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Abstract
Vasile, S. 2019. Computational prediction of ligand binding in peptide G-protein coupled
receptors. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty
of Science and Technology 1875. 59 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-0796-1.

G-protein coupled receptors (GPCRs) are a superfamily of membrane receptors involved in a
wide variety of biological processes, and their malfunction is associated with many diseases.
Consequently, GPCRs are targeted by one-third of the drugs on the market, and constitute the
focus of active public and private research in the search of more effective drugs. The GPCR
families that are activated by endogenous peptides are particularly challenging for the drug
design process, which in this case contemplates peptides, peptidomimetics and small molecules,
as selective activators (agonists) or blockers (antagonists) of the particular receptor subtype
of interest. This process benefits of a detailed understanding of how known ligands bind to
the receptors. Homology modelling, molecular dynamics (MD) and free energy perturbation
(FEP) are computational methods used to predict binding modes and binding affinities. In
this thesis, these techniques are applied (and even further developed) in combination with
novel experimental data provided by our collaborators, in order to elucidate the molecular
determinants of endogenous peptide ligands, analogues and mimetics to two families of peptide-
binding receptors: the neuropeptide Y (NPY) and the Angiotensin II receptors.

The NPY signaling system is responsible for the regulation of food intake and its malfunction
is connected to obesity, a risk factor for diseases such as diabetes and cancer. In this thesis,
we focused on the elucidation of the binding mode of endogenous peptide ligands and studied
the structural effect of receptor mutants, with the aim of helping in future drug design on the
Y2 receptor subtype, as well as understanding the effect of receptor polymorphisms on the
Y4 subtype. We further used this system to refine and test our computational protocol for the
prediction of binding free energies, by characterizing the binding mode of a peptidomimetic
antagonist to the Y1 receptor.

The AT2 receptor is another interesting drug target, as its activation by the Angiotensin II
peptide elicits responses that counterbalance the hypertensive effects caused by activation of the
AT1 receptor by the same ligand. Moreover, AT2 is upregulated in events of tissue damage. We
characterized the chemical evolution of peptide and peptidomimetic agonists at this receptor,
with the aim to identify a set of pharmacophoric points and key interactions with AT2. The
outcome of this study allowed the establishment of a clear explanation of structure-activity
relationships, and will be the starting point for further ligand-design efforts at this receptor.
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To her beloved self the author dedicates these lines 

One must imagine Sisyphus happy. 
Albert Camus 
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Introduction 

G-Protein coupled receptors (GPCRs) are the largest family of membrane 
receptors. Their characteristic topology is composed of seven transmem-
brane α-helices connected by three intracellular and three extracellular 
loops. GPCRs are divided into five classes based on evolutionary homology, 
the most populated being class A. They are involved in several biological 
processes, and their malfunction is connected to serious diseases, hence it is 
not surprising that members of this family of receptors are targeted by ~35% 
of all the FDA-approved drugs.1–3 In general, GPCRs can bind a plethora of 
ligands, differing in size, shape and chemical properties, at various depths in 
the transmembrane pocket4 or in the extracellular domain.5,6 Understanding 
how physiological ligands bind to GPCRs is of key importance for the de-
sign of new drugs: not only the scaffold of the ligand but also its anchoring 
points within the receptor can be explored to create more potent molecules. 
Extensive research on GPCRs structure and ligand binding has been carried 
out both experimentally and computationally. Recently, thanks to the break-
through of membrane protein crystallography, and lately cryogenic electron 
microscopy (Cryo-EM), many GPCR structures have been resolved provid-
ing support for structure-based drug design and for receptor modeling,7 but 
still the majority of receptors lack a 3D structure. Homology modeling can 
help in those situations: GPCRs are characterized by a very conserved topol-
ogy, therefore it is possible to model a receptor based on a template with a 
relatively low sequence identity. Complementing site-directed mutagenesis 
data and structure-activity relationships (SAR) obtained experimentally with 
free energy calculations is now possible and encouraged for a more complete 
understanding of ligand binding.8 As an example, the binding affinity of a 
molecule for a receptor can be assessed or predicted after an amino acid 
mutation by Free Energy Perturbation (FEP) calculations.  

In this work, the application of computational approaches for the study of 
GPCRs is presented. Homology modeling, molecular dynamics (MD) simu-
lations and free energy calculations assisted in the prediction of binding 
modes of peptides, peptidomimetics and small molecules into their target 
receptors, namely the human neuropeptide receptors Y1 (Paper III), Y2 (Pa-
per I), and Y4 (Paper II) and the human angiotensin receptors AT1 and AT2 
(Paper IV). Computer simulations and experiments have been consistently 
interconnected during the course of this work: receptor models were im-
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proved according to experimental evidences, and new mutagenesis studies 
were performed based on MD simulations and FEP calculations.  

The aim of this thesis was to ultimately contribute to the design of new 
and potent drugs with fast and reliable free energy calculations.     
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Methods 

Molecular Mechanics 
How can we physically portray the components of a protein that we want to 
simulate and their interactions? How can we do it as simple as possible? 
Molecular mechanics provides the tools to answer these questions. The at-
oms of a molecule follow the laws of classical mechanics and are represent-
ed as spheres with a mass, a van der Waals radius and a partial charge. Every 
atom interacts with its surroundings through bonded and non-bonded interac-
tions, which can be described as potential energy functions summarized into 
a force field (1) 
 

 

( 1 ) 

 

 
 
The first three functions (bonds, angles and improper rotations) are described 
by harmonic potentials with equilibrium values (b0, θ0 and ξ0) and force con-
stants (kb, kθ and kξ). The dihedral function is periodic, with kϕ as the barrier 
height, n as periodicity and δ as phase shift. The electrostatic interactions are 
described by Coulomb’s law, with qi and qj as atomic partial charges, ε0 as 
vacuum dielectric constant and ri,j as the distance between two atoms. The 
van der Waals interactions are described in this case by a 12-6 Lennard-
Jones potential, with Ai,j and Bi,j as parameters for length and energy scales, 
but more accurate potentials can be used, too. The values of the parameters 
are derived by experimental data or quantum mechanical calculations. The 
more accurate the parameters and the potential functions are, the more relia-
ble the simulation will be.       

Among the many force fields developed for protein simulations, the 
OPLS-AA force field9 was chosen and used throughout this work. 
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Molecular Dynamics 
If the potential energy (1) of a system is known, it is possible to calculate its 
properties, as well as to predict its dynamic behavior by solving the equa-
tions of motion. The constant thermal motion of biological systems makes 
them fluctuate around the minimum of the potential well, therefore a large 
number of different configurations is needed to accurately describe the be-
havior of the system and to computationally access measurable thermody-
namic properties. These are experimentally derived as ensemble averages, 
calculated on a large number of molecules in many different configurations.  

In principle, if we could sample a system for an infinite time we would 
sample all its possible configurations obtaining time average values of its 
properties (2).  
 

 

 

( 2 ) 

 

According to the ergodic postulate, the average of a quantity over time is 
equal to the average over a statistical ensemble (3)  
 

  ( 3 ) 

 
where p is the momentum and r is the position of each of the N particles that 
compose the system. ρ is the probability density, necessary to find the prob-
ability of each configuration of atoms.  

This means that if we sample a large number of different configurations 
of a system (statistical ensemble) we obtain an ensemble average of the 
property of interest that represents the time average of the same property.  

Molecular Dynamics (MD) is one of the methods often used to generate a 
sequence of system configurations and time averages of its properties. By 
solving Newton’s law of motion (4),  

 
  ( 4 ) 

 
the force acting on each atom of the system (Fi) is calculated as the negative 
gradient of the potential energy and the acceleration (ai) is consequently 
derived. 

The velocity and position of each atom of the system are calculated by 
numerical integration through the Verlet leap-frog algorithm (5, 6) 
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  ( 5 ) 

  ( 6 ) 

 
where ri and vi are the position and the velocity of the i-th atom and Δt is the 
time step.  

The iterative solution of (4), (5) and (6) for every atom produces the tra-
jectory of the system. As the initial coordinates of the atoms are provided by 
the starting structure, and the initial velocities are taken from the Maxwell-
Boltzmann distribution (7) 

 
 

 ( 7 ) 

 
Where  is the Boltzman constant. The core method of this thesis is MD, 
performed with the software packages GROMACS10,11 (in Periodical Bound-
ary Conditions) and Q12 (in Spherical Boundary Conditions), in the last case 
connected to Free Energy Perturbation (FEP) calculations. A time step of 1 
fs was used in all the works. 

Periodic Boundary Conditions 
The most common approach to MD simulations makes use of periodic 
boundary conditions (PBC). In this setup, a box containing the system to be 
simulated is infinitely replicated in all directions of space. The number of 
particles in the box is maintained constant, therefore when a particle passes 
through a wall of the box a new equivalent one enters from the opposite 
wall. The size of the box must be large enough in order to avoid artifacts due 
to the periodicity (e.g. a macromolecule interacting with its periodic images).  

The short-range non-bonded interactions are treated according the mini-
mum image convention in GROMACS (only the nearest image of each par-
ticle is considered). The long-range electrostatic interactions are instead 
treated with lattice sum methods, one of which is the Particle Mesh Ewald 
(PME) method, which uses Fourier transform to calculate them.  

All the simulations performed with GROMACS10,11  used this setup. 

Spherical Boundary Conditions 
A setup more suitable for focusing the simulation on a region of the system 
(e.g. the binding site of a molecule) is the spherical boundary conditions 
(SBC). All the Free Energy Perturbation simulations performed for this the-
sis used this setup as implemented in the software Q.12  
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After choosing a suitable center and size for the sphere, the system is 
solvated only within the volume where the unrestrained MD simulation is 
desired. A strong harmonic potential is applied to the atoms outside the 
sphere (which are excluded from the non-bonded interactions), while a softer 
restrain is usually applied on the boundary region. A polarization restraint 
similar to the SCAAS model13 is applied to the solvent molecules on the 
sphere boundaries to avoid polarization effects. A Morse-type potential is 
applied to the solvent atoms inside the sphere, while a half-harmonic poten-
tial is applied to the oxygen atoms of water in order to avoid the solvent to 
leave the sphere during the simulations. In this way the solvent bulk density 
is reproduced and kept constant. The long-range interactions beyond a de-
fined cutoff are treated through the local reaction field method,14 while those 
atoms subjected to transformation in FEP calculations have always explicit 
treatment of electrostatic interactions. 

This setup is useful for reaching convergence in shorter times,15 compared 
to PBC, due to the reduced number of atoms simulated.  

Free Energy Perturbation 
It is not easy to directly simulate the process of binding of a molecule to its 
target by MD simulations, although it is not impossible.16 However, if we are 
interested in the relative free energy of binding for a number of ligands (or, 
alternatively, for a ligand against a number of protein variants), a common 
alternative is to perform Free Energy Perturbation (FEP) calculations, in 
combination with appropriately designed thermodynamic cycles. 

For an isothermal-isobaric ensemble, the Zwanzig’s equation17 provides 
the Gibbs free energy difference between states A and B as 

 
  ( 8 ) 

  
with  and  as the ensemble average of  sampled 
using the potential of state A. To ensure convergence, the potentials of the 
two states must be significantly overlapping, limiting this approach to trans-
formations between very similar objects. Being the Gibbs free energy a state 
function, we can build a series of n intermediate states with potentials as 
linear combinations of UA and UB  
 
  ( 9 ) 

 
where . In this way, the total free energy for the transformation is 
derived by summing over all the intermediate states.  
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 ( 10 ) 

 
The convergence and precision issues18,19 deriving from the application of 
FEP to large perturbations, like those associated to amino acid side chains, 
were addressed by our group during the years20–22 with the introduction of a 
“smooth” scheme. According to this approach, three consecutive subpertur-
bations (annihilation of partial charges, introduction and subsequent annihi-
lation of a soft core potential) are applied to groups of atoms topologically 
defined according to their distance from the Cβ atom. Each subperturbation 
is divided into a number of λ windows (where the potential of the system is 
gradually changed from state A to state B) and sampled by MD. In this way 
the binding site can rearrange itself, including solvent molecules, which can 
occupy the free space left by the annihilation of the mutated side chain. All 
these factors can contribute importantly to the calculated free energy. 

This technique allows to combine several thermodynamic cycles through 
alanine intermediates, therefore it is possible to explore drastic mutations. It 
is based on a single topology, as the annihilated atoms are substituted by 
dummy particles for which non-bonded interactions are null. Another ap-
proach, not examined in this work but worth mentioning, is based on dual 
topology and it is particularly useful when comparing unrelated chemical 
scaffolds.23–25 In this case, both end states are simultaneously present and 
turned one into the other by the linear combination of their potential ener-
gies. Hence, the interaction between the two molecules is avoided while the 
surrounding atoms see a mixture of the two states.  

Finally, if experimental data is available, it is possible to obtain a clear 
picture of how a molecule binds to its target.  

This thesis contributed to the development and update of the single topol-
ogy approach of this method (Paper III). 

Homology Modeling 
In order to start a protein simulation, it is necessary to have an initial struc-
ture. Ideally, this should be experimentally obtained from an X-ray crystal-
lography, a Cryo-EM, or a NMR experiment. In the last years, we have seen 
an increasing growth of experimental GPCR structures, due to advances in 
X-ray crystallography and lately Cryo-EM structures at atomic-resolution. 
Even though, homology models are still needed to obviate to the lack of 
experimental structures in a majority of receptors.2  
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Homology modeling is based on the conservation of the tertiary structure 
of homologous proteins with different sequences.26 The higher the sequence 
identity is, the more conserved the protein fold will be.  

In practical terms, the sequence of the target protein (of unknown struc-
ture) is aligned to the sequence of a template protein (with experimentally 
solved 3D structure). The backbone and the side chains of the target struc-
ture are shaped based on the structure of the analogous residues on the tem-
plate. The quality of the model is highly dependent on how well the se-
quences are aligned, and also on the quality and resolution of the template 
3D structure. The initial automated sequence alignment can be optimize by 
assessing the alignment of conserved regions (i.e. α-helices, β-strands or 
conserved motifs) with a pre-generated multiple sequence alignment (MSA) 
of available templates. Additionally, one can further refine manually the 
pairwise alignment extracted from this MSA using experimental knowledge 
derived from e.g. site-directed mutagenesis or pharmacological data.  

As for GPCRs, one can take advantage of the highly conserved topology 
of this superfamily. In our lab, the homology modeling protocols based on 
the popular software Modeller27 were adapted to the particular case of 
GPCRs on a web-based solution, the GPCR-ModSim webserver, which has 
a significant number of users worldwide.28–30 The pipeline of GPCR-
ModSim, which was used in this thesis, is depicted in Figure 1.   
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Figure 1 Workflow of GPCRModSim. The grey circles represent optional steps that can 
be performed inside (Loop refinement, MD production phase) or outside the web server 
(ligand docking). 

In this webserver, manually curated structural alignments of crystallized 
GPCRs are generated, and divided into three categories representing the 
three possible conformations (fully active, active-like and inactive) of a 
GPCR. These pre-generated template alignments serve as basis for a Multi-
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ple Sequence Alignment (MSA) of the target protein against the templates of 
the selected conformation, which considers secondary structure penalties on 
the transmembrane (TM) regions. The most suitable templates are detected 
and ranked based on their TM sequence identity with the target GPCR. It is 
possible to use one or multiple templates for homology modeling. Moreover, 
the user can decide which template(s) to use for each topological region. 

The selected template(s) target alignment is used as a basis to generate a 
user-defined number of homology models, which are ranked according to 
their DOPE-HR scoring function included in Modeller, and assessed for 
stereochemical quality. Optionally, after this stage the user-defined loop 
regions can be refined with the algorithm LoopModel.31  

GPCR-ModSim offers the possibility to equilibrate and refine the homol-
ogy model (as well as any GPCR structure obtained experimentally or with 
alternative methods) by means of a carefully designed protocol for MD sim-
ulations of membrane proteins, called PyMemDyn.28 The receptor, alone or 
in complex with other molecules (such as ligands, allosteric modulators, 
structural waters, cholesterol molecules or lipids) is inserted into a pre-
equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) 
membrane model. The system is then solvated with SPC water molecules 
and subjected to energy minimization. An equilibration stage of 2.5 ns fol-
lows, where positional restraints on heavy atoms are gradually turned from 
1000 kJ/mol to 200 kJ/mol. Finally the system is subjected to another 2.5 ns 
of partially restrained MD simulation, where positional restraints are applied 
either to the Cα trace of the receptor, or in the latest versions as distance 
restraints between 24 pairs of Cα atoms, identified as conserved inter-helical 
contacts among crystal structures of GPCRs.4 

Nomenclature of GPCR residues 
The Ballesteros and Weinstein topological nomenclature of GPCR residues32 
was employed throughout this work, indicated as superscript following the 
sequence number. This nomenclature contains the number of the TM helix 
where the residue is found, followed by a second number which indicates the 
position relative to the reference residue within the given TM segment. The 
reference residue is the most conserved amino acid of the TM helix and is 
assigned the number 50. 

Molecular Docking 
The main goal of molecular docking is to predict the binding mode of a lig-
and (ranging from small molecules to proteins) in a given receptor. In order 
to do so, plausible structures of the complex under study must be generated 
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and evaluated. During the years, many computer programs have been devel-
oped for this goal. These programs produce reasonable binding poses by 
exploring the conformational space of the ligand and, in some cases also of 
the receptor (to a limited extent). The quality of each binding pose is evalu-
ated by estimations of the receptor-ligand binding free energy. In case of 
docking of a large dataset of molecules, as in virtual screening, it is also 
important to rank the ligands in order to identify promising scaffolds. As the 
number of generated configurations is very high, a rapid evaluation of the 
binding free energy is necessary, although this comes at the expense of accu-
racy. Docking programs use scoring functions, which can be divided into 
three groups: force field based, empirical and knowledge-based functions.  

Force-field based scoring functions consider the non-bonded terms of (1) 
between the ligand and the receptor, alone or with the addition of specific 
functions for hydrogen bonds or desolvation. The binding free energy is 
instead estimated as a sum of non-correlated terms (e.g. due to hydrogen-
bonding, lipophilic interactions, etc) in the empirical scoring functions. Eve-
ry term is weighted by a coefficient derived from multiple linear regression 
on a dataset of complexes with experimentally determined structure and 
binding affinity. Finally, knowledge-based scoring functions contain pa-
rameters derived from a broad probabilistic statistical analysis of protein-
ligand contacts from crystal structures. The underlying assumption is that a 
strong interaction is more frequently found, and based on Boltzmann proba-
bilities these functions account for both favorable and repulsive interactions 
in energetic terms.  

The outcome of molecular docking greatly depends on the quality of the 
scoring functions. Moreover, it is very important to account for different 
receptor conformations, as the side chains can rearrange upon ligand bind-
ing. One possibility to do so is to further test the docking results with MD 
simulations, alone or associated with FEP calculations (as in Paper I).  

Another possible approach to determine the binding mode of a molecule 
is manual docking operated through molecular graphics software. It is very 
effective if we already know how a closely related ligand binds to the same 
receptor, assuming that the anchoring points are conserved. This approach 
was used to dock Angiotensin II (AngII) derivatives and agonist pep-
tidomimetics in Paper IV, based on the crystal structures of sarile (an AngII 
analogue) in AT2 and AT1 receptors. 
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The NPY system  

The human neuropeptide Y (NPY) neuroendocrine system is composed of 
three peptides (neuropeptide Y NPY, peptide YY PYY and pancreatic poly-
peptide PP) and four receptors (Y1, Y2, Y4 and Y5). This system is involved 
in many physiological functions as well as in pathological conditions, in-
cluding inhibition of anxiety,33,34 vasoconstriction,35 and most importantly 
regulation of food intake and energy metabolism.36 Malfunctions of the NPY 
system translate into pathologies such as obesity, alcoholism, mood disor-
ders and cancer.37,38 In particular, mutations in both receptors and peptides 
are associated with obesity39–42 and the fact that no effective drug has been 
approved until now3,38 makes this system an interesting therapeutic target. 

NPY exerts its functions both in the periphery and the CNS (where is pre-
sent in high concentration) by acting as a neurotransmitter and it is one of 
the most potent orexigenic peptides.43 PYY and PP, instead, are appetite-
inhibiting hormones44–46 produced by intestinal endocrine and pancreatic 
cells, respectively. In particular, PYY is mainly found in the gastrointestinal 
tract: once released into the blood, it is cleaved to PYY(3-36) and both forms 
of the peptide are involved in the regulation of food intake.47–49  

These peptides are all composed of 36 amino acids and present a con-
served amidated C-terminus. Moreover the pairwise alignment shows a con-
siderable sequence identity ranging between 44% and 64%. Their structures 
were solved by means of X-ray crystallography50 and NMR51–53 and show a 
conserved tertiary structure called PP-fold: a β-turn connecting a proline rich 
N-terminus and an α-helix ending with a flexible C-terminus54 (Figure 2). 
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Figure 2 The PP-fold, characteristic of the NPY/PYY/PP peptides. The proline-rich N-
terminus is connected to a α-helix through a β-turn. The C-terminus is unwinded.  

 
The four functional receptor subtypes in humans, Y1, Y2, Y4 and Y5, are all 
expressed in the periphery and CNS where they mainly regulate appetite and 
energy homeostasis.37,55–59 Additionally, Y1 mediates vasoconstriction60 and 
influences alcohol consumption61; Y2 regulates memory retention, circadian 
rhythm, angiogenesis and it is involved in epilepsy62,63; Y4 inhibits pancreat-
ic secretion.64 

During the course of this thesis work, two crystal structures of Y1 in com-
plex with two different antagonists (BMS-193885 and UR-MK299)65 be-
came available, and one of them was used in Paper III. The other receptors 
considered were modeled based on homology with any of the available tem-
plates. The receptors have in general low sequence identity: Y1 and Y2 share 
27% of the residues, while Y5 has ~30% sequence identity with all the mem-
bers of the family. Finally, Y1 and Y4 have the highest sequence identity to 
each other (44%)66 that reaches 56% in the transmembrane regions.67 Never-
theless, all of them are activated by the peptides described above: in particu-
lar, Y1, Y2 and Y5 preferentially bind NPY and PYY, while PP is the princi-
pal endogenous ligand for Y4, showing very high affinity (< 100 pM).68 The 
initial part of this thesis is based on the hypothesis that the amidated C-
terminal fragment of these peptides is complementary to the conserved or-
thosteric pocket of the NPY receptors. More specific interactions between 
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the peptides and the receptors are instead modulated by the extracellular 
loops. 

For the reasons mentioned above, NPY receptors are interesting drug tar-
gets given their involvement in energy metabolism. In particular, strategies 
for the treatment of obesity have been developed which make use of either 
Y1/Y5 antagonists or Y2/Y4 agonists38,69,70: obinepitide, for example, is a 
Y2/Y4 dual peptide agonist that was successfully tested in clinical phase II 
trials and is now under further investigation.71  

In Paper I a study on the interactions between PYY and Y2 by means of 
MD/FEP calculations and mutagenesis data was presented.  

The homology model of Y4 in an active-like conformation presented in 
Paper II was used to interpret the functional properties of 12 naturally oc-
curring amino acid mutations in the receptor. 

Finally, selective antagonists at each receptor exist and have been charac-
terized, and in Paper III an updated binding mode of the Y1-selective antag-
onist BIBP3226 was validated by means of FEP calculations. 

Elucidation of the binding mode of PYY C-terminus to 
the Y2 receptor 
The human Y2 receptor is expressed in the arcuate nucleus of the basal hypo-
thalamus where it is activated by PYY(3-36), produced in the gastrointesti-
nal tract and transported to the brain by blood. Activation of Y2 causes a 
reduction in the release of appetite-stimulating peptides, such as NPY and 
AGRP, in the hypothalamus. For this reason, Y2-selective agonists have been 
proposed as anti-obesity drugs, and peptides and peptidomimetics containing 
modified PYY C-terminal fragments have been developed for this pur-
pose.66,72–77 Clarifying the binding mode of these peptides is crucial in this 
context. In 2013, our research group built a homology model of Y2 based on 
the active-like crystal structure of neurotensin receptor 1 (NTS1R).78 The Y2 
model was used to study the binding pose of the peptidic 32TRQRY36-NH2 
C-terminal fragment, with the aid of site-directed mutagenesis, binding affin-
ity, potency studies and FEP calculations.  

This study was expanded with a multidisciplinary collaboration that inte-
grated MD and FEP calculations in the design and the interpretation of bind-
ing affinity and functional studies on different peptide agonists of Y2.  

Until today, no agonist-bound NPY receptor crystal structure has been re-
leased and in Paper I the homology model of Y2 in complex with PYY and 
four truncated analogues (PYY(3-36), PYY(18-36), PYY(19-36) and 
PYY(22-36)) was used to investigate the interactions between these peptides 
and the receptor. In particular, this problem was tackled in four different 
ways: 1) explaining the reduction in affinity connected to the truncation po-
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sition; 2) proposing a binding mode for the common C-terminus of the pep-
tides; 3) proposing mutagenesis experiments on both the receptor and the 
peptides for experimental validation of the binding mode; 4) computationally 
validating the binding mode with FEP calculations. The experimental part of 
this study was conducted by our collaborators at the Department of Neuro-
science (Dan Larhammar, Uppsala University) and at the pharmaceutical 
company Novo Nordisk (Måløv, Denmark). 

The experimental binding affinities of the five peptides were found to 
gradually diminish upon truncation until position 19, while a more severe 
truncation to position 22 had a more dramatic effect (Table 1). 
Table 1 Binding affinities of PYY and its truncated analogues for WT-hY2  

Peptide 

WT-hY2 

Ki (nM)a,b  Fold change      
Ki / PYY-(3-36) Ki 

n 

PYY 0.057*  0.15 22 
PYY-(3-36) 0.38  1 43 

PYY-(18-36) 1.4 * 3.6 6 
PYY-(19-36) 1.8*  4.8 6 
PYY-(22-36) 9.6*  25 5 

a) Ki is calculated as the geometric mean of the n independent experiments. b) One-way 
ANOVA with Dunnett post hoc analysis was performed for the pKi values, the 
significance of the differences with PYY-(3-36) is indicated (*: p < 0.001).  

 
Extensive MD sampling on each complex, for a total of 500 ns in each case, 
showed a stable and shared binding pose of the C-terminal pentapeptide, 
which PYY and its analogues use to bind to the TM bundle of Y2 (Figure 3).  
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Figure 3 Binding mode of the amidated C-terminal pentapeptide of PYY and four trun-
cated analogues in the human Y2 receptor: A) WT-PYY; B) PYY-(3-36); C) PYY-(18-36); 
D) PYY-(22-36). The interacting residues were selected on the basis of hydrogen bond 
frequency (> 40%) or Cα-Cα distance < 9Å. 

 
The few differences observed in the binding pattern of the C-termini were 
statistically non-significant and attributed to the dynamic nature of the pep-
tide-receptor interactions. The α-helices of the peptides, which (in the cases 
of PYY and PYY(3-36)) interact with the proline-rich peptidic N-terminus 
through hydrogen bonds, emerge from the extracellular opening of Y2. Inter-
estingly, the α-helices of PYY(18-36), PYY(19-36) and PYY(22-36) 
showed systematic misfolding, a tendency observed also in their water simu-
lations. It was concluded that the stability of the secondary structure is di-
rectly connected to the binding affinity: the less stable the α-helix of the 
peptide, the lower its binding affinity. 

The binding mode shown in Figure 3 is similar to the previous one pro-
posed and experimentally tested by our group in 2013.79 However, it was 
used as a basis for suggesting new potential interactions subsequently tested 
with site-directed mutagenesis experiments on both the peptide and the re-
ceptor. Especially the use of receptor-peptide double mutants further helped 
in the identification of a number of anchoring points for PYY.   
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Table 2 Binding affinities or potencies of PYY-(3-36) for WT-hY2 and mutants 

Y2 and mu-
tants 

PYY (3-36) 
Ki / EC50 (nM)a,b Fold change (WT / mut)  n 

WT-hY2 0.38 1 43 
0.31a 1 5 

C1032.57Fa 73** 235 3 
Y1102.64A 1.4* 3.6 3 
T1112.65A 12** 33 3 
T1112.65L 0.54 1.4 3 
P1273.29Aa 8.0** 26 3 
P1273.29La 142** 465 3 
R1874.64A 1.5** 4.1 7 
E1884.65A 0.13 0.3 4 
E2055.24L 8.5** 23 3 
S2205.39A 2.2** 5.9 3 
S2235.42A 0.55 1.5 3 
S2235.42L 0.39 1.0 3 
L2846.51Y 0.16 0.4 3 
H2856.52F 0.10 0.3 4 
Q2886.55A 0.73 1.9 3 
Q2886.55L 1.3** 3.5 7 
Q2886.55E 1.0 2.7 3 
Q2886.55R 30** 79 7 
Y3037.31A 0.77 2 3 
F3077.35A 17** 45 5 

a) Affinity (Ki) or potency (EC50, in italics) values are calculated as the geometric mean 
of the n independent experiments. b) One-way ANOVA with Dunnett post hoc analysis 
were used for pKi, (or potency in pEC50, respectively). Asterisks indicate the statistical 
significance of differences of PYY-(3-36) affinity in pKi, (or potency in pEC50, respec-
tively) between Y2 and its mutants (*: p < 0.01, **: p< 0.001).  

First of all, the size of the binding pocket was tested with mutants of P1273.29 
and C1032.57: bulky side chains dramatically reduced potency, hindering the 
binding of the C-terminal Y36.  

The vicinity of T32 to F3077.35 was confirmed by the moderate reduction in af-
finity for the F3077.35A mutant, but most importantly the (T32F)PYY(3-36) pep-
tide mutant was better tolerated due to a possible π-stacking interaction between 
the phenyl rings (Ki = 2.7 nM). Moreover, the hypothesis of an interaction be-
tween T32 and Y1102.64, proposed by Kaiser et al.,80 was ruled out both by our 
experiments and our calculations, as the tyrosine side chain in our model points 
towards the membrane. The presence of a salt-bridge involving R33, R35, E2055.24 
and D2926.59, already proposed in 2013,79 found further support in our MD 
simulations, while Q34 makes polar interactions with Q1303.32. The extreme sen-
sitivity of this residue to conservative mutations79 might be connected to a struc-
tural role, exerted through interactions with T1072.61 and H3117.39, as observed in 
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the MD simulations. Finally, the amidated C-terminus was proposed to bind in a 
pocket delimited by L2846.51, Q2886.55 (both interacting with the side chain of 
Y36) and Y2195.38, which forms hydrogen bonds with NH2. The interaction with 
L2846.51 was confirmed by the increased binding affinity for the Tyr mutant 
(possibly forming a π-stacking interaction with Y36 ring) and the decreased af-
finity for the Ala mutant. A flexible and positively charged side chain is not 
tolerated in position 6.55, where the Q2886.55R mutant showed a dramatic affini-
ty reduction for the peptide (Table 2). Modifications of the peptidic C-terminal 
amide into primary alcohol and or carboxylate could not recover affinity for the 
Q2886.55R mutant. 

The interactions of the Y36-CONH2 fragment were then analyzed in detail 
with FEP calculations, which provide a robust approach for the validation of 
ligand binding poses20 (Figure 4).  
 

 
Figure 4 Calculated (grey) and experimental (black) relative binding free energies 
(ΔΔG, kcal/mol) for PYY-(3-36) to nine selected Y2 mutants. The experimental values of 
ΔΔG are reported in Table 2 and in Xu et al. 2013; the s.e.m. is shown with error bars 
(derived from 3 independent experiments or 10 independent simulation replicates).  

In general, the experimental binding free energies, derived as , 
were reproduced by our calculations with good accuracy (mean absolute 
error (MAE) of 1.3 kcal/mol) and precision (standard error of the mean 
(s.e.m.) of 1.47 kcal/mol, lowering to 1.16 kcal/mol if the unconverged 
Q2886.55E calculation is excluded). The small effect on peptide affinity of 
Q2886.55A was slightly overestimated due to the insertion of a water mole-
cule in the space left free by the annihilation of the Gln side chain. The water 
molecule, in fact, partially counterbalanced the effect of the mutation but the 
interaction that established was not stable. Nevertheless, the negligible ef-
fects of introducing a bulky side chain (Q2886.55L) or maintaining the polari-
ty (Q2886.55N) were perfectly caught by the FEP calculations. For what con-
cerns Q2886.55E, the numerical value of ΔΔG was reproduced, but the simula-
tions did not converge properly. Different factors contributed to it: the rear-



 29 

rangement of the binding pocket due to the insertion of a negatively charged 
side chain, and the introduction of a positively charged ion into the simula-
tion sphere in order to keep the overall charge of the system constant. The 
position of the counterion in FEP calculations performed in SBC is critical: 
the ion should be optimally solvated, hence it should not be placed too close 
to the sphere boundaries. At the same time, any vicinity to charged residues 
should be avoided in order to prevent electrostatic interactions that could 
affect the results, therefore a positional restrain must be applied to it. The 
overestimation of the experimental ΔΔG was also observed when a positive-
ly charged side chain was introduced into the binding pocket (Q2886.55R): in 
this case the effect was more pronounced due to the vicinity of R33 and R35 to 
the mutated position.  

The predicted interaction between NH2 and Y2195.38 was confirmed by 
the excellent agreement between our calculations and the experimental ΔΔG, 
both when an Ala and a bulky hydrophobic Leu side chain were introduced. 
This confirmed that a polar residue is necessary in that position, allowing 
hydrogen bonding with NH2. Our calculations could also reproduce the det-
rimental effects on peptide binding due to the Q1303.32E and Q1303.32H muta-
tions, ruling out the possibility of an interaction between the C-terminal am-
ide and Q1303.32 proposed by Kaiser et al.80 

In general, the mutations involving the peptide had a bigger impact on 
peptide binding affinity or potency. Both the mutagenesis experiments and 
the MD simulations of Paper I highlighted that Y2 uses multiple anchoring 
points for each peptide residue. Therefore, the contribution of a single recep-
tor residue to the peptide binding is small compared to the share of each 
PYY side chain. 

Finally, the study was complemented by an evolutionary comparison of 
the sequences of NPY and RF-amide receptors: as mentioned before, most of 
the residues forming the binding pocket are conserved among the members 
of the two receptor families, which share a common evolutionary ancestry. 
Moreover, this could also be connected to the conservation of the C-terminus 
of the NPY family peptides.   

 

The role of 12 naturally occurring variants explained by 
a homology model of Y4  

As mentioned in the previous sections, the human Y4 receptor is involved, 
among the many physiological processes, in energy expenditure and physical 
activity,81 and regulation of food intake82–84 and it is considered to work syn-
ergistically with the Y2 receptor. The Y4 receptor is encoded by the NPY4R 
gene, for which a variation in the number of copies (CNV) has influence on 
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the body weight.85–88 Moreover, this gene displays multiple single nucleotide 
polymorphisms (SNPs), leading to changes in the Y4 amino acid sequence. 
In Paper II, 12 naturally occurring nonsynonymous mutants of Y4 were 
investigated by means of functional assays and homology modeling. The 
results were interpreted in terms of sequence comparison of Y4 among verte-
brates, with the NPY receptor family and other related peptide receptors. 
Also, the qualitative interpretation of the mutagenesis data benefitted from 
the structural information provided by a homology model of the receptor, 
and it is presented in detail in this section. 

A model of Y4 was generated with the GPCRModSim webserver,30 based on 
three templates in fully active conformation: the human M2 muscarinic acetyl-
choline receptor (PDB code 3sn6), metarhodopsin II (PDB code 3pqr) and the 
beta2 adrenergic receptor (PDB code 3sn6). Figure 5 and Table 3 show the loca-
tion and the potency effect of the 12 variants found for Y4, respectively.   
 

 
Figure 5 Homology model of the human Y4 receptor and the locations of the variant 
amino acid residues investigated in Paper II. The mutated residues are depicted in sticks 
and red label, while their surroundings are indicated with black labels. 
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Table 3 Potencies of PP for WT-hY4 and 12 naturally occurring Y4 variants 

Y4 and mu-
tants 

PP 
EC50 
(nM) 

Fold change 
(Ki / PP Ki)  

n 

WT-hY4 0.68 1 13 
C34NTS 2.9*** 4.3 4 
A812.44T 0.26 0.4 3 
A992.62S 1.2 1.8 3 

T1263.37M 0.39 0.6 4 
V1353.46M 3.0** 4.4 3 
C201ECL2Y - - 3 
R2395.63W 0.61 0.9 3 
R2395.63Q 1.6 2.4 3 
R2405.64C 0.49 0.7 4 
V2716.41L - - 3 
V2766.46M 0.69 1.0 3 
N3187.49D - - 3 

 (**: p < 0.01, ***: p< 0.001) 

 
Three mutants showed complete loss of receptor response, although cell 
expression was still observed. C201 forms a disulphide bridge with C1143.25, 
very conserved among the NPY receptor family (and many other class A 
GPCRs) and probably required for shaping a binding site suitable for the 
peptide agonists. V2716.41 is very conserved among the NPY receptors of 
vertebrates. According to the Y4 model, it is found at the interface between 
TM5 and TM6, surrounded by hydrophobic side chains. Although mutants 
such as Ile or Ala are accepted, it seems that a Leu side chain might cause 
structural distortion, thus inhibiting receptor response. The absence of re-
sponse for the N3187.49D mutant is due to the loss of hydrogen bonding with 
D872.50, known to regulate receptor activation.89  

Two variants showed reduced potency (> 4 fold): C34S and V1353.46M. 
The disulphide bridge between C34 and C2987.29, which is lost with the in-
troduction of Ser in position 34, is observed in receptors Y1, Y4, Y6 and Y8 
but not in Y2, Y5 and Y7, therefore it was concluded that it is not indispensa-
ble for the function of NPY receptors. However, the functional assays were 
conducted using PP: breaking the interaction between the N-terminus and 
TM7 had an important effect on the potency of the Y4 endogenous ligand, 
probably connected to the formation of the peptide binding site. According 
to the model, V1353.46 is placed one helix turn above the conserved D/ERH 
motif and its surroundings are densely packed with hydrophobic residues. 
The insertion of a Met side chain could cause steric clashes and distortion of 
the helices, hindering the activation of the receptor. Additionally, short side 
chains such as Val or Ile are usually encountered in position 3.46. 
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Finally, the rest of the mutants did not produce any considerable effect on 
potency. The side chains of A812.44, R2395.63, R2405.64 and V2766.46 point 
towards the membrane and their mutants do not cause helix distortions; 
A992.62 and T1263.37 point toward TM1 and TM4, respectively, and although 
their mutants represent drastic changes, the small alteration in potency could 
be due to the absence of specific interactions involving the two wild-type 
side chains. 

Comparing the Y4 model with the binding mode of PYY into Y2 (Paper 
I), it is also noticeable how none of the residues studied in Paper II faces 
the binding pocket of the peptide (Figure 6). This further explains the negli-
gible effect of most mutations, in the light of the hypothesis of a shared bind-
ing pocket between the peptides of the NPY family.  
 

 
Figure 6 Comparison between the PYY-Y2 complex (Paper I) and the Y4 homology mod-
el. None of the Y4 variants faces the binding pocket of PYY in Y2. 
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Validation of BIBP3226 binding mode into Y1 through 
FEP calculations 
The FEP protocol for amino acid perturbations used in Paper I and devel-
oped in previous works from our group20,21 was expanded, implemented in 
the GUI90 and API23 interfaces of the MD software Q12 and updated to the 
latest version of the OPLS-AA/M force field in Paper III. While other FEP 
protocols use a dual-topology approach,25,91 where large perturbations hardly 
converge,91 QresFEP makes use of single-topology FEP recipes that involve 
a stepwise annihilation of amino acid side chains to alanine. In this way, the 
convergence of the calculations is improved and any side chain transfor-
mation can be tackled by joining two thermodynamic cycles through the 
common alanine intermediate.     

The performance of our updated protocol and the optimization of the 
sampling were tested on two biochemical problems: the thermal fluctuations 
connected to the protein stability of 43 mutations on the T4-lysozyme and 
the effect of point mutations on the binding of BIBP3226, an antagonist to 
the Y1 receptor. In this section the results obtained on the latter issue are 
discussed. 

The binding of BIBP3226 to the Y1 receptor was investigated by our 
group in a study from 201420: two alternative docking poses of the antagonist 
into a homology model of the receptor were characterized by means of FEP 
calculations performed on 13 receptor mutants. The binding pose that most 
correctly explained site-directed mutagenesis and SAR was finally selected. 
Recently, the crystal structure of the Y1 receptor in complex with the antag-
onist UR-MK299 (a BIBP3226 analogue bearing a carbamoyl substituent on 
the guanidine group) was released.65 The crystal structure confirmed the 
general orientation of the ligand in the binding pocket (Figure 7B) but, as 
expected, certain interactions were more accurately modeled. In particular, 
the RMSD between the common atoms of the two antagonists resulted to be 
4.59 Å, while the RMSD of the Cα trace of the TM reason was 1.74 Å. Nev-
ertheless, important differences were highlighted and we took the chance to 
revise this binding mode with the QresFEP protocol. 
 



 34 

 
Figure 7 Predictions of site-directed mutagenesis effect on binding affinity of BIBP3226 
to the human Y1 receptor A) Starting configuration used in Paper III for the simulations 
of BIBP3226 (in violet) in complex with Y1, with labelled mutated side chains; B) The 
same complex as modeled by Boukharta et al. (cyan) compared to the crystal structure of 
Y1 in complex with UR-MK299 (orange); C) Calculated and experimental relative bind-
ing free energies for BIBP3226 to the 16 Y1 mutants studied in Paper III. Blue bars rep-
resent the calculated ΔΔG for this work, grey bars represent the experimental ΔΔG and 
red bars represent the calculated ΔΔG  for 13 mutants investigated in Boukharta et al. 
For mutants marked with *, the experimenttal ΔΔG  is approximated by the threshold of 
the experiment (2.3 kcal/mol).   

 
The orientation of BIBP3226 in the TM pocket was derived from the coordi-
nates of the co-crystallised UR-MK299 (Figure 7A shows the starting point 
for the simulations). A set of 16 mutations was selected, 13 of which already 
analysed experimentally and computationally in Boukharta et al.,20 the rest 
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derived from Yang et al.65 The FEP calculations were found in good agree-
ment with both the experiments and the previous calculations based on the 
Y1 homology model (Figure 7C). The calculated ΔΔG for Y1002.64A, 
F1734.60A and Q2195.46A were improved, compared to the results of 2014, as 
the crystal structure better captures the π-stacking interaction of Y1002.64 
with the diphenylmethyl moiety of BIBP3226 and the hydrogen bond be-
tween Q2195.46 and the tyrosyl group. F1734.60 shows a charge-π interaction 
with the guanidine group of the ligand, which was not present in the homol-
ogy model from 2014. The loss of binding experimentally observed for 
N2836.55A and D2876.59A was correctly captured, as the wild-type side chains 
are involved in polar interactions with the antagonist. Also Y2115.38A causes 
loss of binding: this effect was reproduced by the previous calculations, as 
the side chain was modeled in direct contact with BIBP3226, but not by the 
current calculations based on the crystal structure. Here, Y2115.38 is found 
between TM4 and TM5, surrounded by phenylalanine residues and the Ala 
mutant does not impact much on the packing of this hydrophobic pocket. 
The calculated ΔΔG was in overall agreement with the experiments, with 
slight over- or under estimations, for T2125.39A (hydrogen bonding with the 
guanidine group), F2866.58A (in contact with the diphenylmethyl moiety), 
L2796.51A and T286.52A (both surrounding the backbone of the ligand). The 
effects of N1163.28A, S1704.57A and T2846.56A were not captured correctly: 
the interactions of N1163.28 and T2846.56 with the ligand are water mediated, 
while S1704.57 points away from the binding pocket. The homology model of 
2014 did not predict any direct interaction with BIBP3226 either, and this 
was mirrored by the negligible calculated binding free energies of their Ala 
mutants. The calculations could not capture the effect of W2766.48A as this 
residue was originally crystallised in contact with the carbamoyl group of 
UR-MK299, therefore its conformation and its solvation could be different 
when the guanidine is not substituted. The effect of F1734.60W was predicted 
to be negligible, meaning that a bulkier side chain is well tolerated in that 
position. For I1243.36, pointing towards the tyrosyl moiety, QresFEP could 
not grasp the small effect of the Ala mutation. The reversed simulation was 
tested, and the obtained hysteresis (0.83 kcal/mol) showed the robustness of 
the calculation. In general, it is preferable to annihilate the side chain instead 
of growing one as in this way it is possible to have more control on the con-
figuration. 

The results obtained with shorter sampling (by modifying the number of λ 
windows from 50 to 20) were comparable, with MAE=1.62 kcal/mol. The 
longer sampling was particularly beneficial for the F1734.60W mutation, es-
pecially in the Trp → Ala leg.  

The values of MAE=1.54 kcal/mol and average s.e.m.=0.64 kcal/mol as-
sessed the predictive power of the QresFEP protocol and the satisfactory 
convergence of the calculations. Although the MAE for Boukharta et al.20 is 



 36 

lower (0.96 kcal/mol) than in Paper III, the value here obtained falls within 
the same order of magnitude as other works from our group (Table 4).  
Table 4 Overview of ligand binding calculations with QresFEP.  

References System Number of 
mutationsa 

MAEb R2 MCCc 

Keränen et al.92 A2AAR 17 (15) 1.31 0.53 0.58 

Keränen et al.92 A2AAR 26 (13) 1.07 0.28 0.59 

Boukharta et al.20 Y1Rd 13 (10) 0.96 0.34 0.57 

Jespers et al. 93 A1AR 6 (4) 0.42 0.59 1.00 

Nøhr et al.94 GPR139d 6 (0) N/Ae N/A 1.00 
Xu et al. 95 Y2Rd 9 (9) 0.78 0.41 1.00 

a In parenthesis, the number of mutations with qualitative experimental data used for the 
calculation of MAE and R2 (in the remaining cases the observed effect was larger than 
the experimental cutoff, or the experimental data was based on functional data). bMAE = 
Mean absolute error. c MCC = Matthew’s correlation coefficient. d A homology model of 
the receptor and a docked position of the ligand were used for the simulations. e N/A = 
Not available 

 
Moreover, the s.e.m. of the single calculations were not higher than the er-
rors of the experimental data. This demonstrates the applicability of the 
QresFEP protocol in cases where homology models of sufficient quality or 
crystal structures are available and it points out the importance of interpret-
ing the results in light of the experiments.  
 
 
 
 
 
 
 
 



 37 

Angiotensin II Receptors 

The main function of the Renin-Angiotensin System (RAS), schematized in 
Figure 8, is cardiovascular regulation, exerted by controlling the volume of 
extracellular fluids and blood pressure,96 and for this reason pharmaceutical 
industries have targeted its components in search for anti-hypertensive 
drugs. The octapeptide Angiotensin II (AngII) is a central peptide of RAS 
and it is the product of a stepwise cleaving: renin cleaves the angiotensino-
gen protein yielding the decapeptide Angiotensin I, which is converted into 
AngII by the angiotensin converting enzyme (ACE). AngII exhibits a strong 
hypertensive effect, therefore research has focused on suppressing its for-
mation by inhibiting ACE (introducing captopril in 1978)97,98 or renin (with 
aliskiren, the first renin inhibitor on the market in 2007)99–102.   
 

 
Figure 8 Schematic depiction of the RAS system 
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AngII activates both AT1 and AT2 receptors, two class A GPCRs with se-
quence identity of 34% and homologies mainly found in the transmembrane 
domains. AT1 mediates the major part of the physiological effects of AngII, 
such as vasoconstriction, aldosterone release, activation of neurons and cell 
growth and proliferation.103,104 While AT1 is expressed in several kinds of 
tissue, such as brain, heart and vasculature, kidney and adrenal gland,105 AT2 
is abundant in fetuses and directly after birth. Thereafter, its concentration 
generally declines to undetectable levels except as in certain tissues (vascu-
lar endothelium and heart, uterus and ovaries, distinct brain areas),103 where 
AT2 is expressed at low concentration throughout life if no pathological state 
occurs. In fact, AT2 is upregulated in occasion of myocardial infarction, kid-
ney failure, injuries involving skin and vasculature, and brain ischemia.105,106 
Additionally, it is believed that activation of AT2 counteracts the effects of 
AT1 mediation, through vasodilation, anti-inflammatory, anti-oxidative and 
anti-fibrotic responses.107–109 Consequently, AT2 has been recently investi-
gated as drug target, in particular with the development of AT2 selective 
agonists.110 Extensive research and development of AngII peptide analogues 
and peptidomimetics lead to the synthesis of the first small molecule agonist 
for AT2 reaching clinical trials, C21, developed in the laboratory of our col-
laborator Prof. Anders Hallberg at Uppsala University.111 Thanks to the re-
cently published crystal structures of AT1 and AT2 in complex with sarile 
([Sar1, Ile8]AngII),112,113 a non-selective agonist,114 a retrospective study on 
the evolution of the design of AT2 peptide agonists was conducted and the 
results are presented in Paper IV. 

Evolution of AT2 selective peptide agonists 
The main goal of this study was to pinpoint the pharmacophoric points of the 
AT2 peptide agonists115 and to identify key interactions with the receptor. In 
this context, the binding of eleven AT2 agonists (Figure 9) with different 
structure, affinity and selectivity was investigated by means of MD simula-
tions and FEP calculations.  
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Figure 9 The structures of 11 peptides and C21, considered in Paper IV. On the left, 
peptides with more than 5 amino acids are depicted. 2 is the only one with a branched 
structure, while 3 – 6 present a γ-turn mimetic. On the right, short peptides with less than 
5 amino acids are depicted. 7 – 11 were considered for FEP calculations involving the 
C-terminus. Finally, the structure of the potent and AT2 selective C21. 

 
All the peptides were modeled based on the coordinates of sarile, recently 
crystallised in complex with AT2: the conformation of the common side 
chains was retained, as well as their interactions with the receptor. The initial 
assumption of a binding pose shared between all peptides was tested with 
FEP calculations on five truncated peptides (7 - 11), with interesting varia-
tions in affinity associated to changes in the C-terminus.116,117 Additionally, 
possible reasons for AT1/AT2 selectivity were investigated by comparing the 
binding mode of two non-selective peptides, sarile and 6, in both receptors, 
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as the crystal structure of sarile-AT1 was disclosed too. Finally, in order to 
fill the gap between peptides and small molecule agonists, the binding mode 
of C21 was examined. This binding mode was initially derived from the 
docking of a C21-derivative into an AT2 homology model118 and it was re-
cently updated, based on a docking study of AT2 antagonists sharing the 
same scaffold as C21,119 and also taking into consideration the crystal struc-
ture of the complex sarile-AT2.112  

The short MD simulations performed on the complexes of the peptides 1 - 
6 with AT2 revealed a stable binding mode shared by all the compounds 
(Figure 10). In particular, it was possible to derive conclusions on the phar-
macophoric points of the peptides.  
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Figure 10 A) Schematic representation of peptides 1 - 6 in the AT2 binding site. The 
hydrophobic pocket surrounding the C-terminus is depicted as a surface (yellow for Ile8, 
green for Phe8), the receptor residues in contact with the common side chains of the 
peptides (see panel B) are explicitly represented and hydrogen bonds with high frequen-
cy (see panel C). The heat-maps represent atom contacts (B) and hydrogen bonds (C) 
occurring more than 30% of the simulation time between at least one peptide and the 
AT2R.   
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The N-termini were modeled in solvent-exposed areas, forming non-specific 
interaction patterns, in agreement with previous studies that highlighted how 
the N-terminus does not play an important role for the binding of peptides to 
AT2.120,121 On the other hand, an Arg in position 2 is known to be crucial for 
binding to AT2.121,122 This was explained by two interactions consistently 
observed: the salt-bridge between the peptide R2, D2796.58 and D2977.32 and 
the electron-π interaction of the guanidine group with W2836.62.  

Conserved van der Waals interactions between the central part of the pep-
tides and hydrophobic side chains of ECL2 were also observed, and it was 
concluded that this might contribute to high affinity towards AT2.  

In light of the improved potency and AT2 selectivity observed for AngII 
analogues displacing H6 with a 4-aminophenyl123 or a Tyr side chain124, re-
spectively, the His side chain was modeled neutral bearing a proton on Nε in 
order to favour hydrogen bonding with the aspartic acid in TM7. The simula-
tions showed a hydrogen bond taking place between H6 and D2977.32, fre-
quently water-mediated, with variable frequencies depending on the cases 
(Figure 10). P7 formed a persistent interaction with W1002.60 and the back-
bone of the 6H-P7 segment formed a steady hydrogen bond with R1824.64. 
Finally, the C-terminus was constantly involved in an internal hydrogen 
bond with Y4 and K2155.42.  

The orientation of the C-terminal side chain and its role on AT2 affinity 
were investigated in detail. The C-terminal Ile of 1 and 2 and the C-terminal 
Phe of 6 were surrounded by residues of TM3, TM6 and TM7, while the 
binding pocket of the C-terminal Phe of compounds 3 – 5 was allocated 
within TM3, TM4 and TM5. These observations were supported by the in-
teraction pattern of antagonists recently co-crystallised with AT2.125,126 The 
validity of the C-terminal binding mode was tested with FEP calculations on 
the pairs of analogues 7 – 8 and 9 – 10. Although deprived of a guanidine 
moiety, compounds 7 – 11 still bind to AT2 and show increased affinity 
when the C-terminal Phe is replaced by an Ile. These compounds were mod-
eled with the C-terminal Phe oriented in the same binding pocket as com-
pounds 3 – 5. In general, the increased binding affinity upon transformation 
of Phe into Ile was captured by the FEP calculations, corroborating the ob-
servations from classical MD simulations and the hypothesis of a common 
binding pose (Table 5). The underprediction observed for the difference in 
affinity between compounds 9 – 10 could be due to a wrong assumption that 
the Phe sidechain of 9 sits in a different binding pocket than the Ile in 10. 
Compounds 9 and 10, in fact, are analogues of 6, which placed its Phe in a 
different pocket compared to the other peptides bearing a C-terminal Phe (3 
– 5). Additionally, the transformation 9 – 11 is associated to a modest loss of 
binding affinity, not captured by our FEP calculations. As the 4-
benzylphenyl moiety of 9 was modeled on the trace of the γ-turn of 6, thus 
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facing ECL2, the ∆∆Gcalc shows that the hydrophobic environment of ECL2 
is not an ideal pocket for the amino group substitute in 11.  
Table 5 Relative binding affinity (in terms of experimental and calculated free energy) 
for three pairs of AT2 agonists 

Mutation ΔΔGexp (kcal/mol) ΔΔGcalc ± s.e.m. (kcal/mol) 

8 → 7 1.54 ± 0.06 0.97 ± 0.64 
10 → 9 2.38 ± 0.07 0.55 ± 0.67 
11 → 9 0.59 ± 0.06 -0.88 ± 0.13

The AT1/AT2 selectivity was addressed by comparing the binding modes of 
the non-selective sarile and 6 in the two receptors and between each other. 
The AT1 N-terminus was crystallised interacting with ECL2: this influenced 
the interactions of the most external parts of the peptides, which are con-
strained in an area delimited by ECL2, TM6 and TM7. Nonetheless, the 
binding pose of sarile is very similar in the two receptors and the key inter-
actions (described above) were maintained, possibly explaining its equipo-
tency for AT1 and AT2. The affinity of 6 for AT1 is 3 times lower than for 
AT2. This compound shows a similar binding mode in both receptors, except 
for the orientation of the C-terminal Phe side chain, which is surrounded by 
TM3, TM4 and TM5 as observed for compounds 3 – 5 in AT2. This could be 
connected to the reduced affinity of 6 for AT1.  

Finally, C21 binds deeper than the rest of the peptides here studied. This 
small agonist maintained certain key interactions observed for the peptides, 
such as the hydrogen bonds with K2155.42 and R1824.64 formed by the sul-
fonyl carbamate, or the hydrophobic pocket that surrounds the isobutyl 
group. Mostly, apolar side chains surround C21 (I304 interacts with the phe-
nyl and L1243.32 with the thiophene), while the imidazole group forms a hy-
drogen bond with Y2045.31 and it is closer to TM4 than TM7 (where the His 
side chain of the peptides is placed). The deeper binding of C21 might be a 
reason for its high affinity for AT2.  

The characterization of the key interactions between AT2 and the eleven 
compounds studied in Paper IV allowed the identification of the pharmaco-
phoric points of AT2 ligands. A hydrophobic side chain in the C-terminus 
seems to be necessary for binding to the AT2 receptor: Phe or Ile in the case 
of peptides, and the isobutyl group in the case of C21 are surrounded by a 
hydrophobic pocket deep in the transmembrane region of AT2. The FEP 
calculations performed for this project confirmed the common binding mode 
of the C-terminus of the peptides into this pocket. Additionally, the hydrogen 
bonds between polar groups of atoms of the ligands, K2155.42 and R1824.64 
are necessary to keep the agonists in place. In the case of extended peptides, 
such as sarile, AngII or analogues bearing γ-turn mimetics, the presence of 
an Arg in position 2 becomes crucial for the binding, due to the formation of 
salt bridge with Asp residues in TM6 and TM7. Moreover, the apolar envi-
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ronment provided by residues of ECL2 forms an ideal pocket for the hydro-
phobic central part of the peptides.  
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Conclusions  

GPCRs are targeted by more than one third of the drugs in the market, as 
their malfunction is the cause for many pathophysiological states. Still, there 
is need for more potent and receptor-selective drugs. In drug design, a cor-
rect modeling of the interactions between a receptor and its ligands is of key 
importance and it often requires the interpretation of a series of experiments. 
In absence of an experimentally derived structure, this process can become 
complex. In this thesis, a computational approach was used for the character-
ization of ligand binding in two families of class A GPCRs, the NPY recep-
tors (Papers I, II and III) and the Angiotensin II receptors (Paper IV).  

The stability of the binding poses of peptides in their target receptors, de-
rived with automated and manual docking, was assessed with MD simula-
tions in Paper I and IV. In Paper I, the results of 0.5 μs-long MD sampling 
conducted on PYY and four truncated analogues in complex with the Y2 
receptor helped in the rational design of mutagenesis experiments aimed to 
the identification of the binding pocket. Simulations were also helpful in 
determining the possible reasons for the reduction of binding affinity ob-
served for the truncated PYY analogues. In Paper IV, shorter MD simula-
tions (30 ns) were employed to define the receptor anchoring points for a set 
of peptide and peptidomimetic agonists at the AT2 and AT1 receptor, with 
the underlying hypothesis that all shared a similar orientation in the binding 
pocket. Moreover, the pharmacophoric groups of the peptide ligands consid-
ered in this study were identified. 

FEP calculations were employed in Paper I, III and IV to obtain relative 
binding free energies upon amino acid mutation. In Paper I, the binding 
mode of the amidated C-terminus of PYY was validated by comparison of 
the binding free energies obtained on the model of the complex with Y2 with 
experimental binding affinities derived by our collaborators. In Paper III, 
the revised and updated FEP protocol for amino acid mutation was tested on 
a recently released crystal structure of Y1 in complex with an antagonist. The 
results obtained here were compared with a previous study from 2014 con-
ducted by our group on the docking of BIBP3226, antagonist at Y1, to a ho-
mology model of the receptor. In Paper IV, FEP calculations were used to 
assess the correct orientation of the C-terminus of peptide agonists at the 
AT2 receptor. The results reproduced the experimental change in binding 
affinity observed for Phe → Ile mutations, but further investigation on the 
underprediction of the binding affinity change for the 10 – 9 transformation 



 46 

is required. This would imply testing alternative orientations for the C-
terminal Phe of 9, which could be placed in the same binding pocket as Ile of 
10, as these compounds are analogues of 6, which shows this unusual ad-
justment for its C-terminus. Moreover, an alternative pose for the N-
terminus of 11 could be tested in order to address the incorrect prediction of 
binding free energy for the 11 – 9 transformation. A different approach, such 
as dual topology, could also be used for this scope. 

Finally, in Paper II a homology model of the Y4 receptor was presented. 
This was built on the basis of three templates in active conformation in order 
to attempt a structural explanation of the role of 12 naturally occurring vari-
ants of the Y4 receptor. This model was able to explain the variation in po-
tency observed for the mutations, showing that homology models are a valid 
option in absence of experimentally derived structures of GPCRs.  

This study showed how powerful and accurate computational methods for 
the characterization of ligand binding in GPCRs can be, both when crystal 
structures and accurate homology models are available. The interpretation of 
computational results in light of experiments is always necessary and en-
couraged.  
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Populärvetenskaplig sammanfattning 

G-proteinkopplade receptorer (GPCRer) förmedlar många biologiska pro-
cesser och flera sjukdomar beror på funktionsfel i dessa. GPCRer utgör mål-
proteiner för ca. en tredjedel av läkemedlen på marknaden, men det finns 
fortfarande behov av nya effektiva GPCR-inriktade läkemedel. Läkemedels-
designprocessen är i allmänhet lång och besvärlig, och från det att en lo-
vande molekyl upptäckts tar det oftast många år fram till en godkänd sub-
stans. Identifiering av farmakoforiska grupper kräver en djup förståelse för 
hur kända ligander binder till receptorerna. Homologimodellering, molekylär 
dynamik (MD) och fri energiperturbation (FEP) är användbara beräknings-
metoder som gör det möjligt att förutsäga bindningsgeomtrier och bind-
ningsaffiniteter. I denna avhandling användes dessa tekniker tillsammans 
med experimentella data från våra samarbetspartners till att belysa interakt-
ioner mellan NPY-receptorer, Angiotensin II-receptorer och deras endogena 
peptidligander. 
 
Fetma är en välkänd riskfaktor för kroniska sjukdomar som diabetes och 
cancer. År 2016 uppskattade WHO att 13% av världens vuxna befolkning 
var överviktiga. Mutationer av NPY-signalsystemet är korrelerade med 
fetma och därför är NPY-receptorer intressanta läkemedelsmål, för vilka det 
ännu inte finns någon effektiv läkemedelssubstans. I detta arbete analysera-
des bindningen för PYY-peptiden till Y2-receptorn genom långa MD-
simuleringar och FEP-beräkningar. Homologimodellering användes för att 
bygga en modell av Y4-receptorn, för att strukturellt kunna förklara effekter-
na av 12 naturligt förekommande mutationer. Den senaste varianten av vårt 
FEP-protokoll för aminosyramutationer testades därvid på punktmutationer 
av Y1-receptorn i komplex med antagonisten BIBP3226. 
 
En retrospektiv studie av peptider och peptidomimetika som ledde fram till 
syntesen av C21, en potent agonist till AT2 receptorn, presenteras i den sista 
delen av denna avhandling. Angiotensin II-receptorerna AT1 och AT2 för-
medlar effekterna av Angiotensin II-peptiden (AngII) på motsatta sätt: akti-
vering av AT1 har hypertensiva effekter som motverkas genom aktivering av 
AT2 med samma ligand, med vasodilatation och antiinflammatorisk respons. 
Dessutom är AT2 uppreglerad vid vävnadsskada och detta gör den till ett 
intressant läkemedelsmål. I den sista studien föreslogs en bindningsmod som 
är gemensam för alla peptider med hjälp av MD-simuleringar, vilka använ-
des för att testa bindningspositionens stabilitet. Resultaten validerades ytter-
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ligare med FEP-beräkningar, vilka återspeglade reduktionen i bindningsaffi-
nitet som observerades när den C-terminala aminosyran Ile substitueras mot 
Phe. Effektiviteten hos denna beräkningsmetod i studier av GPCRer visas av 
den goda överensstämmelsen mellan experiment och beräkningar.  
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