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Abstract
Matricon, P. 2021. Molecular simulations of G protein-coupled receptors: A journey into 
structure-based ligand design and receptor function. Digital Comprehensive Summaries of 
Uppsala Dissertations from the Faculty of Science and Technology 2011. 82 pp. Uppsala: 
Acta Universitatis Upsaliensis. ISBN 978-91-513-1134-0.

The superfamily of G protein-coupled receptors (GPCRs) contains a large number of important 
drug targets. These cell surface receptors recognize extracellular signaling molecules, which 
stimulates intracellular pathways that play major roles in human physiology. Breakthroughs in 
structural biology have led to an exponentially increasing number of atomic resolution GPCR 
structures, which have provided insights into the molecular basis of ligand binding and receptor 
activation. However, in order to use these structures in rational drug design, computational 
methods able to predict ligand binding modes and affinities are required. In the first part 
of this thesis, molecular simulations were used to explore the potential of using structure-
based approaches to discover and optimize GPCR ligands. In paper I, molecular dynamics 
(MD) simulations in combination with free energy perturbation (FEP) guided improvements of 
binding affinities for fragment-like ligands of the A2A adenosine receptor (A2AAR), which is a 
target for Parkinson’s disease and cancer. Two computational approaches were then explored 
to design selective GPCR ligands. MD/FEP was first used to guide the optimization of a weak 
fragment ligand for subtype selectivity. Simulations of the A1- and A2AARs led to the discovery 
of high affinity and selective A1AR antagonists (paper II). In the second approach, a molecular 
docking screen of millions of molecules was carried out against AR crystal structures with the 
goal to identify A1AR ligands. Structure-based optimization of two hits resulted in the discovery 
of potent and selective A1AR antagonists (paper III). In paper IV, the role of a binding site water 
in agonist binding to the A2AAR was probed by modifying the endogenous agonist adenosine. 
MD simulations highlighted the complexity of ligand binding and the benefits of using FEP 
calculations to guide ligand optimization. In the second part of the thesis, MD simulations were 
used to study the activation mechanism of class A GPCRs and the function of class F receptors. 
The allosteric communication between the orthosteric and G protein binding sites of the β2 

adrenergic receptor was investigated, which revealed the roles of structural motifs in receptor 
activation (paper V). Finally, MD simulations of a homology model of the Frizzled 4 receptor, 
which is a target for the development of anticancer drugs, led to the identification of a conserved 
structural motif that is important for receptor signaling (paper VI). The results of the thesis show 
that computer simulations can be valuable tools in structure-based drug discovery and studies 
of GPCR function.
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1.  Introduction 

1.1 G protein-coupled receptors 
G protein-coupled receptors (GPCRs) form a large group of cell surface re-
ceptors with over 800 members encoded in the human genome.1 These mem-
brane proteins are key sensors of extracellular signals and respond to a wide 
variety of stimuli, including photons, hormones, food metabolites, neurotrans-
mitters, taste substances and odorants.2 Binding of an agonist leads to confor-
mational changes in the GPCR that activate an intracellular G protein, which 
in turn initiates a cascade of cellular events to finally produce a physiological 
response. The involvement of GPCRs in numerous physiological processes 
has sparked major interests in the development of drugs that modulate receptor 
functions associated with conditions such as cancer, central nervous system 
(CNS), inflammatory, and metabolic disorders.3,4 To date, roughly a third of 
FDA-approved drugs are known to act on a set of 107 GPCRs,3 and GPCR-
targeting agents account for over 27% of the global drug sales.4 

1.1.1 The GPCR superfamily and its drug targets 
Based on phylogenetic analyses, the GPCR superfamily can be divided into 
five main categories, among which the Rhodopsin-like (class A) cluster is the 
most populated and accounts for ~87% of human GPCRs. Not surprisingly, 
class A also contains the largest number of drug targets, followed by Secretin 
(class B), Glutamate (class C), and Frizzled (class F) receptors.5 The diverse 
roles of GPCRs opens up a wide variety of opportunities for drug develop-
ment. As many GPCRs remain unexplored, the accumulation of experimental 
data characterizing these receptors is expected to expand the number of ther-
apeutically relevant targets. Interestingly, drugs targeting several orphan 
GPCRs, for which no endogenous ligand is known, are currently evaluated in 
clinical trials.3 Ongoing deorphanization campaigns and structure determina-
tion for orphan receptors can be expected to provide further information that 
will facilitate drug development.6 

1.1.2 Different modes of GPCR signaling 
Upon activation, GPCRs couple to intracellular heterotrimeric G proteins that 
are composed of three subunits (Gα, Gβ, and Gγ). Currently, there are 16 
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known Gα subunits which can be classified into four main categories (Gαs, 
Gαi/o, Gαq/11, and Gα12/13).7 In addition to alternative Gα subunits, there are five 
Gβ and 13 Gγ variants, which provide a large number of possible G proteins 
that play diverse physiological roles.7 The Gα subunit plays a central role in 
G protein activation. Binding of the G protein to a GPCR leads to exchange 
of a bound GDP molecule for GTP within Gα, which initiates signaling. The 
activated Gα subunit regulates the formation of secondary messengers with 
the aid of downstream effectors, whereas the Gβγ complex regulates the func-
tion of other proteins such as kinases and ion channels. Among Gα proteins, 
the Gαs class typically stimulates the production of the second messenger 
cAMP by adenylyl cyclase whereas Gαi/o inhibits this process. The Gαq/11 cat-
egory, on the other hand, activates phospholipase C. Consequently, quantifi-
cation of the levels of second messengers is often carried out to characterize 
the effect of GPCR ligands in functional assays. 

Figure 1. GPCRs bound to intracellular signaling proteins. (A) An adrenergic receptor 
bound to a heterotrimeric Gs protein (PDB code: 3SN6)8 with the receptor shown in 
orange and the αs, β and γ G protein subunits shown in purple, dark and light greens, 
respectively. (B) An adrenergic receptor bound to β-arrestin 1 (PDB code: 6TKO)9. 
Black disks represent membrane delimiters according to the OPM database.10 The or-
thosteric ligand binding sites are shown as white ovals with the co-crystallized ligand 
and the conserved residue Asp3.32 shown as sticks. 

GPCRs have also been shown to couple to other intracellular partners such as 
arrestins (Fig. 1), which are associated with receptor desensitization and non-
canonical signaling pathways.7 Hence, interests in designing drugs able to bias 
signaling towards a specific pathway over another have emerged. Moreover, 
oligomerization may be part of function regulation processes for some 
GPCRs. For example, class C metabotropic glutamate receptors (mGluRs) 
such as mGluR5 are known to function as dimers.11 Another example is a het-
erodimer formed by the A2A adenosine and the D2 dopamine receptors, which 
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is relevant for the treatment of neurodegenerative disorders such as Parkin-
son’s disease.12 Although most characterized class A and B GPCRs can still 
exert their function as monomers, the study of receptor oligomerization has 
opened up a new research field with potential to develop drugs with novel 
mechanisms of action.13,14 

1.1.3 Different types of orthosteric ligands 
The extent to which a GPCR signals in the absence of extracellular stimuli is 
referred to as basal or constitutive activity. Orthosteric GPCR ligands can be 
divided into three main categories based on their effect on receptor signaling 
(Fig. 2):2 

1. Agonists: Agonist binding to a GPCR increases signaling com-
pared to the receptor’s basal levels. Endogenous agonists are typi-
cally subcategorized as full agonists, which are able to induce a
maximum response at saturating concentrations. In contrast, partial
agonists enhance receptor signaling without achieving maximum
signaling levels at any concentration.

2. Antagonists: Antagonists bind competitively to the same or-
thosteric site as agonists, but do not affect the receptor’s basal ac-
tivity.

3. Inverse Agonists: This class of orthosteric ligands leads to a reduc-
tion in receptor signaling compared to basal levels.15

Figure 2. Functional response of a GPCR in the presence of different categories of 
orthosteric ligands. 
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It should be noted that many GPCRs also have allosteric binding sites which 
are distinct from the orthosteric site. These can be occupied by positive (PAM) 
or negative (NAM) allosteric modulators, which will enhance or inhibit the 
effect of orthosteric ligands, respectively.16 

1.2. Structure-based GPCR drug discovery 
Over the past decades, major advances in GPCR structural biology have pro-
vided structural insights into both ligand recognition and the diversity of phar-
macologically relevant conformational states. To date, there are approxi-
mately 486 determined atomic resolution X-ray and cryo-EM GPCR struc-
tures, including 85 unique receptors (Fig. 3).17 This has provided unprece-
dented opportunities for the design of drugs targeting GPCRs using structure-
based approaches. 

Figure 3. (A) Increase of the number of experimental GPCR structures found in the 
Protein Data Bank (PDB) according to GPCRdb.17 (B-C) classification of structures 
in 2020 based on (B) GPCR class and (C) the presence of orthosteric ligands. The 
‘others’ class either includes allosteric modulators or orthosteric ligands with un-
known efficacy. 

1.2.1 Structural biology of GPCRs 
GPCRs share a conserved seven-transmembrane (7TM) helix topology with 
three intra- and three extracellular loops that connect the TM segments. In 
class A GPCRs, the orthosteric binding site is a cavity located between TMs 
in the extracellular half of the receptor, which allows for the recognition of 
endogenous ligands in the extracellular environment. Prior to the determina-
tion of experimental structures for GPCRs, mutagenesis and spectroscopic 
methods guided the generation of structural models that were used to study 
ligand binding at the molecular level.18,19 
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Figure 4. Structural insights into inactive (PDB code: 2RH1)20 and active (PDB code: 
3SN6)8 conformations of the β2 adrenergic receptor. In the left panel, the inverse ag-
onist-bound structure is represented as grey cartoons with the ligand carazolol and 
residue Asp1133.32 highlighted as sticks with orange and white carbon atoms, respec-
tively. The salt bridge established between the ligand and Asp1133.32 is represented 
with a dashed line. Each transmembrane helix is numbered and the binding site is 
highlighted with a transparent green oval. In the right panel, the active agonist- and 
Gs-bound structure is represented in orange with the ligand shown as white sticks. 
Part of the Gs protein is shown as a transparent purple cartoon. 

The Ballesteros-Weinstein residue numbering scheme becomes useful to lo-
cate and structurally compare residue positions among a GPCR class. In this 
notation (shown in superscript), the first number refers to the TM helix, fol-
lowed by the residue number relative to the most conserved residue in the TM, 
which is given the number 50.21 For example, Ala512.49 in the A2A adenosine 
receptor is located in TM2 and one residue before the most conserved residue 
in this TM helix, Asp522.50. This notation will be used for the class A GPCRs 
studied in this thesis, whereas a similar generic residue numbering scheme 
developed by Wang et al. will be used for class F receptors.22 

GPCRs are flexible proteins that exist in an equilibrium between different con-
formational states. The relative probabilities of these states can be altered in 
the presence orthosteric and allosteric ligands.23 As these membrane proteins 
require a complex lipid bilayer environment to adopt their native structures, 
determining atomic resolution structures using X-ray crystallography has been 
a challenging task. The use of thermostabilizing mutations as well as fusion 
proteins (e.g. replacing ICL3 with T4 lysozyme) and state-stabilizing protein-
protein interactions (e.g. with a nanobody) have facilitated structure determi-
nation,24 which has provided static snapshots of GPCRs in different confor-
mational states.25 The first experimental GPCR structure was determined in 
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2000 for Rhodopsin,26 followed by the β2 adrenergic receptor in 2007.27 Sub-
sequently, the number of structures has increased exponentially. More re-
cently, 87 atomic resolution cryo-EM structures have been determined, in par-
ticular of GPCRs coupled to intracellular partners. Cryo-EM methods have 
been widely used to investigate protein-protein interaction interfaces and 
overall structural features of receptors in more native-like conditions.28,29 
Methods utilizing NMR or fluorescent probes can provide complementary in-
formation about the conformational states occupied by a GPCR.30,31 Break-
throughs in GPCR structural biology have provided invaluable details about 
conserved structural motifs that undergo conformational rearrangements upon 
activation.32 For example, the NPxxY motif located at the extracellular end of 
TM7, the DRY motif of TM3 and the PIF motif involving TM3, 5 and 6, are 
known to act as ‘microswitch’ regions upon activation of class A GPCRs.33 A 
cavity surrounding Asp2.50 have also been shown to form a sodium binding 
site which collapses upon agonist binding for several receptors.34 However, 
although static structures can provide structural insights into the end points of 
the activation process, the mechanisms of allosteric communication between 
the ligand and G the protein binding site remain obscure. In paper V, this as-
pect will be explored with the use of simulations of the β2 adrenergic receptor, 
a prototypical class A GPCR. In addition, ligand binding to a GPCR is a dy-
namical process and receptor-ligand complexes are inherently flexible. Hence, 
ligand binding affinities cannot be predicted accurately using the static snap-
shots of ligands bound to their receptor that the experimental structures repre-
sent. Therefore, most projects included in this thesis will attempt to bridge this 
knowledge gap with the use of computer simulations. 

1.2.2 Structure-based virtual screening in drug discovery 
Successful drug discovery projects typically require at least a decade of de-
velopment and tremendous budgets.35,36 Approaches that can help accelerate 
this process and reduce the high costs would be very valuable. High-through-
put screening (HTS) of chemical libraries containing thousands to millions of 
compounds has become a common strategy to identify bioactive chemical 
matter, which can serve as starting points for drug discovery.37 However, the 
fraction of ligands in the screened libraries may be as low as 0.001% in chal-
lenging cases.38 Interestingly, as the number of commercially available mole-
cules is currently increasing exponentially,39 opportunities to find novel and 
bioactive molecular scaffolds have substantially improved. However, the bil-
lions of novel molecules that can be ordered from chemical suppliers is a result 
of the growth of make-on-demand libraries, which contain compounds that 
can rapidly be synthesized, but are not available in stock. This results in a need 
to find efficient strategies to probe this chemical space and focus synthetic 
efforts on compounds that are likely to be active. Adding computational 
screening methods early in the drug development funnel can help narrow 
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down the number of molecules to test by prioritizing diverse sets of com-
pounds with an increased probability of success. For example, structure-based 
methods such as molecular docking aim to predict the binding mode and af-
finity of a compound based on the structure of a drug target, and can be used 
to screen large chemical libraries.40 Remarkably, a comparative study aiming 
to identify inhibitors of an enzyme resulted in hit rates of 0.021% and 34.8% 
by HTS and molecular docking screening strategies, respectively.41 Although 
the number of tested compounds from the computational screen was more than 
1000-fold smaller than the HTS library, this strategy resulted in a larger num-
ber of hits. Large scale molecular docking screening campaigns against crystal 
structures of GPCRs resulted in hit rates as high as 73%.42 Beyond identifying 
potential binders to a drug target, structure-based screening may also be used 
to either predict polypharmacology (action on several targets of interest), or 
avoid binding to proteins that are responsible for drug adverse effects.43 In this 
thesis, a structure-based screening strategy based on molecular docking will 
be explored with the goal to discover and optimize subtype selective GPCR 
antagonists (paper III). 

1.2.3 Fragment-based lead discovery 
A relatively nascent problem in drug discovery is the overwhelming number 
of molecules that can be purchased from commercial make-on-demand librar-
ies, which is now reaching billions of possibilities. Moreover, these libraries 
will likely undergo a significant expansion in the near future. Although chem-
ical libraries can be reduced towards a manageable size based on pharmaco-
phores or physicochemical properties,44 this expansion may require drastic fil-
ters at the expense of omitting many interesting molecules.45,46 An alternative 
solution, which has led to the development of several drug candidates, is to 
consider compounds that are less than half the size of a drug (fragments, MW 
< 300 Da) as starting points for development.47 As the size of chemical space 
scales exponentially with compound size, fragment libraries cover a larger 
fraction of chemical space than libraries of drug-like compounds.48 In addi-
tion, due to their reduced molecular complexity, fragment-like compounds 
have a higher probability of binding to a drug target, resulting in higher screen-
ing hit rates. As an example, biophysical screening of fragment libraries 
against the A2A adenosine receptor led to hit rates of 3-10%, which are sub-
stantially higher than those obtained by HTS.49,50 Hopkins et al. introduced 
the ligand efficiency (LE) metric, which is widely used to evaluate the quality 
of fragment hits and is equal to the absolute value of its binding free energy 
divided by its number of heavy atoms (HA).51 It has been proposed that a frag-
ment hit with a LE ≥ 0.3 kcal mol-1 HA-1 is a good starting point.52 For exam-
ple, this threshold would correspond to a compound with 23 HA (~300 Da) 
and an affinity (KD) of 10 µM. It should be noted that in addition to size and 
affinity, physicochemical properties such as lipophilicity are often monitored 
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during hit selection to increase the chances of obtaining a drug-like optimized 
compound.53  

A drawback of fragment screening is the low affinity and high promiscuity of 
the hits. For this reason, fragment ligands need to be optimized into more po-
tent and selective leads. Three main structure-guided strategies have been pro-
posed: 

1. Growing: This strategy is based on adding substituent(s) to the mo-
lecular structure of the fragment hit in a manner that gradually im-
proves potency and selectivity.

2. Linking: When several fragment hits are known to bind to different
binding site pockets, these can be connected with an appropriate
covalent linker, leading to synergistic improvement of binding af-
finity. However, designing a successful linker moiety can be chal-
lenging.

3. Merging: This strategy aims to design compounds which retain key
structural elements found in several fragment hits. Structural ele-
ments that are believed to contribute significantly to binding affin-
ity are combined in a single compound. The main difference from
fragment linking is the fact that other parts of the original fragments
can be omitted when creating the combined compound.

A major goal of fragment growing is to achieve activity cliffs, which can be 
briefly described as substantial gains in binding affinity with small chemical 
modifications to the original hit.54 In such cases, analogs of the initial hit will 
have a maintained or increased LE. 

Figure 5. Schematic representation of fragment growing. The receptor is shown in 
dark blue. A fragment ligand is shown in light blue and occupies a subpocket of the 
binding site. On the right panel, a moiety shown in grey complements another binding 
pocket and is added to the fragment hit to form a potent lead. The black oval represents 
a covalent linker between the two fragments. 
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In this thesis, the use of simulations to guide fragment growing will be ex-
plored for antagonists of the adenosine receptors (papers I and II). The corre-
sponding papers will involve the use of rigorous methods to calculate relative 
binding affinities between fragment hits and possible analogs. Given the small 
size of the selected analog libraries, the computational cost of using such 
methods remains adequate to guide decisions on analog synthesis and testing. 

1.3 Topics explored in this thesis 
This thesis includes publications that can be divided into several main catego-
ries: 

 
• The use of rigorous relative binding free energy calculations to 

guide fragment-to-lead optimization of adenosine receptor antago-
nists (papers I and II). 

• Structure-based virtual screening to discover and optimize subtype-
selective adenosine receptor antagonists (paper III). 

• Why rigorous free energy calculations are more likely to success-
fully guide lead optimization? (paper IV). 

• The use of molecular dynamics (MD) simulations and GPCR mod-
eling to gain further insights into GPCR activation mechanism and 
receptor function (papers V and VI). 
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2. Methods 

“About 10,000 years ago, humans began to domesticate plants and animals. 
Now, it is time for us to domesticate molecules”.55 
 
Together with major breakthroughs in protein structure determination, com-
putational methods have been developed over the past half century to model 
biomolecules at the atomic level. In addition, digitization and distribution of 
structural data via resources such as the protein data bank (PDB) have led to 
a new era of applications such as structure-based drug design.56,57 In fact, sev-
eral marketed drugs have been designed by using a structure-based approach.58 
Initially, ligand binding to receptors was described using the “lock and key” 
model, but it is clear that this is a crude description of this process.59 Bio-
molecular systems are very flexible and the driving forces of ligand binding 
are difficult to predict with high accuracy based the on static models provided 
by experimental methods. This section will introduce key concepts behind the 
computational chemistry tools that were used in this thesis to understand 
GPCR function and ligand binding. 

2.1 Statistical thermodynamics 
Statistical thermodynamics establishes a link between the microscopic and 
macroscopic properties of a system. This section will describe how it is pos-
sible to calculate properties of interest (e.g. ligand binding affinities) from 
atomic level molecular simulations. The microscopic states of the studied sys-
tem can be described with a construction referred to as an ensemble, which 
describes the probability of each microstate that the system can adopt under 
certain conditions. For example, the canonical ensemble (NVT) corresponds 
to a constant number of particles, volume and temperature of the studied sys-
tem. In this ensemble, the partition function (Q) can be described as the sum 
of microstate probabilities according to the Boltzmann distribution, and is 
therefore equal to the number of thermally accessible states: 
 

𝑄 𝑁, 𝑉, 𝑇 = 𝑒)
*+
,-.

/

1  
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where Ei is the energy of a given state i, kb is the Boltzmann constant and T is 
the temperature. The average value of a property A in the canonical ensemble 
can be calculated as: 
 

< A >	= 𝑃/	𝐴/
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where Pi is the probability of a state i. The partition function can also be used 
to calculate a characteristic state function (F). In the canonical ensemble, F 
corresponds to Helmholtz free energy and is defined as: 
 

𝐹 = 	−𝑘;𝑇 ln(𝑄 𝑁, 𝑉, 𝑇 ) 3  
 
In practice, this relationship becomes particularly useful when F is compared 
to a reference state (e.g. bound vs. unbound receptor-ligand complex). In the 
canonical ensemble, relative Helmholtz free energies can be expressed as: 
 

∆𝐹 = 𝐹B − 𝐹C = −𝑘;𝑇	𝑙𝑛
𝑄B	 𝑁, 𝑉, 𝑇
𝑄C		(𝑁, 𝑉, 𝑇)

4  

 
In the isobaric-isothermal (NPT) ensemble, Gibbs free energies are used. In 
this case, a pressure volume (PV) term needs to be added to the energies Ei of 
Eq. 1 and 2, and to the Helmholtz free energies. However, for biological pro-
cesses, the pressure can be assumed to be constant and if the volume is also 
constant, this (PV) terms remains constant and cancels out in relative free en-
ergies. In addition, when using the approach described in section 2.5. to cal-
culate relative ligand binding free energies, closely related states are compared 
in the same ensemble and this assumption is a good approximation.60 As a 
result, Helmholtz (F) and Gibbs (G) free energies become equivalent and: 
 

∆𝐹 = ∆𝑈 − 𝑇∆𝑆 5  
 
In papers I and IV, enthalpic and entropic changes upon ligand binding pro-
cesses were obtained by using the temperature dependence of calculated rela-
tive binding free energies (van’t Hoff analysis). In addition, calculations of 
ΔU provided insights into important enthalpic contributions to ligand binding 
(paper IV). How ΔU can be obtained in molecular simulations and partitioned 
into different components will be described in the next section. 
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2.2 Molecular mechanics force fields 
The goal of this thesis was to study GPCRs at atomic resolution to understand 
ligand binding and receptor activation mechanisms. In biomolecular simula-
tions, all possible interaction and internal energy terms can be described by a 
molecular mechanics force field. In the models of this thesis, atoms are repre-
sented as spherical particles with a partial charge, van der Waals radius and 
mass. A generic force field can be written as follows: 
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Bond, angle and improper (out-of-plane) terms are described by harmonic 
functions with force constants (Kb, 𝐾T and 𝜉O) and reference geometric pa-
rameters (r0, 𝜃O and 𝜉O). Dihedral angles are modelled using periodic functions 
which can be composed of several Fourier terms with parameters for force 
constants (𝐾Z), periodicity (n), and phase shift (𝛿). Non-bonded terms are cal-
culated for intermolecular interactions as well as intramolecular interactions 
between atoms separated by at least three bonds (1,4-interactions). In the 
OPLS-AA force field, non-bonded terms are scaled by a factor of 0.5 for 1,4-
interactions.61 The interatomic interactions consist of two different terms. A 
Coulombic term is defined by atomic partial charges (qi and qj), where 𝜀O is 
the dielectric constant in vacuum and ri,j is the interatomic distance. A Len-
nard-Jones (LJ) potential is defined by a repulsive and attractive term with 
two parameters (Ai,j and Bi,j) describing the interaction. The different parame-
ters of a force field can be calculated based on experimental or quantum me-
chanical data and several force fields (e.g. OPLS-AA, CHARMM and AM-
BER) have been developed for protein simulations.62 In addition to force fields 
describing proteins, parameters have been developed for water,63 organic sol-
vents,64 ions,65 membranes,66,67 and drug-like compounds.68–71 

2.3 Molecules in motion 
Considering 3D coordinates and momenta that may vary continuously in a 
classical system of N particles, an appropriate partition function would be an 
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integration over all microstates, which is referred to as a configuration integral 
(𝑍). Furthermore, the total energy, can be expressed with a Hamiltonian (𝐻), 
which separates position (𝒓) dependent potential energies (𝑈) from momen-
tum (𝒑) dependent kinetic energies (𝐾): 
 

𝐸 𝒓, 𝒑 = 𝐻 𝒓, 𝒑 = 𝑈 𝒓 + 𝐾 𝒑 7  
 

It can be shown that the kinetic contribution to the configuration integral de-
pends solely on the mass of the particles and the temperature. The configura-
tion integral can be used to calculate free energy differences between two ca-
nonical ensembles associated with the same composition but different poten-
tials UA and UB:  
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where brackets indicate the average over all configurational space in state A. 
This equation is only strictly valid when the configurational spaces of states 
A and B are the same. In addition, constant kinetic terms cancel out and are 
not shown.60 This relationship corresponds to the Zwanzig equation,72 which 
will be used to calculate relative binding free energies from MD simulations 
in this thesis. 

2.4 Molecular dynamics simulations 
In order to study the properties of a biological system using molecular simu-
lations, we must connect the calculated values to what can be measured ex-
perimentally. Boltzmann introduced the concept of ergodicity, which led 
Gibbs to postulate that the evolution of a system over time would ultimately 
lead to the explorations of all possible configurations and provide its average 
macroscopic properties: 
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MD simulations can be used to deterministically sample the evolution of a 
classical system over time. Newton’s second law of motion provides a useful 
relationship between forces Fj acting on a particle j and its acceleration aj at a 
time t: 
 

𝑭𝒋 = 	−∇𝑈J,f = 𝑚f𝒂𝒋 𝑡 10  
 
The forces can be calculated by using a molecular mechanics force field po-
tential. Numerical integration with, for example, the leap-frog Verlet algo-
rithm provides velocities 𝒗 and positions r over time: 
 

𝒗𝒋	 𝑡 +
∆𝑡
2

= 𝒗𝒋	 𝑡 −
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𝒓𝒋	 𝑡 + ∆𝑡 = 𝒓𝒋 𝑡 + 𝒗𝒋 𝑡 +
∆𝑡
2

∆𝑡 12  

 
The integration time step (∆𝑡) needs to be sufficiently small in order to sample 
the highest frequency motions observed in our classical system. It is possible 
to increase this parameter by constraining bonds and angles to their equilib-
rium values with for example the SHAKE algorithm73 or repartitioning of hy-
drogen masses.74 Given a starting configuration (e.g. obtained from an exper-
imental structural model), initial atomic velocities are needed to use the leap-
frog algorithm. These are assigned according to normalized Maxwell-Boltz-
mann distribution: 
 

𝑓 𝑣f = 4𝜋
𝑚f
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If we want to exploit ergodicity based on Eq. 9 to calculate the average prop-
erties of large biological systems using MD simulations, it is unlikely that 
computational power will allow to sample all configurations. However, as the 
most probable states will dominate the properties of a system, exploring low 
energy configurations can provide a representative subset of the ensemble. 
Hence, selecting an appropriate initial configuration of the system (e.g. an ex-
perimental protein structure) can be important. 
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The number of particles in a system determines how computationally expen-
sive MD simulations will be. For example, if we consider all interactions be-
tween N atom pairs, (N(N-1))/2 non-bonded terms need to be calculated at 
each integration step. The computational cost hence increases rapidly with 
system size. Therefore, more simplistic (e.g. coarse-grained and elastic net-
work) models have also been developed.75,76 In this thesis, all atom molecular 
force fields will be used to study protein-ligand interactions and receptor func-
tion. A common practice to reduce the number of non-bonded interactions is 
to apply a distance cut-off beyond which non-bonded terms are either ignored 
or treated differently. For example, long range electrostatic interactions can 
be treated with a simplified model such as Particle Mesh Ewald (PME), which 
exploits fast Fourier transforms, or Local Reaction Field (LRF), which uses 
the first four terms of a multipole expansion.77,78 In addition, the size of the 
system can be controlled by defining boundaries as described below. 

 
When using periodic boundary conditions (PBC), the system is embedded in 
a box, which is replicated along each direction to mimic an infinite system. At 
the boundary of each such copy of the system, atoms interact with the neigh-
boring box. To maintain a constant number of particles, an atom crossing the 
boundary appears on the other side of the box. Using spherical boundary con-
ditions (SBC), the system is embedded in a spherical droplet. This type of 
boundary can substantially reduce the size of the system and was used in this 
thesis for calculations of relative binding free energies with the program Q.79 
In this case, solute atoms outside the sphere are tightly restrained to their initial 
coordinates and excluded from non-bonded interactions. To compensate for 
the lack of solvation at the boundaries, ionizable residues at the sphere edge 
are typically set to their neutral form. In addition, waters at the boundary are 
subject to radial and polarization restraints according to a surface constrained 
all atom solvent (SCAAS) model, which mimics the properties of bulk wa-
ter.80,81 
 
In addition to advances in the development of computer hardware, tremendous 
efforts have been made to reduce the computational cost of MD simulations, 
and a large number of simulation engines are available. The simulations car-
ried out in this thesis will focus on two of these, Q and GROMACS.79,82 As 
these simulations involved membrane proteins, all receptor structures were 
prepared in the presence of a lipid bilayer using the GPCR-ModSim proto-
col.83 
 
Despite the advances mentioned above, capturing ligand binding events with 
MD simulations would require simulation timescales which are out of reach 
with the currently available computer resources. Sampling strategies such as 
supervised MD (SuMD) have made it possible to capture such events.84 In 
addition, potential scaled MD (sMD) and infrequent metadynamics (InMetaD) 
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have also allowed to capture complex ligand unbinding events and to calculate 
unbinding kinetic parameters.85 

2.5 Calculation of relative binding free energies 

The rigorous free energy perturbation (FEP) methodology can be used to com-
pare closely related systems based on the Zwanzig equation:72 
 

∆𝐹 = −𝑘;𝑇	𝑙𝑛 	𝑒)
∆t
,-.	 s 14  

 
where brackets indicate an ensemble average based on the potential UA. In this 
thesis, these averages are obtained from a large number of conformations sam-
pled by MD simulations. When the systems to compare do not overlap suffi-
ciently in sampling, e.g. when thermally accessible conformations of ligand A 
are not accessible to ligand B due to high energetic barriers, the relative free 
energy will not be estimated accurately. Therefore, two ligands can be alchem-
ically transformed from one into another in several steps by using a mapping 
potential:  
 

𝑈f = 1 − 𝜆f 	𝑈s + 𝜆f	𝑈r 15  
 
where Uj is the potential of state j, UA and UB denote the potential of the sys-
tem with ligand A and B, respectively, and 𝜆f is increased in multiple steps 
from zero (state A) to one (state B). The free energy change between adjacent 
states can then be calculated and the total free energy difference between A 
and B is obtained by summing over all windows. In papers I, II and IV, rela-
tive binding free energies were calculated by applying the thermodynamic cy-
cles shown in Fig. 6. 
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Figure 6. Thermodynamic cycles used to calculate relative binding free energies from 
MD/FEP. In (A), the binding free energies of two ligands L (blue circle) and L* (yel-
low circle) are compared. The free energies of transferring the respective ligands from 
bulk water to the protein binding site are ΔG4 and ΔG2, respectively. The difference 
between these free energies is sought but is not trivial to calculate. The thermody-
namic cycle shows that the difference between ΔG4 and ΔG2 can be obtained by eval-
uating the cost of transforming one ligand into another in the binding site and in water 
(ΔG1 and ΔG3). In (B), the goal is to assess if a ligand modification will result in 
improved selectivity for one receptor (green shape) over another (black shape). ΔG1 
and ΔG6 can be calculated by MD/FEP to compare affinities for the two binding sites. 

An alternative to MD/FEP is to calculate binding free energies using the po-
tential of mean force from biased simulations.86 It should also be noted that 
end-state, semi-empirical free energy methods such as MM/PBSA and Linear 
Interaction Energy (LIE) can provide accurate absolute binding free energies 
in some cases.87,88 These two approaches are suitable for comparing different 
ligand chemotypes, whereas FEP is a more rigorous method that is particularly 
suited to evaluate series of similar ligands, which common in hit optimization. 

2.6 Ligand binding in vitro 
A central topic for a majority of the papers included in this thesis is the study 
of receptor-ligand binding. In this thesis, experimental relative binding free 
energies were needed to evaluate the performance of MD/FEP protocols and 
assess the binding affinity of predicted ligands. Considering a reversible pro-
cess under standard conditions, an equilibrium between bound and unbound 
states dictates the strength or free energy of formation (∆G0) of a complex, 
which can be quantified as follows: 

∆GO = RT	ln
K�
CO

16
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where R is the gas constant, T is the temperature of measurement, C0 is the 
standard reference concentration. The dissociation constant KD can be deter-
mined experimentally from the concentrations of protein, ligand and complex 
between these at equilibrium: 
 

K� =
P 	 L

Complex
17  

 
In Eq. 17, [P] and [L] denote the concentrations of unbound protein and ligand, 
respectively. Eq. 16 and 17 are valid when one protein binds to one ligand, 
which is the case for the studied systems in this thesis. Interestingly, when the 
receptor is half occupied by a ligand, the concentration of unbound ligand is 
equal to the dissociation constant. Competitive radioligand displacement as-
says can be used to determine such concentrations and obtain an inhibition 
constant (Ki), which was used in papers I, II and IV to quantify ligand binding 
affinities experimentally.89 Alternatively, a binding affinity constant (KB) can 
be determined using functional assays as shown in paper III.90 
 
Binding free energies can also be partitioned into enthalpic and entropic con-
tributions. At constant temperature and pressure, the Gibbs free energy is de-
fined as follows: 
 

∆GO = ∆HO − T∆SO 18  
 
Under standard conditions, ΔH0 and ΔS0 represent the standard enthalpy and 
entropy, respectively. These energy terms can also be measured with experi-
mental methods such as isothermal titration calorimetry (ITC), but such ex-
periments can be challenging.91,92 The information obtained from these can be 
valuable to assist ligand optimization. Maximizing the entropy and minimiz-
ing the enthalpy of binding are keys for decreasing binding free energies and 
therefore increasing the binding strength of a ligand. These thermodynamic 
principles have led to common structure-based drug design strategies. For ex-
ample, a rigidified ligand that is already preorganized towards the adoption of 
a bound conformation in aqueous solution can prevent from a potential loss of 
entropy (or degree of flexibility) upon binding. Introducing favorable interac-
tions, e.g. new hydrogen bonds or van der Waals contacts in the receptor-lig-
and complex, can also help decrease the enthalpy of binding towards a higher 
affinity. However, as highlighted in paper IV, changes in free energy result 
from a complex interplay between enthalpy-entropy terms involving the re-
ceptor-ligand complex and the surrounding environment. 
 
In this thesis, computer simulations were carried out to predict ligand binding 
thermodynamics with the use of MD/FEP (papers I, II and IV). In addition to 
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quantifying the strength of a receptor-ligand complex, understanding the mo-
lecular origins of binding is of interest for the design of ligands in a structure-
based manner. This topic will be studied for GPCR-ligand complexes in pa-
pers I and IV. 

2.7 Molecular docking 
The main goal of molecular docking is to predict possible poses that a ligand 
can adopt in a binding site and identify the most probable one. For this pur-
pose, several ligand sampling methods have been developed (e.g. anchor-and-
grow, genetic, and Monte Carlo algorithms) and approximate scoring func-
tions are typically used to evaluate the generated protein-ligand complexes.93 
 
There is a large number of molecular docking programs, which are based on 
different sampling and scoring methods. A widely used docking program is 
GLIDE,94 which was used in papers I and IV to evaluate its ability to repro-
duce ligand binding affinities. In paper III, structure-based virtual screens 
were carried out using DOCK3.6.95,96 In this program, the scoring function is 
based on electrostatic and van der Waals interaction energies and a ligand 
desolvation term. The interaction energies are calculated by using the AM-
BER force field and these are pre-computed on a grid, which enables rapid 
scoring of ligand binding modes. The desolvation term is added to the score 
based on the cost of transferring ligand atoms from aqueous solvent to a pro-
tein-like environment.96 DOCK3.6 performs ligand sampling by using an im-
plementation of the anchor-and-grow method. This algorithm identifies a rigid 
core of the ligand (e.g. an aromatic ring) and superimposes atoms of this moi-
ety onto a set of matching spheres that define the binding site. For each suc-
cessful superimposition, the energy of a pre-computed ensemble of ligand 
conformations is evaluated with the scoring function.95,97 In the last step, the 
conformation with the best score is minimized in the rigid binding site. 
 
The reason why molecular docking can be used to screen large chemical li-
braries at a reasonable computational cost is the use of several approximations. 
In DOCK3.6, an implicit solvent model is used and binding site flexibility is 
neglected. In addition, several important contributions to the binding free en-
ergy are poorly described.98 For example, only the lowest energy binding 
mode of a compound is considered, leading to the neglect of conformational 
entropy, and receptor desolvation is not included in the docking score. 
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2.8 Prediction of GPCR structures with homology 
modeling 
The past decades have not only seen an exponential accumulation of structural 
information for proteins, but also an explosion of genomic data. In 2001, se-
quencing of a large portion of the human genome was completed,99 which led 
to the identification of >20,000 genes.100 A similar number of human protein 
sequences can be found in the UniProtKB database.101 However, there are no 
atomic resolution structures available for the majority of these proteins. Mem-
brane proteins have been particularly challenging cases for structure determi-
nation methods and <10% of the GPCR superfamily have been characterized. 
If there is no structure available for the receptor of interest, molecular models 
can be generated with homology modeling. 
 
In a nutshell, the homology modelling technique is based on the principle that 
similar protein sequences likely result in similar structures. In order to con-
struct such models, a suitable template structure of a closely related protein 
must first be identified. Empirical observations suggest that a sequence iden-
tity of >28% between the template and target sequences results in the same 
overall fold.102 Moreover, proteins with a similar function will often share con-
served motifs, e.g. ligand binding sites and protein-protein interaction inter-
faces. For GPCRs, the 7TM topology is conserved even at low sequence iden-
tity. It should also be noted that GPCRs belonging to the same family share 
conserved sequence and structural signatures, which can facilitate structure 
prediction. However, the (orthosteric) ligand binding site region has been 
shown to be less conserved than the G protein coupling site, which makes it 
challenging to model receptor-drug complexes.103 For these reasons, both 
global and local sequence similarity need to be considered in the choice of a 
template. For example, if a template that recognizes the same endogenous lig-
and and signals through similar G proteins is available, homology modeling 
is likely to lead to an accurate model. As conserved cytosolic regions undergo 
major conformational changes upon activation,104 the choice of a template 
should also take into account if the goal of the study is to model a specific 
conformational state (e.g. active or inactive). It should be noted that for ICL 
and ECL regions, modeling can be challenging due to the high flexibility and 
low sequence conservation of loop regions. 
 
Once a template is selected, a model needs to be generated based on the se-
quence alignment and the template structure. In this thesis, the program MOD-
ELLER was used to predict a GPCR structure.105 With this program, models 
are built based on a set of spatial restraints using geometrical (e.g. interatomic 
distances or torsional angles) features of the template structure. Moreover, the 
restraints include stereochemical preferences (e.g. bonded geometrical param-
eters or interatomic distances) based on the CHARMM22 force field and a set 
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of experimentally determined protein structures. The restraints are imple-
mented as 3-D probability density functions. Once initial models are gener-
ated, these are refined by energy minimization with a conjugate gradient al-
gorithm.105 In MODELLER, the models can also be evaluated with the inter-
atomic distance-dependent statistical potential DOPE score, which was para-
metrized using experimentally determined protein structures.106 In paper VI, 
we studied the Frizzled 4 receptor, and as no structure of this GPCR was avail-
able, a homology model was generated based on a member of the same family. 
MD simulations of the model were then used to interpret experimental results 
and understand the role of a conserved sequence motif. 
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3. Optimization of adenosine receptor 
fragment ligands with molecular dynamics 
free energy calculations (I-II) 

Two papers included in this thesis involved the use of MD/FEP to optimize 
the binding properties of fragment ligands at adenosine receptors (ARs). The 
adenosine receptor family comprises four subtypes (A1, A2A, A2B, and A3), 
which are present in a wide variety of human tissues.107 These receptors are 
relevant for the treatment of numerous diseases, which has sparked interests 
in the development of both agonists and antagonists. For example, antagonists 
of the A2AAR are being investigated as drug candidates for the treatment of 
cancer and neurodegenerative disorders.108,109 
 
Fragment ligands are often weak binders and hence require optimization in 
order to generate suitable starting points for drug development. As this step 
often requires major efforts, rigorous structure-based methods could be useful 
to help decide which compounds to synthesize. In paper I, the A2AAR was 
selected to evaluate this approach. Several crystal structures were available 
for this target in complex with antagonists, including relatively high affinity 
fragment-like ligands (e.g. caffeine).110 

3.1 Retrospective assessment of MD/FEP performance 
In the orthosteric site of the receptor, Asn2536.55 is conserved across the aden-
osine receptor family and provides essential hydrogen bonding opportunities 
for the anchoring of orthosteric ligands.111,112 Potent A2AAR ligands typically 
extend into additional subpockets that could be targeted to optimize fragment 
ligands (Fig. 7). 
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Figure 7. Structural model of the A2AAR orthosteric binding site bound to the adenine 
fragment that was optimized by probing two distinct subpockets. One subpocket 
(pocket A) is occupied by the ribose moiety of the endogenous agonist adenosine 
(PDB code: 2YDO)113 whereas pocket B is occupied by a furan moiety present in the 
potent antagonist ZM241385 (PDB code: 4EIY)114. Heavy atoms of the adenine frag-
ment and Asn2536.55 are shown as sticks with orange and white carbon atoms, respec-
tively. The secondary structure of the receptor is shown as grey cartoons. The figure 
is part of paper I, which is licensed under a Creative Commons Attribution 4.0 Inter-
national License (http://creativecommons.org/licenses/by/4.0/).115 

To evaluate the ability of our MD/FEP protocol to reproduce differences in 
binding affinities, we selected a set of 23 fragment-like compounds. In this 
set, 20 ligand pairs that differed at a single position were identified. There was 
a large variation in binding free energies spanning from >100-fold changes to 
no significant difference in affinity between the compounds. The relative 
binding free energies obtained from MD/FEP resulted in a strong correlation 
with experimental values (R2 = 0.78) and a mean unsigned error of 0.73 
kcal/mol. Of the 18 calculated relative binding free energies, 14 were within 
1 kcal/mol of the experimental values. Interestingly, MD/FEP calculations 
also resulted in a major outlier involving compound 23, which positioned an 
isopropoxy substituent within pocket B. Experimental data indicated that this 
compound was a weak ligand, whereas MD/FEP predicted a similar affinity 
as one of the high affinity ligands in the series (compound 21). For this reason, 
additional experiments were carried out for compound 23. This compound 
was initially reported to have a Ki value >100 µM, but the new experiments 
resulted in an affinity of 95 nM, which improved agreement with the free en-
ergy calculation. These results illustrate how MD/FEP data can help to guide 
compound selection and also identify false negatives from experiments. 

The ultimate goal of fragment optimization is to identify small modifications 
leading to substantial improvements of binding affinity. Our MD/FEP proto-
col would be a particularly useful tool if it was able to identify such activity 
cliffs. There was a >10-fold difference in affinity for nine ligand pairs (corre-
sponding to >1.4 kcal/mol). Four of these cases corresponded to favorable free 
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energies whereas five of them were unfavorable (Fig. 8). Encouragingly, 
MD/FEP was able to correctly identify all of these nine activity cliffs. 

Figure 8. Pairs of ligands for which experimental binding affinities differed by more 
than 10-fold. Differences between the ligands are highlighted in blue. The direction 
of the arrows indicates a favorable change in experimental binding free energy. 

3.2 Molecular determinants and thermodynamic 
signatures of fragment binding 
An interesting result from paper I was the fact that MD/FEP was able to pre-
dict that small modifications of a ligand led to large improvements of binding 
affinity (by 2.4 and 2.0 kcal/mol for compounds 2 and 4 relative to 3, respec-
tively), which was not expected by visual inspection of the complexes. One 
possible explanation was that waters located in the binding site could be re-
sponsible for the large changes in affinities. To further understand the role of 
solvent molecules, MD snapshots were used to identify hydration sites in the 
vicinity of the ligands with the algorithm of Young et al.116. The clustering 
results showed that the introduced bromine and methyl substituents both dis-
placed a single water molecule from the respective subpockets. A van’t Hoff 
analysis based on MD/FEP calculations suggested that displacing a hydration 
site in the small hydrophobic pocket B was entropy-driven (ΔΔHbind = +4.8 
kcal/mol −TΔΔSbind = −7.1 kcal/mol), whereas displacing the ordered water in 
pocket A was enthalpy-driven (ΔΔHbind = −5.6 kcal/mol and −TΔΔS-
bind =  + 3.4 kcal/mol). Information about the thermodynamic profiles of ligand 
binding can contribute to better understanding of the molecular basis of com-
plex formation and guide ligand optimization.117 For example, one might sug-
gest to optimize the adenine fragment by adding hydrophobic substituents to 
complement pocket B to release the trapped water and thereby gain entropy. 
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3.3 Evaluation of fragment binding modes 
Due to their small size, fragments may adopt several binding modes. For ex-
ample, a recently determined high resolution structure of the A2AAR bound to 
caffeine revealed two binding modes.118 The most probable binding mode of 
a ligand can be challenging to identify with the simplified scoring functions 
used in molecular docking. For example, Lambertucci et al.119 previously re-
ported an alternative binding mode obtained by docking of compound 5 in 
paper I. The relative probability of these binding modes was evaluated for 
compound 3 using MD/FEP calculations. The binding mode observed for both 
adenine-like ligands and adenosine bound A2AAR crystal structures was pre-
dicted to be favored by 6.5 ± 0.1 kcal/mol, which suggested that the probabil-
ity of the alternative binding mode was very low and would not contribute 
significantly to the relative binding affinities. These results show how 
MD/FEP can help discriminate between possible fragment binding modes, 
which is a major challenge in FBLD. This information is crucial in order to 
decide which ligand modifications to consider during optimization. Recently, 
Jespers et al. exploited an MD/FEP strategy to investigate the binding mode 
of chromone derivatives and successfully design new antagonists of the 
A2AAR.120 Together with confirmation of predicted binding modes by X-ray 
crystallography, these results further supported the ability of MD/FEP to dis-
criminate between alternative ligand binding modes.  

3.4 Prospective optimization of three nonpurine 
fragment series 
Given the promising results of the retrospective study, the MD/FEP protocol 
was challenged to predict relative affinities for three series of fragments. The 
calculations were carried out prior to experimental evaluation of the com-
pounds to test the performance of MD/FEP in a prospective setting. For the 
first two initial fragments (compounds 25 and 29), Ki values were >300 µM 
and could not be determined, which is a common scenario after fragment 
screening in FBLD projects. The remaining initial fragment, compound 32, 
had an affinity of 79 µM and an LE of 0.44 kcal mol-1 HA-1. Two major activity 
cliffs emerged from these series (Fig. 9). Adding a thioether substituent to 
compound 25 to occupy pocket B led to a >15-fold improvement of binding 
affinity (Ki = 20 µM, LE = 0.54 kcal mol-1 HA-1). This compound was also 
predicted to be the most potent in the series. The addition of a methoxy sub-
stituent at position 4 of the benzothiazole scaffold of compound 32 also led to 
a large (44-fold) improvement of affinity (Ki = 1.8 µM, LE = 0.53 kcal mol-1 
HA-1). In this case, MD/FEP partially captured the difference in affinity be-
tween the two compounds (0.8 kcal/mol). However, it should be noted that it 
was difficult to compare computational results to experiments in this part of 
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the study due to uncertainties in the determination of experimental affinities 
for the weakest fragment ligands. 

Figure 9. Substantial changes in affinity after addition of substituents to the initial 
fragment from the prospective series of compounds. MD snapshots of the compounds 
are shown with heavy atoms of the compounds and side chain of Asn2536.55 repre-
sented as sticks with orange and white carbon atoms, respectively. Dash lines repre-
sent hydrogen bonds. 

Overall, paper I showed the potential of MD/FEP to guide FBLD. Encourag-
ingly, the predicted binding mode of the core benzothiazole scaffold of com-
pound 32 was later confirmed by the release of a crystal structure of the 
A2AAR in complex with Tozadenant (PDB code: 5OLO) 121. In addition, the 
subsequent release of the first A1AR structures provided potential for further 
improvement of the benzothiazole series and assessment of the ability of 
MD/FEP to predict subtype selectivity (paper II).118,122 
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3.5 Optimization of fragment ligands for subtype 
selectivity at the A1AR (II) 
Paper II was a continuation of the project described in paper I. The benzothi-
azole fragment series was further optimized to achieve higher affinity and sub-
type selectivity with focus on the A1AR. A1AR antagonists are potential 
agents against chronic heart failure associated with renal dysfunction.123 As 
drugs lacking subtype selectivity may cause major side effects, selectivity is 
an important aspect to consider when designing pharmacological probes. 
However, achieving selectivity between subtypes of the same receptor family 
can be challenging. Indeed, recognition of the same endogenous ligand and 
high sequence conservation often result in very similar binding sites. Based 
on the results of paper I, we anticipated that MD/FEP could be used to guide 
the design of selective GPCR ligands by performing free energy calculations 
for several receptors. 

GPCR structures can provide insights into binding site differences that can be 
utilized to design selective probes. In addition to the large panel of already 
available A2AAR structures, the release A1AR structures made the A1/A2A pair 
suitable to explore subtype selectivity using MD simulations.118 The or-
thosteric binding sites of the two structures were highly similar. A small dif-
ference in structure and sequence was identified at the extracellular entrance 
of the binding site, where residues Leu2536.54 and Thr2707.35 of the A1AR are 
replaced by the bulkier residues Ile2526.54 and Met2707.35 in the A2AAR sub-
type. Interestingly, the A1AR selective PSB36 ligand positioned a bulky nor-
adamantane group in this region,118 which would clash with Met2707.35 in the 
A2A subtype (Fig. 10). These observations suggest a more open cavity at the 
extracellular entrance of the A1AR binding site, which was utilized to optimize 
the fragments using different approaches in papers II and III. 
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Figure 10. The binding site of the A1- and A2AARs bound to antagonists PSB36 (grey) 
and Tozadenant (yellow), respectively (PDB codes: 5N2S and 5OLO).118,121 Second-
ary structures are shown as grey and orange cartoons for the A1- and A2AAR, respec-
tively. Heavy atoms of the side chain of Thr/Met7.35, which is a selectivity hot spot, 
and the highly conserved residue Asn6.55, which establishes hydrogen bonds with the 
ligands, are both shown as sticks. 

Based on the local structural differences between the two subtypes, substitu-
ents of varying size were introduced on the amide moiety of the core scaffold, 
which faces the extracellular subpocket of the A1AR binding site. In this initial 
optimization step, nine compounds were synthesized and their affinities rela-
tive to the reference fragment compound 1 (32 in paper I) were also evaluated 
at the A1AR by MD/FEP in a prospective setting (Fig. 11). 

Figure 11. Compounds optimized for A1AR affinity. (A) 2D structures and experi-
mental affinities of the compounds. (B) Predicted and experimental relative binding 
free energies for each compound at the A1AR relative to the initial fragment, com-
pound 1 (A). 

MD/FEP correctly predicted gains of affinity for all compounds compared to 
the initial fragment with an average unsigned error of 0.77 kcal/mol. Encour-
agingly, nanomolar affinities were obtained for compounds 5 and 8-10, which 
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is an excellent result considering the fact that these compounds are relatively 
small. However, A1/A2A selectivity ratios remained relatively low with a max-
imum of 5-fold for compound 5. Even compound 8, which contained a bulky 
noradamantane group that is also part of the selective A1AR antagonist 
PSB36, was not very selective (4-fold). 

3.6 Evaluation of MD/FEP performance for the 
prediction of selective fragments 

The initial results suggested that positioning substituents in the targeted pocket 
was not sufficient to achieve a substantial selectivity. The best compounds of 
the series where then considered for optimization of subtype selectivity by 
introducing substituents at other positions of the benzothiazole scaffold (Fig. 
12). Relative binding free energies for three series containing a total of 16 
compounds were evaluated by MD/FEP prior to experimental testing. In ad-
dition to evaluating relative binding free energies at both targets, the differ-
ence between these (ΔΔΔG) was calculated to assess selectivity. Negative and 
positive ΔΔΔG values indicate improvement of selectivity at the A1- and 
A2AAR, respectively. MD/FEP was able to rank most of the compounds in 
terms of relative affinity and selectivity (Fig. 13). The Spearman’s rank cor-
relation between predicted and experimental relative affinities at the A1AR 
was 0.80 and the mean unsigned error was 1.08 kcal/mol. The correlation was 
similar for the prediction of selectivity (ρ = 0.85), and the average unsigned 
errors was lower (MUE = 0.48 kcal/mol), which was a good result considering 
that the span of free energies was two times smaller than in section 3.1 (paper 
I). 
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Figure 12. (A) Predicted binding mode of compound 5 in the A1- and A2AAR binding 
sites after MD simulations. The A1- and A2AAR structures are shown in grey and or-
ange, respectively, with ligands and key side chains shown as sticks. (B-D) Synthe-
sized fragment analogs with experimental affinity and subtype selectivity values 
shown for the A1AR. 
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Figure 13. Experimental and relative (A) binding affinities and (B) subtype selectivity 
improvements at the A1AR for optimized compounds. The series of compounds are 
shown using different colors. The solid lines represent a perfect agreement between 
the predicted and experimental data and areas between the solid and dashed lines in-
dicate the range of values within 1 kcal/mol of the solid line. 

Interestingly, the introduction of a bromine substituent at the 5-position re-
sulted in a large gain of affinity and selectivity at the A1AR in both of the first 
two series (compound 15 had an affinity of 40 nM, LE of 0.60 kcal mol-1 HA-

1 and was 19-fold selective, and compound 22 had an affinity of 10 nM, LE of 
0.58 kcal mol-1 HA-1 and was 38-fold selective). This effect was similar to that 
observed for most bromine substitutions within pocket B in paper I, and was 
not expected based on visual inspection of the complexes. MD snapshots 
showed that the 1-methylcyclopentyl substituent of compound 20 provided 
further anchoring of the compound in the A1AR binding site. In the A2A sub-
type, this was not possible due to a steric clash with Met2707.35 in the selec-
tivity hot spot. Although there was only a 6-fold difference in affinity between 
the two subtypes for compound 20, addition of substituents at the 5-position 
of the scaffold occupied pocket B (paper I) to specifically provide increases 
of affinity at the A1AR (Fig. 12 and 14). 
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Figure 14. Effect of single position substitutions on the binding mode and subtype 
selectivity of fragment-sized AR ligands. MD snapshots of (A) compound 9, (B) com-
pound 20, and (C) compound 22. The A1- and A2AARs are shown as grey and orange 
cartoons, respectively. Key binding site side chain and ligand heavy atoms are shown 
as sticks. For compounds 20 and 22, a similar anchoring in the A2A- as in the A1AR 
binding site would lead to a steric clash with the receptor (transparent red disks). The 
buried cavity occupied by compound 22 in the A1AR site is shown with a transparent 
blue disk. 

Remarkably, the LE values were higher for compounds 15 and 22 than for the 
initial fragment, compound 1 (LE = 0.52 kcal mol-1 HA-1). For compound 22, 
the addition of six heavy atoms led to an >1000-fold improvement of affinity 
at the A1AR and subtype selectivity was increased from 7- to 38-fold. Com-
parison of this fragment-sized compound to known A1AR ligands showed that 
it was among the highest affinity ligands of its size (HA < 20). 

Achieving high affinity and subtype selectivity for fragment sized GPCR lig-
ands is a major challenge. This challenge was overcome by interconverting 
subtype selectivity for a scaffold which was historically considered to be 
A2AAR-selective.124 MD/FEP was able to guide fragment evolution towards 
higher A1AR affinity and subtype selectivity. The introduction of small sub-
stituents that substantially improved affinity and subtype selectivity allowed 
to maintain good physicochemical properties and even increase LE compared 
to the initial fragment, which is of high interest for FBLD. The results of pa-
pers I and II suggest that the approach is suitable to optimize GPCR fragment 
ligands. However, due to the currently available computational resources, the 
use of this method is limited to the evaluation of a relatively small number of 
congeneric compounds. MD/FEP is not yet suitable to screen large chemical 
libraries. In paper III, a structure-based virtual screening strategy suitable for 
evaluating millions of compounds was used to identify and optimize A1AR-
selective antagonists. 
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4. Structure-based virtual screening for
subtype selective A1AR ligands (III)

After the release of the first A1AR crystal structure, it became possible to in-
vestigate if virtual screening could identify ligands of this GPCR. As struc-
ture-based based screening using crystal structures of the A2AAR subtype re-
sulted in high hit rates in previous studies,125,126 we anticipated that ligands of 
the A1AR subtype could also be identified by this approach. As structural data 
were now available for both the A1AR and the A2AAR, this information could 
be used to bias a screen towards the identification of selective ligands, which 
was expected to be challenging considering the high similarity of the binding 
sites. 

4.1 Structure-based screening strategy 
Structural comparisons of the A1- and A2AAR binding sites revealed the 
Thr/Met7.35 binding hot spot that was also the focus of the simulations in paper 
II. However, this region exhibited a large degree of plasticity in A2AAR struc-
tures. The flexibility of this non-conserved binding site region highlighted the
challenge of finding subtype selective ligands. Aiming to find selective A1AR
ligands, 4.6 million commercially available compounds were screened against
both the A1AR and six A2AAR structures with different binding site shapes.
The compounds with the best molecular docking scores for the A1AR but sub-
stantially lower ranking for all six A2AAR structures were considered as po-
tential A1AR selective ligands (Fig. 15). Among a diverse set of 20 selected
compounds, seven acted as antagonists and four of these were A1AR selective
in functional experiments. Additional functional experiments showed that two
promising compounds had low micromolar affinities for the A1AR (KB = 0.9
and 2.7 µM for compounds 8 and 19, respectively).
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Figure 15. Strategy to identify selective ligands of the A1AR within a library of 4.6 
million commercially available lead-like compounds. aAmong the 6,000 top-ranked 
molecules at the A1AR, the 700 molecules with the largest rank difference between 
the A1AR and their best ranking A2AAR structure were visually inspected. A diverse 
set of 20 compounds was selected for experimental testing based on binding modes, 
chemical novelty, and purchasability. 

4.2 Structure-guided optimization using tailored virtual 
chemical libraries 
Two hits of the virtual screen were subsequently optimized by using tailored 
chemical libraries of analogs with substituents that would occupy the targeted 
selectivity hot spot. Both in house-generated and commercial libraries con-
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taining thousands of synthesizable compounds were considered. The com-
pounds were docked to both receptors and the subset that was top-ranked at 
the A1AR and that did not dock well at the A2AAR were selected for additional 
testing. This led to the discovery of compounds with nanomolar affinities, in-
cluding compound 28c, which had a 76-fold subtype selectivity (Fig. 16). 

Figure 16. Hit-to-lead progression with synthesis of analogs and predicted binding 
modes of the selected screening hits (left panel) and their best analog (right panel) at 
the A1AR. The receptor is shown as white cartoons with key side chains shown as 
sticks and compounds are represented as sticks with orange carbon atoms. 

Whereas papers I and II showed that the MD/FEP technique was able to pre-
dict the effect of ligand substitutions on binding and subtype selectivity, the 
same results cannot be expected with the simplified scoring functions used by 
molecular docking. However, docking screens enabled the screening of large 
scale chemical libraries to identify novel biologically active chemical matter 
with appreciable hit rates and at a reasonable computational cost. 
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5. Design of a GPCR agonist: Insights into the
thermodynamics of water displacement (IV)

The idea of this project originated from analyses of a crystal structure of the 
A2AAR bound to its endogenous agonist adenosine. The structure revealed 
highly ordered binding site water molecules, of which one was displaced by 
the potent agonist NECA (Fig. 17).113 Another key hydration site established 
hydrogen bonds with the N3 nitrogen of the adenine moiety, the hydroxyl 
group in position 2’ of the ribose, and another ordered water (Fig. 17). This 
site appeared crucial for stabilizing the bound conformation of the endogenous 
agonist. Furthermore, modifying the N3 nitrogen into a carbon to form 3-
deazaadenosine resulted in a loss of a hydrogen bond and affinity for the 
A2AAR.127 In paper IV, the role of this hydration site was further investigated 
by evaluating the impact on binding of adding substituents to adenosine that 
displaced this key water. In addition, MD/FEP was used to investigate the 
thermodynamic consequences of water displacement. 

Figure 17. Binding site structure of the A2AAR bound to adenosine. The receptor is 
shown as white cartoons with key side chain heavy atoms as sticks. The ligand is 
shown as sticks with yellow carbon atoms. Highly ordered binding site waters are 
represented as red spheres, with those targeted by NECA and in paper IV colored in 
purple and highlighted by a red dotted sphere, respectively. Hydrogen bonds are 
shown as dashed lines. 
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5.1 Displace, replace or interact with an ordered water? 

Substituents at the N3 position of adenosine-like ligands had not been previ-
ously explored (Fig. 18). To further evaluate the role of the binding site sol-
vent molecule, displacing it with a methyl group (compound 3), or replacing 
it with a hydroxyl moiety that would mimic its hydrogen bonds (compound 4) 
were evaluated. 

Figure 18. Substitutions (addition of at least one heavy atom) explored in adenosine-
like compounds which have been tested at adenosine receptors based on available data 
from the ChEMBL database.128 

As synthesis of the compounds was challenging, MD/FEP calculations were 
carried out to predict the effect of these substitutions on binding affinity. The 
ability of free energy calculations to reproduce the large loss of affinity by 
replacing the N3 nitrogen by a carbon to obtain 3-deazaadenosine was first 
evaluated. This compound was predicted to lose 6.7 kcal/mol in binding af-
finity, which was in agreement with experimental data. Considering the am-
plitude of the loss of affinity, this effect likely did not originate solely from a 
loss of hydrogen bond with a binding site water. For comparison, differences 
in molecular docking energies were evaluated, which did not reproduce the 
structure-activity relationships. Interestingly, 3-deazaadenosine was even pre-
dicted to have a better affinity than adenosine. This simplified scoring method 
also suggested that compound 3 was the most potent compound, whereas 
MD/FEP predicted that compound 4 (−5.8 kcal/mol relative to 3-deazaadeno-
sine) and adenosine had similar affinities. In addition, MD/FEP correctly pre-
dicted that compound 3 had a substantially lower affinity (−2.2 kcal/mol rela-
tive to 3-deazaadeosine). Experimental evaluation of the compounds con-
firmed compound 4 to be a potent agonist, whereas compound 3 had a rela-
tively low affinity. Considering the synthetic challenges to make these two 
compounds, compound 4 would have been discarded without access to the 
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MD/FEP results. This compound did not have a greater affinity or agonist po-
tency than adenosine. However, the introduced modification was shown to 
prevent degradation by adenosine deaminase, which will be an advantage in 
drug development. 

5.2 Molecular origins and thermodynamics of ligand 
binding 
The fact that MD/FEP was able to discriminate between compounds 3 and 4 
whereas several docking programs failed, was an intriguing result. When com-
paring ligand binding modes, the main difference between compounds 3 and 
the two agonists adenosine and compound 4 was the ability of these agonists 
to form additional hydrogen bonds. But was hydrogen bonding the main rea-
son for the higher affinity of the two compounds? As both the receptor and the 
ligands form hydrogen bonds with the solvent itself in the unbound form, the 
newly formed interactions in the complex will not be necessarily stronger and 
thereby contribute to binding. Additionally, each receptor-ligand complex led 
to distinct binding site hydration patterns and these changes may result in im-
portant energetic contributions. Therefore, it is not always trivial to decide on 
which strategy to adopt when optimization of a ligand leads to perturbation of 
an ordered solvent network. 

To further investigate the molecular determinants of agonist binding associ-
ated with either hydrogen bonding to the targeted water or its replacement 
with a hydroxyl group, van’t Hoff analyses were carried out using MD/FEP 
calculations of relative binding free energies for adenosine and compound 4 
relative to 3-deazaadeosine. The calculations revealed that binding was en-
thalpy driven in both cases, with a large enthalpic contribution of −11.6 and 
−10.3 kcal/mol and an entropic penalty of +4.8 and +4.6 kcal/mol, respec-
tively. The compounds hence had similar thermodynamic profiles, and parti-
tioning enthalpies into individual contributions was useful to unravel the mo-
lecular origins of ligand binding.129 Decomposition of the enthalpic term sug-
gested that the improved binding affinity of adenosine was primarily due to
ligand enthalpy, which is the main focus of docking scoring functions. How-
ever, due to several approximations in molecular docking, this method fails to
capture important contributions to ligand enthalpy accurately. For example, a
single binding mode is used to calculate a binding energy. Furthermore, ex-
plicit solvation models may be necessary to calculate the ligand desolvation
term with accuracy, which is generally omitted by molecular docking pro-
grams. Moreover, energetic contributions from the ligand environment are ne-
glected. In fact, binding of compound 4 did not originate from enthalpic terms
involving the ligand, but rather from the rest of the system, and in particular
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water-water and protein-water interactions for the displaced water, which 
could only be captured by performing MD simulations. 

Paper IV illustrates why rigorous binding free energy calculations can be cru-
cial in the ligand optimization process to identify analogs with improved bind-
ing affinity. Structure-based screening approaches are rather suitable to screen 
large chemical libraries and identify potential starting points for early drug 
discovery. 
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6. Elucidation of GPCR activation
mechanisms with MD-derived free energy
landscapes (V)

Studies of the β2 adrenergic receptor have led to major breakthroughs for the 
understanding of GPCR function. The release of crystal structures of both in-
active (inverse agonist-bound)20 and active (Gs-bound)8 states of the receptor, 
revealed that accommodation of the G protein required a large outward move-
ment of the intracellular end of TM6. Understanding how ligand binding in-
fluences the G protein coupling region could both help understand GPCR ac-
tivation mechanisms and guide the design of novel drugs. 

Visual inspection of active and inactive structures of this receptor revealed 
that binding site residues Ser2035.42 and Ser2075.46, which are conserved across 
the nine members of the human adrenergic receptor family, establish hydrogen 
bonds with the catechol moiety of the endogenous agonist adrenaline.130 This 
results in a small contraction of the orthosteric site, which is referred to as the 
TM5 Bulge. The mechanisms by which this small conformational rearrange-
ment promotes G protein coupling could not be determined from the static 
snapshots that crystal structures represent. Prior to this study, microsecond 
timescale simulations of an agonist-bound β2 structure were carried out by 
Dror et al.,131,132. In these simulations, the receptor relaxed towards an inactive 
state, which provided important insights into conformational changes upon 
activation. However, the roles of microswitches in the TM region and the 
strength of coupling between those could not be determined with this ap-
proach. These questions were addressed in paper V based on activation free 
energy profiles derived from MD simulations. 
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6.1 Important structural motifs for receptor activation 

Figure 19. Schematic representation of structural motifs involved in activation of the 
β2 adrenergic receptor. The active state of the receptor bound to adrenaline (PDB code: 
4LDO)130 is shown as orange cartoons and the inactive conformation (PDB code: 
2RH1)20 is shown in white. The ligand and the conserved binding site residues 
Asp1133.32, Ser2035.42, and Ser2075.46 are shown as sticks, and key interactions are 
highlighted with dashed lines. The connector (PIF) region and other microswitches 
involved in formation of the G protein binding site are highlighted with ovals. 

Along TM5, the PIF motif contains residue Pro2115.50, which is located four 
residues away from binding site residue Ser2075.46. Conformational rearrange-
ment of this residue propagates in TM3 and TM6, which forms the 
P5.50I3.40F6.44 motif. This motif is often described as a connector region due to 
its location between the orthosteric site and key microswitches that undergo 
structural rearrangements to form the G protein coupling site (Fig. 19). This 
includes the N7.49PxxY7.53 motif located in the extracellular end of TM7. The 
first residue of this motif is in contact with the highly conserved residue 
Asp792.50, which is located in a hydrated cavity in the inactive state. The last 
residue of the N7.49PxxY7.53 motif forms the Y–Y interaction with Tyr2195.58 
in the active state. This interaction pushes TM6 outward to provide an active 
conformation able to accommodate a G protein. 

6.2 Insights into GPCR activation by MD simulations 
Enhanced sampling simulations make it possible to study the energetics of 
receptor activation at a reasonable computational cost. These methods bias the 
potential of the system in order to favor the exploration of a set of collective 
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variables (CVs) describing the studied process.133 However, the choice of ap-
propriate CVs can be challenging, and omitting orthogonal degrees of freedom 
can cause convergence issues if sufficient sampling is not achieved.134 In ad-
dition, exploring more CVs increases the computational cost exponentially. In 
paper V, an adaptation of the string method using swarms of trajectories was 
introduced. In this approach, the CVs are instead used to sample over a one-
dimensional path, which is initially defined. MD snapshots from Dror et al.131 
were clustered and a neural network was trained to identify inter-residue dis-
tances that discriminate between these clusters. Five of those were retained as 
CVs to calculate free energy profiles based on simulations along the path un-
der different conditions. An interesting result was the fact that the identified 
CVs were able to discriminate between active and inactive states for 11 class 
A GPCRs, and could potentially be used to study activation for other recep-
tors. 

For the β2 adrenergic receptor, there was a clear distinction between the free 
energy profiles obtained in the presence and absence of an agonist ligand when 
projected along the first two CVs. Linking those profiles to sudden structural 
changes occurring for the structural motifs shown in Fig. 19 allowed to deter-
mine the sequence of those events along the activation path. In the apo form, 
the system populated one major minimum in the inactive state, where the twist 
in the connector region immediately occurred. The remaining microswitches 
underwent conformation changes in a sequential manner within an intermedi-
ate state, to finally adopt a fully active state representing a third minimum. In 
the presence of agonist BI-167107, the fully active state region became the 
major minimum, followed by three other minima that included the inactive 
region. In this case, the TM5 bulge and the connector remained locked in an 
active-like state, which facilitated the outward movement of TM6 and was 
accompanied by changes in other motifs in the same order as for the apo form. 
The ability of the agonist to initiate activation and stabilize the active state of 
the receptor was hence clearly captured, and the sequence of events along the 
activation path could be identified. However, the strength of coupling between 
these microswitches was unknown and required additional analysis. 

6.3 Coupling between microswitches 
Calculation of free energy profiles along variables of interests enabled a qual-
itative assessment of coupling between different microswitches. The profiles 
revealed that agonist binding was loosely coupled to the outward movement 
of TM6, but directly impacted the connector region, which remained locked 
in the active state. Notably, the apo form of the receptor could occupy both 
inactive and active-like states of the connector irrespective of the confor-
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mation of the TM5 bulge. The result is consistent with the basal activity ob-
served for the β2 adrenergic receptor. The agonist-bound form showed a single 
active-like minimum for both of these motifs. But how does agonist-induced 
activation of the connector motif influence other regions to promote full acti-
vation of the receptor? Analysis of the free energy landscapes showed that the 
connector was tightly coupled to the Y-Y motif, which was in turn tightly 
coupled to the outward TM6 movement. In other words, these pairs of micro-
switches influence each other directly. These results illustrate how agonist 
binding favors receptor activation. The free energy landscapes also showed 
that agonist binding decreases the probability of inactive-like states for both 
the NPxxY motif and the cavity surrounding Asp792.50.  

6.4 Role of the Asp792.50 cavity in receptor activation 
Upon activation, a hydrated cavity surrounding the highly conserved residue 
Asp792.50 collapses. In several high resolution structures of inactive state class 
A GPCRs, this cavity has been shown to bind a sodium ion. This has been 
observed for the closely related β1 adrenergic receptor as well as the A2A aden-
osine receptor.114,135,136 In addition, sodium ions have shown to influence lig-
and binding in several cases demonstrating an allosteric coupling between the 
orthosteric and sodium binding sites.137 Analysis of the simulations for the apo 
form revealed three major sodium binding sites: The Asp792.50 pocket, the 
conserved orthosteric binding site, and another site in ECL2. Based on these 
three metastable sodium bound states, the free energy profiles indicated that 
sodium binding to Asp792.50 in inactive states occurs via an extracellular en-
trance. However, sodium binding to this cavity was not observed in simula-
tions of the holo form. Although this observation likely results from the fact 
that the ligand blocks the access of sodium to the site, simulations of the apo 
form showed that sodium could be found in this cavity in inactive receptor 
conformations. Hence, agonist-induced conformational changes result in an 
incompatibility between the holo form and sodium binding in this cavity. This 
result is consistent with former studies presenting sodium as a NAM.114,135,136 

It has been proposed that upon activation, collapse and dehydration of the so-
dium binding cavity involves the protonation of Asp792.50.138 Simulations with 
the protonated form of this residue and the presence of agonist led to similar 
activation profiles as those obtained with the unprotonated form. However, 
the protonated form only accessed active states for the NPxxY and Y-Y mo-
tifs, and the Asp792.50 cavity whereas the ionized form of the residue could 
also access inactive states for these microswitches. Agonist binding may pro-
mote dehydration of the sodium binding cavity, which favors active confor-
mations of the NPxxY and Y-Y motifs. Comparisons between active-like MD 
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snapshots and the active crystal structure of the receptor showed that an alter-
native state was explored for the NPxxY motif in simulations with protonated 
Asp792.50. Interestingly, these conformations matched both active (agonist and 
active state stabilizing nanobody-bound) and active-like (agonist-bound) con-
formers found in three crystal structures of other class A GPCRs. This result 
shows how MD simulations could identify metastable states that may not be 
captured by experimental structures. 

Paper V illustrates how the missing link between the static experimental struc-
tures and GPCR activation mechanisms can be established by MD simula-
tions. For the studied receptor, agonists of the G protein pathway can be ben-
eficial for the treatment of asthma.139 Characteristic inter-residue distances 
that were identified in this study could be used to guide the design of ligands 
with tailored signaling properties. As the identified CVs could be used to dis-
criminate between key conformational states of other class A GPCRs (i.e. ac-
tive vs. inactive), the developed technique could likely provide insights into 
activation mechanisms for other family members and be used to predict ligand 
efficacy profiles.140 
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7. Identification of a structural motif important
for class F receptor signaling (VI)

Class F GPCRs comprise the Smoothened (SMO) receptor and ten members 
of the Frizzled (FZD) family. This class of GPCRs is associated with distinct 
signaling pathways. FZD receptors signal through Wingless/Int-1 (WNT) 
pathways whereas SMO signals through the Hedgehog (HH) pathway. Both 
pathways play a role in embryonic development and these receptors are po-
tential drug targets against cancer.141 In the case of FZD receptors, signaling 
is promoted by the binding of extracellular WNT proteins to a cysteine-rich 
domain (CRD) located in the N-terminal end of the receptor, and signaling 
occurs through binding of an intracellular Dishevelled (DVL) protein. These 
receptors also signal via G protein or arrestin in specific WNT pathways. At 
the start of this study, no experimental structure was available for the studied 
FZD4 receptor and no drug-like ligand was known. Hence, further characteri-
zation of this potential drug target would be of interest. 

7.1 Homology modeling and polymorphism of FZD4 
provide insights into class F receptor structure and 
function 
Upon activation of class F GPCRs in DVL-mediated pathways, intracellular 
DVL is known to interact with phosphorylated residues located in intracellular 
regions of the receptor. These phosphorylation sites hence play a major role 
in class F receptor function. Crystal structures of the SMO receptor exhibited 
a 7TM fold similar to that observed for other classes of GPCRs. Homology 
among class F receptors suggested a conserved fold within the entire class. 
Based on available structural data, the conserved tyrosine residue Tyr2502.39 
was likely located at the C-terminal end of ICL1, which formed a potential 
phosphorylation site.17 Mutation of neighboring residues has also been shown 
to be related to various forms of cancer, which indicated an important role for 
this residue in DVL-mediated signaling. To gain further structural insights 
into the role of this region, a homology model of FZD4 was generated based 
on SMO.142 In this model, the residue was buried and formed a hydrogen 
bonding bond with His3484.46, which formed an additional hydrogen bond 
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with Trp3524.50. Interestingly, phosphorylation of Tyr2502.39 could not be de-
tected in the experiments carried out in paper VI, which supports that the res-
idue is likely buried. This set of hydrogen bonding residues was also con-
served in other class F GPCRs, which suggested that these residues could form 
an important structural motif. Furthermore, mutations of His4.46 in FZD2, FZD7 
and SMO are associated with cancer. MD simulations of homology models 
for both the wild type and the Y250F2.39 FZD4

 mutant showed how this muta-
tion likely impacts the structure of this region. Additional experiments showed 
that the Y250F2.39 FZD4 mutant led to abnormal development of Xenopus 
laevis embryos, and disrupted binding of DVL2. However, binding to Gα12/13, 
was not influenced and the mutated receptor was able to signal through the G 
protein-mediated YAP/TAZ pathway. These results indicated that the identi-
fied structural motif was important to ensure a healthy phenotype. 

Figure 20. Crystal structure (green) and homology model (white) of FZD4. Side chains 
of residues in the conserved structural motif of the crystal structure, which were iden-
tified in paper VI, are shown with red sticks and a lipid mentioned in the text is shown 
in orange. A potential ligand binding site based on a SMO structure is shown as a 
transparent blue disk. This region is compared to a structure of SMO bound to Vismo-
degib. Key residues and Vismodegib are shown as sticks. 

Recently, a high resolution crystal structure of FZD4 was released.143 In this 
structure, the interaction between His3484.46 and Trp3524.50 was conserved but 
the side chain of Tyr2502.39 was oriented outward due to the positioning of a 
lipid head group between a between this residue and His3484.46 (Fig. 20). The 
study presented in paper VI highlights that accurate homology models of 
GPCRs can identify important residues and contribute to the design of exper-
iments to further characterize receptor function. Crystal structures of SMO 
bound to ligands in the CRD domain such as cholesterol and in an orthosteric 
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binding site (e.g. the anticancer drug Vismodegib) have been solved.144 Inter-
estingly, the structure of FZD4 has a similar pocket in the transmembrane re-
gion (Fig. 20), but there are no known ligands binding in this pocket. As a 
crystal structure of FZD4 is now available, performing a structure-based vir-
tual screening campaigns could identify new ligands of this receptor. 
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8. Conclusions and perspectives 

GPCRs are key sensors of extracellular signals and regulate a large panel of 
physiological processes, which makes these proteins important drug targets. 
Major advances in structural biology have provided insights into how ligands 
bind to GPCRs and the conformational changes that these receptors undergo 
upon activation. However, receptor structures alone do not directly provide 
information about ligand binding affinities. Furthermore, due to the major ef-
forts required to determine a GPCR structure experimentally, it remains un-
likely that the binding mode of a lead compound will be known. For these 
reasons, molecular modeling plays an important role in rational drug design. 
Another knowledge gap is the missing link between active and inactive recep-
tor conformations obtained from X-ray crystallography and cryo-EM. In order 
to design compounds with specific efficacy profiles, computational methods 
that can help understand how a ligand modulates the equilibrium between dif-
ferent states are needed. The structural data that have recently become availa-
ble for GPCRs provide excellent starting points to address these questions 
with molecular simulations. In this thesis, a spectrum of methods that make it 
possible to discover new ligands from large chemical libraries, optimize hits 
to potent leads, and understand the molecular mechanisms of ligand binding 
and activation were explored. 

 
In three papers of this thesis, rigorous binding free energy calculations based 
on MD simulations were shown to hold promise for applications in structure-
based drug design. In paper I, the ability of MD/FEP to evaluate the effect of 
small ligand modifications on binding affinities at the A2AAR was investi-
gated. Notably, the approach was able to identify small ligand modifications 
that were associated with large changes in binding affinity, which is the holy 
grail of FBLD. Moreover, MD/FEP could tackle the challenge of discriminat-
ing between alternative fragment binding modes, which can be very useful in 
FBLD. In paper II, the approach was further challenged to predict subtype 
selectivity between closely related subtypes of the adenosine receptors. The 
optimized ligands resulted from small modifications that even improved LE 
compared to the initial fragment, demonstrating that the approach can identify 
high quality leads.52 Encouragingly, ranking of the compounds according to 
predicted A1AR binding affinity and subtype selectivity improvements were 
correlated with experimental values, which highlights the potential of 
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MD/FEP to guide fragment optimization. The fact that fragment-like com-
pounds are relatively small and rigid is a great advantage as converged results 
can be obtained with relatively short simulations. 
 
With the expansion of commercial on-demand chemical libraries towards bil-
lions of compounds, the use of high throughput virtual screening methods that 
are able to identify novel bioactive chemical matter is becoming essential. Alt-
hough cheminformatics approaches can generate diverse subsets representing 
commercial chemical space and filter these by physicochemical properties, 
subsequent HTS based on such subsets will typically results in low hit rates. 
Computational screening is an attractive alternative to HTS. In paper III, a 
structure-based virtual screen of a library containing millions of compounds 
against AR crystal structures was used with the aim to discover novel A1AR 
ligands with selectivity over the A2AAR subtype. After pharmacological eval-
uation of the predicted ligands, optimization of the best candidates through 
screening of tailored virtual libraries of analogs resulted in low nanomolar 
affinity and high selectivity for the A1AR subtype. Considering these results, 
why would one use more computationally demanding approaches such as 
MD/FEP to design new ligands when large chemical libraries could be rapidly 
screened with molecular docking to achieve this goal? Paper IV illustrates 
how MD simulations can be important for understanding the molecular deter-
minants of ligand affinity. In particular, quantifying the strength of receptor-
ligand interactions, which is the only term considered by many docking scor-
ing functions, is often not sufficient to discriminate between ligands at the 
optimization stage. By replacing a highly ordered binding site water from the 
A2AAR binding site with a ligand substituent, we were able to design a potent 
agonist of the receptor that would have been discarded based on molecular 
docking. Capturing receptor flexibility, ligand desolvation and binding site 
hydration was essential to capture in order to accurately discriminate between 
close analogs of an adenosine receptor agonist. 
 
Another topic of this thesis was the study of GPCR activation mechanisms 
and function (papers V and VI). Several microswitches have been shown to 
be important for agonist-induced activation of class A GPCRs, but the under-
lying mechanistic details are not fully understood. Sampling of receptor con-
formations along the most probable activation path was achieved by using an 
efficient MD-based sampling method. Free energy landscapes provided in-
sights into the strength of coupling between key microswitches in activation 
and an unprecedented understanding of allosteric communication between the 
orthosteric and the G protein binding sites. In the last paper of the thesis (VI), 
MD simulations of a homology model of the Frizzled 4 receptor were also 
used to investigate the role of an intracellular region in receptor signaling. In 
this mutagenesis study, the simulations revealed a conserved structural motif 
that was shown to be crucial in order to avoid a biased signaling associated 
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with cancers. The structural motifs and mechanisms that were identified in 
these two studies could contribute to the design of GPCR agonists based on 
MD simulations. 
 
To summarize, the work presented in this thesis has shown how structure-
based screening approaches and rigorous free energy calculations can help 
identify and optimize GPCR ligands. My vision for future research is that all 
these methods could be combined in the same project. A ligand can first be 
identified by screening a library containing up to billions of compounds using 
the molecular docking approach of paper III. Further improvements of the 
free energy calculation techniques that were used in papers I-II and IV,145–148 
together with increasing computational power, will make it possible to use 
MD simulations to evaluate large sets of analogs in order to improve hits from 
the virtual screen. For a few selected compounds, the signaling profile could 
also be predicted using the enhanced sampling method of paper V.140 This 
powerful toolkit of computational methods could make it possible to rapidly 
develop potent and selective leads with a specific efficacy profile. In recent 
years, machine learning (ML) has received increasing attention in drug dis-
covery and structure prediction, and such methods appear to be successful in 
both research areas.149,150 Furthermore, ML has recently enabled large scale 
ab initio MD simulations at a reasonable computational cost.151 Ultimately, 
combining artificial intelligence with the physics-based methods used in this 
thesis may further improve the outcome of the computational predictions and 
should be explored in the near future. 
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9. Sammanfattning 

G-proteinkopplade receptorer är en grupp proteiner som sitter på cellens yta 
och spelar många olika roller i mänsklig fysiologi. Receptorerna känner igen 
signalsubstanser, vilket leder till aktivering av processer inne i cellen. Det 
finns fler än 800 receptorer hos människan och de utgör en mycket viktig del 
av kroppens kommunikationssystem. Eftersom receptorer är kopplade till 
många olika sjukdomar, så är de också vanliga mål för läkemedel. Upp till 
34% av alla godkända läkemedel verkar genom att öka eller minska G-prote-
inkopplade receptorers aktivitet. Trots detta finns det många obesvarade frå-
gor om hur receptorer fungerar och även om det finns stor potential för att 
identifiera nya läkemedel med receptorer som mål, så är det dyrt och tar lång 
tid att genomföra. Under de senaste åren har forskare lyckats bestämma tredi-
mensionella strukturer för ett stort antal G-proteinkopplade receptorer med 
experimentella metoder. Detta genombrott har avslöjat hur receptorerna bin-
der små molekyler (som också kallas ligander) och vad som händer med re-
ceptorns struktur när den aktiveras. Nu hoppas man kunna använda denna in-
formation för att förstå i detalj hur fysiologiska processer fungerar på mole-
kylär nivå, vilket skulle kunna bidra till mer effektiv utveckling av läkemedel. 
I de sex artiklar (I-VI) som ingår i denna avhandling används datorsimule-
ringar för att studera G-proteinkopplade receptorer med speciellt fokus på in-
teraktioner mellan protein och ligand. 

 
I artiklarna I och II utvärderades om datorsimuleringar kan användas för att 
förutsäga hur starkt ligander binder till en typ av receptor som känner igen 
signalsubstansen adenosin. In artikel I, så användes molekyldynamik-meto-
den för att simulera A2A adenosin-receptorns rörelser och interaktioner med 
ligander på molekylär nivå. A2A adenosin-receptorns struktur är bestämd och 
är ett intressant mål för läkemedelsutveckling mot både Parkinsons sjukdom 
och cancer. Målet med studien var att undersöka om man kan använda simu-
leringar tillsammans med fria-energiberäkningar för att studera ligander som 
är relativt små och binder svagt till receptorn, vilket är en vanlig situation inom 
läkemedelsutveckling. Resultaten visar att simuleringar kan bidra till att iden-
tifiera hur en ligand binder till bindningsfickan och även förutsäga hur modi-
fieringar av dess kemiska struktur förändrar bindningsstyrkan, vilket kan vara 
en mycket användbart vid utveckling av läkemedel. I artikel II användes 
samma metod för att undersöka om man kan designa ligander som binder till 
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A1 adenosin-receptorn, men inte till den närbesläktade A2A adenosin-recep-
torn. Detta kan vara viktigt inom läkemedelsutveckling eftersom ligander som 
binder till flera receptorer kan orsaka allvarliga bieffekter. Design av moleky-
ler med hjälp av receptorernas strukturer tillsammans med molekyldynamik-
simuleringar ledde till identifiering av flera selektiva ligander. Studierna visar 
hur man med hjälp av simuleringar kan identifiera hur en ligands struktur kan 
optimeras för att den ska binda både starkt och selektivt till en receptor.  
 
I artikel III var målet att identifiera ligander som binder selektivt till A1 adeno-
sin-receptorn genom att söka i en databas med flera miljoner molekyler. Den 
teknik som användes i artiklarna I och II kunde inte utnyttjas i detta projekt 
eftersom molekyldynamik-simuleringar kräver mycket beräkningskraft. Istäl-
let användes en förenklad metod som kallas molekylär dockning. Med denna 
teknik beräknades hur väl 4.6 miljoner olika molekyler passade i två olika 
adenosin-receptorers bindningsfickor (A1 och A2A adenosin-receptorerna) och 
därefter gjordes ett urval av molekyler som förutsågs binda bättre till A1 re-
ceptorn. Av de 20 substanser som testades i experiment visade sig sju binda 
till A1 adenosin-receptorn. Substanserna var dock inte särskilt selektiva och 
därför analyserades datormodellerna för att identifiera kemiska modifikat-
ioner som kunde förbättra egenskaperna hos liganderna. Två grupper av de-
signade molekyler tillverkades och testades i experiment, vilket ledde till iden-
tifiering av två ligander som både visade hög bindningsstyrka och selektivitet. 
Denna studie illustrerar hur man kan använda molekylär dockning för att 
snabbt identifiera och optimera nya ligander genom att utnyttja stora kemiska 
bibliotek. 
 
I artikel IV studerades hur vatten påverkar bindning av ligander till receptorer. 
Under de senaste åren har det blivit klart att vattenmolekyler i proteiners bind-
ningsfickor kan ha stor inverkan på hur starkt en ligand binder. I detta projekt 
designades först en serie av ligander för att undersöka hur interaktioner med 
en specifik vattenmolekyl i A2A adenosin-receptorn påverkar liganders bind-
ningsstyrka. Experiment visade att det var stora skillnader i bindningsstyrka 
mellan liganderna. Molekyldynamik-simuleringar och fria-energiberäkningar 
utfördes för att försöka förstå drivkrafterna för bindning till proteinet. Simu-
leringar kunde både förutsäga bindningsstyrka och förklara skillnaderna mel-
lan liganderna på molekylär nivå. Den mer förenklade metoden molekylär 
dockning, som användes i artikel III, kunde däremot inte användas för att för-
utsäga experimentella bindningsdata. Resultaten belyser att bindning av ligan-
der till proteiner är en komplex process och vikten av att använda en metod 
som beskriver alla de interaktioner som bidrar till bindningsenergin. För de 
ligander som studerades i artikel IV var det särskilt viktigt att ha en god re-
presentation av ligandens energi, förändringar i interaktioner med vatten vid 
bindning och bindningsfickans flexibilitet. Resultaten i detta projekt ledde till 
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nya grundläggande insikter om drivkrafterna för ligandbindning som kan an-
vändas för att förbättra metoder för datorbaserad läkemedelsutveckling. 
 
I avhandlingens sista delar så användes molekyldynamik-simuleringar för att 
studera hur receptorer aktiveras. I artikel V utfördes simuleringar av en recep-
tor som binder adrenalin, β2 adrenerga-receptorn. Det är fortfarande oklart hur 
bindning av ligander till denna receptor kan leda till strukturella förändringar 
som aktiverar G-protein inne i cellen. Genom beräkningar av fria-energiland-
skap visade simuleringarna vilka av receptorns delar som är involverade i ak-
tiveringsmekanismen. Inom läkemedelsutveckling, så är det viktigt att kunna 
särskilja mellan ligander som aktiverar en receptor (agonister) och de som 
endast blockerar bindningsfickan (antagonister). Metoden som utvecklades i 
artikel V skulle kunna användas för att designa agonister och antagonister. I 
artikel VI studerades Frizzled 4-receptorn, som är involverad i olika typer av 
cancer. Kunskapen om hur denna typ av receptor fungerar är mycket begrän-
sad och när studien inleddes fanns ingen struktur av proteinet. Första steget i 
detta projekt var därför att generera en datormodell av Frizzled 4 genom att 
utnyttja den strukturella information som finns tillgänglig för närbesläktade 
receptorer. I ett andra steg användes molekyldynamik-simuleringar av mo-
dellen för att studera delar av Frizzled 4 som påverkar aktivering av signalvä-
gar inne i cellen. Detta ledde till identifiering av en region i receptorn som 
troligtvis spelar en viktig roll i aktiveringsmekanismen.  
 
Sammanfattningsvis så visar artiklarna i denna avhandling hur receptorers tre-
dimensionella strukturer tillsammans med datorsimuleringar kan användas för 
att för att försöka förutsäga hur starkt ligander binder, hur de påverkar recep-
torers struktur, och vilka krafter som driver dessa processer. Resultaten ger 
nya insikter i hur receptorer fungerar på molekylär nivå och de strategier som 
beskrivs för att designa ligander kan bidra till att effektivisera den kostnads-
krävande processen att utveckla nya läkemedel. 
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10. Acknowledgements 

Congratulations, you made it to page 60+! I admire you and I acknowledge 
you, reader, for your perseverance. My sincere apologies if you had a hard 
time going through this, but it was a good way to formally wrap up what I 
have accomplished over these intense years. As you are now reading this page, 
I assume you must be curious to know more about what is hiding behind the 
curtain. In case the content was too specific for you, I have just challenged 
myself to connect the dots a little more. So I will start with a little funky sec-
tion for you before I start with more specific acknowledgements! 
 
Long before, I already had a feeling that the PhD process could be compared 
to breaking one’s chrysalis in order to become a butterfly. This PhD tradition 
makes me think of it as an Inca initiation into adulthood. It reminds us that the 
greatest accomplishments often arise from a certain benevolent search through 
the dark, just like digging a hole hoping to find a treasure. In my view, this 
picture describes why we do research. If we chose to be involved, we likely 
have a vision that motivates us without knowing for sure what will come out 
of it. This might sound nerdy to you but note that at the microscopic scale, 
even GPCR ligands dig through their receptors to modulate our physiology. 
To a more general audience (at the macroscopic scale), I would add chose 
what you eat, drink, breathe, think (and ultimately do). Then, you might find 
yourself in a good place. Because you have to cope with your own GPCRs. 
Although they will usually do their best to balance yourself, they are not to-
tally independent (you and your environment will modulate them!). 
 
That being said, an aspect I want to share with you is that none of this would 
have been achieved by a single person. It was a collective effort between com-
plementary people, which also involved those supporting each of us. If we 
could trace back those supporting those who are supporting, and ultimately 
reveal a complete network, maybe this would include every being including 
ancestors et cetera… . Okay, now this went very far and if it is the most daring 
thing you have ever found in a thesis, I have reached my goal. I hope you 
enjoyed it! 
 
Now, it is high time to thank those who have tremendously supported me 
across these years. Let us share this pride together! Please note that as the 
mentions come next, it does not mean that they are less important than what 
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is written above, but on the contrary, that I needed to introduce these precious 
contributions. Each person is unique and had his or her own little piece to 
bring to the story, and my gratefulness goes beyond words. Note guys that I 
somehow follow a chronological order and that I will not manage to 
acknowledge all of you in such a short section. 

 
First of all, I could never thank my supervisor Jens enough. Before moving to 
Sweden, I had a good feeling and I somehow already knew that it was going 
to be a great adventure with tons of excitement. What came out of it is even 
beyond any expectation I had. Also, the stimulating and open environment 
you provided was key for these years to shine abundantly in terms of fun, 
success and moments we will always remember. This support has indeed 
transferred many hidden potentials into great momenta! 

 
None of what we have accomplished over these intense years would have been 
possible without our dearest collaborators! Many thanks to the NIH team, in-
cluding Ken and Gao, who have been nicely willing to trust our calculations 
and to test our compounds at adenosine receptors as worldwide experts. We 
were also very flattered when you invited us to contribute to writing a review 
about adenosine receptor antagonists. I feel very privileged that you have al-
ways been excited about our proposals and accepted to be involved in our 
projects. And Rama, we would have never achieved the results of paper IV 
without your intense devotion. Synthesis of our key compound was very chal-
lenging and although we thought we would have to give up, you decided your-
self to focus and keep trying for more than six months until you found a suit-
able route! And you even tried making a complex NECA-like variant of our 
compound. 
 
Thanks heaps to our renowned Aussie experts on adenosine receptor pharma-
cology Lauren, Arthur, Anh and Jo-Anne. We learned a lot from you over 
our casual Skype meetings and you went deep into pharmacological charac-
terization of our predicted ligands. It was also such a privilege that you con-
tacted us when your team solved an A1AR crystal structure. I am also very 
grateful that after playing around with metadynamics simulations to study 
GPCR activation, Lucie and Oliver from KTH found a very good alternative 
for us to reach our goal! We complemented your expertise in enhanced sam-
pling simulations with our GPCR background, which made all of us a perfect 
match to design a very exciting study and to find what we were searching for! 
I am also grateful that this has led to long term perspectives for collaborations 
with Jens’ lab. Gunnar, I am somehow following the order based on paper 
numbers but I have been very flattered by your wish for us to be part of your 
pioneering studies about Frizzled receptors at the Karolinska Institute. It has 
been very fun to be involved in studying these receptor together. I found these 
projects very enriching! 
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it anytime soon! And Anirudh, my man, I was your baby when I joined the 
group and you have both taught me so much and provided me so much fun 
with the lovely Alpha 6 people from SciLifeLab Stockholm over fika breaks, 
foodie hangouts and beer clubs! I am happy that your MD/FEP business back 
to home land is doing very well and I hope that we will find opportunities to 
see each other again. When I arrived, David and Alexey, you gave me a very 
warm welcome and having you around has been very pleasant. Barbara and 
Lena, it was also very fun to have you and to share some fun at occasional 
parties and at the epic Valborg ending at my place that we will always remem-
ber! 
 
Jon, you joined us when we moved to Uppsala and it was very nice to share 
office with you and to have casual talks about our daily lives and MD. Flavio, 
it was so fun to have you as a colleague! All those random jokes and conver-
sations about guitar and food really spiced up my PhD journey. I’m sure we 
will be able to play some music together and to collaborate as soon as I have 
time again! Andreas, my Flemish dude, we’ve had many things in common 
through our respective journey and you were also so knowledgeable! We have 
learned a lot from each other and also had some great fun since you arrived. I 
will always remember when you joined me for this casual party at Danna’s 
place. You were, in that particular moment, in the mood to show me your 
French skills which was very funny and impressive. Nicolas, it was so cool to 
be able to enjoy sauna times together during the week and to have nice chats. 
Also, these hikes, mushroom pickings and fikas when Ariane joined us were 
really memorable! Stefanie, it is great that you joined us! Your German touch 
and humor was essential to make our days more complete. And it was fun to 
have this shared passion for Asian food. Duy, from that point, you decided to 
join our team with Jan as main supervisor. I’ve really appreciated your pres-
ence, humor, and love for food. You brought extra joy to my PhD! You and 
Jan both contributed so much to our projects that involved “in house” chem-
ical synthesis and we also learned a lot from you. I am grateful that you were 
very interested in our predictions and that you were committed to the hard 
work that made it possible to go beyond virtuality. Ennys, I will always re-
member how fun it was to join student lifestyle again with you! You have 
made these six months really enjoyable for me and I am happy to keep you as 
a good friend, and also that we were able to catch up again at a conference. 
We will certainly have more occasions in Paris. Jody, mon poulain, I loved 
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having you as a student and friend! We had very interesting moments sharing 
about stuff with open minds and we also had loads of fun over those six 
months. I wish you the best for your PhD in Nice and I hope meditation is 
leading you to a very good place! Yupei, I am immensely happy that I met 
you! I will always remember these lunch times and fikas when you brought us 
so many Chinese jokes and joy. Ultimately, we have ended up as very dear 
friends. I wish you abundance in your future and I am sure we will maintain 
this strong connection. Leo, I admire you and loved jumping into frozen lakes 
during those sauna sessions, climbing and talking about health with you! I 
really feel that we have been sharing authentic moments. Israel, we first met 
over beers at a conference in Germany while you were enrolled at the W.L. 
Jorgensen lab. I had no doubt that if I had you as a colleague, it would be so 
much fun and that I would also learn so much from you! Indeed, this is what 
happened as soon as you joined us and we have already built a strong inter-
personal connection that I want to maintain! Nour, my FEP dude! You know 
that I am going chronological. You recently pursued in the group as a PhD 
student. It has been so nice to share a lot of random stuff with you and to have 
your presence here. I really appreciate having you as a colleague and I am 
certain that you will strike a lot! Keep up the good stuff and I really want to 
stay in touch with you. Silvana, you also joined us recently. We have not been 
able to see each other so often with the current situation but I have already 
sensed how nice it is to talk with you and to have you around. I wish to have 
more of these moments soon and thank you for this! 
 
Before moving to Uppsala, my Erasmus was filled with loads of memorable 
moments with you, Stefano, Erika, Eva and Cathrine, as well as so many 
people eager-to-have-fun for the sake of sharing good moment together. Dur-
ing those early days, it was also very fun to hear Erik Lindahl’s jokes and 
sense a good mood in the open space we were sharing. Daniel and Alexander, 
when I moved to this shared house in Uppsala, you invited me to join you at 
the student nations many times. Your Finnish warmth has made me feel very 
welcome here in a way that was beyond my imagination. How could I forget 
those epic moments we had together? After this ski trip, Martin, Bogdan, 
Ram, Maria and Bobo, I am so grateful that we kept up with epic moments 
and that we formed a long term friendship. And Isaak, I hope to see you again 
soon, now that you moved back to Berlin! Climbing with you and having these 
random talks and casual moments filled my free time with a lot of good mem-
ories. Syun, I will never forget about the life we have shared together with 
tons of joy. And all these trips to UK and also to Asia with Rayn and Shu 
were so much fun! Michael, it turns out I moved to a new place that was 
occupied by another French dude working at BMC. But beyond that, a very 
nice person who has become a very good friend! So thank you so much for 
being part of my Swedish adventure. Overall, I also want to thank all the fun 
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ICM people that I have met during this journey. Danna, I missed a lot of oc-
casions to hang out with you while I was traveling in the weekends. As soon 
as we met, I already knew that it was going to be so nice to have you here! 
Let’s keep in touch and if you ever go back to Australia or if you are planning 
for a trip to Japan, count me in! Willem and Miha, it was so nice to talk with 
you over beers about science and random things! Thank you so much Vero 
for all your support. Although we met at a time from which I was starting to 
write this thesis, you have remained very friendly and I will be very happy to 
stay in touch with you! 
 
Last but not least, I could never thank my family enough for all the love and 
support I have received since 1991! Merci Maman pour m’avoir tant donné 
et aimé sans condition. Tu formes un des deux piliers essentiels de ce que je 
suis et dont je suis fier. Merci Papa pour former le pilier complémentaire et 
pour m’avoir fait découvrir le monde et mes passions avec amour. C’est avec 
une grande admiration que je poursuis mon périple de vie. Vous avez fait de 
moi un homme riche! Emilie, ma soeur, je suis vraiment fier de toi et heureux 
d’avoir grandi à tes côtés. Tu rayonnes, tu nous apporte plein de moments 
inoubliables et on a encore plein de choses à vivre ensemble! Daddy, qu’il est 
fada! Merci mon grand-père, je t’admire (mais comme pépé, “grand-père” ça 
fait vieux et n’est pas représentatif). Merci Mimi pour cet adorable lien et tous 
ces gros “pétés” qui m’ont rempli de rires et de joie depuis mon enfance. Et 
bien sûr, merci Mamie Hédoire qui a toujours été humble malgré un passé 
difficile, et qui vieillera toujours sur nous! Merci aussi à mes oncles, mes 
tantes et à tous mes cousins! On a vécu de sacrés moments ensemble qui nous 
lient pour toute une vie. Gaga and Alex, merci  à vous pour votre amitié ex-
ceptionnelle qui perdurera pour longtemps, j’en suis certain! Ce genre de con-
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