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Abstract

GPCR modeling approaches are widely used in the hit-to-lead (H2L) and lead optimization
(LO) stages of drug discovery. Modern protocols that involve molecular dynamics (MD) simulation
can address key issues such as the free energy of binding (affinity), ligand-induced GPCR flexibility,
ligand binding kinetics, conserved water positions and their role in ligand binding and the effects of
mutations. The goals of these calculations are to predict the structures of the complexes between
existing ligands and their receptors, to understand the key interactions and to utilize these insights in
the design of new molecules with improved binding, selectivity or other pharmacological properties.
In this review we present a brief survey of various computational approaches illustrated through a
hierarchical GPCR modeling protocol (HGMP) and its prospective application in three drug discovery
projects. We also describe the fragment molecular orbital (FMO) quantum mechanical (QM) method

for the detailed exploration of receptor-ligand interactions.



Introduction

G-protein coupled receptors (GPCRs) are a particularly well-studied family of membrane
proteins. Not only are they a large and important group of signaling proteins, they are also the targets
for about 40% of all therapeutic compounds [1] in clinical use [2-4]. Although over 800 human proteins
are classified as GPCRs [5], drugs have only been developed against <10% of these. Hence, there

is huge potential for new GPCR-targeted therapeutics [6].

Recent advances in X-ray crystallography have shed light on the structure, function and
pharmacology of GPCRs and thus facilitated structure-based drug discovery (SBDD) [1,7]. However,
GPCR crystallography is not currently feasible for every receptor or receptor-ligand complex and that
significantly limits the ability of this method to guide drug discovery for GPCR targets in “real-time”.
Furthermore, experimentally determined structures represent snapshots of what we know are very
dynamic entities and as a consequence offer only limited insights into the overall conformational

space and related functions [8].

In the absence of crystallographic data, GPCR modeling is a practical alternative that is widely
used to guide SBDD [9,10] . Modern computational approaches can address key issues such as
GPCR flexibility and ligand-induced dynamics, ligand kinetics (Kon/Korr rates), prediction of water
positions and their role in ligand binding and prediction of the effects of mutations on ligand binding.
However, the general goals of every modeling protocol are 1) to predict the structures of the
complexes between existing ligands and a target receptor, 2) to explore the key interaction between
these ligands, surrounding residues and water molecules and 3) to utilize these insights in the design

of new molecules with improved binding, selectivity or other pharmacological properties.

The lead optimization phase of drug discovery is usually defined as the process of bringing a
chemical series to clinical trials through iterative steps of design and testing [11]. Compared to H2L,

the initial lead compound(s) in LO have typically already demonstrated significant potency against the
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target. However, the affinity, selectivity or other pharmacological properties might need further
optimization. The improvement of what are often already potent compounds can be challenging and
requires detailed information on the interactions between the ligand and its target and off-target
receptors. Any modeling input must therefore be accurate and give reliable insights at the molecular

level.

GPCR modeling protocols

In spite of the rapid growth in the number of GPCR-ligand structures being experimentally
solved [5], their direct impact on LO remains limited. The low throughput of experimental methods
means that structures relevant to the specific chemotype of interest are rarely available in a timely
manner. Therefore, if one wants to pursue any kind of structure-based approach, modeling is
commonly the only viable solution [12]. Even in cases where the sequence identity of the available
templates is low, careful model building in conjunction with site-directed mutagenesis and binding
assays can be very useful in rationalizing existing SAR data and determining the future direction of a

drug discovery program [13].

Traditional GPCR homology modeling approaches [10] often involve the following steps: (1)
sequence alignment between the modeled receptor and an appropriate template, (2) homology
modeling and refinement and (3) docking of ligands into the binding site. The key problem of such
‘static’ approaches is that the modeled receptor is practically a ‘twin’ of the template and therefore
some of the more subtle structural features are often missed. This significantly reduces the relevance
of the models and their ability to guide SBDD, which is problematic in the LO stage of drug discovery
when information on the fine details of the system is particularly important. Furthermore, most of
standard docking protocols keep the receptor (largely) rigid, and so do not address the issue of
receptor flexibility. As these protocols do not take into account the ligand-induced (or ligand-stabilized)
conformation of the receptor, it makes it harder to rationalize the effects of ligands in terms of agonism

or antagonism. Some docking approaches assign limited flexibility to the sidechains of key residues.
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However, this approach is too artificial and is an unsatisfactory solution to the general problem of
receptor flexibility. The position and role of water-mediated interactions has also been largely ignored,

although recently there have been efforts to address this.

Modern GPCR modeling protocols [14,15] have moved beyond the use of static homology
modeling approaches by performing the type of extensive refinement and exploration of both structure
and flexibility that is required to drive LO [16]. To address the various challenges of GPCR drug
discovery programs [17], these contemporary approaches are encapsulated as toolkits that can be
flexibly assembled into workflows tailored to the specific needs of each project. The ability to
incorporate experimental data during the modeling is another important factor that can enhance the

effectiveness of these workflows.

An example of such a workflow is the hierarchical GPCR modeling protocol (Figure 1) [13,16].
The HGMP generates a GPCR model and its potential complexes with small molecules by applying
a series of computational methods. The protocol makes use of homology modeling followed by MD
simulations and docking (flexible docking if required) to predict binding poses and functions of ligands.
The HGMP is a toolbox for GPCR modeling where experimental data can be easily fed in. It is
equipped with GPCR-specific “plugins”, including a GPCR-likeness assessment score (GLAS) to
evaluate model quality [18] and a pairwise protein comparison method (ProS) used to cluster
structural data and distinguish between different activation substates [18]. The HGMP has been
applied in a number of industrial drug design projects, which have also led to further refinements of

the protocol.
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Figure 1: A summary schematic of the Hierarchical GPCR Modeling Protocol (HGMP)

MD simulation as a tool for GPCR SBDD

GPCRs are, by functional necessity, very dynamic entities. MD simulation therefore provides
an invaluable source of structural and functional information for these proteins. It can be used in a
variety of ways including refinement of the homology model in a more realistic membrane
environment, exploration of ligand-induced flexibility and function, the analysis of solvent, the effect
of mutation on receptor stability and exploration of ligand binding kinetics [14]. MD trajectories are
often used to generate an ensemble of possible receptor substates [18]. The ProS and GLAS methods
outlined about were developed to explore the structural data generated within MD simulations and to

help distinguish between different GPCR substates [18].



Another area that has received increasing attention over recent years has been the role of
water networks and their elucidation by MD simulation [14]. With the availability of high resolution
GPCR structures (e.g., the 5-OR [19] or the A2aR [20] with resolutions of 1.8A) it has become clear
that GPCRs often exhibit conserved water networks and that these play an important role in receptor
signaling [21] and ligand binding. In order for a ligand to displace a water molecule, there has to be
an overall benefit in terms of free energy. Several alternative methods like WaterMap [1], WaterFLAP
[1], WaterDock [22] and 3D-RISM [23] are available that enable a relatively quick estimation of the
energy penalty for water displacement [24]. They can help medicinal chemists to decide whether to
interact with or displace a certain water molecule, if a particular sub-pocket of the receptor can be
explored by hydrophobic moieties or if a displaced water has to be substituted by a group that mimics
the hydrogen bond network. These quick methods provide only an estimate of the free energy, but

often they are good enough for a go/no-go decision and are intensively used in LO programs [1].

In recent years there has been growing interest in trying to relate structure to kinetics [25]. The
kinetics of drug-binding [26] are increasingly being recognized as important for clinical effectiveness
[27]. Indeed, it has been shown experimentally that there is a positive correlation between functional
efficacy and “residence time” (RT) at the receptor [28,29]. There is substantial evidence [20,28,30,31]
that ~70% of long RT therapeutics display higher efficacy than comparable faster-dissociating drugs
[28], supporting a growing recognition that drug-target RT may be of even greater therapeutic
importance than affinity. Several recent reviews have emphasized the pivotal role of RT optimization
in the LO phase of drug discovery [28,30], suggesting that detailed structure-based studies of RT
should be introduced in the earlier phases of drug discovery to prevent “fail late, fail expensive”
scenarios. It has been recently demonstrated that MD simulation can be a promising tool for the

exploration and structural rationalization of ligand RT [32].

MD simulations also allow one to explore the possibility of allosteric and cryptic binding
pockets [33]. The latter are not exposed to bulk solvent all of the time and so may be hidden in certain
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crystallographic structures. MD allows these sites to manifest themselves [34] and so permit docking
and similar protocols to be followed in the usual manner. Simulations are also essential for
understanding the mechanisms of allosteric modulation. In some cases though, full MD simulation
may not be required when, for example, just local refinement of a homology model is required. In such

cases “low-mode” molecular dynamics [35] (LowModeMD) simulation can provide a quicker solution.

Case study 1: Discovery of selective 5-HT,c agonists for the treatment of metabolic disorders

In this project [36], which was performed prior to the crystal structures of 5-HT2s and 5-HT1s
being published, the challenge was to find novel 5-HT, agonists that that did not also activate 5-HT2a
and 5-HT2s. The HGMP was applied to model both the active and inactive receptor conformations,
referred to as 5-HT2c®"¢ and 5-HT,c"a"e, respectively. Models were also built of the off targets, 5-
HT2a and 5-HT2z. Flexible docking was then applied to predict the binding modes of compounds in 5-

HT2A, 5-HT.z and 5-HT2c.

The binding site of 5-HTc"“"e was proposed to be shallower than that of 5-HT2c2"¢ due to
residues from TM3 and TM6 forming stabilizing inter-helical interactions in the former [16]. It was
hypothesised that these inter-helical interactions are broken in the active conformation of the 5-HTxc
receptor, which is stabilized by agonist molecules entering deeper into the binding site and
compensating via interactions with various other residues. These include W324°%%8, a key residue
previously identified as a “transmission switch” residue [37-39] and which may form part of a larger
“hydrophobic hindering mechanism” [40]. Agonists were proposed to interact simultaneously with both
TM3 and TM6 in 5-HT.c®"e, thus increasing the overall stability of 5-HT,c®™¢ and promoting
activation. Furthermore, these modeling observations (which were directly supported by the published
SDM data) were incorporated into the design of novel 5-HTc agonists [36]. Hits were also assessed
for hERG liability via docking to a model of the hERG channel. The result was the discovery of a novel
compound 10 [36] (ECso = 8.4/ 762 / 73 nM for 5-HT2c /2428 and hERG inhibition of 11% at 10uM).

The whole design cycle for this project is summarized in Figure 2.
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Figure 2: Design cycleffilter for potent, selective 5HT.c antagonists lacking hERG activity [36].
Case study 2: Fighting obesity with a sugar-based library

Obesity is an increasingly common condition. Although antagonism of the melanin-
concentrating hormone-1 receptor (MCH-1R) has been widely reported as a promising therapeutic
avenue for obesity treatment, no MCH-1R antagonists have reached the market. Discovery and
optimization of new compounds targeting MCH-1R has been hindered by low high throughput
screening (HTS) success rates and a lack of structural information about the MCH-1R binding site. In

this project, a novel approach that integrated GPCR modeling with design, synthesis and screening



of a diverse library of sugar-based compounds from the VAST technology (Versatile Assembly on

Stable Templates) was used, to provide structural insights on the MCH-1R binding site [41].

The 490 VAST compounds obtained from this library design were screened against MCH-1R,
resulting in the discovery of a moderately potent MCH-1R antagonist, ACL21823 (radioligand binding
to MCH-1R gave an ICsp = 306 nM, see Figure 3). The discovery of ACL21823 was utilized in the
construction of a high quality MCH-1R model and the refinement of its antagonist binding site [41].
The quality of the MCH-1R model was validated by a virtual enrichment experiment and the model-
driven structure-based expansion of ACL21823, which allowed the generation of a list of key MCH-
1R residues potentially involved in antagonist binding. The GPCR-VAST method demonstrates how
ligand SAR data, when combined with modeling, can provide a useful source of structural information
on GPCR binding sites [41]. The usefulness of this method to drug discovery was demonstrated by
a structure-based virtual screen, which achieved a hit rate of 14% and yielded 10 new chemotypes of

MCH-1R antagonists including EOAI3367472 (ICso = 131 nM) and EOAI3367474 (ICso = 213 nM).
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Figure 3: Summary schematic of the VAST-GPCR modeling workflow that led to the discovery of new MCH-
1R antagonists [41].

Case study 3: Discovery of potent & selective OX» receptor antagonists

The orexin receptors (OX; and OX>) are linked to a range of different physiological functions
including the control of feeding, energy metabolism, modulation of neuro-endocrine function and
regulation of the sleep-wake cycle [42]. The key challenges of this project were to increase the OX;
activity and selectivity over OX:. This was particularly difficult as OX1 and OX: receptors have over
80% sequence similarity. This project was completed before the crystal structures of OX; and OX;
bound to Suvorexant were solved [43]. We used molecular dynamics simulation to study this
selectivity question [44]. The simulations suggested that differences in intra-helical interactions

resulted in differences in TM conformation and differences in topology of the binding pocket. The
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differences were small but sufficient to design molecules with OX; selectivity. This rational design
significantly decreased the amount of synthesis required by focusing the effort on the relevant portion
of the ligand structure, as outlined in Figure 4. The final compound, EP-009-0513, had K; values of

4,363 and 5.7 nM for OX; and OXz, respectively.
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Figure 4. Schematic summarizing how interaction maps derived from structural models and MD data can be
used to provide synthesis recommendations [18].

Exploring Receptor-Ligand Interactions

The understanding of binding interactions between a protein and a small molecule plays a key
role in the rationalization of potency and selectivity [45]. However, even with the crystal structure in
hand, visual inspection and force-field based molecular mechanics calculations cannot always explain
the full complexity of the molecular interactions that are so critical in LO. Quantum mechanical
methods have the potential to address this shortcoming, but the high computational cost has typically

made the use of these calculations impractical.

The Fragment Molecular Orbital (FMO) method is widely used by us [45,46] in protein-ligand

binding calculations and drug design because it offers substantial computational savings over
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traditional QM methods (Figure 5a). By dividing the system, both ligand and receptor, into smaller
pieces and performing QM calculations on these fragments, one can achieve high efficiency. A typical
FMO calculation on a GPCR-ligand complex takes approximately 4h on 36 CPU cores to complete,

significantly faster than equivalent classical QM calculations.

Using FMO, one can take a protein-ligand complex and calculate a list of interactions and their
chemical natures. Many of these interactions are difficult to detect or quantify with non-QM methods.
An example is shown in Figure 5b for the binding of OX; to its antagonist Suvorexant [45]. This
information is very useful in guiding rational LO in terms of ligand modifications such as scaffold
replacement and linking or the extension of chemical moieties to form stronger or new interactions

with the protein. Alternatively, it can also be applied to the discovery of the new ligands.

R " NHE R e NH
Fragmentation of peptide chain
int ES CT DI EX
AE. = AE" +AE + AE. + AE (1)
) y y y y
PIE (Pair Interaction Energy) between fragments i and 7
Electrostatic (AEES) T Dispersion (AEP")
Forces between point charges, permanent and induced. Interaction forces due to instantaneous polarization
multipoles caused by the movement of electrons in nearby
molecules

= e

Charge transfer (AET) pmmmm Exchange repulsion (AEZ*)
Interactions between accupied orbitals of a donor and Repulsive forces between molecules that are close
unoccupied orbitals of an acceptor. Orbital energy gap and together, mainly due to the overlap of occupied orbitals

overlap are the important factors.
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Figure 5: Schematic summary of the FMO approach: (a) Workflow for PIEDA calculations and details on each
of the PIE terms that are computed (b) FMO analysis of human adenosine OX: receptor in complex with
Suvorexant (PDB ID 4S0V [47]). The carbon atoms of the ligand are shown in light orange and for the receptor
are grey. Nitrogen atoms are shown in blue, oxygen in red and chlorine in light green. The fragmented bonds
are marked as red discs. The left-hand bar plots describe the sorted PIE of the most significant residues, and
the right-hand plots describe the pair interaction energy decomposition analysis (PIEDA) of these key
interactions. PIE terms: electrostatics, dispersion, charge-transfer, and exchange-repulsion are color-coded in
yellow, blue, red, and green, respectively. The figure is adapted from our previous publication [45].

Conclusion

Modern GPCR modeling protocols, such as the HGMP, have gone beyond the use of static
models and allow for the type of detailed exploration of GPCR-ligand structures required to drive LO.
In this review, we have illustrated how these methods, in combination with experimental data, can
account for protein flexibility to rationalize not only binding affinity but also selectivity of GPCR
agonists and antagonists. These methods allow the prediction of GPCR substates in a way that is not

possible with static homology modeling alone.
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Future challenges

In spite of huge efforts in the pharmaceutical industry to design novel drugs for GPCR targets
there remains tremendous attrition along R&D pipelines [28]. Many drug candidates eventually fail in
clinical trials due to a lack of efficacy [28,30]. A retrospective analysis of successfully launched drugs
revealed that their beneficial effects in patients may be attributed to their long drug-target residence
times. Over the past decade, the kinetics of ligand binding has received increasing interest and the
concept of RT is recognized as an invaluable parameter for early drug optimization. In spite of the
importance of the RT, there is no clear method to optimize this parameter. Currently the in-silico
prediction of association/dissociation rates is only possible for very small fragments rather than drug-
like molecules. Therefore the state-of-the-art is still the explanation of experimental off-rates of drug-
like molecules rather than their prediction. However, this will no doubt change as researchers explore

this area further.
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