
The impact of GPCR structures on understanding receptor 

function and ligand binding 
 

Anirudh Ranganathan 



 



 

 

 
 
 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The impact of GPCR structures on 
understanding receptor function and 
ligand binding 

 

Anirudh Ranganathan 



 

 
Abstract 
 
G protein-coupled receptors (GPCRs) form the largest superfamily of eukar-
yotic membrane proteins and are responsible for the action of nearly 30% of 
all marketed drugs. For a long period, efforts to study these receptors were 
limited by the paucity of atomic-resolution structural information. Numerous 
receptors spread across the GPCR superfamily have recently been crystal-
lized, revealing crucial clues about receptor function and ligand recognition. 
The work in this thesis has primarily focused on using computational tech-
niques to capitalize on this increasing amount of structural information. In 
papers I, II, and III protocols were developed to identify novel ligands for 
pharmaceutically important targets from in silico screens of large chemical 
libraries. In these papers, the fragment-based lead discovery (FBLD) ap-
proach was evaluated for GPCR targets using molecular docking screens. 
The high hit-rates obtained in these studies indicate promise for the use of 
computational approaches for fragment screening. In paper IV, molecular 
dynamics was used to identify a possible role for a conserved ionizable resi-
due (Asp792.50) as a protonation switch during the activation process of the 
β2 adrenergic receptor. Analyses from this paper indicated that this residue 
could also perform a similar function in other class A GPCRs. Papers V and 
VI detail the modeling strategy followed during the GPCR Dock 2013 as-
sessment to blindly predict the structure of two serotonin receptor subtypes 
(5-HT1B and 5-HT2B) bound to ergotamine. The developed ligand-steered 
homology modeling protocol was largely successful resulting in the best-
ranked predictions for the 5-HT1B subtype. It is hoped that the work de-
scribed in this thesis has highlighted the potential for structure-based compu-
tational approaches to identify novel ligands for important pharmaceutical 
targets and improve understanding of GPCR function.  
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1. Introduction 

 

The need to communicate is universal and essential for organization at even 
the most basic level. At a cellular level, such organization is essential for the 
evolution and sustenance of complex life forms. We have now delved into 
the world of inter-cell communication where G protein-coupled receptors 
(GPCRs) form key links within this extensive chain. They are located in 
membranes that separate individual cells from the “outside world”, which in 
essence is the remainder of the universe. Typically these receptors are re-
sponsible for receiving a “message” from the outside. This is usually in the 
form of a molecule (hormones for example), which could bind to a specific 
GPCR producing a signal within the cell thereby achieving precise commu-
nication. This process, known as signal transduction, takes place through 
GPCRs in a majority of cases. Complex organisms have evolved an amaz-
ingly elaborate system of checks and balances through an array of GPCRs to 
keep this vital process running smoothly. However, as is easy to imagine, 
any major malfunction above and beyond the fail-safes, could quickly lead to 
drastic effects and result in various diseases. Since GPCRs play key roles in 
maintaining the communication network, they have naturally become im-
portant targets for drug discovery1. 
 

The work described in this thesis aims to capitalize on recent advances in 
GPCR structural biology, which have offered atomic level detail on the 
structure of such receptors. Such information is vital as it allows one to move 
from a bird’s eye view to a much higher level of resolution while studying 
these receptors. This increase in detail allows theoreticians to apply powerful 
computational tools to complement experimental methods, which aid in in-
creasing our understanding of GPCR function. 
 

This thesis can be divided into three distinct focus areas: (i) understanding 
how GPCRs signal, (ii) development of new computational protocols as 
tools for drug discovery, and (iii) identification of new compounds that bind 
to GPCRs. It is hoped that the results included in this thesis could improve 
understanding of GPCR function, ligand recognition, and guide future de-
velopments within this field. 
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1.1. G protein-coupled receptors (GPCRs)  
 
 
All work reported in this thesis has been focused on GPCRs. This chapter 
aims to provide insights into GPCR function and the importance of these 
receptors for the development of therapeutics for a wide range of disorders 
and diseases.  
 
 GPCRs form the largest superfamily of eukaryotic membrane receptors 
and are essential to a large number of signal transduction pathways1. They 
share a common seven helix topology that spans the cell membrane and the-
se are interspersed by three extra- and intra-cellular loops. The ~800 mem-
bers of the human GPCR superfamily can be classified into five main clas-
ses: Rhodopsin-like (class A), Secretin (Class B), Glutamate (Class C), Ad-
hesion, and Frizzled/Smoothened families, of which Class A is the most 
populated1-3. The projects that form this thesis have focused on Class A 
GPCRs. For class A GPCRs, the conserved topology permits the use of the 
Ballesteros-Weinstein residue numbering system that allows for a direct 
comparison of equivalent positions across different receptors4. The number-
ing scheme follows a X.YY syntax where X denotes the helix number and 
YY is a sequence-based correlative number centered on the value 50, which 
is assigned to the most conserved residue in each helix. Numbering of resi-
dues utilizing this scheme is indicated in superscript and is used throughout 
this thesis.  
 

GPCR activation typically involves ligand recognition in an orthosteric 
site located in the extracellular half of the receptor. This process then trig-
gers a conformational rearrangement allowing for the coupling of an intra-
cellular partner (e.g. G protein), leading to downstream signaling5. GPCRs 
have evolved to recognize a plethora of different extracellular effectors, 
ranging from neurotransmitters to peptides, hormones, and even light.  
 

A fine-tuned regulation of signal transduction by GPCRs is achieved in 
many ways, which include the existence of multiple subtypes recognizing 
the same endogenous ligand, allosteric regulation6, multiple signaling path-
ways5, and tissue-specific expression levels7. Malfunctioning of pathways, 
however, can lead to disease states, and GPCRs are implicated in serious 
disorders, e.g. cancer8.  Due to their key roles in signaling, GPCRs are valu-
able drug targets and nearly 30% of all marketed drugs mediate their effects 
via these receptors9. In the following section, receptor pharmacology and the 
mode of action of GPCR drugs will be explored further. 
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1.2. GPCR Signaling and Pharmacology 
 
GPCRs signal via G proteins and one such signaling cycle is shown in Fig-
ure 1. 
 

 
 
Figure 1. Example of GPCR signaling via heterotrimeric G proteins10,11. In the resting 
state all constituent units of the G protein heterotrimer (α,β, and γ subunits) are thought to be 
localized at the GPCR, with the Gα binding GDP. Upon binding of the extracellular effector 
(agonist) to the GPCR, conformational changes are induced in the GPCR-G protein complex, 
causing nucleotide exchange from GDP to GTP at the Gα. Nucleotide exchange promotes 
dissociation of Gα-GTP complex from the β and γ subunits. The Gα-GTP complex can then 
interact with other regulatory proteins such as adenylyl cyclase (AC), producing changes in 
second messenger levels (e.g. cAMP) inside the cell. After this process, GTP is reconverted to 
GDP and the Gα-GDP complex preferentially reforms the heterotrimer with the β and γ sub-
units restarting the signaling cycle. Image reprinted with permission11. 
 
GPCR ligands that are recognized at the orthosteric site can be primarily 
divided into three different categories based on their effect on receptor sig-
naling (efficacy)5: 
 

I. Agonists: Endogenous compounds such as dopamine, serotonin, 
and adrenaline fall under this category of molecules. Binding of 
these ligands stimulate signaling through the receptor, and ago-
nist activity of any ligand is measured relative to the peak effect 
achieved by the endogenous compound (e.g. effect of dopamine 
on a dopamine receptor). Ligands that achieve the same effect as 
the endogenous agonist are called full agonists, while those that 
elicit a lower response are referred to as partial agonists. Addi-
tionally, GPCRs can signal via different intracellular effectors 
and agonists that preferentially drive activation of a specific 
pathway (e.g. G protein, β-arrestin) are called biased agonists.  
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II. Neutral antagonists: GPCRs can exhibit agonist-independent 
or basal signaling. Neutral antagonists are ligands that do not af-
fect the basal activity of the GPCR. However, the binding of 
these ligands effectively block the receptor binding site from en-
dogenous agonists. 

 
III. Inverse agonists: As the name suggests, these ligands have the 

opposite effect to full agonists, shifting the equilibrium towards 
inactive states. Hence, in addition to the blocking action of an-
tagonists these molecules also deactivate the receptor.  

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
Figure 2. Receptor pharmacology. Classification of ligands according to the biological 
response elicited upon binding to the GPCR. 
 
Depending on the disease state and the specific GPCR target in question, 
different signaling properties of ligands are required for drug candidates. 
Recently, more complicated binding and potency profiles are being 
sought12,13. These desired profiles include allosteric modulators that bind at 
sites distinct from the orthosteric site14 and biased ligands that preferentially 
activate one signaling pathway15. A lot of the increased understanding of 
GPCR ligand recognition and signaling over the last few years has been sig-
nificantly aided by the determination of crystal structures for GPCRs16,17. 
These structural breakthroughs were due to major advances in GPCR crystal-
lography18,19, which will be described in the following section.  
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1.3. The GPCR structural revolution 
 
The first crystal structure of a protein, sperm whale myoglobin20, was solved 
in the late 1950’s, but it was nearly half a century later that the first structure 
of a GPCR in complex with a diffusible ligand was determined21,22. The dif-
ficulty in obtaining crystal structures for GPCRs was because of the charac-
teristics of the proteins themselves. As was detailed in the previous section, 
GPCRs are signaling proteins, making flexibility and the availability of mul-
tiple conformational states a functional requirement of these receptors23. 
Furthermore, as membrane proteins, they become unstable outside their na-
tive environments, for example in short-chain detergents required for crystal-
lization24. Since they are membrane receptors, they also have large hydro-
phobic patches and reduced polar surface areas, which again hinders crystal 
formation25. Although the above is not an exhaustive list of challenges for 
the determination of GPCR crystal structures, these were some major hurdles 
that needed to be cleared along the way23. 
 

The main strategies for GPCR crystallization were aimed at reducing re-
ceptor flexibility and increasing their stability outside the native membrane 
environment. Some successful strategies that helped to achieve these goals 
were increasing the polar surface area21,22, thermostabilizing mutations24, and 
the use of single-domain antibodies (nanobodies)26. In addition to these, the 
discovery of specific lipidic phases that allowed for the use of suitable short-
er chain detergents was also vital for crystallization21-23. Additionally, the 
removal of the long, disordered intracellular loop 3 (ICL3) played an im-
portant role by decreasing flexibility in a key region where crystal contacts 
are established.  Replacement of ICL3 with the protein lysozyme in turn 
increased the polar surface area, which aided in the formation of crystal con-
tacts allowing for the achievement of well-diffracting crystals19,23. Another 
orthogonal strategy for reducing the flexibility of GPCRs was the use of 
mutants that pushed the receptor into either inactive- or active-like confor-
mations27,28. Increases in thermal stability of the active or inactive states 
compared to the wild-type receptors permitted crystallization even with 
weakly binding ligands29. The availability of structural information was im-
mediately met with excitement for the opportunities it provided for structure-
based drug design against these pharmaceutically important receptors. In the 
following section, the impact of crystal structures on our understanding of 
ligand binding will be described. 
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1.4. GPCR-ligand interactions: A structural perspec-
tive 
 
With steady growth in GPCR structural information a large diversity in bind-
ing site locations and ligand recognition patterns have been revealed6,16,30,31 
(Figure 3). Atomic resolution structures for GPCRs from four out of five 
classes in complex with orthosteric and allosteric ligands are now availa-
ble30.  
 

 
 
Figure 3. Location of binding sites from crystal structures of receptor-ligand complexes 
of different GPCR classes. (A, B) Main orthosteric site for class A GPCRs, exemplified by 
the structures of the β2ADR bound to the inverse agonist carazolol (PDB code 2RH1)21,22 and 
adrenaline (PDB code 4LDO)32, respectively. (C) Structure of the CRF1R, a Class B GPCR, 
bound to the antagonist CP-376395 (PDB code 4K5Y)33. (D) The M2MR (Class A GPCR) 
bound to the allosteric modulator LY2119620 (PDB code 4MQT)34. (E) Structure of the 
mGluR5, a Class C GPCR, bound to the NAM mavlogurant (PDB code 4OO9)35. (F) Struc-
ture of the sodium binding site of the A2AAR (PDB code 4EIY)36. Image reprinted with per-
mission30. 

 
A small-molecule binding class A GPCR, the β2 adrenergic receptor 

(β2ADR), is shown in panels A-B of Figure 3. In this case, there is one 
strong polar interaction, which is the salt-bridge to Asp1133.32. Additionally, 
hydrophobic residues in the binding site provide ideal desolvated environ-
ments for the more non-polar portion of the ligand resulting in increased 
binding affinity. This pattern is repeated across many other aminergic class 
A GPCRs (e.g. dopamine, histamine, and serotonin receptors)37-39 that have 
evolved to recognize small-molecule ligands. On the other hand, as Figure 3 
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also shows, new structural information about GPCRs from other classes has 
revealed major differences in binding site locations30. Each of these show 
unique interaction fingerprints that determine the nature of the ligands that 
are recognized by these sites31. Overall, the structures have revealed how 
despite sharing a common fold GPCRs have evolved binding sites capable of 
recognizing many different endogenous ligand chemotypes. This rapid rise 
in information is ushering in a new era in structure-based drug discovery for 
GPCRs30,31.  
 

1.5. Fragment-based lead discovery: A GPCR per-
spective 
 
The development of high throughput screening (HTS) has revolutionized 
early stage lead discovery by allowing rapid experimental screening of mil-
lions of compounds40. These screening libraries often contain many high 
molecular weight compounds41,42. In recent years, fragment-based lead dis-
covery (FBLD) has steadily grown as an alternative to HTS for lead identifi-
cation43-46. The philosophy of this approach is centered on identifying lig-
ands that are approximately half the size of a typical drug molecule43. The 
restriction of molecular size serves a dual purpose: 
 

• It reduces the size of chemical space such that even small fragment 
libraries can cover significantly larger portions of this space com-
pared to HTS collections of drug-like compounds containing mil-
lions of molecules44. 

• The smaller size of the fragment allows for it to find an optimum 
subpocket within the binding site with reduced steric mismatches. 
This is in contrast to larger molecules, which need to be ideally ac-
commodated in the binding site46. 

These factors have generally meant that fragment screens result in higher hit-
rates than HTS thus providing a greater number of starting points for further 
optimization. However, the ligands identified are often of low affinity and 
require further elaboration to attain high potency. For fragment screens, size-
corrected metrics such as ligand efficiency (LE), lipophilic LE (LLE), or LE-
dependent-lipophilicity (LELP) are used to judge ligands rather than just 
binding affinity41. The LE metric provides the contribution of each heavy 
atom to the binding free energy as shown in equation 1:  

 

LE = −
RTln K!

N
        (1) 
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where Kd is the dissociation constant, R the universal gas constant, T the 
temperature and N is the number of ligand heavy atoms. LE values above 0.3 
kcal·mol-1·heavy atom-1 are considered promising for drug discovery41.   
 

To detect weakly binding fragment ligands sensitive screening tech-
niques such as surface plasmon resonance (SPR)47,48, nuclear magnetic reso-
nance (NMR)48,49 or crystallography50 are usually required. Stabilization 
techniques that paved the way for the GPCR structural revolution also al-
lowed for the development of such sensitive assays opening up the FBLD 
approach to this pharmaceutically important superfamily48,51. The crystal 
structures have themselves further provided the opportunity to screen large 
virtual libraries of fragments using molecular docking30,51. Many GPCRs 
have evolved binding sites that recognize endogenous fragment-sized lig-
ands, which make them particularly suited for the FBLD approach. Several 
projects detailed in this thesis involve fragment screening against GPCRs 
and will be discussed in greater detail in later chapters. 
 
1.6. GPCR Function: A structural perspective 
 
Over the last decade, there has been a rapid increase in understanding GPCR 
function5,6. The growing data has begun to paint a much more complex pic-
ture than the two state model for activation that was initially envisioned for 
GPCRs5,52. As Figure 4 below shows, GPCRs can exhibit many different 
conformational states. 

 
Figure 4. Different conformational states of GPCRs revealed by NMR and MD simula-
tions. (A) An overview of the different signaling pathways. (B) conformations stabilized by 
agonist and G protein binding is shown for the β2ADR. (C) The energy landscapes associated 
with the receptor in the basal, agonist-bound, and active (bound to agonist and G protein 
mimetic: nanobody Nb80) states. Image reused with permission52. 
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The fact that many different GPCRs recognize a wide variety of endogenous 
compounds but signal through relatively small numbers of G protein mediat-
ed pathways points to a relatively conserved mechanism of activation. A 
deeper understanding of the link between interactions of ligands in the bind-
ing site and their functional profile is just starting to be understood53-55. The 
structures are now providing atomic-level detail about the roles of conserved 
motifs (e.g. NPXXY, DRY, and CWXP motifs) in the function of class A 
GPCRs. A key development in this area was when a high-resolution crystal 
structure of the fully active state for the β2ADR bound to an agonist and G 
protein was determined, highlighting the conformational changes accompa-
nying activation11. This structure revealed that activation only involved sub-
tle changes on the extracellular half of the receptor, while large changes in 
the intracellular portion allowed for coupling of the G protein11. There is also 
a higher sequence conservation observed for residues in the intracellular 
region of GPCRs compared to other parts of the receptor56. Together, these 
observations have begun to demonstrate how different GPCRs can bind a 
wide variety of effectors extracellularly and yet elicit responses through the 
same intracellular partners and pathways. NMR in conjunction with comput-
er simulations are being used to shed further light on the intricate network of 
switches connecting the orthosteric site with the intracellular G protein bind-
ing site52,57. 
 

There is still no clear mechanism explaining the complete process of 
GPCR activation58. However, there is now more information regarding pos-
sible microswitches that might be key players along the activation pathway59-

61. The ability of a single receptor to activate multiple intracellular signaling 
pathways is also attracting focus to try to understand this from a structural 
perspective62,63. Furthermore, the discovery of ligands that are able to selec-
tively activate one signaling pathway over other(s)15 raises more questions 
regarding the structural drivers for such properties. Finally, despite the rapid 
increase in structural information, many GPCRs are yet to be crystallized. 
Modeling assessments have proved that computational structure prediction 
of GPCRs distantly related to those with an experimental structure is ex-
tremely challenging (paper VI). Hence, many aspects related to GPCR sig-
naling and ligand binding remain largely unknown and thus provide exciting 
opportunities for future work.    
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2. Methods 

In this section the computational methods used in this thesis will be covered. 

 
2.1. Molecular dynamics simulations 

 
Crystal structures have revealed valuable atomic level detail on the process 
of GPCR ligand binding and activation5,6. However, these provide a single 
snapshot of the receptor in complex with its binding partners. MD simula-
tions can be used to study receptor dynamics and further understand the 
mechanism of GPCR activation53. MD simulations based on molecular me-
chanics (MM) are generally performed with the use of parameterized force 
fields. Descriptions of MM and force fields are provided below. 
 

MM is based on Newtonian mechanics and is used to describe a system of 
interacting particles. The forces acting on such a system can be divided into 
bonded (up to 4 connected atoms) and non-bonded (between disconnected 
atoms, separated by more than 3 bonds) terms. The potential energy for a 
system could be described with equation 2: 
 

  U!"# =   
!
!
K! r − r! !

!"#$% + 
!
!
K! θ − θ! !

!"#$%& +   

!!
!
[1 + cos!"!!"#$%&   (nφ −   δ)] +

   !
!
K! ξ − ξ! ! +    !!!!

!!"!"#$"%&!"#$%#&$' +    !!"
!!"
!" −

!!"
!!"
!!"         (2) 

 
The first four terms in equation 2 describe the bonded portion, and the lat-

ter two represent non-bonded interactions. The bonded term can be resolved 
into components representing bonds (harmonic oscillator, Hooke’s law), 
angles (between two adjacent bonds), and dihedrals (between two adjacent 
angles, rigid rotor). The non-bonded term can be separated into electrostatics 
from Coulomb’s law and the Lennard-Jones (LJ) function, which represents 
van der Waals interactions between two atoms. The equilibrium values for 
all bond lengths (ro), angles (θo), and dihedrals (δ) together with the force 
constants (Kb, Kθ, Kφ) , phases of rotation (n) are parameterized as part of a 
force field representation for a given system. Similarly, the partial charges 
on every atom (q) along with the depth and location (distance of separation) 
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of the potential energy well for the LJ function (Aij, Bij) are provided de-
pending on the force field. Some popular examples of force fields for pro-
teins are OPLS-AA64, AMBER65, and CHARMM66. 
 

An MD simulation can be performed using the force field parameters. 
Such a simulation allows the system to evolve by calculating the force acting 
on every particle as a function of time after providing some initial velocity 
(e.g. from a Maxwell Boltzmann distribution) to the reference (static) 3D 
representation of the system (e.g. protein structure from PDB). Prior to simu-
lation with MD, an initial protein structure needs to be prepared by assigning 
specific ionization states to titratable residues, and disulfide bridges. During 
the simulation, forces on an atom are calculated as a gradient of the potential 
energy function in equation 2. The acceleration for an atom i is then calcu-
lated using Newton’s second law of motion:  
 

𝐅𝐢 =   −
∂U!"#
∂𝐫𝐢

=   m𝐚!            (3)  

 
The positions and velocities at a particular step in the simulation are calcu-
lated based on these values at the previous time or half-time step using modi-
fications of the Taylor expansion (e.g. leap-frog Verlet scheme).  

 

𝐫𝐢 t +   ∆t = 𝐫𝐢 t +   𝛖𝐢 t +
∆t
2

  ∆t          (4)  

 

𝛖𝐢 t +
∆t
2

=   𝛖𝐢 t −
∆t
2

+ 𝐚𝐢 t ∆t          (5)  

 
A time step (Δt) is chosen on the basis of the fastest motion (bond vibration) 
and is typically set to 1-2 femtosecond. The time-averaged energies arising 
from simulations can then be used to measure thermodynamic and kinetic 
properties of the system. 
 

The boundaries of the simulated system need to be chosen, along with 
proper treatment of interactions close to the edges. There are two main phi-
losophies for assigning boundaries to the system: periodic boundary condi-
tion (PBC) and spherical boundary condition (SBC). In the former, the sys-
tem is set in a solvated box and replicas of such boxes are created. The atoms 
close to the edge can interact with atoms in the neighboring box, and a parti-
cle crossing the boundary between these appears on the other side, thus pre-
serving the number of particles in the system. In SBC, a sphere is used to 
delineate the flexible from the rigid parts of the system. All atoms within the 
sphere are treated as fully flexible, whereas all particles outside this bounda-
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ry are rigidly held to their starting coordinates. Restraints are applied close to 
the sphere edge in order to preserve properties such as solvent density and 
polarization. There are many popular MD programs, and in this thesis 
GROMACS67 was used for PBC simulations, whereas Q68 was used for those 
involving SBC.  
 
 

2.2. Free energy perturbation (FEP) 

 
The free energy associated with the transformation of a state A to B can be 
calculated with FEP69, a method based on a formulation by Zwanzig in 
195470. This transformation is performed by treating the end state B as a 
perturbation on state A. The FEP method is used to calculate free energy 
changes from simulations (MD or Monte Carlo). The free energy is calculat-
ed as shown below in equation 6: 
 

∆G = G! − G! =   −k!T ln e!(!!!!!)/!!! A          (6)  
 
where kB is the Boltzmann constant, T is the temperature, G is the Gibbs free 
energy, UA and UB are the potential energies of states A and B, and <..>A 
represents the ensemble average of energies from simulations on state A.  
 

The potential energy of state B is calculated from a simulation on state A. 
For such a calculation to be accurate the state B must also be adequately 
sampled from a simulation of state A, or in other words there must be a large 
overlap in the potential energy surfaces of these two states. This condition is 
very rarely fulfilled for two end-states A and B in a chemical transformation. 
However, as free energy is a state function, it is possible to divide the path 
along A à B into a series of smaller perturbations through “non-physical” 
intermediates. The free energy of transforming A to B can then be provided 
by the summation of each of these small perturbations, as shown in equa-
tions 7 and 8: 

 
U! = 1 − λ! U! +   λ!U!            (7) 

 
where λm is a parameter that discretely varies between 0 and 1, whose spac-
ing determines the number of intermediate steps in the transformation A à 
B. Larger transformations often require many intermediate steps. 
 

∆G = G! − G! =   −k!T ln e!(!!!!!!!)/!!!!!!
!!! m          (8)        
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Many biological processes such as GPCR activation, or ligand diffusion 
into the binding site, are too slow to be simulated with available computa-
tional resources. Hence, for such processes, we use a thermodynamic cycle 
to calculate relative free energies using FEP as shown below with an exam-
ple of a calculation for obtaining relative binding free energies of two lig-
ands L and L* (Figure 5). 
 

 
Figure 5. The use of a thermodynamic cycle in FEP calculations. ΔG1 and ΔG3 involve 
processes whose time-scales are often out-of-reach with all atom simulations (with current 
computational power). FEP transformations are instead performed from the ligand L to L* 
bound to the receptor (ΔG2) and free in water (ΔG4). From the thermodynamic cycle, the 
relative binding affinities (ΔΔG) for the two ligands can be calculated.  
 
 
2.3. Molecular docking screening 

 
Molecular docking is a technique that aims to provide rapid structural pre-
diction of receptor-ligand complexes and their absolute binding energies. 
There are two main steps within a typical docking algorithm, sampling and 
scoring. In the sampling step, various ligand conformations within a pre-
defined binding pocket are generated, and the binding energies of these are 
calculated in the scoring step. To run a molecular docking calculation, a 
receptor structure is required, and these can be either experimentally deter-
mined (e.g. X-ray crystallography or NMR) or computationally predicted 
(e.g. homology modeling). A desired feature of molecular docking algo-
rithms is computational speed. In order to achieve this, many approximations 
are made during these calculations. One of the primary approximations is the 
restriction of search space to a pre-defined binding pocket. Additionally, the 
receptor is often rigid and scoring functions are simplified to allow for great-
er computational efficiency. These approximations allow molecular docking 
to perform a swift ranking of large databases, which has aided the discovery 
of ligands in many cases30,31.  
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There are different sampling (e.g. anchor-and-grow, genetic algorithm) 
and scoring (e.g. force field based, knowledge-based, empirical) schemes 
used for molecular docking. Some examples of widely used programs are 
DOCK71, GLIDE72, GOLD73, and AUTODOCK74. In this thesis, DOCK was 
used for molecular docking. DOCK utilizes the anchor-and-grow approach 
for sampling and a physics-based scoring function is used to calculate the 
binding energy based on the united atom AMBER75 force field. The scoring 
function is composed of electrostatics, van der Waals (Lennard-Jones poten-
tial), and ligand desolvation energies. Desolvation is calculated as the energy 
for transferring the fraction of a ligand within the binding site from a dielec-
tric of 78 to 276.  
 

For sampling, the ligand is decomposed into rigid fragments called an-
chors, which are first sampled within the pre-defined search space (binding 
site) in different orientations. The remainder of the ligand is then sampled 
within the receptor by attaching these to the different orientations of the an-
chor, referred to as growing. For computational efficiency, a set of confor-
mations are pre-generated for compounds in the library prior to docking by 
allowing for rotations of the flexible portions of the molecules. Of course, 
the binding site will strongly influence the growing step and restrict the 
number of possibilities at this stage. Finally, the entire ligand is minimized 
and scored, usually keeping the lowest energy conformation or pose. In the 
second step, scoring, it would be very expensive to calculate energies for 
every new conformation of the molecule in the binding site. Instead, since 
the protein is held rigid, a grid can be pre-generated containing the infor-
mation regarding electrostatics and van der Waals parameters. The interac-
tion energies of commonly occurring atoms can be pre-calculated on this 
grid allowing for rapid scoring.     
 

Prior to docking, the binding site has to be prepared by assigning protona-
tion and tautomeric states to ionizable residues and inclusion of waters or co-
factors as required. Two common approaches are used to evaluate the per-
formance of a docking setup. These are (i) redocking, where one attempts to 
restore the binding mode of the co-crystallized ligand in the binding site and 
(ii) evaluation of enrichment of known ligands over decoys, where the ability 
of docking to rank true ligands high compared to non-binders (decoys) is 
tested. The latter approach is particularly important if docking is to be used 
prospectively to identify novel ligands. Such evaluations of the docking set-
up can be done iteratively by altering sampling settings, including binding 
site waters, pose re-scoring with an orthogonal method, or using other recep-
tor conformations31. The compounds to be docked also need to be pre-
prepared prior to the calculation. All relevant tautomeric and protonation 
states at a relevant pH need to be considered. Ligand sets are then generated 
by applying property filters, e.g. Lipinski’s rule of five77, fragment rule of 
three78, or project-specific properties such as blood-brain barrier penetration. 
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Additionally, pan-assay interfering compounds (PAINS)79 are often removed 
from compound libraries. Access to supercomputers and improving docking 
algorithms have made it possible to routinely screen databases with millions 
of compounds.  
 

Compounds within the database of docked molecules are ranked based on 
their predicted binding energy following the calculation. Top-ranked com-
pounds can optionally be post-processed by rescoring, filtering for contacts 
with key residues, clustering for chemotype diversity and evaluating 
novelty31. Finally, the top-ranked molecules are generally visually inspected 
before selection of compounds for experimental evaluation. In this step, ex-
pert knowledge about key interactions for a receptor, specific approxima-
tions in the docking algorithm, and project-specific considerations can be 
added to the selection criteria. Selected molecules are tested experimentally 
for activity, and the success of a docking screen is quantified as a ratio of 
verified true ligands to the total number of compounds evaluated (hit-rate). 
The structure can then be used to optimize the identified ligands further for 
potency, selectivity or particular functional properties to generate a lead 
compound, which can then be progressed further along the drug discovery 
pipeline.  
 

Many GPCR crystal structures have proved highly amenable to molecular 
docking. The success of screens as measured by the hit-rate has been re-
markably high in several cases30. Hit-rates up to 73% against the H1 hista-
mine receptor (H1HR)80, with ligands possessing affinities as high as 114 pM 
(β2ADR)81 have been identified from such screens. Beginning in 2008, after 
the first structure of a pharmaceutically relevant GPCR, the β2ADR21,22, 
there has been a steady increase in in silico structure-based screens as shown 
in Figure 6.  
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Figure 6. A timeline for prospective docking screens carried out against crystal struc-
tures or homology models of GPCRs after the release of the first β2ADR crystal struc-
ture. Examples of predicted complexes for two discovered ligands from screens against the 
D3DR and A2AAR are shown to the left of the timeline. The orthosteric sites of the A2AAR 
and D3DR are shown as grey cartoons. Key residues and the predicted binding modes of the 
ligands are shown in sticks. (Ranganathan et al. submitted) 
 
 
 
2.4. Homology modeling 

 
Although the GPCR structural revolution has provided atomic-level detail 
for many receptors within this superfamily, structures for nearly 300 drugga-
ble members are currently unknown2. At the current rate of crystal structure 
determination, this shortfall will continue for many years to come. Hence, 
computational protein structure prediction often needs to be used.   
 

Homology modeling is a widely used method for protein structure predic-
tion. The main principle behind this approach is that receptors that are close-
ly related to each other in terms of sequence will share similar structures. 
Due to this, homology modeling can often only be reliably used to model 
receptors when a closely related structural template is available82. Initially, 
the sequence of such a template with known structure is aligned to the se-
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quence of the target receptor. The spatial coordinates of the receptor model 
are then optimized according to the template structure and sequence align-
ment. The generated model is typically energy minimized to resolve unfa-
vorable residue-residue contacts. An example of a widely used program for 
homology modeling is MODELLER83. The quality of a model can be as-
sessed either by stereochemical properties or statistical potentials of similari-
ty to native-like protein structures. In general, the largest uncertainties within 
the model are in the flexible loop regions of the receptor. Homology model-
ing is often carried out as an iterative process with suitable measure(s) used 
to pick models at each round. For example, if the model is to be used for 
virtual screening, then recognition of known ligands at the binding site could 
be used as a metric for iterative improvement. Such a combination of molec-
ular docking and homology modeling is referred to as ligand-guided or lig-
and-steered homology modeling84-87. As homology models offer little devia-
tion from the overall template structure, these initial predictions can also be 
further refined using methods such as MD simulations88 to confer greater 
flexibility. Encouragingly, homology modeling of closely related receptors 
from the crystal structures is also beginning to contribute significantly to 
ligand discovery efforts (Figure 6).  
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3. Results and discussion 

 

In the following sections, the main results of papers I-VI will be discussed. 
 
 

3.1 FBLD guided by GPCR crystal structures 

 
The GPCR structural revolution has opened up possibilities for structure-
based drug discovery (SBDD) efforts against these important drug targets30,31 
(see sections 1.3 and 2.3). It was hence exciting to test if computational 
screens using structure-based methods such as molecular docking could pro-
vide an efficient means of identifying fragment ligands. The first such 
screen80 of a fragment library against a GPCR target was performed with the 
H1 histamine receptor crystal structure38. This study demonstrated the prom-
ise of molecular docking and the fragment-based approach for GPCR drug 
discovery.  In paper I, we took advantage of a recent crystal structure of the 
A2A adenosine receptor (A2AAR)89 to further test the effectiveness of in silico 
fragment screening using molecular docking. The A2AAR is an important 
drug target for the development of pharmaceuticals against Parkinson’s dis-
ease and asthma90,91. The primary aim of our work was to evaluate the com-
plementarity between empirical and computational approaches for fragment 
screening against GPCR targets.  
 

As a first step, a small library of 500 fragments was screened in parallel 
using molecular docking and target immobilized NMR screening (TINS)49. 
Compounds that elicited a response with TINS (94 compounds) were 
shortlisted and further investigations revealed five orthosteric ligands (5% 
hit-rate, 14–586 µM) and 11 allosteric modulators (12% hit-rate). Three of 
the five orthosteric ligands identified by the TINS screen possessed LE val-
ues > 0.3 kcal·mol-1·heavy atom-1. Docking is often judged on its ability to 
rank ligands high compared to non-binders and this could be done using a 
receiver operator characteristic (ROC) curve. ROC curves are plotted as true 
positives rate versus false positive rates or in this case as percentages of true 
actives (ligands) against non-binders. The molecular docking screen con-
ducted in parallel to TINS placed four out of five verified orthosteric ligands 
in the top 5% by rank. Hence, docking could indeed rank a majority of true 
fragment ligands high and demonstrated that it could be used to prioritize 
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molecules for screening. Conversely, allosteric ligands were identified at a 
rate similar to random selection, which was likely due to the fact that the 
docking screen only targeted the orthosteric site. However, there were also 
many non-actives ranked within the top 50 molecules (10% of the database), 
which were essentially false positives from docking. Upon inspection, many 
of these were suggested to be due to approximations in the scoring function 
(e.g. neglect of receptor desolvation). There were a few compounds for 
which no such issues could be identified and we selected five such top-
ranked molecules for re-evaluation in radioligand assays. Three out of five 
compounds showed measurable affinity at the A2AAR (17.6 – 128 µM) and 
were in fact among the most potent from this screen. It was hence demon-
strated that molecular docking could complement empirical biophysical 
screens by identifying false negatives.  
 

The true power of molecular docking is the ability to screen large libraries 
of up to millions of compounds. Encouraged by the performance of docking 
in the screen of a small library we proceeded to dock the entire ZINC frag-
ment database92 of 328,000 compounds against the A2AAR. The molecules 
were sampled in thousands of orientations resulting in millions of evaluated 
complexes. The 500 top-ranked compounds were visually inspected and 22 
compounds were selected for evaluation in radioligand binding assays. Four-
teen fragments were found to be true ligands of the A2AAR with affinities 
ranging from 2.2–240 µM. Thirteen out of fourteen ligands showed LE val-
ues greater than 0.3 kcal·mol-1·heavy atom-1 and could be considered prom-
ising scaffolds41. The 64% hit-rate obtained was nearly 13-fold higher than 
that from the TINS screen and was in line with the results from the first 
screen against the H1 histamine receptor where a hit-rate of 73% was 
achieved80. Taken together these results suggest that the small size of the 
endogenous compounds for many class A GPCRs may allow for fragment 
screens to be particularly successful for these receptors. Our study reiterated 
the suitability of structure-based methods such as molecular docking for 
fragment screening against GPCR targets and highlighted the advantages of 
complementing biophysical screens with in silico approaches. 
 

Fragment ligands are often weaker in terms of binding affinity than their 
lead-like counterparts. For this reason, fragments need to be optimized for 
binding affinity, a step that involves elaboration of the scaffold towards lead-
like sizes. This can be accomplished in two ways, fragment growing and 
linking43. In this work, we pursued fragment growing by searching for ana-
logs for three ligand series. The initial hits with the best affinities and a large 
availability of analogs were selected for optimization. The analogs were 
screened using molecular docking and compounds for experimental evalua-
tion were selected after visual inspection. A modest three-fold improvement 
in affinity was achieved for two out of three series. FEP calculations from 
MD simulations were used to explain the SAR observed for one of the com-
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pound series. The simulations suggested that ligand desolvation may be re-
sponsible for the observed ~10-fold reduction in affinity when a phenyl 
group was replaced by a pyridine.  
 

Prior to our screen, structure-based efforts had indicated that a conforma-
tional bias might be encoded in GPCR structures depending on which func-
tional state had been captured80,81,87,93,94. In paper I, the crystal structure 
screened represented the inactive state of the A2AAR complexed with an 
antagonist89.  In agreement with previous docking screens, the functionally 
characterized ligands were also found to be antagonists. The small size of 
fragment ligands was also thought to confer greater promiscuity95, and no 
significant selectivity was found over the closely related A1 subtype. 

 
Overall, the high hit-rate obtained in this screen demonstrated the viabil-

ity of structure-based fragment screening against GPCR crystal structures. 
The high ranks of true ligands obtained with molecular docking in the paral-
lel evaluation with TINS showed that such structure-based approaches could 
be used to prioritize compounds for biophysical screens. The discovery of 
false negatives from TINS using molecular docking further highlighted this 
complementarity. Similarly, the discovery of novel allosteric modulators 
using TINS further strengthened the case for using orthogonal fragment 
screening methods for GPCRs as such molecules were out of reach with 
molecular docking in this case.  
 
 
3.2. Discovery of subtype-selective ligands using the 
fragment-based approach for GPCRs of unknown 
structure 

 
The results from paper I showcased the promise of both structure-based ap-
proaches and fragment screening to drive GPCR ligand discovery. One of 
the major challenges in GPCR drug discovery is to achieve subtype selectivi-
ty, as families of receptors have evolved to recognize the same endogenous 
ligand. In paper I, we did not specifically target subtype-specificity and no 
selectivity was obtained for the A2AAR over the closely related A1AR. An-
other factor that often hinders structure-based understanding of GPCR selec-
tivity is that, despite the revolution in structural biology, crystal structures 
only exist for a fraction of the entire superfamily of receptors6. However, 
each crystal structure opens up the possibility of using computational tech-
niques (e.g. homology modeling) to model closely related targets by using 
them as templates96. For example, the crystal structure of the A2AAR could 
provide the possibility to understand selectivity within the AR family by 
using it as a template to model the other AR subtypes (A1, A3, and A2B)84. In 
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paper II, we hence wanted to build on the previous work and extend FBLD 
to GPCR homology models. Fragments are compounds with lower molecular 
complexity compared to their lead- and drug-sized counterparts46. This lower 
molecular complexity of fragments has often not been sufficient to achieve 
receptor selectivity95. Instead, the initial fragment ligands typically need to 
be elaborated to larger sizes to achieve the desired specificity, often a chal-
lenging step in the drug discovery process. For soluble targets, crystal struc-
tures of fragment ligands could be used at this stage to guide optimization50. 
However, for membrane receptors this is in most cases not possible. Hence, 
in this work, we wished to extend the challenge to not only discover frag-
ment ligands for a GPCR of unknown structure, but additionally attempt to 
identify molecules that were selective against a closely related subtype that 
also lacked an experimental structure. In paper II, the A3AR, a potential tar-
get for asthma and cancer was the subtype for which fragment ligands were 
sought97,98. The closely related A1AR, where unintended interactions could 
lead to cardiac complications99 and increased risk of seizures98, was selected 
as the antitarget. Docking screens of the ZINC fragment library against ho-
mology models of these AR subtypes were performed to identify ligands 
with A3/A1 selectivity.  
 
 Earlier work by Rodriguez et al. and Kolb et al. had shown that obtaining 
subtype selective ligands from screens of homology models was 
difficult100,101. Hence, in paper II we developed a tailored strategy to identify 
subtype selective fragments from virtual screens of large libraries. As there 
were no crystal structures available for the A3- and A1AR, homology models 
were obtained for these receptors based on a high-resolution A2AAR crystal 
structure. A ligand-steered homology modeling strategy was followed. En-
richments of known A3- and A1AR ligands from docking screens were used 
for model selection. As a last step, a set of known A3/A1 selective ligands 
was docked to the shortlisted models to select structures for screening. The 
selection was based on attaining high enrichments of the selective ligands at 
the target A3AR models but poor values for this set at the antitarget A1AR. A 
single structure was selected for the target (A3AR), whereas an ensemble of 
ten antitarget (A1AR) conformations representing different shapes of the 
orthosteric site was chosen for the docking screens. The ensemble of struc-
tures were used to account for receptor flexibility and the ability of a ligand 
to be accommodated in a slightly different conformation of the A1AR bind-
ing site. The retrospective docking screens and homology models obtained 
were used to identify regions within the binding site that could provide sub-
type-selectivity. Two such regions were identified above and below the 
family conserved Asn6.55, which is key for ligand recognition.  Approximate-
ly half a million fragments92 were screened against the target structure and 
the antitarget ensemble with molecular docking using DOCK71. Top-ranked 
compounds at the target A3AR that also had a >10,000 difference in docking 
ranks to its own highest position amongst the entire antitarget ensemble were 
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selected for visual inspection. Among the 500 top-ranked fragments at the 
A3AR only 27 molecules fulfilled the second criteria, highlighting the simi-
larity between the two sites. Instead, the 4,000 highest ranked fragments at 
the target receptor had to be considered to obtain 500 compounds for visual 
inspection. 21 compounds were selected that targeted the identified regions 
within the A3AR binding site, which were hypothesized to be responsible for 
A3/A1 selectivity. Additionally, the predicted poses for these compounds in 
the antitarget ensemble were also inspected to ensure that these could not 
make optimal interactions. Eight compounds were found to bind to the A3AR 
in live-cell fluorescence assays (38% hit-rate), six of these were A3/A1 selec-
tive, and four were found to be high-affinity ligands (pKi > 5.6). Remarka-
bly, none of the compounds with significant affinity were anti-selective. This 
result demonstrated that it was possible to discover fragments with high hit-
rates from homology models. Furthermore, it was shown that fragment 
screens against receptors of unknown structure could indeed identify sub-
type-selective ligands.  
 

The discovery of promising selective scaffolds from the docking screen 
provided us with an opportunity to test if subtype-specificity could be im-
proved during fragment optimization. This could highlight if there was an 
advantage in targeting selectivity in fragment screening, as previous studies 
had provided complex results in this regard, with this property being lost or 
gained during the optimization process102. To verify our predictions for the 
receptor-ligand complexes, compounds lacking the moieties that we hypoth-
esized to be responsible for selectivity were initially tested. These analogs 
lost most of their specificity. We then tested close analogs for two scaffolds 
that expanded further in to the subpockets believed to be responsible for 
selectivity. The affinities of both scaffolds were improved multifold resulting 
in the identification of a 40 nM, 100-fold selective A3AR lead. An inactive 
structure of the A2AAR used to model the target and antitarget in this study, 
and in line with previous results, yielded ligands with the same functional 
profile (A3AR antagonists) as the co-crystallized ligand36.  

 
To summarize, the results of paper II demonstrated that homology model-

ing and fragment screening could be used to identify subtype selective scaf-
folds for GPCRs. Subtype specificity, if well understood in terms of its struc-
tural basis, could be a valuable property for hit prioritization and guide fur-
ther optimization. It is hoped that the strategy described here could be used 
to aid in future drug-discovery efforts for pharmaceutically important 
GPCRs of unknown structure.  
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3.3. Structure-based screening of fragment and lead-
like chemical space against a challenging GPCR tar-
get 

 
Peptide binding GPCRs often fall into the category of promising but largely 
undruggable targets that resist drug discovery efforts103. The identification of 
ligands to such targets has instead been based on the endogenous peptide or 
mimetics of these104. Structure-based efforts against peptide GPCRs have 
been rare105,106, primarily due to the paucity of structural information and 
difficulties associated with targeting large, solvent exposed binding sites. A 
high-resolution crystal structure of the neurotensin receptor 1 (NTSR1) 
bound to a peptide agonist NTS8-13 was recently determined, providing 
atomic-level detail on the recognition of the peptide in the binding site107. 
Stabilization of the receptor for crystallization also provided constructs suit-
able for use in biophysical screening. The availability of high-resolution 
crystal structures and a sensitive screening assay such as SPR made the 
NTSR1 ideally suited for an evaluation of structure-based approaches to 
identify leads for challenging GPCR drug targets.  
 
 For soluble targets, the FBLD approach has yielded hits in cases where 
HTS has failed43. In these cases, the weak initial hits that result from the 
fragment screen can often be optimized on the basis of crystal structures50. 
However, for membrane receptors this is usually not the case due to the dif-
ficulties associated with obtaining crystal structures23. In general, the optimi-
zation steps required to convert a fragment hit into a lead compound have 
been described as one of the most challenging aspects of FBLD44. To evalu-
ate the FBLD approach against peptide GPCRs, we performed what was to 
our knowledge the first in silico fragment screen against such a target. In 
order to study the effectiveness of the FBLD approach, we also screened a 
lead-like library against the same receptor using molecular docking. In total, 
1.8 million lead-like and 0.5 million fragment compounds were evaluated 
against the NTSR1 crystal structure. Top-ranked compounds from the dock-
ing screen were visually inspected, resulting in the selection of 27 lead-like 
molecules and 25 fragments for experimental testing by SPR. The results 
obtained would then be used to compare FBLD and lead-like screening 
against a challenging drug target such as the NTSR1.  
 
 The SPR evaluation revealed that a two-fold higher hit rate (44%) was 
obtained for the fragment screen compared to that from the library of lead-
like compounds (19%). However, the identified lead-sized ligands possessed 
affinities that were usually two orders of magnitude better than that of the 
fragments. Analyses using the LE measure to correct for ligand size provided 
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much more overlap between results of the fragment and lead-like screens, 
yielding median values of 0.30 and 0.33 kcal·mol-1·heavy atom-1, respective-
ly. A majority of the discovered ligands were also dissimilar to known 
NTSR1 ligands. In order to further understand the overlap in chemotypes 
between ligands identified from each library, substructures of leads and su-
perstructures of fragments were identified from commercial chemical space. 
This search revealed that superstructures of fragments often exist in lead-like 
space, but large substituents prevent optimal interactions with the receptor in 
many cases leading to lower docking energies. This could perhaps be one of 
the main reasons for lower hit-rates obtained while screening ligands of larg-
er size. On the other hand, substructures of leads were also found within 
commercial fragment space, but here a combination of low heavy atom count 
and absence of key moieties for ligand recognition prevented the achieve-
ment of good docking ranks in many instances. However, substructures that 
possessed the requisite moieties and a reasonable number of heavy atoms 
were often high ranked by the docking screen.  
 
 As has been highlighted previously, optimization of fragment compounds 
into leads is in many instances one of the most challenging steps in the 
FBLD pipeline. A novel tetrazole ligand from the fragment screen with a Kd 
value of 192 µM and reasonable LE of 0.3 kcal·mol-1·heavy atom-1 was cho-
sen for optimization efforts. Similarly, a novel scaffold shared by two lead 
ligands with Kd values of 1.6 and 2.1 µM was selected from the screen of 
this library. Close analogs of these scaffolds were identified from commer-
cial chemical space and docked to the NTSR1. A set of analogs for the frag-
ment and lead scaffolds selected after visual inspection were evaluated with 
SPR. The expansion of a cyclopropyl substituent in to a linear alkyl chain 
that was predicted to anchor the compounds deeper in the binding site 
proved crucial for the tetrazole series, with many analogs displaying signifi-
cant improvements in binding affinity. Overall, a 46-fold improvement was 
achieved resulting in the discovery of a tetrazole lead with a Kd value of 4.4 
µM. The series of analogs from the lead scaffold mainly explored substitu-
ents on the two phenyl rings. The additional interactions provided by the 
substituents yielded many submicromolar leads from this series and the best 
compound possessed an impressive Kd value of 370 nM. LE values for the 
optimized leads emerging from the fragment and lead-sized hits were also 
highly promising (0.36 and 0.42 kcal·mol-1·heavy atom-1) and significantly 
higher than reference antagonists of NTSR1108,109. Hence, optimization ef-
forts guided by molecular docking were largely successful, resulting in the 
discovery of high-affinity leads starting from both fragment and lead scaf-
folds.  
 
 An aspect of drug discovery specific to GPCR targets is that ligands with 
particular efficacy are often sought. For peptide GPCRs, identification of 
small molecule antagonists is often challenging, and finding such ligands 
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that further mimic the complex interactions of the much larger endogenous 
agonist is thought to be much more difficult103,104. Previous docking screens 
against GPCR crystal structures have in many cases yielded hits whose effi-
cacies were in accordance with the respective co-crystallized ligands93,100,110. 
Upon evaluation in functional assays, compounds possessing the lead scaf-
fold that was selected for optimization were found to be agonists of the G 
protein pathway. The initial tetrazole hit from the fragment screen did not 
possess sufficient affinity to elicit any activation of NTSR1 in functional 
assays. However, the optimized tetrazole lead was found to activate the Gq 
protein pathway. Comparing the two approaches from this perspective, the 
higher affinities of lead-sized hits directly allows for functional characteriza-
tion, while for the fragment compounds considerable efforts often need to be 
blindly invested to optimize the scaffold prior to testing for efficacy.  
 
 In conclusion, the results from paper III demonstrate that the increase in 
atomic-level information from the revolution in GPCR structural biology 
could have a major impact on ligand discovery efforts against challenging 
targets such as peptide recognizing receptors. Furthermore, it was shown that 
molecular docking screens with large libraries could successfully be extend-
ed to less druggable peptide GPCRs and provide diverse, novel leads with a 
high hit-rate. Screening different tranches of chemical space could offer 
complementary advantages, and crucially, these can be performed at little 
extra cost with molecular docking. Fragment screens provided a larger num-
ber of weaker hits, whose affinities could be optimized using the structure, 
whereas the smaller numbers of lead ligands were stronger starting points for 
further development. Overall, the screening protocol described in paper III 
could be applied to identify ligands for difficult drug targets.  
 
 
3.4. GPCR activation: the role of conserved ionizable 
residues 

 
The determination of a high-resolution crystal structure of the β2ADR in a 
ternary complex with an agonist and G protein provided an atomic-level 
view on the conformational changes accompanying GPCR activation11. This 
structure was met with excitement for the opportunities it provided to under-
stand the activation process, a long-standing goal in biology. In paper IV, we 
explored the role of conserved and buried ionizable residues on the pH de-
pendent activation of the β2ADR. Kobilka and co-workers had demonstrated 
that the basal activity of the β2ADR was higher at a pH of 6.5 than 8111. The 
dependence of the equilibrium between inactive and active states (basal ac-
tivity) on pH demonstrated that there was a shift in pKa of at least one ioniz-
able residue in the β2ADR upon activation. Unlike rhodopsin, which showed 
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similar pH dependence112, the substitution of the equivalent Asp1303.49 to 
alanine in the β2ADR did not ablate this effect. Two other candidate ioniza-
ble residues (Glu1223.41 and Glu2686.30) were also substituted to alanines but 
did not significantly alter the pH dependence. Two aspartic acid residues, 
Asp1133.32 and Asp792.50, could not be evaluated experimentally as substitu-
tions of these to alanine resulted in non-functional receptors111. Access to 
crystal structures of the inactive state of the β2ADR bound to inverse agonist 
carazolol21,22, and the active state bound to G protein11 provided us with an 
opportunity to evaluate the roles of these residues in receptor activation. We 
hoped that such an evaluation would provide crucial clues about the process 
of activation for the β2ADR.   
 
 Asp1133.32 is located in the orthosteric site of the receptor and is important 
for the recognition of both agonists and antagonists. This residue is con-
served among the entire family of monoamine recognizing GPCRs that in-
clude the muscarinic, serotonin, dopamine, and histamine receptors. Crystal 
structures of the active and inactive states highlighted that the orthosteric site 
itself underwent relatively small changes when compared to the large con-
formational differences observed intracellularly. Asp792.50 is conserved 
among 94% of all class A GPCRs56. It is located in the middle of the trans-
membrane region in a smaller pocket within the β2ADR. The burial and con-
servation of an ionizable residue deep in the transmembrane region was in-
dicative of an important functional role, as it is energetically unfavorable to 
desolvate a charge. Furthermore, from the crystal structures of the inactive 
and active states, it could be observed that the hydrated cavity surrounding 
this residue partially collapses upon activation. The more significant change 
in the neighborhood around Asp792.50 was interesting as it might indicate a 
shift in pKa for this residue upon activation.  
 

In order to pinpoint the residue responsible for the pH dependence, 
MD/FEP calculations on the β2ADR (see section 2.2) were performed. Since 
activation of GPCRs occurs in the order of tens of milliseconds to se-
conds113, it was not possible to simulate this process using all-atom MD. 
However, as crystal structures of the inactive and active states were availa-
ble, it was feasible to instead perform a deprotonation reaction on Asp792.50 
and Asp1133.32 in both these conformations of the β2ADR. The relative dif-
ferences in the free energies of deprotonation (ΔΔG) between the two states 
of the β2ADR would then provide the shift in pKa upon activation for the two 
aspartic acid residues. The MD/FEP calculations showed that there was a 
significant increase in the pKa of Asp792.50 (3.7 pKa units). In contrast, the 
change in pKa for Asp1133.32 was smaller (0.7 pKa units), in agreement with 
the subtle conformational changes observed upon activation around this resi-
due. This highlighted the increase in Asp792.50 pKa as possibly the main rea-
son for the pH dependent activation of the β2ADR. The main driver for the 
protonation of Asp792.50 was found to be the dehydration of the surrounding 
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cavity, which destabilizes the ionized state of this residue in the active con-
formation of the β2ADR. PROPKA calculations114 suggested that the abso-
lute pKa of this residue (Asp792.50) was elevated to ~7.5, and hence the 
changes in pKa could be relevant under physiological conditions. A proto-
nated Asp792.50 was a likely characteristic of the active state, which was in 
agreement with increased basal activity at low pH111. 

 
In order to evaluate the effect of the protonation state of Asp792.50 on the 

conformation of the β2ADR, microsecond simulations using PBC (see sec-
tion 2.1) were performed and analyzed starting from the inactive and active 
states of the receptor. For simulations from the inactive state, no large-scale 
conformational changes were observed for the receptor overall, but micro-
second simulation trajectories with the ionized Asp792.50 consistently pro-
duced larger volumes of the allosteric cavity compared to those with the 
neutral Asp792.50. This was found to be due to differences in side chain con-
formations for residues such as Ser1203.39 and Phe2826.44 also located in this 
cavity. For the active state, we analyzed >100 µs of simulation trajectories 
performed by Dror et al. in an earlier publication53. In this earlier work, large 
conformational changes leading to deactivation of the β2ADR were observed 
with both protonation states of the Asp792.50. Analysis of these simulations 
from the perspective of the cavity highlighted that, despite overall deactiva-
tion of the receptor, the volume of this cavity remained closer to that ob-
served in the crystal structure of the active state when the Asp792.50 was neu-
tral. The simulations with the ionized form of the Asp792.50 on the other hand 
consistently produced volumes of this cavity closer to that observed in crys-
tal structures of the inactive state. This difference in volumes appeared to be 
mainly due to an undistorted conformation of transmembrane helix 7 whose 
intracellular end was closer to helix 2 for simulations performed with neutral 
Asp792.50. This conformation was also observed for the agonist bound struc-
ture of the A2AAR115,116. Similarly, in one of the simulations with ionized 
Asp792.50, sodium was found to enter and reside in the allosteric cavity, 
which almost exactly coincided with the position of this ion in crystal struc-
tures of the inactive β1ADR117 and inactive A2AAR36. Although, basal activi-
ty of β2ADR has been found to be unaffected by sodium ions118 it might 
point to a similar binding pocket if present in this receptor. These results 
indicate that the conserved Asp2.50 protonation microswitch could be present 
in other class A GPCRs such as the A2AAR. For rhodopsin, two serines pre-
sent within this allosteric region for the β2ADR are occupied instead by ala-
nines. Our analysis and PROPKA calculations114 suggested that this would 
increase the pKa of Asp2.50 in both active and inactive conformations of rho-
dopsin/opsin due to loss of hydrogen bonding with the serines. Hence, this 
residue would be protonated in both states, which was also in accordance 
with Fourier transform infrared spectroscopy experiments119.   
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During the course of this work Nygaard et al. published results from 
NMR studies on the β2ADR where methionine peaks were characterized 
under different conditions52. Hence, we compared the results obtained from 
our simulations to the NMR data that also studied changes that occurred 
upon activation of the receptor. For Met822.53, which resides just one turn 
above Asp792.50 in the β2ADR, multiple peaks were found for the apo, and 
inactive states of the receptor, whereas this was reduced to a single peak in 
the agonist-bound and fully active states of this receptor. From our results, 
we proposed that the multiple peaks were due to the equilibrium between the 
protonated and ionized forms of the Asp792.50 in the apo and inactive states, 
which from our simulations were found to be accompanied by cavities of 
different sizes. For the active state, MD/FEP calculations predicted a large 
increase in residue pKa that resulted in a predominantly protonated Asp792.50, 
which was observed to be consistent with a smaller, collapsed allosteric cavi-
ty. Seemingly in agreement with these predictions, NMR experiments re-
vealed a single peak for the Met822.53 under these conditions. Overall, the 
results of paper IV suggest that Asp792.50 may function as a microswitch in 
the β2ADR by changing protonation state upon activation. Our analysis fur-
ther indicated that these results could hold for other, but not all, class A 
GPCRs. We hope that the understanding gained in paper IV regarding the 
role of this conserved residue for β2ADR function could shed further light on 
the complex process of GPCR activation.  
 
 

3.5. Computational structure prediction for GPCR-
ligand complexes (The GPCR Dock 2013 assessment) 

 
The GPCR Dock assessments have challenged the modeling community to 
blindly predict structures of GPCR-ligand complexes prior to the release of 
crystallographic coordinates. There have been three editions of GPCR Dock 
conducted in 2008120, 2010121, and 2013 (paper VI). We participated in the 
GPCR Dock 2013 challenge to predict structures of two serotonin receptor 
subtypes 5-HT1B and 5-HT2B in complex with the ligand ergotamine39. The 
assessment also involved prediction of the smoothened receptor (a class F 
GPCR) crystallized with two ligands LY29400680 and SANT-1122, which 
we did not participate in. The serotonin receptors had structural templates 
(crystal structures) with sequence identity up to ~40% (e.g. turkey β1ADR). 
Participants were provided with sequences of the receptors and given 30 
days to submit up to five models each for the protein-ligand complexes. A 
total of 352 models for the two serotonin receptor subtypes were submitted 
to the assessment. Two of our models submitted for the 5-HT1B subtype were 
ranked #1 and #2 overall out of a total of 181, while our best-ranked predic-
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tions for the 5-HT2B receptor were #5 and #7 out of 171. For the 5-HT1B 
subtype, our best submissions had the most accurate predictions of the bind-
ing site and receptor-ligand contacts with the best model attaining a ligand 
RMSD of 1.5 Å. For the 5-HT2B receptor, one submission possessed the 
most accurate binding site in the assessment, while the lowest ergotamine 
RMSD achieved for this subtype by our predictions was 1.6 Å.  
 
 Our strategy for the assessment was centered around a ligand-guided ho-
mology modeling approach. The methodology was based on an iterative 
process aimed at improving the ability of the generated receptor models to 
recognize known serotonin receptor ligands at each round. The main hypoth-
esis behind our strategy was that a binding site capable of discriminating 
between true ligands and decoys would also be a good representation of the 
receptor structure. The iterative process involved model generation followed 
by docking assessments at each round with average ligand enrichment over 
the generated models used as the primary measure of quality. A modeling 
round could consist of evaluations of different structural templates, perturba-
tion of loop conformations, or restraints on side chain rotamers for binding 
site residues. A total of 61 homology modeling rounds were performed for 
the 5-HT1B and 5-HT2B subtypes resulting in the production of more than 
16,000 models. This process allowed for a thorough retrospective evaluation 
of the followed strategy after the crystal coordinates became available.  
 
 The turkey β1ADR with an ~40% sequence identity to the two serotonin 
receptor subtypes and ~50% binding site residue identity was selected as the 
primary template for homology modeling. In previous GPCR Dock assess-
ments, the modeling of extracellular loop 2 (EL2) has been highlighted as 
particularly challenging120. The inherent flexibility of loop regions, different 
loop lengths, sequence diversity, and the possibility for ligand-specific con-
formations were some of the main reasons for the difficulties faced in model-
ing EL2. Analysis of topologies for the portion of EL2 involved in ligand 
binding (a conserved Cys45.50 to transmembrane helix 5) from available struc-
tures of aminergic GPCRs revealed crucial clues for the modeling of this 
region in the serotonin receptors. When viewed from an extracellular per-
spective, the topologies of EL2 could be clustered into two distinct folds. 
The first involved a relatively straight path towards transmembrane helix 5, 
whereas the second followed a bell-like shape. When viewed from a perspec-
tive perpendicular to the membrane plane, there appeared to be correlation 
between the residue position 45.52 in EL2 (two positions after a conserved 
disulfide bridge involving Cys45.50) and position 3.33 in transmembrane helix 
3 (Ballesteros-Weinstein numbering). The identities for this pair of residues 
seemed to direct loop conformations in a way that established hydrophobic 
contact between them, thus anchoring the EL2 in the binding site.  
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Analysis of loop regions in the 5-HT1B and 5-HT2B subtypes showed that, 
in contrast to the large phenylalanine present as the EL2 hydrophobic anchor 
in the template β1ADR, the target receptors had smaller residues in this posi-
tion (valine and leucine respectively). This indicated that whereas overall the 
β1ADR was a good template it would not be ideal for modeling EL2. Instead, 
EL2 from the D3 dopamine receptor (D3DR)37 with a valine in this position 
appeared to be better suited as a template for modeling the two serotonin 
receptor subtypes. Hence, a chimeric template between β1ADR and D3DR 
(for EL2) was used to model the 5-HT1B receptor. Additionally, for the 5-
HT2B subtype, EL2 was longer by three residues compared to the D3DR. It 
had been observed in crystal structures of peptide binding GPCRs that 
transmembrane helix 5 could possess an additional helical turn123,124. We 
hypothesized that this could also be the case for the 5-HT2B receptor and 
modeled it accordingly. As the EL2 hydrophobic anchor for this subtype was 
a leucine that was larger than the valine in D3DR, an ensemble of models 
was also generated with the β1ADR as EL2 template, but with the additional 
turn of transmembrane helix 5 intact.  

 
Throughout the modeling iterations side chain restraints were applied 

based on existing structural and mutagenesis data, e.g. on the family con-
served Asp3.32. The restraints that improved or maintained ligand enrichment 
were retained. The primary template, β1ADR, also had multiple structures in 
the PDB with slightly varying conformations in complex with different lig-
ands125-127. These were also evaluated in our iterative homology modeling 
pipeline. Enrichment of serotonin receptor ligands from the CHEMBL data-
base128 over decoys was steadily improved and ergotamine was docked to 
models emerging from the final rounds of modeling. Ergotamine is a large 
ligand with many degrees of freedom. For ergotamine, it was hypothesized 
that the small molecule crystal structure129, which showed the presence of an 
intramolecular hydrogen bond, could be representative of the conformation 
in the binding site. Docking predictions for the two subtypes in complex 
with ergotamine were filtered for contacts with key residues, energy mini-
mized, and visually inspected. Finally, five such complexes each for the 5-
HT1B and 5-HT2B receptors were submitted to the assessment. 
 
 Upon release of the crystallized coordinates for the 5-HT1B and 5-HT2B  
receptors we were able to retrospectively assess the effects of different steps 
in our modeling and docking pipeline on the accuracy of the predicted com-
plexes. From our analysis, it was clear that the judicious use of existing ex-
perimental data in the homology modeling protocol yielded excellent results. 
The higher enrichment of known ligands, the main criteria for validating 
each modeling iteration, was correlated with a lowering of ergotamine 
RMSD for both subtypes. Of course, the ligand-steered modeling protocol 
followed here is dependent on the availability of a reasonable number of 
verified ligands, but this is becoming rapidly available for many receptors 
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from databases such as CHEMBL128. The crystal structures showed that er-
gotamine formed a hydrogen bond with Thr3.37 in both subtypes, an interac-
tion not captured by the highest ranked models. From available mutagenesis 
and crystallographic data for the serotonin and other aminergic receptors we 
had instead predicted and filtered based on such an interaction with trans-
membrane helix 5, which demonstrated that mutagenesis data could provide 
clues regarding interactions, but needed to be used carefully. However, the 
use of existing crystallographic data for predicting EL2 conformations was 
critical to the achieved modeling accuracy. The use of chimeric templates in 
this region for both subtypes provided remarkably accurate predictions of 
this portion of the binding site, which had been highlighted as one of the 
major challenges in previous GPCR Dock assessments. Furthermore, the use 
of small molecule crystal data to predict the conformation of ergotamine in 
the binding site also proved to be correct. The intramolecular hydrogen bond 
predicted on this basis was observed in crystal structures of the ligand in 
complex with both subtypes. Overall, a modeling protocol encompassing a 
large amount of existing data provided models with ligand RMSDs < 2 Å for 
both subtypes, which is considered to be a cutoff for successful docking 
predictions130. The results achieved in this assessment were promising for the 
extension of structure-based drug discovery to the many pharmaceutically 
important GPCR targets lacking crystal structures. 
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4. Conclusions and future perspectives 
 
The last decade has witnessed a revolution in GPCR structural biology that 
has resulted in a sharp increase in atomic-level information for this important 
superfamily of receptors5,6,23. During the same period, FBLD has increasing-
ly become popular as a method for identifying novel pharmaceuticals against 
a wide range of targets43-46. A lot of work in thesis has focused on studying 
structure-guided FBLD against GPCR targets. In paper I, we explored frag-
ment screening using molecular docking against a recent crystal structure of 
the A2AAR, a Parkinson’s disease target90,91. The primary goal of this work 
was to study the complementarity between two orthogonal approaches for 
fragment ligand discovery, an in silico method such as molecular docking, 
and empirical NMR-based screens (TINS)49. The remarkably high hit-rates 
achieved demonstrated the suitability of structure-based fragment screening 
for this receptor. The allosteric modulators identified by TINS were beyond 
the reach of docking screens in this work, which further demonstrated the 
complementary benefits of using orthogonal approaches for fragment screen-
ing.  
 

The lack of specificity of the discovered A2AAR fragment ligands in paper 
I over the closely related A1AR served as a starting point for paper II. The 
achievement of subtype selectivity is often a challenging problem in GPCR 
drug discovery, largely stemming from the evolution of highly similar bind-
ing sites suited to recognize the same endogenous compound. Frequently, an 
experimental structure exists for only one member within a family, and re-
quires the use of homology models to gain an understanding of subtype se-
lectivity from a structural perspective. The adenosine receptor family is a 
prototypical example of this phenomenon, where crystal structures of only 
the A2AAR exist, while none were available for the A1-, A3- or A2BAR. In 
paper II, we selected the A3AR as our target, and wished to identify fragment 
ligands to this receptor that were also selective over the A1AR, the antitarget. 
The modeling and screening protocol used in this study was successful in 
identifying A3AR fragment ligands with a high hit-rate, good binding affini-
ties and discovered compounds that displayed the desired selectivity. The 
structural information from the homology models was also used to progress 
two of the initial hits into leads, culminating in the identification of a high 
affinity A3-selective antagonist. Overall, papers I and II have highlighted the 
promise of structure-based approaches for fragment screening against GPCR 
targets. In future, the developed screening protocols could be extended to 
new targets within different branches of the GPCRome that are being opened 
up due to the determination of crystal structures.  
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Peptide recognizing GPCR targets offer exciting prospects as drug 
targets, but identification of small molecule ligands of these is often a major 
challenge103,104. In paper III, based on previous successes in structure-based 
fragment screens, we evaluated this approach against the crystal structure of 
the NTSR1107, a peptide-binding GPCR that is a Parkinson’s disease tar-
get131. In parallel to the fragment screen, docking evaluations of lead-like 
chemical space was also performed allowing us to directly compare the ad-
vantages and drawbacks of these popular approaches for ligand discovery. 
Whereas the fragment screens delivered an approximately two-fold higher 
hit-rate, the fewer number of lead-sized ligands had better affinities, which 
could make them preferred starting points. This was further highlighted by 
the fact that the lead scaffold selected for further evaluation displayed ago-
nism in functional assays, whereas the chosen fragment hit had to be opti-
mized for affinity first before showing the same effect at the NTSR1. This 
study resulted in the remarkable discovery of potent small-molecule agonist 
leads for this target. Paper III clearly highlighted the advantages of structure-
based screening against less druggable targets. New crystal structures of 
such receptors would hopefully offer opportunities to discover ligands to 
pharmaceutically important targets, which could aid in opening up new ave-
nues for drug development.   
 
 The complex process of the GPCR activation is yet to be fully under-
stood. Crystal structures at different stages of activation have provided snap-
shots of the conformational changes that accompany this process11,21,22. MD 
simulations have been used to further study the process by which these con-
formational changes occur53. These studies have suggested roles for con-
served amino acid residues as microswitches that switch states as a precursor 
to larger conformational changes53,59. In paper IV, we wished to study the 
role of highly conserved ionizable residues in the β2ADR, and the roles they 
played in conferring a pH-dependence for the activation of this receptor. 
Experiments that included mutagenesis studies had revealed that the basal 
activity of the β2ADR increases at lower pH, and pointed to that at least one 
of two aspartic acid residues had to undergo a pKa shift upon activation111. 
One of the candidate residues was Asp1133.32 that was present in the binding 
site of the β2ADR whereas the other, Asp792.50, was located in a buried cavi-
ty in the middle of the transmembrane region. Access to β2ADR crystal 
structures in the inactive and active states allowed us to utilize FEP to calcu-
late the pKa shifts for these residues upon activation of the receptor. These 
calculations showed that Asp792.50 underwent a large increase in pKa during 
the activation process in agreement with the significant changes that oc-
curred in the allosteric cavity where this residue was located. Constant pro-
tonation state, large-scale MD simulations further showed that the ionized 
and neutral forms of Asp792.50 resulted in largely inactive- or active-like 
conformations of the cavity, and these results could also explain data from 
recent NMR experiments on this receptor. Together, the results of paper IV 
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pointed to the Asp792.50 as the residue responsible for pH dependent activa-
tion of the β2ADR by functioning as a microswitch located in between the 
orthosteric and G protein coupling sites of this receptor. Its high degree of 
conservation (94%)56 among class A GPCRs could also point to an important 
role for this residue across many receptors. We have begun to investigate the 
role of Asp792.50 protonation in other class A GPCRs such as the β1ADR and 
A2AAR along with the effect of allosteric modulators (sodium) in studies that 
could shed further light on the GPCR activation process. A better compre-
hension of the complex process of GPCR activation could be key to under-
standing diseases involving these receptors and consequently be used to de-
sign more effective pharmaceuticals for these. The increase in computational 
power and structural information could mean that simulation data may be 
increasingly utilized to augment experimental data from methods such as 
NMR or Förster resonance energy transfer (FRET) to further understand 
GPCR activation.  
 
 In paper II it was shown that accurate homology models from tailored 
protocols could be successfully utilized in ligand discovery efforts for recep-
tors with unknown structures. GPCR dock assessments have become im-
portant avenues for evaluating the state of receptor modeling and the devel-
opment of improved protocols120,121. Paper V provides a detailed analysis of 
our participation in the GPCR dock 2013 edition (paper VI) involving the 
prediction of structures for two serotonin receptor subtypes, 5-HT1B and 5-
HT2B, in complex with ergotamine. Our ligand-steered iterative homology 
modeling procedure with chimeric templates provided best-ranked predic-
tions for the 5-HT1B subtype and among the most accurate submissions for 
the 5-HT2B receptor in the assessment. The judicious use of available exper-
imental data, and an improved prediction for EL2 were identified as some of 
the key reasons behind the accuracy of our predictions. The modeling ap-
proach followed during the assessment is automatable, and there is an ongo-
ing effort to generate accurate models of other class A GPCRs, to guide lig-
and discovery. A key challenge would be to modify our modeling protocols 
to deliver models of orphan GPCRs with sufficient accuracy to suggest mu-
tagenesis experiments that could in turn provide valuable data to improve 
our understanding of these receptors. 
  

The last two decades have provided us with a revolution in GPCR 
structural biology, rapid progress in fragment-based approaches, and a huge 
increase in computational power. The work included in this thesis has in-
volved attempts to combine these developments to better understand GPCR 
function and design protocols to identify ligands for these important drug 
targets. As the field quickly advances, the lessons learnt in these projects 
would hopefully allow us to capitalize on these improvements and further 
progress our understanding of GPCRs.  
 



 45 

5. Summary in Swedish 
 
G-proteinkopplade receptorer (GPKRer) utgör den största superfamiljen av 
eukaryota membranproteiner och nästan 30% av alla läkemedel verkar ge-
nom att interagera med dem. Under en lång period har möjligheten att stu-
dera dessa receptorer varit begränsad av bristen på strukturinformation med 
atomär upplösning. Det har nu passerat nära ett decennium sedan den första 
kristallstrukturen för en farmaceutiskt relevant GPKR i komplex med en 
diffunderbar ligand bestämdes. Därefter har många receptorer spridda över 
GPKR superfamiljen kristalliserats, vilket har givit viktiga ledtrådar om re-
ceptorfunktion och ligand-igenkänning. Denna avhandling har främst foku-
serat på att använda beräkningsmetoder för att dra nytta av denna ökande 
mängd strukturell information. I artikel I, II och III, har protokoll utvecklats 
för att identifiera nya ligander till farmaceutiskt viktiga mål från datorbase-
rad screening av stora kemiska bibliotek. I dessa artiklar utvärderades meto-
den fragment-baserad läkemedelsdesign för GPKR mål med hjälp av mole-
kylär dockning. De höga träff-frekvenserna som erhölls i dessa studier visar 
att beräkningsmetoder kan vara användbara verktyg i fragmentscreening. I 
artikel IV användes molekyldynamik för att identifiera en möjlig roll för en 
konserverad aminosyra (Asp792.50) under aktiveringsprocessen av β2 adre-
nerga receptorn. Analyser i denna artikel gav indikationer på att denna ami-
nosyra kan fylla en liknande funktion hos andra, men inte alla, GPKRer. 
Artikel V beskriver detaljerna för den modelleringsstrategi som vi följde 
under ”GPCR Dock 2013”, där möjligheten att blint förutsäga strukturerna 
för två serotoninreceptorer (5-HT1B och 5-HT2B) bundna till ergotamin ut-
värderades. Det utvecklade protokollet för ligand-styrd homologimodellering 
var framgångsrikt vilket resulterade i de högst rankade förutsägelserna för 5-
HT1B receptorn. Artikel VI är en publikation som sammanfattar resultaten 
från GPCR Dock 2013. Förhoppningen är att det arbete som beskrivs i denna 
avhandling kan utgöra en grund för tillämpning av strukturbaserade metoder 
för att identifiera nya ligander till viktiga farmaceutiska mål och bättre förstå 
GPKR funktion. Resultaten som beskrivs kan också vara lovande som ut-
gångspunkt för fortsatt utveckling av metoder inom detta område. 
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