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Recent years have seen a tremendous progress in the elucidation of experimental structural information for
G-protein coupled receptors (GPCRs). Although for the vast majority of pharmaceutically relevant GPCRs structural
information is still accessible only by homology models the steadily increasing amount of structural information
fosters the application of structure-based drug design tools for this important class of drug targets. In this article
we focus on the application ofmolecular dynamics (MD) simulations in GPCR drug discovery programs. Typical ap-
plication scenarios of MD simulations and their scope and limitations will be described on the basis of two selected
case studies, namely the binding of smallmolecule antagonists to thehumanCC chemokine receptor 3 (CCR3) and a
detailed investigation of the interplay between receptor dynamics and solvation for the binding of small molecules
to the human muscarinic acetylcholine receptor 3 (hM3R).
© 2014 Tautermann et al. Published by Elsevier B.V. on behalf of the Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

G-protein coupled receptors (GPCRs) are key elements of eukaryotic
signaling cascades. They transduce stimuli from the extracellular
compartment into the interior of the cell, where further intracellular signal-
ing events are triggered. Under physiological conditions GPCR signal trans-
duction is initiated by their endogenous ligands, which range from lipids,
fatty acids, neurotransmitters, cytokines, hormones, to metal ions or – in a
figurative sense – even light. The opportunity to modify cellular signaling
cascades by modulating the function of GPCRs makes them an attractive
class of targets for pharmaceutical drug discovery and development efforts
[1,2]. To date approximately 30% or evenmore of all marketed drugs target
GPCRs [3,4], and still a substantial fraction of drugs that were recently
approved by US regulatory authorities are GPCR drugs [5]. According to re-
cent estimates ~350GPCRs are of potential interest to treat humandiseases
[6]. There are still ~100 orphan receptors for which neither the natural li-
gand nor the physiological role is yet known [7].

A breakdown of the number of marketed GPCR drugs reveals that the
number of unique GPCRs which are targeted is much less than what
would be expected from the mere share of all marketed drugs: the GPCR
drugs cover less than 10% of the entire target space which is addressed to
date [5]. In other words, there are still ample opportunities to exploit hith-
erto unexploredGPCR targetswith known ligands and function, but also or-
phan receptors. Besidesnovelmolecular and cell biology techniques such as
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specifically engineered receptors [2] or the systematic generation of
chemical probes [8–10] recent breakthroughs in the elucidation of GPCR
structural information [11–13] expand the toolbox todiscover andoptimize
novel ligands with therapeutic potential for this target class.

The increasing coverage of the GPCR phylogenetic tree with struc-
tural information offers the opportunity to apply structure-based drug
design methodologies for this target class [14–17]. One approach
which gained increasing attention in pharmaceutical industry over
recent years is fragment-based drug discovery [18–20], which is nowa-
days reported to be applied also in GPCR drug discovery programs
[21–25]. Despite the continuous progress in structure elucidation, the
experimental determination of GPCR structures is still a cumbersome
and slow process, which does not match the typical cycle times in lead
optimization. Thus, only very few case studies are described in which
ligand optimization is actually accompanied by experimentally solved
GPCR-ligand complexes [26]. In most cases cost-efficient alternatives
like homologymodelingwhich allow rapid project support are reported
[15]. Moreover, it is important to note that despite the continuous in-
crease of solvedGPCR structures for themajority of theGPCRs structural
information is only accessible via homology modeling [15,27]. In many
cases homologymodels aremerely accurate enough to guide the overall
direction of optimization efforts rather than to predict compound affin-
ity [14,28,29], especially if the target to template similarity is low. Latest
developments, however, show that homology models can be signifi-
cantly improved by employing MD-methods [30,31], which is not sur-
prising due to the flexible nature of GPRCs [32].

The availability of the β2 adrenergic receptor as active [33,34] and in-
active [35] structure has prompted several research groups to model the
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Fig. 1. Multiple versions of the CCR3 receptor homology model, color-coded according to
the template that was utilized. Top view from the extracellular side.
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activation process of GPCRs on an atomistic level by using molecular dy-
namics simulations [36,37]. In other studies, ligand recognition or GPCR
oligomerization has been investigated by employing MD simulations (Ref
[38] and references therein). All these studies have been facilitated by the
availability of experimental structural information, but also by a steady in-
crease in compute powerwhich is provided either by continuous advance-
ments of hardware performance including GPUs, tailored computer
architectures [39], or cloud computing approaches [36]. Nowadays, several
microseconds of simulation data canbe collectedwithin fewdays. Since the
microsecond timescale marks the lower border at which important
biological function such as ligand binding occurs, atomistic simulations
open novel opportunities for structure-based drug discovery.

In fact, molecular dynamics (MD) simulations are being more and
more used in drug design [40–42]. The notion of the importance of
receptor flexibility has fostered the usage of computational tools such
as MD simulations to generate ensembles of energetically accessible
conformations [43,44]. Talking specifically of GPCRs, recent develop-
ments include target specific scoring functions to identifyMD snapshots
which still retain the typical GPCR specific conserved geometric features
[30] in order to avoid unphysical decoys. Hot spots in binding pockets
and, more recently, on protein–protein interfaces are being postulated
by solvent MDs. For this technique small organic molecules such as
propane or benzene are added to the water box, and regions of high
solute density in the simulation are used as indicators of protein site
druggability [45]. Recently, thermodynamic integration and/or free
energy perturbation methods have gained an increasing attention in
predicting relative free energies of binding [46,47].

In the followingwewill discuss the application of MD simulations in
GPCR drug design with the help of two case studies which were per-
formed at Boehringer Ingelheim Pharma. We selected these examples
because they illustrate the different levels of information which can be
utilized for drug design efforts. In the first case study binding of small
molecule antagonists to the human CC chemokine receptor 3 (CCR3)
was investigated. Since to date no crystal structure of CCR3 is reported
we generated homology models to provide structural information for
a medicinal chemistry program. Complexes with manually modeled
ligand binding poses were subjected to MD simulations to check the
integrity of the binding pose. The final model was utilized to rationalize
rodent selectivity data. The second case study addresses the binding of
small molecule ligands to the humanmuscarinic acetylcholine receptor
3 (hM3R). In this case, detailed experimental structural information has
been available which enabled us to investigate the interplay between
receptor dynamics, water networks, and ligand–receptor interactions
by MD simulations on a very detailed level.

2. Computational methods

2.1. Homology modeling and ligand placement for CCR3

CCR3 homologymodels were generated based on several templates.
In the following we will describe the homology modeling procedure
employing the X-ray structure of human CC chemokine receptor 5
(CCR5) complexed with maraviroc as a template (PDB code 4MBS).
This structure was solved in 2013 [48]. In order to enhance crystalliza-
tion, a rubredoxin entity was fused to intracellular loop 3. To generate
a model of the human CCR3 receptor, a sequence alignment between
the template X-ray structure and the target hCCR3 sequence was done
inMOE [49] employing the BLOSUM50matrix. By this the exact location
of the rubredoxin insertion could be identified, and rubredoxin was re-
moved manually from the template structure. The employed sequence
alignment is shown in the Supplementary material (Fig. S1), revealing
a target/template sequence identity of more than 50%. The comparative
modeling step was done with Modeller [50,51], a standard homology
modeling tool. Finally a stepwise optimization of the structure was
performed. In a first step the two loose ends caused by the cut of
rubredoxin were manually connected and the whole receptor was
protonated at pH 7.4 by the protonate3D procedure as implemented
in MOE. In a next step an energy optimization of the receptor with
high tethers on the heavy atoms was carried out (tether 1000). The
tethers were then reduced to 100 and 10. In the final optimization
step the side chains were energy minimized with fixed protein back-
bone atoms. All minimizations were done with the MMFF94x force
field as implemented in MOE. The ligand (structure shown in Fig. 2A)
was placedmanually into the receptor. First, an ensemble of low energy
conformationswas generated. These conformations were thenmanual-
ly docked into the receptor such that the ionic interaction between the
positively charged center of the ligand and the E2877.39 on transmem-
brane helix (TM) 7 was enforced. Conformations which caused major
clashes were discarded, and checks like the shape overlay with
maraviroc in hCCR5 or the formation of an additional ionic interaction
with H972.67 (for details we refer to ref. [52]) were employed to identify
the most plausible pose. This pose underwent stepwise geometry opti-
mization (as described before) and was ultimately subjected to a full
equilibration and a 60 ns production run (MD setup as described
below) to yield the binding mode shown in Fig. 3.

2.2. Molecular dynamics simulations

Molecular dynamics simulations were carried out using the
gromacs-4.5 package [53]. The simulation system consists of the afore-
mentioned CCR3 homology model or the hM3R model [54] with
bound tiotropium (derived from PDB 4DAJ) embedded in DMPC lipid
bilayer [55] and solvated in water. NaCl was added to achieve a
150 mM salt concentration. The amber99sb-ildn* force field [56,57],
the SPC/E water model [58] and ion parameters from Joung et al. were
used [59]. Force field parameters for the small molecule ligands
were obtained according to the generalized amber force field (GAFF)
procedure [60] with partial charges derived from quantum chemical
calculations with Gaussian09 [61] at a HF/6-31G* level of theory.
Amber topologies for the ligands were converted to gromacs format
using acpype [62]. The membrane simulation system was built with
g_membed [63]. After energy minimization, 50 ps equilibration with
positional restraints on heavy atoms, and 1 ns equilibration with posi-
tion restraints in z-direction on the phosphor atoms of DMPC followed.
Trajectories were subsequently collected at 310 K with standard NPT
ensemble settings (thermostat: velocity-rescaling [64,65]; barostat:
Parrinello-Rahman [66], semi-isotropic coupling). Electrostatic interac-
tions were calculated at every step with the particle-mesh Ewaldmeth-
od [67], short-range repulsive and attractive dispersion interactions
were simultaneously described by a Lennard-Jones potential, which
was cut off at 1.0 nm. The SETTLE [68] algorithm was used to constrain
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bonds and angles of water molecules; LINCS [69] was used for all other
bonds. Virtual sites [70] were introduced to remove other fast vibrating
degrees of freedom, allowing a time step of 4 fs. In the hM3R case five
trajectories (400 ns each) were recorded for every system. Individual
analyses were always done based on the averages of the 5 independent
trajectories per system.

3. Case Study 1: binding of small molecules to the CC
chemokine receptor-3

CCR3 is a member of the chemokine receptor family. One of its en-
dogenous ligands, the chemokine eotaxin-1/CCL11, is a chemoattractive
protein which has been identified to recruit eosinophils under allergic
conditions and binds exclusively to CCR3. It is therefore postulated
that antagonizing CCR3 with small molecules is a viable approach to
treat allergic diseases such as asthma, for which numerous in vivo
studies suggest that they are closely linked to eosinophilia [71,72].

When optimizing antagonists for their potency on CCR3 in binding
and functional cellular assayswe observed a pronounced selectivity ver-
sus rodent receptor orthologues [52]. To explain the selectivity profiles
and eventually identify opportunities to optimize potency especially
on mouse and/or rat CCR3 we constructed a homology model of CCR3.
Over the time the homology model underwent several refinements.
They were triggered either by the release of a novel GPCR structure
with a higher sequence similarity to CCR3 or – in one instance – by the
availability of an ab-initio algorithm to predict GPCR 3D structures [73].
Fig. 1 shows an overlay of the different models, color-coded according
to the template or modeling technique that was employed. In all models,
E2877.39 (the superscript corresponds to the Weinstein–Ballesteros
Fig. 2.A)2D representation of themolecule thatwas embedded inCCR3. B) Conformations thatw
conformation in dark green. C) RMSD plot for the full protein. D) RMSD plots for certain parts
C) and D) all RMSD values are calculated with respect to the starting geometry.
numbering scheme) on TM7, which is postulated as one key anchoring
residue for small molecule CCR3 ligands [74] and which is highly con-
served among other chemokine receptors and across species [75], points
towards the interior of the transmembrane cavity in a very similar man-
ner. The same observation was made e.g. for Y411.39 on TM1. The largest
differences between the individual models were observed for TM2,
which underwent in total a 90° rotation throughout all model versions.
When rhodopsin or β2 was used as template structure, W902.60 pro-
trudes into the lipid bilayer. We were not able to generate a plausible li-
gand bindingmodewith these twomodels since the cavity between TM2
and TM3 is notwell defined. In themodels thatwere either generated ab-
initio or from closer related templates (CXCR4 and CCR5), W902.60 lines
up the TM cavity such that a hydrophobic patch is offered for ligands to
interact with. A closer inspection of the CXCR4 and CCR5 X-ray structures
shows that TM2 displays a helical bulge in the extracellular part,
thus causing this 90° rotation of the upper part, which is different to
β2/rhodopsin based models.

3.1. Results of Case Study 1

Wemanually docked a compound (Fig. 2A) carrying the essentialmo-
lecular topology and key functional groups of one of our CCR3 antagonists
(ref [76]) into the CCR5-derived homology model as described above. In
the initial pose ionic interactions with E2877.39 and H972.67 and a
hydrophobic interaction with W902.60 were established. In addition, the
hydrophobic phenylsulfanylpropyl tail pointed to a region between heli-
ces 4 and 5 (Fig. 2B, conformations colored in red). The complexwas sub-
sequently submitted to a 60 nsMD simulation to check the stability of the
proposed binding mode. The entire complex remained stable during the
ere visitedduring the simulation. The starting conformation is shown indark red, thefinal
of the ligand, illustrating the flexibility of these parts throughout the simulation. In panels
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simulation, as indicated by the RMSD plot (Fig. 2C). The ligand did not
show major rearrangements such as complete dissociation from the
transmembrane cavity or flips around the center of the molecule. In par-
ticular, the positioning of the piperidine-indole part, which is engaged in
directed interactions with receptor residues, did not vary substantially
(c.f. Fig. 2D). On the other hand, the more flexible phenylsulfanylpropyl
moiety fluctuated between various orientations. This is reflected in the
corresponding RMSD plots (Fig. 2C). After approximately 25 ns the tail
adopted a conformation in which it protruded deeply into the interior
of the TM cavity, in close analogy to the X-ray bindingmode ofmaraviroc
in CCR5 (PDB entry 4MBS [48]). This conformation remained stable over
the remaining 35 ns of the simulations. Representative snapshots are
shown in cyan and green (Fig. 2B). After minimization of the last snap-
shot of the trajectory we ultimately came up with the pose shown in
Fig. 3. This pose was utilized as template to place close analogs into the
receptor andultimately to rationalize species selectivity thatwe observed
in this particular structural class. For more details we refer to ref. [52].

3.2. Discussion of Case Study 1

A retrospective analysis of themodeling procedure and the outcome
of theMD simulations highlight two important aspects: first, the choice
of the template for homology modeling efforts has a crucial impact on
the quality of the results and hypotheses which are derived therefrom.
Although the GPCR structures solved to date show a high degree of
analogy in the TM region [13], subtle structural features such as unusual
helix turns or side chain orientations can be expected to be accurately
modeled only when the template for homology modeling is sufficiently
close. Evenwith amodel thatwas derived from the sequence-wise close
CCR5 templatewe observed that themodeled bindingmode underwent
some changes during an MD simulation. Without further experimental
information it is challenging (if not impossible) to pick the relevant
bindingmode from anMD trajectory alone. In that respect the MD sim-
ulation helped us to build up confidence in the general orientation of the
ligand inside the TM cavity and the directed (ionic) interactions that are
formed. A true validation of the binding mode can only be established
by experimental data. In our case, we found agreement with species se-
lectivity data. A more rigorous validation would be provided by site-
directed mutagenesis data.

4. Case Study 2: binding of small molecules to hM3R

Bronchodilators are central to symptom management in airway
diseases like asthma and COPD. While short-acting medications are
Fig. 3. Final modeled binding mode for molecule shown in Fig. 2A. CCR3 and key residues
are shown in green. For comparison, CCR5 in complexwithmaraviroc (PDBentry 4MBS) is
shown too (gray).
used for immediate symptom relief, long-acting drugs are essential for
disease control and maintenance therapy [77,78]. Currently two major
classes of long-acting bronchodilators are available: muscarinic antago-
nists and β2-adrenergic agonists. The use of long-acting muscarinic
antagonists (LAMAs), like tiotropium, is the mainstay of current COPD
treatment [77,78]. The structure of the complex of tiotropium and rat
muscarinic M3 receptor (M3R) has been solved in 2012 [79], and this
makes hM3R a well suited target for structure based drug design inves-
tigations. The binding mode of tiotropium in a homology model of
hM3R is shown in Fig. 4. (The homology model of the human receptor
is very closely based on the X-ray structure of rat M3R and has already
been described elsewhere [54].) Tiotropium is binding in a deeply
buried site in the receptor, which is accessed through a narrow channel.
In the binding site the positively charged epoxytropane head group of
the ligand is coordinated into an aromatic/ionic cage consisting of
D1483.32, Y1493.33, W5046.48, Y5076.51, Y5307.39, and Y5347.43 by ionic
and aromatic interactions. Remarkably Y1493.33, Y5076.51, and Y5307.39

form a “lid” above tiotropium which blocks its way through the exit
channel. In addition the ligand forms a strong double hydrogen bond
to N5086.52, and the thiophene groups fit into a hydrophobic crevice
formed by W2004.57, L2265.33/EL2, T2325.39, A2365.43, and A2395.46.
Altogether, the ligand is very tightly bound, making all kinds of interac-
tions – hydrophilic, hydrophobic and ionic – thus leading to a very high
potency of about 10 pM [54].

In a recent study we have published residence times and binding
affinities of tiotropium and related compounds to hM3R and mutated
variants thereof [54]. The goal of the investigation was the elucidation
of the key structural elements of tiotropium which leads to the very
slow off-rate from hM3R. In the course of the study about 30 single
point mutants have been generated, and the dissociation rates of
tiotropium from the mutated receptors have been recorded. In most
cases Ki values and the corresponding off-rates are directly related to
each other (i.e., koff = const ∗ Ki), but mutation of residues along the
exit channel accelerates the dissociation tremendously. Single amino
acid mutation of Y1493.33, Y5076.51, N5086.52, or Y5307.39 results in off-
rates which deviate from linearity by more than one order of magni-
tude. Modification of the ligand only leads to unexpected behavior if
the hydroxy group ismodified. As shown in Fig. 4 the hydroxy-group di-
rectly interacts with N5086.52, thus prompting the assumption that the
double hydrogen bond is a decisive structural element for long acting
antimuscarinic drugs. To rationalize the effect of the N5086.52A muta-
tion several MD simulations have been performed. From them it has
been proposed that the interaction of the ligand with N5086.52 works
like a snap-lock. Once the interaction is formed it keeps tiotropium in
place and prevents its translation towards the exit-channel. These
investigations have been a first step to understand the experimental
findings on a molecular basis. Additional, more extensive simulations
for closely related ligands are the subject of the present study. The
systems thatwere investigated are described in Table 1. For each system
a total of 2 μs simulation data was collected from five independent
trajectories of 400 ns length.

4.1. Results of Case Study 2

MD trajectories were analyzed by focusing on various different re-
ceptor regions. Therefore the description of our observations will be
split into four sections: (i) changes of the tyrosine cage, (ii) changes
of the ligand–receptor interactions, (iii) exit channel flexibility, and
(iv) water densities and networks. In the discussion the observations
will be put into context to obtain a clear picture of the changes of
receptor dynamics upon mutation of receptor or ligand.

4.1.1. Changes in the tyrosine cage
As described in the Introduction section and displayed in Fig. 4, the

positively charged head group is surrounded by several tyrosine resi-
dues. The three most important tyrosines in dissociation experiments



Fig. 4. Bindingmodeof tiotropium(cyan) inhM3R. Top left: top view from the extracellular side. Bottom left: side viewwith TM6 and TM7 in front. Right: structure and 2D-interaction plot
of tiotropium.
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(Y1493.33, Y5076.51, and Y5307.39) form a lid above the ligand. This lid
has to break up for ligand dissociation. In the case of tiotropium binding
to wild type hM3R this lid is tightly closed [54]. In the apo-WT simula-
tion it has been shown that the lid is open in a significant number of
snapshots and thus enables quick ligand association. The correlations
of movements of the lid-tyrosines in the systems under consideration
are shown in Fig. 5. Ligand binding stabilizes the lid in a closed position
for all ligands investigated, and in both apo simulations open as well as
closed conformations are found. Surprisingly the apo-WT simulation
still has the larger fraction of closed lid structures, whereas the apo sim-
ulation of the mutated receptor (apo-N5086.52A) shows a predominant
population of snapshots with an open lid.
Table 1
Systems under investigation in the present study.

Ligands:

1 Tiotropium (R = OH)
2 Des-OH tiotropium (R = H) [“hyd-tio”]
3 Methyl-des-OH-tiotropium (R = CH3) [“methyl-tio”]
4 Tiotropium (R = OH)
5 None
6 None
In tiotropium bound simulations the tyrosine lid is very stable showing
hardly any opening events. However, the distance between Y1493.33 and
Y5307.39 is slightly elongated in the tio-N5086.52A simulation compared to
tio-WT, as displayed in Fig. 6. Upon binding of methyl-tio or hyd-tio the
tyrosines are much more flexible. Especially for hyd-tio the tyrosine lid is
open in many snapshots. An example for a snapshot with an open lid
configuration is shown in the inset in Fig. 6. We find both tyrosines
(Y1493.33 and Y5307.39) in a different rotameric state compared to the
M3R X-ray structure, and the ligand is directly accessible by the solvent.

To summarize the observations for the tyrosine lid flexibility: in apo
simulations a dynamic equilibrium between open and closed lids is
observed. Ligand binding stabilizes the tyrosine lid, however, ligands
Receptor Abbreviation
of the system

Wild type hM3R Tio-WT
Wild type hM3R Hyd-tio-WT
Wild type hM3R Methyl-tio-WT
N5086.52A hM3R Tio-N5086.52A
Wild type hM3R Apo-WT
N5086.52A hM3R Apo-N5086.52A



Fig. 5. Correlation plots for 100.000 snapshots of all trajectories. Red shaded areas correspond to snapshot conformations, where the tyrosine lid opened by breaking at least one of the
tyrosine hydrogen–bond interactions.
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without the OH-group are not able to stabilize the lid over the full
simulation time to the same extent as tiotropium.

4.1.2. Changes in the ligand–receptor interactions
Tiotropium is strongly bound to hM3R by ionic interactionswith the

charged epoxytropane head group, by hydrogen bonds with the ester
carbonyl group as well as the hydroxy group, and by lipophilic interac-
tionswith the two thiophenes. In this chapter we investigate the chang-
es of tiotropium movement if the hydrogen bonds are weakened or
even entirely removed. In Fig. 7 the distances of the charged nitrogen
of the ligand to D1483.32 are monitored as a measure for the flexibility
of the head group. It can be observed that neither removal of the
Fig. 6. Cumulative distribution function of the Y1493.33–Y5307.39 (oxygen–oxygen) distance (o
overlaid with the M3R crystal structure (orange lines). The red arrows mark lid-opening move
hydroxy groupof tiotropiumnor theN5086.52Amutation of the receptor
has any significant effect on the distance of the ionic interaction. Not
surprisingly, the mobility of the quaternary carbon of the ligand is
strongly affected by distorting the double hydrogen bond. We plot the
distance to the Cβ atom of N5086.52 (we chose to use the Cβ to be able
also to include tio-N5086.52A in the analysis) as a measure for the flexi-
bility of the bis-thiophene substructure in relation to the decisive
N5086.52 interaction partner. Although both modified ligands, i.e., hyd-
tio and methyl-tio, still do have the ability to form hydrogen bonds to
N5086.52, these bonds are often strongly elongated or even broken. Es-
pecially methyl-tio shows very long distances, where the hydrogen
bond is mediated by an additional water molecule, as shown in Fig. 7.
range dashed line in the insert). Inset: snapshot from the hyd-WT simulation (blue sticks)
ments of Y1493.33 and Y5307.39.



Fig. 7.Top:Distances of the ligands to the interaction partners on the receptor side. Bottom: snapshot from themethyl-WT simulation,where the ligand–N5086.52 hydrogenbond is broken
(left) and snapshot from the tio-N5086.52A simulation to demonstrate the shift of tiotropium towards the exit channel (white structure: X-ray, brown: snapshot from the tio-N5086.52A
simulation).
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Themovements of tiotropium in N5086.52A-hM3R reveal a high flexibil-
ity due to the lack of the hydrogen bond partner N5086.52. Tiotropium's
hydroxy group forms an intramolecular hydrogen bond to the ester car-
bonyl group (Fig. S2, Supplementary material). Calculation of the RMSF
of different parts of themolecule confirms this observation, as shown in
Fig. S5 in the Supplementary material. Additional analyses show that
the quaternary carbon is located much more towards the extracellular
part of the exit channel compared to the tio-WT simulation (Fig. S6,
Fig. 8. Left: location of the Cα atoms of V5116.55 and Y1493.33 as indicator for the diameter of
V5116.55 and Y1493.33.
Supplementary material). A snapshot to illustrate this ready-to-exit
behavior is also shown in Fig. 7.

To summarize the observations for the ligand–receptor interactions:
for the modified ligands (hyd-tio and methyl-tio) the hydrogen bond
between the ligand and receptor is elongated and especially for
methyl-tio often broken. Tiotropium in N5086.52A-hM3R reveals pro-
nounced dislocations of the bis-thiophene substructure of the molecule
in the receptor and is pushing towards the exit channel.
the exit channel. Right: distribution functions of the distances between the Cα atoms of



118 C.S. Tautermann et al. / Computational and Structural Biotechnology Journal 13 (2015) 111–121
4.1.3. Flexibility of the entry/exit channel
So far only the direct binding site of tiotropium has been investi-

gated. Considerations of dissociation dynamics also need to include
the investigation of the dissociation pathway. As shown in Fig. 4, the
binding site is accessed through a narrow tunnel.We investigate the ac-
cessibility of the entry channel by monitoring the distance of the Cα
atomsof V5116.55 andY1493.33. These two amino acids are located at op-
posing locations of the channel. Their location is shown in Fig. 8.

The distribution functions of the distances show some very surpris-
ing results. Tiotropium does not allow too much flexibility of the exit
channel. When simulating methyl-tio or hyd-tio in WT hM3R, the pic-
ture changes entirely, because these ligands induce open-channel
states. Especially in the methyl-tio-WT simulation very large values
for the diameter of the channel are observed. Similar open-channel
structures are observed in the apo-WT simulation. In sharp contrast to
that, the apo-N5086.52A simulation shows a preference for a tightly
closed channel. The difference between the open state in methyl-tio-
WT and apo-N5086.52A can be as large as 10 Å. In line with this, the
channel is also slightly tighter closed in the tio-N5086.52A simulation
than in the tio-WT simulation. Fig. 9 shows the correlation of the chan-
nel diameter and the solvation of N5086.52, which sits at the bottom of
the channel. In WT hM3R tiotropium prevents N5086.52 from being sol-
vated. A closer water site can be observed at a distance of about 7 Å. Re-
moval of tiotropium's hydroxy group allows water to access the exit
channel and to directly interact with N5086.52. Therefore, the close in-
teraction is only feasible if the channel opens up — as shown in Fig. 9
(middle panel). For methyl-tio there are two distinct open states of
the channel, where both allow a solvation of N5086.52 and with that
also water insertion into the ligand-N5086.52 hydrogen bond. When ob-
serving the trajectories over time (Fig. S3, Supplementarymaterial), the
opening and closingmotions resemble a “breathing” like behavior of the
receptor. Also for hyd-tio the solvation of N5086.52 comeswith an open-
ing of the channel, but no distinct second (widely) open state is ob-
served. In the WT-apo simulation N5086.52 is, as expected, always
solvated, independently from the opening state of the channel. The
Fig. 9.Density plots of the correlation between the channel diameter (V5116.55–Y1493.33) and th
direct interaction of N5086.52 with water.
simulations of the N5086.52A mutants have to be interpreted with cau-
tion, because the hydrophilic N5086.52 is substituted by an apolar
amino acid, which does not require solvation to achieve a low free ener-
gy. Tiotropium bound N5086.52A-hM3R shows a similar pattern to
tiotropium bound WT, but apo-N5086.52A completely deviates from
apo-WT. First, the channel is always closed and second, A5086.52 is sol-
vated only in a small fraction of the snapshots. All these observations
strongly suggest that the opening and closing of the channel are directly
connected to the water network at the extracellular surface of the
receptor.

To summarize the observations for the channel flexibility: the
N5086.52A variants of the receptor induce a more tightly closed confor-
mation of the exit channel. This is caused by the lack of the water
network required for the solvation of N5086.52. Tiotropium stabilizes
the channel in a closed state, thus preventing water to interfere with
the double hydrogen bond between N5086.52 and the ligand. Methyl-
tio and hyd-tio enable openings of the channel, always accompanied
by the entry of water, which competes with the ligand–N5086.52 hydro-
gen bond.

4.1.4. Water densities and networks
In the previous sectionwe have reported that the channel opening is

always accompanied by the approach of water towards N5086.52. In this
section we are comparing water networks in the simulations by means
of calculatedwater densities. Fig. 10 shows the differences in the tio-WT
and hyd-WT/methyl-WT water grids. The most important difference is
the occurrence of some water density close to N5086.52 in the methyl-
WT and also to a smaller extent in the hyd-WT grids. These water loca-
tions correspond to those events inwhich the channel is open andwater
gets close to the ligand–N5086.52 hydrogen bond. Within the ligand
binding site no water mediated contacts are observed. Towards the
extracellular region, the water densities are becoming more and more
bulk-like, however, close to the receptor very distinct water shapes
are observed. This means that close to the protein surface water net-
works arewell conserved. In Fig. 8 very strong differences in the channel
e distance of the closest water to the Cβ of N5086.52. The yellow boxesmark the regions of



Fig. 10. Comparison of the water (oxygen) densities in the tio-WT and the hyd-WT (left panel) and themethyl-WT (middle panel). The tio-WTwater densities are displayed as blue solid
surfaces, hyd-tio-WT andmethyl-tio-WTwater densities as red and greenmesh, respectively. Themost important difference in thewater densities is encircled in red. Regions of conserved
water networks are marked by a yellow box. Right panel: overlay of apo-WT (magenta mesh) with N5086.52A-apo (cyan solid surface) water grids. Regions which are nearly exclusively
hydrated in apo-WT are marked by red contours. All grids are overlaid onto the tiotropium boundWT hM3R.
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geometry between apo-WT and apo-N5086.52A are shown. The corre-
sponding water grids are also displayed in Fig. 10 (right). In the apo-
WT simulation water density is found throughout the channel and
also close to N5086.52. In contrast the apo-N5086.52A simulation shows
essentially a “dry” channel and no water density close to A5086.52. In
other regions of the binding site, i.e., in the tyrosine cage the water
grids are similar for both simulations. This means that the lack of
N5086.52 causes the interruption of thewater network connecting the li-
gand binding site with bulk water. The tiotropium bound simulations
(tio-WT and tio-N5086.52) do not show any significant difference in
the water network densities (Fig. S4, Supplementary material).

To summarize the observations for the water networks: tiotropium
binding to either WT or N5086.52A-hM3R keeps the channel closed,
and no water density is observed in the exit channel. For the modified
ligands (methyl-tio and hyd-tio) a distinct water density is observed
in the WT-simulation, solvating the ligand-N5086.52 hydrogen bond.
The N5086.52A mutation causes a completely different water density
pattern as hardly any water density is found in the exit channel.

4.2. Discussion of Case Study 2

Putting together all these findings from the MD simulations we can
now understand the differences in the binding dynamics of tiotropium
analogs and the effect of the N5086.52A mutant. Experimentally we
have shown that the removal of one ligand–receptor hydrogen bond
leads to overproportionally quick dissociation, nomatter if the hydrogen
bond partner was removed on the ligand side (hyd-tio, methyl-tio) or
on the receptor side (N5086.52A). Thus we observed experimentally
that the N5086.52A mutation of the receptor has exactly the same effect
as the removal of the hydroxy group from the ligand. Experimental data
however, did not give any hint towards differences in the mechanism
which causes accelerated dissociation, whereas insights obtained from
MD simulations suggest that there is a major discrepancy between the
underlying mechanisms. Upon removal of the hydroxy-group of
tiotropium (hyd-tio, methyl-tio) the ligand–receptor hydrogen bond
becomes water accessible. This is supposed to have a significant effect
on the off-rates. Schmidtke et al. [80] have investigated buried polar
atoms in protein binding sites that form ligand–protein hydrogen
bonds which are shielded from water. Forming and breaking of this
kind of hydrogen bonds lead to an energetically unfavorable transition
state because it occurs asynchronously with hydration. In consequence,
water-shielded hydrogen bonds are exchanged at slower rates. When
tiotropium binds to the receptor the hydrogen bond to N5086.52 is
water shielded, thus breaking more slowly. For the derivatives hyd-tio
and methyl-tio the hydrogen bond is not shielded any longer as water
enters into the channel, and the exchange occurs faster. This is now a
plausible explanation for the observed rate enhancement upon hydroxy
removal from the ligand.

The explanation for the accelerated rate upon N5086.52Amutation of
hM3R is not that straightforward, because no hydrogen bond needs to
be broken and the line of argumentation from above is not applicable.
Tiotropium forms an intramolecular hydrogen bond (hydroxy to
ester) and no solvation of the hydroxy group of the bound ligand is
observed. Indeed in the tio-N5086.52A simulation the exit channel is as
tightly closed as in the tio-WT simulation. The most striking difference
is found in the location of the ligand, where tiotropium frequently
progresses into the exit channel in the tio-N5086.52A simulation. We
thus propose that the first steps of dissociation of tiotropium from
N5086.52A hM3R do occur through a different mechanism than the
dissociation from WT hM3R. In WT a solvation of the hydrogen bond
is the first step for dissociation, but in N5086.52A hM3R the ligand's
motion into the exit channel is not supported by extracellular water. It
may be seen as a mechanical event of impinging against the exit chan-
nel, which occursmuchmore often if the hydrogen bond to the receptor
is missing.

Obviously the cavity around D1483.32 has to be re-solvated upon
ligand dissociation (for both cases, WT and N5086.52A), but this site is
directly connected to the receptor spanning water network which is
conserved across class A GPCRs [81]. Therefore there is no need for the
synchronous movement of extracellular solvent into the binding site
upon ligand dissociation.

To sum up, the MD-simulations provide deeper insight in themech-
anisms which cause accelerated dissociation from theM3 receptor. The
lack of a hydrogen bond between the ligand and N5086.52 of hM3R
causes an enhanced off-rate, but the underlyingmechanism is different.
If the hydroxy group of tiotropium is removed, the hydrogen bond
between N5086.52 and the ester group of the ligand gets exposed to
water and is not shielded any more. However, if N5086.52 is mutated
to alanine, tiotropium pushes towards the exit channel. In this case
solvation of the exit channel does not seem to be important. Without
MD simulations we would not be able to elucidate the differences in
the dissociation enhancements. The remaining question is if we would
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have been able to predict behavior like this by MD and thus identify
crucial ligand–protein interactions. For systems like the present one
there is currently no method available which allows a quantification
of the effects.We expect that in the future the application of recently de-
veloped simulation and analysis techniques based on Markov State
Models together with increased computer power will lead to reliable
predictions of off-rates also for highly potent ligands which show
slower association rates [36,42,82,83]. For potent ligands, at present,
we can use MD simulations only to rationalize the experiments or
qualitatively investigate if some modifications of the ligands cause
major rearrangements of the receptor or of the water network.

5. Summary and outlook

We described two case studies in which MD simulations were
employed to investigate the interactions between a GPCR and small
molecule ligands. However, both studies were carried out within totally
different initial situations: in the case of CCR3, structural information
about the ligand–receptor complex had to be generated via homology
modeling. We observed that the template which is chosen to derive
the homology model had a significant impact on key characteristics
of the putative transmembrane binding pocket. For some template/
alignment combinations it was even impossible to postulate a reason-
able bindingmode.With the availability of an X-ray structure of a suffi-
ciently closely related receptor we were able to generate binding
hypotheses which were in line with observed species differences and
SAR. MD simulations helped to exclude receptor and ligand conforma-
tions whichmight not reflect themost stable state under the conditions
that were modeled. At the same time the MD simulations delivered an
ensemble of conformations of the receptor–ligand complex which are
all accessible. Without additional experimental or computed informa-
tion it is not possible to predict which configuration is biologically rele-
vant. Experimental information such as structure activity relationship
data, species selectivity data as in our case, or – ideally – site-directed
mutagenesis data is key to establish a validated binding mode which
is suitable for prospective ligand design efforts. Althoughwewere final-
ly able to rationalize species selectivity data and postulate regions for
chemical modifications on a very coarse-grained level, it is important
to emphasize that the final ligand–receptor model was not accurate
enough to assess the impact of chemical modifications on the free ener-
gy of binding in a quantitative manner. Also, the accuracy of the model
does not allow us to investigate the role of water molecules for ligand
binding in detail.

In contrast to the CCR3 case study the computational study of
ligand binding to hM3R is based on very detailed experimental
(X-ray) structural information of a receptor–ligand complex. This
allowed us to investigate the influence of solvation and desolvation
and receptor motions on the binding of a congeneric series of small
molecules to this receptor on a molecular level. Complemented by
site-directed mutagenesis studies, a microscopic model of binding
and dissociation could be derived which is in agreement with exper-
imental data collected so far. MD simulations were key to elucidate
differences between the behavior of closely related ligands in wild-
type and mutated receptors.

In both case studiesMD simulations turned out to be instrumental to
come upwithmodels which are able to rationalize experimental data in
a retrospective fashion. However, the true impact of MD simulations on
GPCRdrug discovery programs can only be evaluated byprospective ap-
plications and subsequent experimental challenging of the predictions.
Either synthesis and testing of compounds with proposed structural
modifications or measuring ligand binding in mutated receptors will
reveal if in silico predictions have been correct. Ideally, a combination
of both approaches will be employed. The speed in elucidation of
novel GPCR structural information together with further growth in
compute power will enable us to carry out computational experi-
ments on a large scale. From a careful analysis of these studies and
a rigorous assessment of the agreement or disagreement between
computational predictions and experimental outcomes we can
hope to derive general rules which can guide the prospective appli-
cation of MD simulations in GPCR ligand design. This might also be
expanded beyond pure binding to e.g. computational modeling of
GPCR modulation.

Acknowledgments

We thank Matthias Röhm, Johannes Koppe and Peter Stauffert for
excellent technical assistance.

Appendix A. Supplementary material

Supplementary material to this article can be found online at http://
dx.doi.org/10.1016/j.csbj.2014.12.002.

References

[1] Lundstrom K. Latest development in drug discovery on G protein-coupled receptors.
Curr Protein Pept Sci 2006;7:465–70.

[2] Giguere PM, Kroeze WK, Roth BL. Tuning up the right signal: chemical and genetic
approaches to study GPCR functions. Curr Opin Cell Biol 2014;27:51–5.

[3] Overington JP, Al-Lazikani B, Hopkins AL. Howmany drug targets are there? Nat Rev
Drug Discov 2006;5:993–6.

[4] Wise A, Gearing K, Rees S. Target validation of G-protein coupled receptors. Drug
Discov Today 2002;7:235–46.

[5] Garland SL. Are GPCRs still a source of new targets? J Biomol Screen 2013;18:
947–66.

[6] Fredriksson R, LagerstromMC, Lundin LG, SchiothHB. TheG-protein-coupled receptors
in thehumangenome formfivemain families. Phylogenetic analysis, paralogongroups,
and fingerprints. Mol Pharmacol 2003;63:1256–72.

[7] Lin SHS, Civelli O. Orphan G protein-coupled receptors: targets for new therapeutic
interventions. Ann Med 2004;36:204–14.

[8] Alvarez-Curto E, Ward RJ, Milligan G. Novel assay technologies for the discovery of G
protein-coupled receptor drugs. Neuromethods 2011;60:231–53.

[9] Beets I, Lindemans M, Janssen T, Verleyen P. Deorphanizing G protein-coupled
receptors by a calcium mobilization assay. Methods Mol Biol 2011;789:377–91.

[10] Boehm M, Hepworth D, Loria PM, Norquay LD, Filipski KJ, Chin JE, et al. Chemical
probe identification platform for orphan GPCRs using focused compound screening:
GPR39 as a case example. ACS Med Chem Lett 2013;4:1079–84.

[11] Lundstrom K. An overview on GPCRs and drug discovery: structure-based drug
design and structural biology on GPCRs. Methods Mol Biol 2009;552:51–66.

[12] Stevens RC, Cherezov V, Katritch V, Abagyan R, Kuhn P, Rosen H, et al. The GPCRNet-
work: a large-scale collaboration to determine human GPCR structure and function.
Nat Rev Drug Discov 2013;12:25–34.

[13] Tautermann CS. GPCR structures in drug design, emerging opportunities with new
structures. Bioorg Med Chem Lett 2014;24:4073–9.

[14] Congreve M, Langmead C, Marshall FH. The use of GPCR structures in drug design.
Adv Pharmacol 2011;62:1–36.

[15] Tautermann CS. The use of G-protein coupled receptor models in lead optimization.
Futur Med Chem 2011;3:709–21.

[16] Topiol S. X-ray structural information of GPCRs in drug design: what are the limita-
tions and where do we go? Expert Opin Drug Discov 2013;8:607–20.

[17] Weyand S, Tate CG. Structure-based drug design applied to GPCRs: the holy grail
realized. Biochemist 2014;36:23–7.

[18] Congreve M, Chessari G, Tisi D, Woodhead AJ. Recent developments in fragment-
based drug discovery. J Med Chem 2008;51:3661–80.

[19] Joseph-McCarthy D, Campbell AJ, Kern G,Moustakas D. Fragment-based lead discovery
and design. J Chem Inf Model 2014;54:693–704.

[20] Murray CW, Verdonk ML, Rees DC. Experiences in fragment-based drug discovery.
Trends Pharmacol Sci 2012;33:224–32.

[21] Andrews SP, Brown GA, Christopher JA. Structure-based and fragment-based GPCR
drug discovery. ChemMedChem 2014;9:256–75.

[22] Visegrády A, Keser GM. Fragment-based lead discovery on G-protein-coupled recep-
tors. Expert Opin Drug Discov 2013;8:811–20.

[23] Christopher JA, Brown J, Doré AS, Errey JC, Koglin M, Marshall FH, et al. Biophysical
fragment screening of the beta1-adrenergic receptor: identification of high affinity
arylpiperazine leads using structure-based drug design. J Med Chem 2013;56:
3446–55.

[24] Congreve M, Rich RL, Myszka DG, Figaroa F, Siegal G, Marshall FH. Fragment screen-
ing of stabilized G-protein-coupled receptors using biophysical methods. Methods
Enzymol 2011;493:115–36.

[25] Chen D, Errey JC, Heitman LH, Marshall FH, Ijzerman AP, Siegal G. Fragment screen-
ing of GPCRs using biophysical methods: identification of ligands of the adenosine
A(2A) receptor with novel biological activity. ACS Chem Biol 2012;7:2064–73.

[26] Congreve M, Andrews SP, Doré AS, Hollenstein K, Hurrell E, Langmead CJ, et al. Dis-
covery of 1,2,4-triazine derivatives as adenosine A(2A) antagonists using structure
based drug design. J Med Chem 2012;55:1898–903.

[27] Schlyer S, Horuk R. I want a new drug: G-protein-coupled receptors in drug
development. Drug Discov Today 2006;11:481–93.

http://dx.doi.org/10.1016/j.csbj.2014.12.002
http://dx.doi.org/10.1016/j.csbj.2014.12.002
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0005
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0005
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0010
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0010
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0015
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0015
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0020
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0020
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0025
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0025
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0030
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0030
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0030
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0035
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0035
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0040
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0040
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0045
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0045
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0050
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0050
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0050
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0055
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0055
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0060
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0060
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0060
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0065
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0065
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0070
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0070
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0075
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0075
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0080
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0080
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0085
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0085
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0090
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0090
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0095
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0095
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0100
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0100
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0105
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0105
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0110
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0110
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0115
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0115
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0115
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0115
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0120
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0120
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0120
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0125
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0125
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0125
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0130
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0130
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0130
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0135
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0135


121C.S. Tautermann et al. / Computational and Structural Biotechnology Journal 13 (2015) 111–121
[28] Bertheleme N, Chae PS, Singh S, Mossakowska D, Hann MM, Smith KJ, et al.
Unlocking the secrets of the gatekeeper: methods for stabilizing and crystallizing
GPCRs. Biochim Biophys Acta 2013;1828:2583–91.

[29] Costanzi S. Modeling G protein-coupled receptors and their interactions with
ligands. Curr Opin Struct Biol 2013;23:185–90.

[30] Heifetz A, Barker O, Morris GB, Law RJ, Slack M, Biggin PC. Toward an understanding of
agonist binding to human Orexin-1 and Orexin-2 receptors with G-protein-coupled
receptor modeling and site-directed mutagenesis. Biochemistry 2013;52:8246–60.

[31] Latek D, Pasznik P, Carlomagno T, Filipek S. Towards improved quality of GPCR
models by usage of multiple templates and profile-profile comparison. PLoS One
2013;8:e56742.

[32] Preininger AM, Meiler J, HammHE. Conformational flexibility and structural dynamics
in GPCR-mediated G protein activation: a perspective. J Mol Biol 2013;425:2288–98.

[33] Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, et al. Crystal struc-
ture of the beta2 adrenergic receptor-Gs protein complex. Nature 2011;477:549–55.

[34] Rasmussen SG, Choi HJ, Fung JJ, Pardon E, Casarosa P, Chae PS, et al. Structure of a
nanobody-stabilized active state of the beta(2) adrenoceptor. Nature 2011;469:
175–80.

[35] Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SG, Thian FS, Kobilka TS, et al.
High-resolution crystal structure of an engineered human beta2-adrenergic G
protein-coupled receptor. Science 2007;318:1258–65.

[36] Kohlhoff KJ, Shukla D, Lawrenz M, Bowman GR, Konerding DE, Belov D, et al. Cloud-
based simulations on Google Exacycle reveal ligand modulation of GPCR activation
pathways. Nat Chem 2014;6:15–21.

[37] Dror RO, Arlow DH, Maragakis P, Mildorf TJ, Pan AC, Xu H, et al. Activation mecha-
nism of the beta2-adrenergic receptor. Proc Natl Acad Sci 2011;108:18684–9.

[38] BrunoA, CostantinoG.Molecular dynamics simulations ofG protein-coupled receptors.
Mol Inform 2012;31:222–30.

[39] Dror RO, Dirks RM, Grossman JP, Xu H, Shaw DE. Biomolecular simulation: a compu-
tational microscope for molecular biology. Annu Rev Biophys 2012;41:429–52.

[40] Zhao H, Caflisch A. Molecular dynamics in drug design. Eur J Med Chem 2014.
http://dx.doi.org/10.1016/j.ejmech.2014.08.004.

[41] Durrant JD, McCammon JA. Molecular dynamics simulations and drug discovery.
BMC Biol 2011;9:71.

[42] Harvey MJ, De Fabritiis G. High-throughput molecular dynamics: the powerful new
tool for drug discovery. Drug Discov Today 2012;17:1059–62.

[43] Cozzini P, Kellogg GE, Spyrakis F, Abraham DJ, Costantino G, Emerson A, et al. Target
flexibility: an emerging consideration in drug discovery and design. J Med Chem
2008;51:6237–55.

[44] Feixas F, Lindert S, Sinko W, McCammon JA. Exploring the role of receptor flexibility
in structure-based drug discovery. Biophys Chem 2014;186:31–45.

[45] Guvench O, Mackerell Jr AD. Computational fragment-based binding site identifica-
tion by ligand competitive saturation. PLoS Comput Biol 2009;5:e1000435.

[46] Christ CD, Fox T. Accuracy assessment and automation of free energy calculations for
drug design. J Chem Inf Model 2014;54:108–20.

[47] Hansen N, Van GunsterenWF. Practical aspects of free-energy calculations: a review.
J Chem Theory Comput 2014;10:2632–47.

[48] Tan Q, Zhu Y, Li J, Chen Z, Han GW, Kufareva I, et al. Structure of the CCR5 chemokine
receptor–HIV entry inhibitor maraviroc complex. Science 2013;341:1387–90.

[49] Chemical Computing Group. MOE — Molecular operating environment. Montreal:
Chemical Computing Group; 2010.

[50] Marti-Renom MA, Stuart AC, Fiser A, Sanchez R, Melo F, Sali A. Comparative protein
structure modeling of genes and genomes. Annu Rev Biophys Biomol Struct 2000;
29:291–325.

[51] Sali A, Blundell TL. Comparative protein modelling by satisfaction of spatial re-
straints. J Mol Biol 1993;234:779–815.

[52] Kriegl JM, Martyres D, Grundl MA, Anderskewitz R, Dollinger H, Rast G, et al. Rodent
selectivity of piperidine-4-yl-1H-indoles, a series of CC chemokine receptor-3
(CCR3) antagonists: insights from a receptor model. Bioorg Med Chem Lett 2014
http://dx.doi.org/10.1016/j.bmcl.2014.11.063.

[53] Hess B, Kutzner C, van der Spoel D, Lindahl E. GROMACS 4: algorithms for highly
efficient, load-balanced, and scalable molecular simulation. J Chem Theory Comput
2008;4:435–47.

[54] Tautermann CS, Kiechle T, Seeliger D, Diehl S, Wex E, Banholzer R, et al. Molecular
basis for the long duration of action and kinetic selectivity of tiotropium for themus-
carinic M3 receptor. J Med Chem 2013;56:8746–56.

[55] Berger O, Edholm O, Jahnig F. Molecular dynamics simulations of a fluid bilayer of
dipalmitoylphosphatidylcholine at full hydration, constant pressure, and constant
temperature. Biophys J 1997;72:2002–13.
[56] Best RB, Hummer G. Optimizedmolecular dynamics force fields applied to the helix–
coil transition of polypeptides. J Phys Chem B 2009;113:9004–15.

[57] Lindorff-Larsen K, Piana S, Palmo K, Maragakis P, Klepeis JL, Dror RO, et al. Improved
side-chain torsion potentials for the Amber ff99SB protein force field. Proteins 2010;
78:1950–8.

[58] Berendsen HJC, Grigera JR, Straatsma TP. The missing term in effective pair poten-
tials. J Phys Chem 1987;91:6269–71.

[59] Joung IS, Cheatham III TE. Determination of alkali and halidemonovalent ion param-
eters for use in explicitly solvated biomolecular simulations. J Phys Chem B 2008;
112:9020–41.

[60] Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a
general amber force field. J Comput Chem 2004;25:1157–74.

[61] Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR, et al.
Gaussian 09, Revision B.01. Gaussian 09, Revision B.01. Wallingford CT: Gaussian,
Inc.; 2009.

[62] Sousa da Silva A, VrankenW. ACPYPE— AnteChamber PYthon Parser interfacE. BMC
Res Notes 2012;5:367.

[63] Wolf MG, Hoefling M, Aponte-Santamaría C, Grubmüller H, Groenhof G. g_membed:
efficient insertion of a membrane protein into an equilibrated lipid bilayer with
minimal perturbation. J Comput Chem 2010;31:2169–74.

[64] Berendsen HJC, Postma JPM, van Gunsteren WF, DiNola A, Haak JR. Molecular
dynamics with coupling to an external bath. J Chem Phys 1984;81:3684–90.

[65] Bussi G, Donadio D, Parrinello M. Canonical sampling through velocity rescaling. J
Chem Phys 2007;126:014101–7.

[66] Parrinello M, Rahman A. Polymorphic transitions in single crystals: a newmolecular
dynamics method. J Appl Phys 1981;52:7182–90.

[67] Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A smooth particle
mesh Ewald method. J Chem Phys 1995;103:8577–93.

[68] Miyamoto S, Kollman PA. Settle: an analytical version of the SHAKE and RATTLE
algorithm for rigid water models. J Comput Chem 1992;13:952–62.

[69] Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. LINCS: a linear constraint solver for
molecular simulations. J Comput Chem 1997;18:1463–72.

[70] Feenstra KA, Hess B, Berendsen HJC. Improving efficiency of large time-scale molec-
ular dynamics simulations of hydrogen-rich systems. J Comput Chem 1999;20:
786–98.

[71] Viola A, Luster AD. Chemokines and their receptors: drug targets in immunity and
inflammation. Annu Rev Pharmacol Toxicol 2008;48:171–97.

[72] Bahl A, Springthorpe B, Riley R. Chemokine CCR3 antagonists. In: Hansel TT, Barnes
PJ, editors. New drugs and targets for asthma and COPD. 39th ed. Basel: Karger AG;
2010. p. 153–9.

[73] Trabanino RJ, Hall SE, Vaidehi N, FlorianoWB, Kam VW, Goddard 3rdWA. First prin-
ciples predictions of the structure and function of g-protein-coupled receptors: val-
idation for bovine rhodopsin. Biophys J 2004;86:1904–21.

[74] Wise EL, Duchesnes C, da Fonseca PC, Allen RA, Williams TJ, Pease JE. Small molecule
receptor agonists and antagonists of CCR3 provide insight into mechanisms of
chemokine receptor activation. J Biol Chem 2007;282:27935–43.

[75] Surgand JS, Rodrigo J, Kellenberger E, Rognan D. A chemogenomic analysis of the
transmembrane binding cavity of human G-protein-coupled receptors. Proteins
2006;62:509–38.

[76] Martyres D, Hoffmann M, Seither P, Bouyssou T. Novel substituted piperidyl-
propane-thiolsWO2008/049875 A1[WO2008/049875] ; 2008.

[77] Global Strategy for the Diagnosis, Management and Prevention of COPD. Global
Initiative for Chronic Obstructive Lung Disease (GOLD); 2014 Available from:
http://www.goldcopd.org/.

[78] Cazzola M, Page CP, Calzetta L, Matera MG. Pharmacology and therapeutics of
bronchodilators. Pharmacol Rev 2012;64:450–504.

[79] Kruse AC, Hu J, Pan AC, Arlow DH, Rosenbaum DM, Rosemond E, et al. Structure and
dynamics of the M3 muscarinic acetylcholine receptor. Nature 2012;482:552–6.

[80] Schmidtke P, Luque FJ, Murray JB, Barril X. Shielded hydrogen bonds as structural
determinants of binding kinetics: application in drug design. J Am Chem Soc 2011;
133:18903–10.

[81] Katritch V, Fenalti G, Abola EE, Roth BL, Cherezov V, Stevens RC. Allosteric sodium in
class A GPCR signaling. Trends Biochem Sci 2014;39:233–44.

[82] Pande VS, Beauchamp K, Bowman GR. Everything you wanted to know about
Markov State Models but were afraid to ask. Methods 2010;52:99–105.

[83] Prinz JH, Wu H, Sarich M, Keller B, Senne M, Held M, et al. Markov models of molec-
ular kinetics: generation and validation. J Chem Phys 2011;134:174105.

http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0140
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0140
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0140
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0145
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0145
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0150
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0150
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0150
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0155
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0155
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0155
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0160
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0160
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0165
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0165
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0170
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0170
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0170
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0175
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0175
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0175
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0180
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0180
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0180
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0185
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0185
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0190
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0190
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0195
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0195
http://dx.doi.org/10.1016/j.ejmech.2014.08.004
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0200
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0200
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0205
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0205
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0210
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0210
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0210
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0215
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0215
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0220
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0220
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0225
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0225
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0230
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0230
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0235
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0235
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0395
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0395
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0240
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0240
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0240
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0245
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0245
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0400
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0400
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0400
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0400
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0250
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0250
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0250
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0255
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0255
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0255
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0260
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0260
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0260
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0265
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0265
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0270
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0270
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0270
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0275
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0275
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0280
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0280
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0280
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0285
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0285
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0405
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0405
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0405
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0290
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0290
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0295
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0295
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0295
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0300
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0300
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0305
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0305
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0310
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0310
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0315
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0315
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0320
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0320
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0325
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0325
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0330
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0330
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0330
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0335
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0335
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0340
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0340
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0340
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0345
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0345
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0345
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0350
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0350
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0350
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0355
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0355
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0355
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0410
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0410
http://www.goldcopd.org/
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0360
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0360
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0365
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0365
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0370
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0370
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0370
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0375
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0375
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0380
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0380
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0385
http://refhub.elsevier.com/S2001-0370(14)00052-X/rf0385

	What can we learn from molecular dynamics simulations for GPCR drug design?
	1. Introduction
	2. Computational methods
	2.1. Homology modeling and ligand placement for CCR3
	2.2. Molecular dynamics simulations

	3. Case Study 1: binding of small molecules to the CC chemokine receptor-3
	3.1. Results of Case Study 1
	3.2. Discussion of Case Study 1

	4. Case Study 2: binding of small molecules to hM3R
	4.1. Results of Case Study 2
	4.1.1. Changes in the tyrosine cage
	4.1.2. Changes in the ligand–receptor interactions
	4.1.3. Flexibility of the entry/exit channel
	4.1.4. Water densities and networks

	4.2. Discussion of Case Study 2

	5. Summary and outlook
	Acknowledgments
	Appendix A. Supplementary material
	References


