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G-protein-coupled receptors (GPCRs) are among the most intensely investi-
gated drug targets. The recent revolutions in protein engineering and molecular
modeling algorithms have overturned the research paradigm in the GPCR field.
While the numerous ligand-bound X-ray structures determined have provided
invaluable insights into GPCR structure and function, the development of
algorithms exploiting graphics processing units (GPUs) has made the simulation
of GPCRs in explicit lipid-water environments feasible within reasonable com-
putation times. In this review we present a survey of the recent advances in
structure-based drug design approaches with a particular emphasis on the
elucidation of the ligand recognition process in class A GPCRs by means of
membrane molecular dynamics (MD) simulations.

A Long and Winding Road

Research focused on GPCRs experienced an extraordinary event in 2012: Robert Lefkowitz and
Brian Kobilka were awarded the Nobel Prize in Chemistry for their pioneering discoveries in this
field. In 1968, Lefkowitz used radioactivity to locate cell receptors by tracking the radiation of an
iodine isotope attached to several hormones and identified a receptor for adrenalin [1]. In the
1980s, Kobilka joined Lefkowitz's team and isolated the gene that encodes the B-adrenoceptor
from the human genome [2]. From their genetic studies, they demonstrated that there is a whole
family of receptors that look alike and function in the same manner. Furthermore, in 2007,
Kobilka and his research team achieved another fundamental breakthrough by solving the
crystallographic structure of the Bs-adrenoceptor [3].

Today it is widely recognized that GPCRs represent the largest family of surface receptors, with
more than 800 members in humans [4]. They respond to various extracellular (EC) stimuli ranging
from small molecules to lipids, peptides, proteins, and even light [5]. The binding event triggers
the activation of at least two distinct classes of signaling partners [6], such as B-arrestins and
cytoplasmic heterotrimeric GTP-binding proteins (G proteins), and mediates signal transduction
through the modulation of several downstream effectors. The participation of GPCRs in
numerous physiopathological processes entails a potential role for their modulation by agonists,
antagonists, and inverse agonists in the treatment of several diseases, including cardiovascular
and mental disorders [7], cancer [8], and viral infections [9]. Recently, targeting GPCRs through
allosteric binders has emerged as a strategy to design drugs to treat disorders affecting the
central nervous system (CNS) [10]. Currently, approximately 50% of drugs in clinical use exert
their effects by acting on GPCR-mediated signaling pathways [11].
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According to the GRAFS classification [12], human GPCRs are commonly grouped into five main
classes: glutamate (class C), rhodopsin (class A), adhesion (class B), secretin (class B), and
frizzled/taste2 (class F). From a structural viewpoint, all members share a common architecture
represented by seven membrane-spanning helices connected by three intracellular and three
EC loops (ICLs and ECLs, respectively) with the N-terminal domain exposed toward the EC side.
In class A GPCRs, three distinct functional regions can be identified (Figure 1): (i) the EC domain
[N-terminal domain, ECLs, and upper transmembrane (TM) region], where ligand recognition
and binding occur; (i) the TM domain (TM bundle core), which experiences the largest confor-
mational changes on ligand binding; and (jii) the intracellular domain (lower TM region, ICLs, and
C-terminal domain), which couples to signaling partners.

The insertion of GPCRs into the cell membrane, along with the receptors’ dynamism, initially
hampered the structural determination of GPCRs. Recent advances in protein engineering and
crystallography have represented a breakthrough and yielded numerous X-ray structures
[13,14]. In particular, advanced techniques such as the engineering of chimera receptors using
fusion proteins [15], receptor complexation with antibody fragments [16], or their thermostabi-
lization through systematic scanning mutagenesis [17] have allowed researchers to overcome
the limitations on GPCR structural determination. The availability of numerous ligand-bound 3D
structures provides invaluable insights to understand GPCR function and pharmacology and
enables the application of structure-based drug design (SBDD) approaches to aid the discovery
of novel candidates with improved pharmacological profiles (Figure 2) [18-21]. In addition, the
recent exploitation of commaodity GPUs, a technology first designed to improve video game
performance, in drug design (GPU-driven drug design) represents another important step
forward for several drug discovery fields [22]. In particular, running calculations on GPCRs
using GPUs enables molecular dynamics simulations (see Glossary) in explicit lipid—water
environment within reasonable computation times [23-25]. Therefore, MD has become a helpful
complement for the study of GPCR biophysics and molecular pharmacology by enriching our
understanding of, among other aspects, ligand—receptor interaction [26] and ligand—subtype
selectivity [27]. Until recently, lengthy simulations of GPCRs required specialized supercom-
puters and thus were the prerogative of only a few research groups. However, the emerging
exploitation of cloud computing [28] as well as the development of new MD-based algorithms
will allow a wider community to achieve long-timescale simulations in the near future.

In this review, we briefly survey the recent methodological advances in the field of ligand-GPCR
recognition process simulations. For simplicity, we limit the discussion to class A GPCRs, the

Glossary

Homology modeling: computational
technique aimed at predicting the 3D
structure of a protein starting from its
primary sequence. The method uses
the experimentally determined (by X-
rays or, less frequently, by NMR)
structure of a homologous protein as
a template to model the target
structure. The approach relies on the
alignment between the template and
the target sequences. Although it is
generally accepted that 3D structures
are more conserved than primary
sequences, it is good practice to
apply the method only if the
sequence identity is above the 30%
threshold.

Molecular docking: computational
technique aimed at predicting the
most favorable 3D conformation of a
ligand—protein complex. In the
approach most commonly applied,
the protein structure is held fixed
while the conformational space of the
ligand is explored by a search
algorithm. A key element of any
docking algorithm is the scoring
function; that is, an equation that
ranks the generated ligand—protein
conformations by assigning them a
fitness value (an adimensional score,
the higher the better) or a pseudo-
energetic value (an estimate of the
binding free energy, the lower the
better).

Molecular dynamics: computational
technique aimed at predicting the
temporal evolution of biomolecular
systems by solving Newton's
equation of motion.

Virtual screening: computational
approach used to identify chemical
structures that are predicted to have
particular properties. For example, in
the context of drug discovery, it may
involve computationally searching
large libraries of chemical structures
to identify those structures that are
most likely to bind to a drug target.
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Figure 2. Overview of the Structure-Based Drug Design Techniques Discussed in this Review. (A) The
construction of receptor 3D structure through homology modeling; (B) the prediction of ligand-receptor 3D conformation
through molecular docking; (C) the study of ligand-receptor dynamics in an explicit lipid-water environment.

most widely investigated and experimentally characterized GPCR family. In the following, the
description of the more recent methodological advances is discussed along with a few examples
of their applications in solving ‘real-life problems’ in drug discovery taken from recent literature.

Expanding Structural Information

The GPCR 3D structures that have become recently available represent invaluable starting
points for structure-based drug design approaches [29]. To date, the Protein Data Bank (PDB)
contains approximately 100 ligand-bound GPCRs solved by X-rays. These structures, however,
cover only ~1% of the GPCR family members [30]. Therefore, research focused on the majority
of the drug targets of interest relies on homology models. In principle, any of the available X-ray
structures can serve as a template to gather structural information on homologous GPCRs,
offering the possibility to spread the 3D knowledge over other family members (Figure 2A).
Although the sequence identity among homologous proteins is often below the recommended



30% threshold, the structural constraints imposed by the transmembrane helical domains as
well as the presence of highly conserved structural motifs makes this approach generally
successful [31,32]. Consequently, in the past years, in parallel to the rapid growth of structural
information, an increasing number of ad hoc web services focused on GPCRs have been
released to the scientific community [33-36]. These resources provide users with the ability to
download pregenerated models and/or to build their own homology models. In particular, in the
latest update of the GPCRdb, homology models for all class A receptors are available. To derive
them, the selection of the templates was based on structure-based alignments in agreement
with the newly available structural data. When multiple structures of a suitable template in
complex with ligands of different types, receptor-binding affinities, and molecular weights are
available — as in the case of B-adrenoceptors and the human adenosine Aoa receptor (hAoa AR) —
the selection of a proper template is not straightforward. We have recently proposed a possible
strategy to guide the selection by implementing the Best Template Searching tool [37] in our
Adenosiland platform [35], a web resource dedicated to adenosine receptors (ARs). Through
this functionality, a template is suggested according to the similarity of a query structure with the
ligands cocrystallized with the hAoa AR subtype. Although focused on ARs, the underlying
philosophy can be applied to other class A GPCRs that have been cocrystallized with different
ligands. The AR models available on the platform were refined with 20 ns of membrane MD
simulations and represent alternative structural starting points to the conventional homology
models. Interestingly, the ability to refine homology models through 2.5 ns of membrane MD
simulations has also been recently implemented in the GPCR-ModSim platform [38].

Reproducing or Anticipating X-Ray Binding Modes

Once a 3D structure (gathered experimentally or through homology modeling) has been
achieved, several SBDD techniques can be applied to inspect ligand-GPCR binding. Among
these, molecular docking (Figure 2B) is one of the most widely used, due also to the modest
amount of time and computational resources required to perform it. When judiciously applied,
docking can represent a helpful tool to rationalize the structure—activity relationships (SARs) of
known binders or to scout novel candidates in virtual screening (VS) campaigns. Moreover, in
the GPCR research field, it has been convincingly demonstrated that docking-based VS can be
an effective strategy to identify novel hits [39-43]. As is generally acknowledged, the success
rate of docking-based approaches strongly depends on the accuracy of the engine used to
generate, place, and rank the conformations into the target binding site [44]. A crucial step in the
setup of a docking experiment is therefore the selection of a proper docking protocol; that is, the
combination of search algorithm and scoring function that yields the best accuracy achievable. In
the following, two different strategies to select/evaluate docking protocols are described,
according to the amount of information available on the target of interest.

Evaluating Docking Performance through the Quality Descriptor-Driven Benchmark

When ligand-bound X-ray structures are available, a common practice is to evaluate the
performance of different protocols in reproducing the experimental findings through a validation
approach best known as a benchmark study. The accuracy of the protocols in benchmark
studies is generally evaluated through the calculation of root mean square deviation (RMSD)
values (Box 1) between the generated docking poses and the X-ray binding mode. Along with
the classic RMSD estimate, we have recently proposed an alternative evaluation metric:
the Protocol Score [45]. This RMSD-based descriptor also accounts for the average RMSD
value returned by the docking protocols (RMSD,,.), the crystal structure resolution (R), and
the number of conformations generated by each considered docking protocol with a RMSD
value lower than R (NFMSP < 8)_ After docking simulations have been conducted, a 0-3 score is
assigned to each docking protocol tested according to the criteria reported in Figure 3. The
scores are converted into a color code and the data visualized as colored maps (Figure 3): white
and light green spots correspond to poor protocol performances; dark green spots highlight



Box 1. Docking Poses Analysis Metrics

RMSD is a metric used to quantify to what extent the conformations of the generated docking poses differ from a
reference structure (usually the X-ray observed binding mode). RMSD values are expressed in Angstrt')ms and are
computed by comparing the deviation of the coordinates of the heavy atoms with the following equation:

RMSD(a,b) = J;zn:((a,x — by)? + (ay — b,‘y)2 + (az — b/Z)Z) U]

i=1

where a and b are the sets of n heavy atoms of the docking pose and the reference structure, respectively (Figure IA).

|EF is an alternative metric to evaluate the quality of docking poses. From a mathematical viewpoint, this represents the
contributions of each protein residue involved in the binding with the ligand to the IE. In particular, IEele (Figure IB) is
computed on the basis of the non-bonded electrostatic interaction energy term of the force field and is expressed in
kcal-mol~".

IEhyd (Figure IC) is computed in a less trivial way on the basis of a hydrophobic interaction term based on contact
surfaces. The term takes into account for each ligand—protein atom pair the hydrophobicity character, the atom type
(hybridization), and the reciprocal orientation of the two atoms. The outcome score is expressed in arbitrary units (the
higher the better).
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Figure I. Approaches to Evaluate Ligand Binding.

good protocols yielding good performances; and blue spots identify the best protocol tested.
The Protocol Score metric has been used to evaluate 16 different docking protocols in a
benchmark study focused on hA,a AR [45] and has been recently embedded into DockBench
1.0, a platform to perform automated docking benchmarks [46].

Selection of docking protocols merely based on RMSD estimates, however, can lead to
misleading results, as this metric carries no information about the correctness of the established
ligand—protein interactions. Therefore, alternative metrics based on so-called interaction finger-
prints (IFs) have been developed [39,40,47,48]. The underlying idea is to select docking poses
that satisfy a previously defined binding hypothesis, such as the establishment of key inter-
actions or a certain degree of surface complementarity with the binding pocket. IFs can be
visualized as binary strings (Figure 4A) indicating the presence/absence of either automatically
generated [48] or user-selected [47] ligand—protein interactions or as semiquantitative heat-like
maps [e.g., interaction energy (IE) maps (IEMs)]. In the bit-string representation, the ligand—
protein interactions are encoded in a 1D vector enabling fast comparison of large numbers of
docking poses as well as the computation of similarity indexes. Such types of data are
particularly suitable for VS purposes. IEMs (Figure 4B) are derived by computing IE fingerprints
(IEFs) (Box 1) — that is, per-residue electrostatic and hydrophobic contributions to the IE (IEele
and |Ehyd, respectively) — for selected residues for both the crystallographic binding mode and
the docking poses. IEMs are then generated by plotting the ligand identifiers against the key
residues involved in the binding with a color code reflecting the IE values (the more intense the
color, the stronger the interaction). The IEMs enable fast visual inspection and comparison of a
limited number of docking poses and are more suitable for SAR rationalization [45].
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Figure 3. Schematic Representation of Workflows to Derive the Protocols Score. Adapted from [45].

Assessing the Quality of Homology Models through Blind Assessments

If X-ray structures are not available for comparison, the selection of a proper docking protocol is
not a straightforward task. To this end, community-wide blind GPCR dock assessments offer a
valuable opportunity to evaluate the status of method development in ligand—-GPCR structure
prediction. To date, three rounds of assessment have been conducted [49-51] that highlighted
successful strategies as well as methodological shortcomings that need further improvements.
Overall, the GPCR dock challenges revealed that: (j) reliable homology modeling requires at least
35-40% sequence identity between target and template; (i) model selection/refinement is most
successful when guided by available experimental data about the target and known ligands; and
(iii) the use of automated procedures and sophisticated algorithms cannot disregard expert
knowledge and chemical intuition. Focusing on the prediction of ligand-GPCR binding mode,
the results indicated that accurate prediction of interactions with ECL regions remains challeng-
ing. In the orthosteric binding site, errors in binding mode predictions are mainly due to residue
side chain packing arising from incorrect sequence alignments and/or unsuitable template
selections during the homology modeling procedure. Regarding the accuracy of docking
protocols, a common source of error is the neglect of water molecules directly or indirectly
involved in ligand interactions [49]. These shortcomings were also underlined in a systematic
analysis aimed at evaluating the performance of rigid and flexible receptor docking methodolo-
gies on both X-ray structures and homology models of several class A GPCRs [52].

Accounting for the Roles of Receptor Flexibility and Water Molecules in
Ligand Binding

As discussed above, the conventional molecular docking approaches suffer from several
limitations [53]. Although docking is a valuable method to obtain insights on the final stage
of ligand—protein recognition, it lacks a description of three fundamental aspects that might play
a significant role in ligand binding: a realistic microenvironment (particularly for membrane
proteins), protein flexibility, and water molecule-mediated interactions. MD is a methodology
that better accounts for these critical aspects and MD simulations (Figure 2C) are now a powerful
tool widely used in medicinal chemistry and drug discovery [54]. Setting up MD simulations on
GPCRs is a task that requires a certain degree of expertise. In particular, GPCR insertion into a
phospholipid bilayer is not trivial, as it requires knowledge of protein spatial arrangement in the
membrane. In the past years, several tools to aid users in predicting protein orientation in the
bilayer as well as to embed the structures into membrane model systems have been made
available to the scientific community, thus promoting the simulation of GPCRs in a realistic
environment as a task within everyone's reach (Box 2).
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Figure 4. Schematic Representation of Workflows to Derive (A) Interaction Fingerprints and (B) Interaction
Energy Maps. Per-residue electrostatic contribution ([Eele) values: kcal A~"mol"; per-residue hydrophobic contribution
([Ehyd) values: arbitrary units. Adapted from [45].

An anticipated, to overcome the limitations related to the docking method, particularly regarding
the contributions arising from water molecule-mediated interactions and protein side chain
flexibility, several approaches based on membrane MD simulations have been recently intro-
duced and applied to class A GPCRs.

Following the Dynamics of Ligand-Receptor Interactions

The underlying idea of the dynamic scoring function (DSF) (Figure 5) [55] is to provide, starting
from a docking pose, a ‘dynamic’ estimate of ligand—protein interactions while accounting for the
interplay of water molecules and protein side chain flexibility. Mathematically, the DSF is the
cumulative sum of electrostatic and hydrophobic contributions to ligand—protein interactions
corrected for ligand fluctuation (RMSD) with respect to the starting position (WDSFge and
WDSF,,4, respectively). The values are computed for residues within a range of 4.5 A from
the ligand and are calculated as follows:

- E?ZO/Ee/e
WOSFee = "pisD i
20 olEnya
WDSFh = ~gitsD 2

The resulting graphs (Figure 5) obtained by plotting wDSF against simulation time enable a
graphical comparison of the relative stability of docking poses. This representation can help in
detecting and validating the feasibility of alternative binding conformations proposed by the



Box 2. Setting Up Membrane MD Simulations of GPCRs

The first step in the setup of a membrane—protein system is the determination of the protein orientation into the bilayer
through identification of the ‘hydrophobic belt’ (HB); that is, the protein surface exposed to the amphipathic portion of the
membrane. This task can be performed through: (i) manual; (i) semiautomatic; or (jii) automatic alignment. In the manual
procedure, the user identifies the HB by visual inspection and manually rotates/translates the protein to orient it. In
semiautomatic alignment — the basis of the OPM database [73] — an algorithm detects the HB and the protein is rotated/
translated manually. In the automatic procedure, an algorithm automatically detects the HB and orients the protein. The
CHARMM-GUI Membrane Builder server [74] and the LAMBADA [75] and MEMEBED [76] software packages, although
differing in their underlying algorithms, are based on this approach. The oriented protein can be embedded into the
membrane according to: (i) the replacement method; or (i) the insertion method (Figure [). The replacement approach
builds the membrane around the protein by placing dummy atoms at predicted lipid head groups’ locations and replacing
them with lipids. This strategy — the basis of the CHARMM-GUI membrane builder server [74] — allows fine control of
system size but requires long equilibrations. The insertion approach places the protein into a pre-equilibrated bilayer
leaflet by removing overlapping lipids. This strategy requires shorter equiliorations but limits the system size to the
dimensions of available patches. In recent years several insertion methods have been developed. The GRIFFIN approach
[77] generates a void in the leaflet and optimizes the system by applying repulsive forces mimicking the protein shape to
the surrounding lipids. The g_membed tool [78] creates a small void in the leaflet and inserts into it a flattened protein
gradually inflated back to the original size. The InflateGRO2 [75] procedure expands the lipid bilayer by bringing the
system back to normal size through alternate compressions and minimizations. All of these methods are usually restricted
to specific software/force fields. Recently, a universal strategy has also been proposed [79] comprising the application of
a lateral pressure that pushes the protein into the membrane while proper constraints ensure its folding.

Regarding the homology models, web services with available pre-equilibrated membrane—protein systems are now
emerging. The latest release of the MemProtMD database [80] — the largest and most updated repository — represents a
great advance toward growing exploitation of membrane MD simulations by the scientific community.

Replacement method

Protein orientation Membrane/protein system construction System equilibration
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Figure I. Membrane Molecular Dynamics (MD) Simulations of G-Protein-Coupled Receptors (GPCRs).

docking algorithm. We have exploited this feature to support an apparently less plausible binding
mode of a series of 5-alkylaminopyrazolo[4,3-e]1,2,4-triazolo[1,5-c]pyrimidine at the hAg AR [56]
and tested the applicability of this approach by participating in the community-wide 2013 GPCR
Dock assessment [51]. Several alternative 5HTog/ergotamine complexes suggested by the
docking protocol were submitted to membrane MD simulations. The best final poses were
selected according to the outcomes of the DSF analysis. The overall performance of our
approach can be appreciated by browsing the final dock assessment ranking list, which placed
it eighth among 254, suggesting the portability of our approach to homology models as well as to
other GPCRs.

Degree of Happiness of Water Molecules during Ligand Binding

The contribution of water molecules to protein-ligand binding can arise from at least two different
events. Water molecules can mediate ligand—protein interaction through hydrogen bond net-
works [57] or can be displaced by the ligand from the protein surface and released to the bulk
[567,58]. The protein regions where water molecules playing a key role in ligand binding mostly
reside are defined as ‘hot spots’ and the ability to predict their location is of utmost importance in
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Figure 5. Schematic Representation of Workflows to Derive the Weighted Dynamic Scoring Function (wDSF).
Adapted from [55].

drug discovery. In the GPCR research field, the importance of taking explicitly into account the
perturbation of water networks resulting from ligand binding has been clearly demonstrated
[69,60] and the modulation of internal water channels has recently emerged as an alternative
approach to develop drug candidates [60]. Owing to the relevance of this contribution to ligand
binding, in the past years several specialized tools based on MD simulations have been
developed to aid compound synthesis prioritization in hit-to-lead or lead optimization programs.
The WaterMap software [61,62] locates water molecules solvating the binding site by providing
estimates of their energetic properties through short MD simulations in explicit solvent followed
by a statistical thermodynamic analysis. ‘Unhappy’ water molecules are those with associated
predicted positive free energy values with respect to water molecules in the bulk solvent. In an
analysis focused on the binding of a series of triazine analogs at the Asa AR, unhappy water
molecules trapped between the ligand and the protein have been linked to a decrease of
molecule residence time [59].

Another approach based on the WaterFLAP protocol [63] generates and scores water networks
for apo and ligand—protein structures through the iterative use of OH2 GRID water hot spots. The
initial networks are subjected to short (20 ps) MD simulations and water molecules in the
proximity of the ligand are rescored in a final stage using water OH2 and CRY probes. In a
compared analysis, agreement has been found for both the predicted locations and energetic
estimates of unhappy water molecules obtained from the two different methodologies for the
triazine series [63]. WaterFLAP analysis has also provided a rationalization of the ‘magic-methy!’
effect of antagonists in the chromone series at the Ao AR [64].

An alternative MD-based method aimed at locating protein hot spots has also been recently
proposed by us [65]. Our approach inspects the time-dependent variation of fluid dynamics
properties of water molecules as a consequence of ligand binding, by creating a box surround-
ing the binding site (Figure 6) and dividing it into a 3D grid. During the MD simulations, the
diffusion of water molecules in each grid cell is followed. The averaged positions of water
molecules having RMSF values below 1.4 Aare projected into a bidimensional grid. The overlap
of the grids yields a water fluid dynamics (WFD) map with cells colored according to the
residence time of water molecules on a 0-100% scale. White zones (0%) are occupied by
molecules with a residence time equivalent to bulk, whereas blue regions (100%) are occupied
by molecules showing the maximum residence time of the considered trajectory. These maps
help in graphically inspecting the water distribution inside the binding site and identifying protein
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Figure 6. Schematic Representation of Workflows to Derive Water Fluid Dynamics (WFD) Maps. Adapted from
[65].

regions where scaffold decorations avoid the disruption of key water molecules networks. We
also investigated with this approach the binding of the triazine series at the hAs;a AR [65]. Our
results were in agreement with the experimental data and with the analyses reported above.
WFD maps suggested that the hydrophobic moieties of ligands with a short residence time
unhinge a cluster of water molecules whose location agrees with the placement of unhappy
water molecules predicted by the WaterMap and WaterFLAP protocols [63,64]. The analysis of
WFD maps of the ligand exhibiting slower off-rate kinetics highlights the presence of three stable
clusters of water molecules, suggesting that the increase in binding affinity might arise from the
network of water molecules around the ligand [65].

Exploring Ligand-Receptor Recognition

Knowledge of the ligand-GPCR recognition pathway would facilitate the development of drug
candidates with better pharmacodynamic profiles. Unfortunately, simulating this process
remains a challenging task because it requires classical MD experiments over a long, micro-
second timescale [26,66,67] that is affordable only with specialized supercomputers [68].
Recently it was demonstrated that a broader community might achieve long-timescale MD
simulations by exploiting cloud computing coupled with Markov state models, an approach
based on the estimate of interconversion rates of protein conformational states extrapolated by
multiple short, independent trajectories. This approach proved fruitful in providing insights on the
activation pathways of the . AR, a class A GPCR [28].

The probability of capturing ligand—GPCR binding or unbinding on an accessible timescale can
be enhanced through the introduction of biased potentials that facilitate the crossing of energy
barriers or the application of external forces on the ligand, respectively [69]. An alternative
strategy that does not require the introduction of biases or external forces and enables
exploration of the ligand—-GPCR approach path on a nanosecond simulation timescale has
been recently proposed by us [70]. The supervised MD (SuMD) approach exploits a tabu-like
algorithm to monitor the distance between the center of mass of the ligand atoms and the
receptor-binding site in short (600 ps) standard MD simulations (Figure 7, left panel). According
to this strategy, an arbitrary number of distance points is collected ‘on the flight’ at regular
intervals and fitted into a linear function f(x) = mx. If the slope (m) is negative, the ligand-receptor
distance is likely to be shortened and the simulation is restarted from the last set of coordinates.
Otherwise, the simulation is restored from the original set of coordinates and started over. The
supervision is repeated until the ligand—-receptor distance is less than 5 A. The results of a SUMD
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Figure 7. Schematic Representation of Supervised Molecular Dynamics (SuMD) Algorithm (Left) and the
Outcome Ligand-Receptor Interaction Energy Landscape (right). Interaction energy values: kcal-mol~". Adapted
from [70].

simulation are displayed in a graph reporting the |E toward the distance between the ligand and
the binding site (Figure 7, right panel). We have recently applied the SuMD approach to interpret
at the molecular level: (i) the binding of the natural agonist adenosine at the hA; AR by detecting
and characterizing a possible energetically stable meta-binding site [71]; and (i) the positive
allosteric modulation mediated by LUFE000 toward the hAz AR by suggesting at least two
possible mechanisms to explain the available experimental data [72].

Concluding Remarks

We have surveyed the recent advances in molecular modeling techniques aimed at elucidating
the ligand—-GPCR recognition process. The crystallographic revolution of the past decade and
the advent of GPUs in the molecular modeling field have allowed the tuning of several new tools
to assist the drug design procedure. The recently developed approaches enrich the pool of
molecular modeling techniques currently available to disclose the factors influencing the ligand—
GPCR recognition process and exploit three computational methodologies extensively used by
modelers: homology modeling, molecular docking, and membrane MD simulations.

Most of the tools here presented hold the potential for future widespread use within the scientific
community. Freely available web resources, full automation, and the acceleration of multistep
procedures as well as the representation of results with easy-to-interpret graphs represent the
key actions to encourage non-expert users to employ these new tools. Moreover, the possibility
to rapidly reanalyze previously obtained outputs with some of the new approaches is further
aimed at stimulating the interest of the scientific community.

Hopefully, through this review we have demonstrated the potential of these techniques in solving
real-life problems in drug discovery and encouraged novice modelers to exploit them while
embarking on the fascinating yet complicated task of ligand—-GPCR recognition simulations. In
the future, we foresee the extension and improvement of the applicability of these computational
tools to address other fascinating open questions in the GPCR field (see Outstanding Questions)
and we hope that these approaches, carefully integrated with all of the other experimental

QOutstanding Questions

By which molecular mechanism do
orthosteric and allosteric binders con-
trol GPCR functionality?

Are the kinetic parameters of ligand—
receptor recognition, such as k., and
Koft, computationally addressable?

What is the real role of water in ligand
binding and receptor activation?

What are the implications of phosphor-
ylation and glycosylation in ligand bind-
ing and receptor activation?

What is the physiopathological mean-
ing of monomer-oligomer (homo and/
or hetero) receptor equilibrium?

Are there other second messengers
involved in G-protein-alternative signal-
ing pathways affecting ligand
recognition?

11



GPCRs competencies, will broaden our perspectives in several scientific areas from molecular
pharmacology to drug discovery.
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