellular domains of the AT1
receptor. J. Biol. Chem. 1994, 269, 30953-30959. 

(93) Wexler, R. R.; Greenlee, W. J.; Irvin, J. D.; Goldberg, M. R.; Prendergast, 
K.; Smith, R. D.; Timmermans, P. B. M. W. M. Nonpeptide angiotensin II 
receptor antagonists: The next generation in antihypertensive therapy. J.
Med. Chem. 1996, 39, 625-656. 

(94) Baleanu-Gogonea, C.; Karnik, S. Model of the whole rat AT1 receptor and 
the ligand-binding site. J. Mol. Model 2006, 12, 325-337. 

(95) Patny, A.; Desai, P. V.; Avery, M. A. Ligand-supported homology model-
ing of the human angiotensin II type 1 (AT1) receptor: insights into the mo-
lecular determinants of telmisartan binding. Proteins 2006, 65, 824-842. 

(96) Tuccinardi, T.; Calderone, V.; Rapposelli, S.; Martinelli, A. Proposal of a 
New Binding Orientation for Non-Peptide AT1 Antagonists: Homology 
Modeling, Docking and Three-Dimensional Quantitative Structure-Activity 
Relationship Analysis. J. Med. Chem. 2006, 49, 4305-4316. 

(97) Wilkes, B. C.; Masaro, L.; Schiller, P. W.; Carpenter, K. A. Angiotensin II 
vs its type I antagonists: conformational requirements for receptor binding 
assessed from NMR spectroscopic and receptor docking experiments. J.
Med. Chem. 2002, 45, 4410-4418. 

(98) Nikiforovich, G. V.; Marshall, G. R. 3D model for TM region of the AT-1 
receptor in complex with angiotensin II independently validated by site-
directed mutagenesis data. Biochem. Biophys. Res. Commun. 2001, 286,
1204-1211. 

(99) Whitebread, S.; Mele, M.; Kamber, B.; de Gasparo, M. Preliminary bio-
chemical characterization of two angiotensin II receptor subtypes. Biochem. 
Biophys. Res. Commun. 1989, 163, 284-291. 

(100) Chiu, A. T.; McCall, D. E.; Nguyen, T. T.; Carini, D. J.; Duncia, J. V.; 
Herblin, W. F.; Uyeda, R. T.; Wong, P. C.; Wexler, R. R.; Johnson, A. L. 
Discrimination of angiotensin II receptor subtypes by dithiothreitol. Eur. J. 
Pharmacol. 1989, 170, 117-118. 

(101) Chiu, A. T.; Herblin, W. F.; McCall, D. E.; Ardecky, R. J.; Carini, D. J.; 
Duncia, J. V.; Pease, L. J.; Wong, P. C.; Wexler, R. R.; Johnson, A. L. 
Identification of angiotensin II receptor subtypes. Biochem. Biophys. Res. 
Commun. 1989, 165, 196-203. 



66

(102) Kambayashi, Y.; Bardhan, S.; Takahashi, K.; Tsuzuki, S.; Inui, H.; Hama-
kubo, T.; Inagami, T. Molecular cloning of a novel angiotensin II receptor 
isoform involved in phosphotyrosine phosphatase inhibition. J. Biol. Chem.
1993, 268, 24543-24546. 

(103) Mukoyama, M.; Nakajima, M.; Horiuchi, M.; Sasamura, H.; Pratt, R. E.; 
Dzau, V. J. Expression cloning of type 2 angiotensin II receptor reveals a 
unique class of seven-transmembrane receptors. J. Biol. Chem. 1993, 268,
24539-24542. 

(104) Stoll, M.; Unger, T. Angiotensin and its AT2 receptor: New insights into an 
old system. Regul. Pept. 2001, 99, 175-182. 

(105) Gallinat, S.; Busche, S.; Raizada, M. K.; Sumners, C. The angiotensin II 
type 2 receptor: An enigma with multiple variations. Am. J. Physiol. 2000,
278, E357-E374. 

(106) Widdop, R. E.; Jones, E. S.; Hannan, R. E.; Gaspari, T. A. Angiotensin AT2
receptors: cardiovascular hope or hype? Br. J. Pharmacol. 2003, 140, 809-
824. 

(107) Grzesiak, A.; Kaschina, E.; Curato, C.; Steckelings, U. M.; Hallberg, A.; 
Li, J.; Unger, T. The angiotensin AT2 receptor agonist compound 21 im-
proves heart function after myocardial infarction in the rat. In Meeting of 
the European Society of Hypertension, Milan, 2007. 

(108) Funke-Kaiser, H.; Steckelings, U. M.; Unger, T. Stimulation of AT2 recep-
tors: role in the effect of angiotensin II receptor antagonists. In Angiotensin 
II Receptor Antagonists; 2nd ed.; Guiseppe, M., Ed.; Informa Healthcare: 
Abingdon, UK, 2006, pp 31-46. 

(109) Messerli, F. H.; Chiadika, S. M. Stroke prevention: not all antihypertensive 
drugs are created equal. JRAAS 2005, 6, S4-S7. 

(110) Blankley, C. J.; Hodges, J. C.; Klutchko, S. R.; Himmelsbach, R. J.; Chu-
cholowski, A.; Connolly, C. J.; Neergaard, S. J.; Van Nieuwenhze, M. S.; 
Sebastian, A.; Quin, J., III; Essenburg, A. D.; Cohen, D. M. Synthesis and 
structure-activity relationships of a novel series of non-peptide angiotensin 
II receptor binding inhibitors specific for the AT2 subtype. J. Med. Chem.
1991, 34, 3248-3260. 

(111) Brechler, V.; Jones, P. W.; Levens, N. R.; de Gasparo, M.; Bottari, S. P. 
Agonistic and antagonistic properties of angiotensin analogs at the AT2 re-
ceptor in PC12W cells. Regul. Pept. 1993, 44, 207-213. 

(112) Samanen, J.; Aiyar, N.; Edwards, R. Modifications to angiotensin II (AII) 
peptide analogs that reduce AT1 receptor affinity have little to no effect 
upon AT2 receptor affinity. In Peptides, Proceedings of the Thirteenth 
American Peptide Symposium; Hodges, R. S., Smith, J. A., Eds.; ESCOM: 
Leiden, 1994, pp 640-642. 

(113) Cody, W. L.; He, J. X.; Lunney, E. A.; Humblet, C. C.; Lu, G. H.; Panek, 
R. L.; Dudley, D. T. Modification of the C-terminal dipeptide of angio-
tensin II yielded a novel series of analogs with type II (AT2) receptor selec-
tivity. Protein Peptide Lett. 1996, 3, 107-112. 



67

(114) Bouley, R.; Pérodin, J.; Plante, H.; Rihakova, L.; Bernier, S. G.; Maletín-
ská, L.; Guillemette, G.; Escher, E. N- and C-terminal structure-activity 
study of angiotensin II on the angiotensin AT2 receptor. Eur. J. Pharmacol.
1998, 343, 323-331. 

(115) Lindman, S.; Lindeberg, G.; Frändeberg, P.-A.; Nyberg, F.; Karlén, A.; 
Hallberg, A. Effect of 3-5 monocyclizations of angiotensin II and 4-
AminoPhe6-Ang II on AT2 receptor affinity. Bioorg. Med. Chem. 2003, 11,
2947-2954. 

(116) Goldberg, M. R.; Tanaka, W.; Barchowsky, A.; Bradstreet, T. E.; McCrea, 
J.; Lo, M. W.; McWilliams, E. J., Jr.; Bjornsson, T. D. Effects of losartan 
on blood pressure, plasma renin activity, and angiotensin II in volunteers. 
Hypertension 1993, 21, 704-713. 

(117) Ashton, W. T.; Chang, L. L.; Flanagan, K. L.; Mantlo, N. B.; Ondeyka, D. 
L.; Kim, D.; de Laszlo, S. E.; Glinka, T. W.; Rivero, R. A.; Kevin, N. J.; 
Chang, R. S. L.; Siegl, P. K. S.; Kivlighn, S. D.; Greenlee, W. J. AT1/AT2-
balanced angiotensin II antagonists. Eur. J. Med. Chem. 1995, 30, 255-266. 

(118) Chang, L. L.; Greenlee, W. J. Angiotensin II receptor antagonists: nonpep-
tides with equivalent high affinity for both the AT1 and AT2 subtypes. 
Curr. Pharm. Design 1995, 1, 407-424. 

(119) Kivlighn, S. D.; Huckle, W. R.; Zingaro, G. J.; Rivero, R. A.; Lotti, V. J.; 
Chang, R. S. L.; Schorn, T. W.; Kevin, N.; Johnson, R. G., Jr. Discovery of 
L-162,313: A nonpeptide that mimics the biological actions of angiotensin 
II. Am. J. Physiol. 1995, 268, R820-R823. 

(120) Perlman, S.; Schambye, H. T.; Rivero, R. A.; Greenlee, W. J.; Hjorth, S. 
A.; Schwartz, T. W. Non-peptide angiotensin agonist. Functional and mo-
lecular interaction with the AT1 receptor. J. Biol. Chem. 1995, 270, 1493-
1496. 

(121) Wan, Y.; Wallinder, C.; Johansson, B.; Holm, M.; Mahalingam, A. K.; Wu, 
X.; Botros, M.; Karlen, A.; Pettersson, A.; Nyberg, F.; Faendriks, L.; Hall-
berg, A.; Alterman, M. First reported nonpeptide AT1 receptor agonist (L-
162,313) acts as an AT2 receptor agonist in vivo. J. Med. Chem. 2004, 47,
1536-1546. 

(122) Wan, Y.; Wallinder, C.; Plouffe, B.; Beaudry, H.; Mahalingam, A. K.; Wu, 
X.; Johansson, B.; Holm, M.; Botoros, M.; Karlen, A.; Pettersson, A.; Ny-
berg, F.; Faendriks, L.; Gallo-Payet, N.; Hallberg, A.; Alterman, M. De-
sign, synthesis, and biological evaluation of the first selective nonpeptide 
AT2 receptor agonist. J. Med. Chem. 2004, 47, 5995-6008. 

(123) Wallinder, C.; Sköld, C.; Wan, Y.; Plouffe, B.; Mahalingam, A. K.; Wu, 
X.; Botros, M.; Karlen, A.; Gallo-Payet, N.; Hallberg, A.; Alterman, M. 
Minor alterations of selective nonpeptide AT2 receptor ligands; an example 
of functional switch. In Poster abstracts, IASOC, Napoli, Italy, 2006. 

(124) Kurfis, J.; Knowle, D.; Pulakat, L. Role of Arg182 in the second extracellu-
lar loop of angiotensin II receptor AT2 in ligand binding. Biochem. Bio-
phys. Res. Commun. 1999, 263, 816-819. 

(125) Heerding, J. N.; Yee, D. K.; Jacobs, S. L.; Fluharty, S. J. Mutational analy-
sis of the angiotensin II type 2 receptor: contribution of conserved extracel-
lular amino acids. Regul. Pept. 1997, 72, 97-103. 



68

(126) Pulakat, L.; Tadessee, A. S.; Dittus, J. J.; Gavini, N. Role of Lys215 located 
in the fifth transmembrane domain of the AT2 receptor in ligand-receptor 
interaction. Regul. Pept. 1998, 73, 51-58. 

(127) Yee, D. K.; Kisley, L. R.; Heerding, J. N.; Fluharty, S. J. Mutation of a 
conserved fifth transmembrane domain lysine residue (Lys215) attenuates 
ligand binding in the angiotensin II type 2 receptor. Mol. Brain Res. 1997,
51, 238-241. 

(128) Turner, C. A.; Cooper, S.; Pulakat, L. Role of the His273 Located in the 
Sixth Transmembrane Domain of the Angiotensin II Receptor Subtype AT2
in Ligand-Receptor Interaction. Biochem. Biophys. Res. Commun. 1999,
257, 704-707. 

(129) Heerding, J. N.; Yee, D. K.; Krichavsky, M. Z.; Fluharty, S. J. Mutational 
analysis of the angiotensin type 2 receptor: contribution of conserved 
amino acids in the region of the sixth transmembrane domain. Regul. Pept.
1998, 74, 113-119. 

(130) Knowle, D.; Kurfis, J.; Gavini, N.; Pulakat, L. Role of Asp297 of the AT2
receptor in high-affinity binding to different peptide ligands. Peptides 2001,
22, 2145-2149. 

(131) Rihakova, L.; Deraet, M.; Auger-Messier, M.; Perodin, J.; Boucard Antony, 
A.; Guillemette, G.; Leduc, R.; Lavigne, P.; Escher, E. Methionine prox-
imity assay, a novel method for exploring peptide ligand-receptor interac-
tion. J. Recept. Signal Tr. R. 2002, 22, 297-313. 

(132) Servant, G.; Laporte, S. A.; Leduc, R.; Escher, E.; Guillemette, G. Identifi-
cation of angiotensin II-binding domains in the rat AT2 receptor with 
photolabile angiotensin analogs. J. Biol. Chem. 1997, 272, 8653-8659. 

(133) Feng, Y. H.; Saad, Y.; Karnik, S. S. Reversible inactivation of AT2 angio-
tensin II receptor from cysteine-disulfide bond exchange. FEBS Lett. 2000,
484, 133-138. 

(134) Heerding, J. N.; Hines, J.; Fluharty, S. J.; Yee, D. K. Identification and 
function of disulfide bridges in extracellular domains of angiotensin II type 
2 receptor. Biochemistry 2001, 40, 8369-8377. 

(135) Miura, S.-i.; Karnik, S. S.; Saku, K. Constitutively active homo-oligomeric 
angiotensin II type 2 receptor induces cell signaling independent of recep-
tor conformation and ligand stimulation. J. Biol. Chem. 2005, 280, 18237-
18244. 

(136) Dudley, D. T.; Panek, R. L.; Major, T. C.; Lu, G. H.; Bruns, R. F.; Klinke-
fus, B. A.; Hodges, J. C.; Weishaar, R. E. Subclasses of angiotensin II bind-
ing sites and their functional significance. Mol. Pharmacol. 1990, 38, 370-
377. 

(137) Nielsen, A. H.; Schauser, K.; Winther, H.; Dantzer, V.; Poulsen, K. Angio-
tensin II receptors and renin in the porcine uterus: Myometrial AT2 and En-
dometrial AT1 receptors are down-regulated during gestation. Clin. Exp. 
Pharmacol. Physiol. 1997, 24, 309-314. 

(138) Pendleton, R. G.; Gessner, G.; Horner, E. Studies on inhibition of angio-
tensin II receptors in rabbit adrenal and aorta. J. Pharmacol. Exp. Ther.
1989, 248, 637-643. 



69

(139) Buisson, B.; Bottari, S. P.; de Gasparo, M.; Gallo-Payet, N.; Payet, M. D. 
The angiotensin AT2 receptor modulates T-type calcium current in non-
differentiated NG108-15 cells. FEBS Lett. 1992, 309, 161-164. 

(140) Laflamme, L.; de Gasparo, M.; Gallo, J. M.; Payet, M. D.; Gallo-Payet, N. 
Angiotensin II induction of neurite outgrowth by AT2 receptors in NG108-
15 cells. Effect counteracted by the AT1 receptors. J. Biol. Chem. 1996,
271, 22729-22735. 

(141) Wolf, G.; Harendza, S.; Schroeder, R.; Wenzel, U.; Zahner, G.; Butzmann, 
U.; Freeman, R. S.; Stahl, R. A. K. Angiotensin II's antiproliferative effects 
mediated through AT2-receptors depend on down-regulation of SM-20. 
Lab. Invest. 2002, 82, 1305-1317. 

(142) Keenan, R. M.; Callahan, J. F.; Samanen, J. M.; Bondinell, W. E.; Calvo, 
R. R.; Chen, L.; DeBrosse, C.; Eggleston, D. S.; Haltiwanger, R. C.; 
Hwang, S. M.; Jakas, D. R.; Ku, T. W.; Miller, W. H.; Newlander, K. A.; 
Nichols, A.; Parker, M. F.; Southhall, L. S.; Uzinskas, I.; Vasko-Moser, J. 
A.; Venslavsky, J. W.; Wong, A. S.; Huffman, W. F. Conformational Pref-
erences in a Benzodiazepine Series of Potent Nonpeptide Fibrinogen Re-
ceptor Antagonists. J. Med. Chem. 1999, 42, 545-559. 

(143) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weis-
sig, H.; Shindyalov, I. N.; Bourne, P. E. The protein data bank. Nucleic Ac-
ids Res. 2000, 28, 235-242. http://www.pdb.org/.

(144) Hobohm, U.; Scharf, M.; Schneider, R.; Sander, C. Selection of representa-
tive protein data sets. Protein Sci. 1992, 1, 409-417. 

(145) Hobohm, U.; Sander, C. Enlarged representative set of protein structures. 
Protein Sci. 1994, 3, 522-524. 

(146) PDB ID: 3CK0 Pan, Y. H., Amzel, M. L., Anti-anti-idiotypic antibody 
against human angiotensin II, complex with human angiotensin II. 

(147) de Gasparo, M.; Whitebread, S.; Kamber, B.; Criscione, L.; Thomann, H.; 
Riniker, B.; Andreatta, R. Effect of covalent dimer conjugates of angio-
tensin II on receptor affinity and activity in vitro. J. Receptor Res. 1991, 11,
247-257. 

(148) Georgsson, J.; Rosenstroem, U.; Wallinder, C.; Beaudry, H.; Plouffe, B.; 
Lindeberg, G.; Botros, M.; Nyberg, F.; Karlen, A.; Gallo-Payet, N.; Hall-
berg, A. Short pseudopeptides containing turn scaffolds with high AT2 re-
ceptor affinity. Bioorg. Med. Chem. 2006, 14, 5963-5972. 

(149) Ashton, W. T.; Chang, L. L.; Flanagan, K. L.; Hutchins, S. M.; Naylor, E. 
M.; Chakravarty, P. K.; Patchett, A. A.; Greenlee, W. J.; Chen, T.-B.; 
Faust, K. A.; Chang, R. S. L.; Lotti, V. J.; Zingaro, G. J.; Schorn, T. W.; 
Siegl, P. K. S.; Kivlighn, S. D. Triazolinone biphenylsulfonamide deriva-
tives as orally active angiotensin II antagonists with potent AT1 receptor af-
finity and enhanced AT2 affinity. J. Med. Chem. 1994, 37, 2808-2824. 

(150) Chakravarty, P. K.; Strelitz, R. A.; Chen, T. B.; Chang, R. S. L.; Lotti, V. 
J.; Zingaro, G. J.; Schorn, T. W.; Kivlighn, S. D.; Siegl, P. K. S.; Patchett, 
A. A.; Greenlee, W. J. Quinazolinone biphenyl acylsulfonamides: a potent 
new class of angiotensin-II receptor antagonists. Bioorg. Med. Chem. Lett.
1994, 4, 75-80. 



70

(151) Chang, L. L.; Ashton, W. T.; Flanagan, K. L.; Chen, T.-B.; O'Malley, S. S.; 
Zingaro, G. J.; Kivlighn, S. D.; Siegl, P. K. S.; Lotti, V. J.; Chang, R. S. L.; 
Greenlee, W. J. Potent and orally active angiotensin II receptor antagonists 
with equal affinity for human AT1 and AT2 subtypes. J. Med. Chem. 1995,
38, 3741-3758. 

(152) Chang, L. L.; Ashton, W. T.; Flanagan, K. L.; Chen, T.-B.; O'Malley, S. S.; 
Zingaro, G. J.; Siegl, P. K. S.; Kivlighn, S. D.; Lotti, V. J.; Chang, R. S. L.; 
Greenlee, W. J. Triazolinone biphenylsulfonamides as angiotensin II recep-
tor antagonists with high affinity for both the AT1 and AT2 subtypes. J. 
Med. Chem. 1994, 37, 4464-4478. 

(153) Chang, L. L.; Ashton, W. T.; Flanagan, K. L.; Rivero, R. A.; Chen, T. B.; 
O'Malley, S. S.; Zingaro, G. J.; Kivlighn, S. D.; Siegl, P. K. S.; Lotti, V. J.; 
Chang, R. S. L.; Greenlee, W. J. Potent triazolinone-based angiotensin II 
receptor antagonists with equivalent affinity for both the AT1 and AT2 sub-
types. Bioorg. Med. Chem. Lett. 1994, 4, 2787-2792. 

(154) de Laszlo, S. E.; Quagliato, C. S.; Greenlee, W. J.; Patchett, A. A.; Chang, 
R. S. L.; Lotti, V. J.; Chen, T. B.; Scheck, S. A.; Faust, K. A.; Kivlighn, S. 
S.; Schorn, T. S.; Zingaro, G. J.; Siegl, P. K. S. A potent, orally active, bal-
anced affinity angiotensin II AT1 antagonist and AT2 binding inhibitor. J. 
Med. Chem. 1993, 36, 3207-3210. 

(155) Glinka, T. W.; de Laszlo, S. E.; Siegl, P. K. S.; Chang, R. S.; Kivlighn, S. 
D.; Schorn, T. S.; Faust, K. A.; Chen, T.-B.; Zingaro, G. J.; Lotti, V. J.; 
Greenlee, W. J. A new class of balanced AT1/AT2 angiotensin II antago-
nists: quinazolinone AII antagonists with acylsulfonamide and sulfonylcar-
bamate acidic functionalities. Bioorg. Med. Chem. Lett. 1994, 4, 81-86. 

(156) Glinka, T. W.; de Laszlo, S. E.; Tran, J.; Chang, R. S.; Chen, T. B.; Lotti, 
V. J.; Greenlee, W. J. L-161,638: a potent AT2 selective quinazolinone an-
giotensin II binding inhibitor. Bioorg. Med. Chem. Lett. 1994, 4, 1479-
1484. 

(157) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. Develop-
ment and use of quantum mechanical molecular models. 76. AM1: a new 
general purpose quantum mechanical molecular model. J. Am. Chem. Soc.
1985, 107, 3902-3909. 



71

11  Appendix 

Table A1. Compilation of structures and AT1 and AT2 receptor affinities for pep-
tides and pseudopeptides in paper I-VII. Functionality is assigned if tested.a
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O

O 30.3  1.5 9.8  0.3 
agonist

29 H
N

H
N

O

OH

N

NHN

O

H
N

O
OH

O

N
H

H2N

O

HN

NHH2N

O

O

HO

N
H

O > 10000 463.7
 10.9 
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30

O

N
H

N
H

OH

N

NHN

O

H
N

O
OH

O

H
N

O

HN

H2N NH

H2N

HO

O

O

> 10000 41.3  0.8 

31 N

H
N

N
H

O
O

O

N
H

N

NHN

O

H
N

O
OH

O
H
N

H2N

HN

H2N NH

O

HO

O

HO

1668  20 4.7  0.3 

32 N

H
N

N
H

O
ON

H

O H
N

O

O

H2N

O

HO N
H

N

NHN

O

H
N

O
OH

O

HN

H2N NH HO

14.9  0.4 1.8  0.04 

33 N

H
N

N
H

O
O

N

O

N
H

O
OH

O

H
N

H2N

HN

H2N NH

O

HO

O

HO

2108  33 53.1  1.7 

34 H2N
N

NHN

O

H
N

O
OH

O

1598  66 > 10000 

35
H2N

N

NHN

O

H
N

O
OH

O
> 10000 > 10000 
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36 N
H

N

NHN

O

H
N

O
OH

OO
> 10000 > 10000 

37
N
H

N

NHN

O

H
N

O
OH

OO
> 10000 1110  17 

38 N

O

H
N

O
OH

O

N
HN

> 10000 > 10000 

39
N

O

H
N

O
OH

O

N
HN

> 10000 > 10000 

40 N

O

H
N

O
OH

O

N

N

> 10000 > 10000 

41
N

O

H
N

O
OH

O

N

N

> 10000 > 10000 

42 H
N

O
OH

O

N
HN

> 10000 40.6  1 

43 H
N

O
OH

O

N
HN

> 10000 > 10000 
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44 H
N

O
OH

O

N

N

> 10000 37.5  0.6 

45 H
N

O
OH

O

N

N

> 10000 16.6  0.5 

a rabbit aorta strip assay for the AT1 receptor, neurite outgrowth assay for the AT2 receptor 
b rat liver membranes 
c pig uterus myometrium 
d a and b denote single diastereomers of unassigned absolute stereochemistry 
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