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Abstract: Structure-driven fragment-based (SDFB) approaches have provided effcient methods 
for the identifcation of novel drug candidates. This strategy has been largely applied in 
discovering several pharmacological ligand classes, including enzyme inhibitors, receptor antagonists 
and, more recently, also allosteric (positive and negative) modulators. Recently, Siegal and 
collaborators reported an interesting study, performed on a detergent-solubilized StaR adenosine 
A2A receptor, describing the existence of both fragment-like negative allosteric modulators (NAMs), 
and fragment-like positive allosteric modulators (PAMs). From this retrospective study, our results 
suggest that Supervised Molecular Dynamics (SuMD) simulations can support, on a reasonable time 
scale, the identifcation of fragment-like PAMs following their receptor recognition pathways and 
characterizing the possible allosteric binding sites. 

Keywords: adenosine receptors; positive allosteric modulators; fragment-based approaches; 
supervised molecular dynamics 

1. Introduction 

Structure-driven fragment-based (SDFB) approaches have provided effcient methods for the 
design of novel pharmacological probes as well as drug candidates [1]. One of the main advances 
of using fragment-based approaches is that they rely on screening small chemical fragments 
(100–250 Da) [2] allowing one to explore a signifcantly larger portion of chemical space with fewer 
compounds when compared with other screening strategies [2]. Moreover, early hits from a fragment 
screen generally bind more effciently, even if not strongly, to their target and represent desirable 
starting points for medicinal chemists to grow and optimize these into lead candidates. 

Interestingly, this strategy has been largely applied in discovering several classes of 
pharmacological ligands, including enzyme inhibitors, receptor antagonists and, more recently, 
also allosteric (positive and negative) modulators [2–5]. In particular, allosteric modulation of G 
protein-coupled receptors (GPCRs) has stimulated an intensive campaign to identify new classes of 
hit-candidates different from conventional agonists and antagonists, in particular considering the 
breakthroughs coming from GPCR crystallographic determination that has resulted in a fast-growing 
number of structures obtained as complexes with allosteric modulators. It is useful to underline the 
Allosteric Database (ASD) repository that it has been developed to provide comprehensive information 
characterizing allosteric regulation ranging from allosteric proteins, modulators of interactions, sites, 
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pathways, functions and related diseases [6,7]. Thus, elucidating the profile of allosteric recognition in 
GPCRs provides hope for the design of potent modulators with improved protein subtype selectivity, 
adverse effects, and/or pathway-biased signaling. This has been the subject of several recent reviews [8,9]. 

Recently, Chen and collaborators reported an interesting study in which a screen of 531 fragments 
was performed on a detergent-solubilized StaR adenosine A2A receptor [10]. Several hits, with both 
orthosteric and allosteric modulatory activity, were successfully identifed and then thoroughly 
characterized for biochemical activity using the wild-type receptor. The authors reported that three 
fragments signifcantly (at least 30%) increased the koff of the orthosteric ligand and hence are negative 
allosteric modulators (NAMs), while four signifcantly decreased the koff and hence are positive 
allosteric modulators (PAMs) of both ZM241385 and NECA [10]. 

We have recently reported on an alternative computational method, Supervised Molecular 
Dynamics (SuMD), that allows investigating the ligand-receptor recognition pathway on a nanoseconds 
(ns) time scale [11–13]. SuMD performs short unbiased MD simulations during which the distance 
between the center of masses of the ligand atoms and the binding site is monitored. At the end 
of each time window distance points collected are ftted into a linear function f(x) = mx and a 
tabu-like algorithm is applied to increase the probability to produce ligand-receptor binding events 
as follows: if the slope (m) is negative, the ligand is likely to move closer to the binding site and 
a classic MD simulation is restarted from the last set of coordinates and velocities. Otherwise, 
the simulation is restored from the original set of coordinates and random velocities are reassigned to 
each atom. The supervision is repeated until the ligand-receptor distance is less than 5 Å. In addition, 
to speeding up the acquisition of the ligand–receptor recognition trajectory, this approach facilitates 
the identifcation and the structural characterization of multiple binding events (such as meta-binding, 
allosteric, and orthosteric sites) by taking advantage of the all-atom MD simulations accuracy of 
GPCR–ligand complexes embedded into explicit lipid–water environment. In particular, we have 
utilized SuMD with the aim to characterize and rationalize the activity of the LUF6000, an adenosine 
A3 receptor PAM, at a molecular level [14]. We have analyzed the ligand–receptor recognition pattern, 
both for LUF6000 and the endogenous agonist adenosine separately and also considering the recognition 
pathway of the PAM by the hA3 AR in complex with adenosine. In this work, to verify the applicability 
domain of our methodology, we selected two fragment-like adenosine A2A receptor PAMs (see Table 1) 
exploring their possible recognition pathways by performing SuMD simulations in the absence and in 
presence of the NECA agonist. Interestingly, from this retrospective study, our results suggest that SuMD 
simulations can support, in a reasonable time scale, the identification of a fragment-like PAMs following 
their receptor recognition pathways and characterizing the possible allosteric binding sites. 

Table 1. Fragments with PAM activity towards A2A AR considered in the present study [10]. 

Compound ID [3H]-NECA koff (min−1 or % Allosteric Modulation) 
No PAM / 0.015 ± 0.02 
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2. Results 

Here we employed supervised molecular dynamics (SuMD) [11,12], a computational technique 
that allows simulating intermolecular recognition events on a nanoseconds time scale, with the aim 
of rationalizing the experimental behavior of ZB1854 [3-(3,4-dihydroquinolin-1(2H)-yl)propanoic acid)] 

ZB1854 0.0095 ± 0.0005 (18%) 
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rationalizing the experimental behavior of ZB1854 [3-(3,4-dihydroquinolin-1(2H)-yl)propanoic acid)] 
and ZB268 [(6-chloro-2H-chromene-3-carboxylic acid] (Table 1), two fragments (PM < 300 Da) able to 
act as A2A AR PAM. In the experimental work by Chen et al. [10] the modulation exerted by these two 
fragments on both agonists NECA and CGS21680 as well on the antagonist ZM241385 highlighted 
their ability to slightly slow down the unbinding kinetics constants koff of orthosteric ligands (Table 1). 

In the present study, using the recently disclosed X-ray crystal structure of the A2A AR subtype in 
its active G protein-bound conformation [15], we sampled multiple putative allosteric binding sites 
by means of SuMD simulations and then monitored the stability of the orthosteric complex between 
NECA and the A2A AR (see Appendix A for its description) by using unsupervised MD. Considering 
that ZB1854 and ZB268 bring an acidic moiety, we decide to simulate the binding from the extracellular 
side of the simulation box. Indeed, at physiological pH values, the fragments prevalently exist in their 
anionic form, not allowing the passive molecular diffusion through biological membranes. We also 
performed a SuMD simulation for caffeine (which is a well-known fragment able to act as an antagonist 
on A2A AR [16]) and ZB1854 on the apo form of A2A AR, with the aim of understand why experiments 
excluded any antagonist activity for these fragments. 

2.1. SuMD Simulations of ZB1854 on the APO Form of A2A AR 

During SuMD simulations performed on compound ZB1854 (Video S2), in all of the fve replicates 
the fragment approached an extracellular receptor spot, located at about 15 Å from the orthosteric 
site and edged by EL2, EL3, TM5 and TM6 (Figure S1). SuMD replicas 1 (Figure S2 panel A) and 3 
(Figure S2 panel B) terminated with the ligand still in this extracellular region, while during replica 2, 
4 and 5 it was able to partially reach the orthosteric site. The high energetic stabilizations gained in 
these stable sites are mainly ascribable to ionic interactions (notably, it is well known that molecular 
mechanics models overestimate this kind of intermolecular interactions [17]) between the acidic 
moiety of the PAM and the positively charged residues K153 (EL2) and H264 (EL3). Interestingly, 
three out of fve SuMD simulations resulted in an orthosteric binding event. However, considering 
the recognition events energy landscapes (Figure S2) it is important to note both that the fragment 
usually did not reach a deep position in the binding site (a few points are below the distances of 5 Å) 
and that the metastable states were usually more stable than the orthosteric site. Moreover, during the 
trajectories some distances between the metastable and the orthosteric site were poorly populated, 
indicating the presence of energetically unfavorable confgurations (ascribable to putative binding 
transition states). SuMD replica 2 (Figure S1 panel B) well represents this scenario. The recognition 
pathway can be summarized in three main steps: (i) ZB1854 experienced a stabilization in a meta-stable 
state S1 (Figure 1 panel S1), establishing an electrostatic interaction with K153 (EL2) and hydrophobic 
contacts with M174, P260 and T256; (ii) the fragment experienced the energetically unfavourable 
state S2 (Figure 1 panel S2) characterized by an electrostatic repulsion with E169 (the only stabilizing 
contact is formed with L267); (iii) fnally, the fragment reached the orthosteric site in conformation 
S3 (Figure 1 panel S3), engaging F168 in a hydrophobic contact. Notably, the compound did not 
interact with N253, which is one of the A2A AR residues necessary for binding of both agonists and 
antagonist [18,19]. Among all the fve SuMD replicates, the last one (Figure S1 panel E) is the only one 
that ended with a ZB1854-A2A AR complex more stable than the metastable states along the recognition 
pathway. This stabilization was due to an electrostatic interaction with the positively charged H264 
side chain, but again no fundamental interactions were established with N253 (Figure S3). It is possible 
to highlight unfavorable states (located at about 10 Å from the orthosteric site) also during SuMD 
simulations for caffeine (Figures S4 and S5). However, caffeine in its fnal bound state is usually more 
stable than in the former intermediate states and it is able to reach deep positions in the orthosteric 
site at the end of the simulations (many points below the distances of 5 Å in Figure S4). All these 
differences should allow distinguishing a well-known A2A AR binder (caffeine) from a compound that 
is not able to form stable orthosteric complexes (ZB1854). 
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Figure 1. ZB1854-A2A AR (apo form) recognition during SuMD replica 2. (S1) Meta-stable complex; 
(S2) intermediate energetically unfavorable state; (S3) ZB1854 inside the A2A AR orthosteric site (TM6 
has been removed for clarity). 
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Fragment ZB1854 showed a concentration-dependent modulatory effect on the dissociation of 
[3H]-NECA from the A2A AR (Table 1) and potentiated the maximal effect of CGS21680 [10]. During 
five SuMD replicates (Video S3 and Figure S6) ZB1854 approached the receptor extracellular 
vestibula in two main positions (Figure 2 panel A), located at about 15 Å from the orthosteric site. 
More precisely, in replicas 1, 2 and 4 it reached a site located between EL2 and TM7, while in replicas 
3 and 5 the PAM arrived at a spot enclosed by EL2 and EL3, in analogy with SuMD simulations on 
the apo form. Unsupervised MD simulations performed on each final complex did not highlight any 
evident further orthosteric stabilization between the NECA and the A2A AR (Figure S7). Indeed, it is 
difficult to distinguish normal dynamic fluctuations of the intermolecular interactions from 
stabilizations/destabilizations that could be caused by the binding of the fragment to extracellular 
elements of the receptor. The five putative allosteric sites sampled for ZB1854 are better shown in 
Figure 3. As anticipated, the interaction between the ligand and K153 side chain are present in all the 
five intermolecular complexes. What differentiates these configuration is the position of the 
dihydroquinoline scaffold: in replica 2 it is oriented toward T256 (Figure 3, panel B), in replica 3 it 
makes contacts with M174 and P260 (Figure 3, panel C), in replica 5 interacts with M174 side chain 
(Figure 3, panel E) and in replicas 1 and 4 it is stacked between V167 and L267 side chains (Figure 3, 
panel A and D). Interestingly, the latter configuration partially overlaps with the accessory binding site 
observed in a recent A2A AR X-ray crystal structure [20], which comprises L267 and Y271 side chains. 

 
Figure 2. Recognition pathways, according to five SuMD replicas for (A) ZB1854-A2A AR; (B) ZB268-
A2A AR. Segments approximate the ligands’ trajectories, while the diameters of the spheres are 
proportional to the SuMD simulation time spent by the ligand in the corresponding position. Replica 
1 is red color coded; replica 2 is blue color coded; replica 3 is green color coded; replica 4 is orange 
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Figure 1. ZB1854-A2A AR (apo form) recognition during SuMD replica 2. (S1) Meta-stable complex; 
(S2) intermediate energetically unfavorable state; (S3) ZB1854 inside the A2A AR orthosteric site 
(TM6 has been removed for clarity). 

2.2. SuMD Simulations of ZB1854 on A2A AR in Orthosteric Complex with NECA 

Fragment ZB1854 showed a concentration-dependent modulatory effect on the dissociation 
of [3H]-NECA from the A2A AR (Table 1) and potentiated the maximal effect of CGS21680 [10]. 
During fve SuMD replicates (Video S3 and Figure S6) ZB1854 approached the receptor extracellular 
vestibula in two main positions (Figure 2 panel A), located at about 15 Å from the orthosteric site. 
More precisely, in replicas 1, 2 and 4 it reached a site located between EL2 and TM7, while in replicas 
3 and 5 the PAM arrived at a spot enclosed by EL2 and EL3, in analogy with SuMD simulations on 
the apo form. Unsupervised MD simulations performed on each fnal complex did not highlight 
any evident further orthosteric stabilization between the NECA and the A2A AR (Figure S7). Indeed, 
it is diffcult to distinguish normal dynamic fuctuations of the intermolecular interactions from 
stabilizations/destabilizations that could be caused by the binding of the fragment to extracellular 
elements of the receptor. The fve putative allosteric sites sampled for ZB1854 are better shown in 
Figure 3. As anticipated, the interaction between the ligand and K153 side chain are present in all 
the fve intermolecular complexes. What differentiates these confguration is the position of the 
dihydroquinoline scaffold: in replica 2 it is oriented toward T256 (Figure 3, panel B), in replica 3 it 
makes contacts with M174 and P260 (Figure 3, panel C), in replica 5 interacts with M174 side chain 
(Figure 3, panel E) and in replicas 1 and 4 it is stacked between V167 and L267 side chains (Figure 3, 
panels A and D). Interestingly, the latter confguration partially overlaps with the accessory binding site 
observed in a recent A2A AR X-ray crystal structure [20], which comprises L267 and Y271 side chains. 
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(E) replica 5. 

2.3. SuMD Simulations of ZB268 on A2A AR in Orthosteric Complex with NECA 

Compound ZB268 showed a concentration-dependent modulatory effect on the dissociation of 
[3H]-NECA from the A2A AR slightly lower than ZB1854 (Table 1) [10]. During fve SuMD replicas, 
ZB268 reached the extracellular vestibula and stopped at about 10–15 Å (Figure 1 panel B), establishing 
stable complexes with A2A AR (Figure S8 panels A–E). Replica 5 (Figure S8 panel E) resulted in the less 
stabilized intermolecular complex (described by force feld interactions in the range of 0–45 kcal/mol), 
due to the fact that the fragment reached the receptor surface outside the TMs bundle (Figure 4 panel 
E). During unsupervised MD simulations run on these confgurations, no evident further orthosteric 
stabilization between NECA and the receptor was observed (Figure S9 panels A–E). SuMD replica 
1 (Figure 4 panel A) and replica 4 (Figure 4 panel D) led to the formation of a similar complex, 
characterized by the hydrophobic contacts with T256 and M174 as well as ionic interaction with K153. 
Replica 2 (Figure 4 panel B) and replica 3 (Figure 4 panel C), instead, terminated with the PAM fragment 
able to reach a hydrophobic pocket edged by Y271, L267 and M270 side chains. However, while during 
replica 3 the ligand oriented its chlorine atom towards I252 and H264 side chains, in replica 2 the 
carboxylic moiety of ZB268 interacted with the protonated H264. As observed for compound ZB1854, 
this latter confguration well overlaps with the accessory binding site observed in the work of Sun 
et al. [20] which comprises L267 and Y271 side chains. SuMD replica 5 produced a peculiar complex 
between A2A AR and ZB268 (Figure 4 panel E), in which the fragment made contacts with residues 
located towards the lipid environment, in correspondence of both TM6 (F255 and I252) and TM7 (L269). 
In a recent work, Segala et al. [21] addressed the role of the salt bridge formed by H264 (EL3) and E169 
(EL2) in modulating the dissociation rates of different A2A AR antagonists, correlating the ligands’ 
residence times to the stability of the salt bridge itself. Inspired by their approach we applied the same 
metadynamics protocol for an in silico evaluation of putative stabilizations produced by the binding of 
ZB268 at the protein EL3/lipid phase interface. Compared to the complex A2A AR-NECA in absence 
of the PAM, simulations highlighted a slight stabilization of the salt bridge in its closed conformation 
when the PAM is present (a distance of about 4–5 Å), as reported in Figure S10. 
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3. Discussion 

Nowadays increasing efforts are addressed to a deeper understanding of GPCRs allosterism. 
Results from a wide range of both experimental and theoretical studies (e.g., mutagenesis, 
X-ray crystallography, spectroscopy, bioinformatics, and modeling) have recently allowed depicting 
a more general picture of this phenomenon [6,7]. However, focusing on the A2A AR, still few 
information have been reported about allosteric sites [22]. It is well accepted that sodium ions are able 
to unselectively stabilize class A GPCRs in inactive conformations [23,24], while drug design strategies 
led to the characterization of more selective compounds by using amiloride as reference compound 
able to bind the sodium allosteric site [25]. Indeed, as (to the best of our knowledge) alternative A2A 

AR allosteric sites have not still been spotted or proposed, in this paper, we have computationally 
addressed this topic. Inspired by our work on the A3 AR PAM LUF6000 [14], by means of supervised 
molecular dynamics (SuMD) simulations, we obtained insights about putative allosteric sites for 
compounds ZB1854 and ZB268 on the A2A AR subtype. Indeed, these fragments are able to affect the 
experimental NECA-A2A AR dissociation kinetics koff slowing down the orthosteric unbinding [10]. 
According to Eyring’s theory [26], the experimental koff decrease observed in presence of these PAMs 
(18% and 8% respectively) is caused by a free energy increase of less than 1 kcal/mol between the 
NECA bound state and the transition state of the overall unbinding process. Notably, this restricted 
energetic alteration can be due either to a destabilization of the transition state (which requires more 
energy to be overcome) or a further stabilization of the bound state. 
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Outcomes from SuMD performed on A2A AR apo form and ZB1854 confrms the experimental 
observation that the fragment does not exert any antagonism towards the receptor. The orthosteric 
binding should be kinetically unfavorable due to the presence of the acidic residue E169 on EL2, able to 
electrostatically repulse the negatively charged compound and therefore generating a high-energy 
transition state. Moreover, the hypothetic orthosteric complex sampled lacked the stabilization 
generated by hydrogen bonding with an N253 side chain, key residues for binding to A2A AR [18,19]. 
Interestingly, while in absence of NECA ZB1854 approached the receptor preferentially at the top of 
TM4, TM5 (between EL3 and EL2), in presence of the orthosteric agonist the PAM experienced an 
alternative binding mode, partially corresponding to the accessory site observed in a recent A2A AR 
X-ray crystal structure [20]. In both of the two proposed confgurations, residue K153 played a crucial 
role stabilizing the complex through an ionic interaction. During SuMD simulations and unsupervised 
MD simulation, the stability of NECA-A2A AR orthosteric complex was subjected to normal dynamic 
fuctuations, making diffcult to observe potential slight contributions produced by fragments binding 
to the receptor. It is more reliable that the fragments should obstacle the dissociation of the ligand 
by weakly bind to sites located on the receptor extracellular surface (interestingly, PAM effect was 
observed on both agonists and antagonists). Indeed, ZB1854 and ZB268 recognitions energy landscapes 
(Figures S6 and S8) suggest an almost diffusive binding kinetics, as the fragments reached the receptor 
without any bottleneck along their pathways. Moreover, in a recent SuMD applicative study [12] 
different NECA-A2A AR recognition pathways were sampled, highlighting metastable sites located 
at the top of TM5 and TM6, in positions consistent with the putative allosteric site detected during 
replica 3 and 5 (fragment ZB1854) as well as during replicas 1 and 4 (fragment ZB268). According 
to SuMD simulation replica 5, an alternative PAM mechanism for ZB268 was proposed. In this case, 
ZB268 binding to an external protein site at the lipid interface may generate a slight stabilization of 
the closed conformation of the H264 (EL3)-E169 (EL2) salt bridge, which contributes to the overall 
dissociation kinetics rates of A2A AR ligands. 

4. Materials and Methods 

4.1. General 

All computations were carried out on a hybrid CPU/GPU cluster. Molecular dynamics (MD) 
simulations were performed with ACEMD engine [27] on a GPU cluster composed by 20 NVIDIA 
drivers: fve NVIDIA GTX 980Ti, seven NVIDIA GTX 980, three NVIDIA GTX 780, two NVIDIA GTX 
680 and three NVIDIA GTX 580. For all the simulations, the CHARMM27 [28]/CHARMM general 
force feld (CGenFF) combination was adopted [29,30]. 

4.2. Systems Preparation 

NECA-A2A AR complex and caffeine-A2A AR were retrieved from the RCSB Protein Data Bank 
database [31] (PDB ID 5G53 [15] and 3RFM [16] respectively) and handled by means of the MOE [32] 
protein structure preparation tool. Hydrogen atoms were assigned according to Protonate-3D [33] 
and any missing loop was modeled with the homology modeling protocol. Missing atoms in the side 
chains, as well as non-natural N-terminal and C-terminal, were rebuilt according to the CHARMM 
force feld topology [28]. In the case of PDB ID 5G53, the guanosine-50-diphosphate (GDP) bound to 
the engineered G-protein was removed. A2A AR apo forms were obtained by simply deleting NECA 
and the caffeine from their respective complex. 

4.3. Ligand Parameterization 

NECA, ZB1854, ZB268, ZB418 and caffeine force feld parameters were initially retrieved from 
the Paramchem web service and then deeply optimized in concordance with CGenFF [30], at the 
MP2/6-31G* level of the theory [34] by using Gaussian 09 and RESP partial charges [35]. 
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4.4. Solvated System Setup and Equilibration 

Systems were embedded in a 1-palmitoyl-2oleyl-sn-glycerol-3-phospho-choline (POPC) lipid 
bilayer, according to the pre-orientation provided by the Orientations Proteins in Membrane (OPM) 
database [36] and by using the VMD [37] membrane builder plugin. Lipids within 0.6 Å from the 
protein were removed and TIP3P model [38] water molecules were added to solvate the system by 
means of Solvate1.0 [39]. System charge neutrality was reached by adding Naì/Cl− counterions to a 
fnal concentration of 0.154. Equilibration was performed through a three-step procedure. In the frst 
one, 1500 conjugate-gradient minimization steps were applied in order to reduce the clashes between 
protein and lipids. Then, a 5 ns long MD simulation was performed in the NPT ensemble, with a 
positional constraint of 1 kcal mol−1 Å−2 on ligand, protein, and lipid phosphorus atoms. During the 
second stage, 20 ns of MD simulation in the NPT ensemble were performed constraining all the protein 
and ligand atoms but leaving POPC residues free to diffuse in the bilayer. In the last equilibration 
stage, positional constraints were applied only to the ligand and protein backbone alpha carbons for 
further 5 ns of MD simulation. 

All the MD simulations were performed using: (1) an integration time step of 2 fs; (2) the 
Berendsen barostat [40] in order to maintain the system pressure at 1 atm; (3) the Langevin 
thermostat [41] to maintain temperature at 310 K with a low dumping of 1 ps−1; (4) the M-SHAKE 
algorithm [42] to constrain the bond lengths involving hydrogen atoms. 

4.5. Supervised Molecular Dynamics (SuMD) Simulations 

We performed supervised molecular dynamics (SuMD) simulations [11,12] in order to sample 
putative binding sites for allosteric modulators ZB1854, ZB268 and ZB418, as well to simulate 
the binding of caffeine to A2A AR. According to this MD-based approach, the timescale needed 
to reproduce complete intermolecular complexes formations results in the range of nanoseconds, 
instead of hundreds of nanoseconds or microseconds usually necessary with unsupervised MD. 
Sampling is gained without the introduction of any bias, but just by applying a tabu—like algorithm 
to monitor the distance between the centers of masses of the ligand and the binding site, during short 
unbiased MD simulations. SuMD considers the ligand atoms and the atoms of user-defned protein 
residues to monitor the distance between the center of masses of the binder and the binding site. 
A series of 600 ps unbiased MD simulations are performed and after each simulation, the distance 
points collected at regular time intervals are ftted into a linear function. If the resulting slope is 
negative the next simulation step starts from the last set of coordinates and velocities produced, 
otherwise the simulation is restarted by randomly assigning the atomic velocities. Short simulations 
are perpetuated under the supervision until the distance between the ligand and the binding site 
drops below 5 Å, then the supervision is disabled and a classical MD simulation is performed. From a 
general point of view, SuMD can be considered an adaptive sampling method during which unbiased 
simulation are run consecutively, instead of that in parallel as usually done [43,44]. In the present 
study for the computation of the orthosteric center of mass, we considered A2A AR residues N253, 
F168, W246, and T88. 

4.6. Metadynamics Simulations 

The stability of the salt bridge formed by H264 (EL3) and E169 (EL2) was investigated 
by means of metadynamics simulations [45,46] by using Gromacs 5.1.2 [47], PLUMED 2.3 [48] 
and CHARMM36 force feld [29,49]. A2A in complex with NECA and A2A in complex with 
NECA and ZB268 (confguration resulted from SuMD replica 5) were subjected to the same 
computational protocol (consistent with the one from the work of Segala et al. [21]). Each system 
was embedded in a triclinic simulation box, consisting of an equilibrated membrane formed by 
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipids and TIP3 water molecules, using 
g_membed [50]. Na+ Cl− ions were added to neutralize the system. An energy minimization protocol 
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consisting of 1000 steps steepest-descent algorithm has been applied to the system. The membrane 
was equilibrated using 0.5 ns MD simulation, restraining all bonds of protein and ligands by using 
LINCS algorithm [51]. The MD was performed in the NPT ensemble, maintaining the temperature at 
298 K using v-rescale [52] and the pressure of 1.013 bars using the Parrinello-Rahman [53] approach. 
Witohut applying any positional restraints, the system has been equilibrated by gradually increasing the 
temperature from 29.8 K to 298K in 3 ns. During 10 ns of productive well-tempered [54] metadynamics 
simulations (temperature was kept at 298 K, the bias factor was set to 6 and the deposition frequency 
was 0.5 ps) two collective variables (CVs) were biased: (i) CV1 was the distance between C5 of 
H264 and Cδ of E169 and (ii) CV2 was H264 dihedral angle defned by Cα, Cβ, C4 and C5 atoms. 
The initial Gaussian energy bias was: (i) 0.3 kcal/mol height and 0.04 Å width in the case of CV1; 
and (ii) 0.3 kcal/mol height and 0.3 rad width in the case of CV2. 

Supplementary Materials: Supplementary materials are available online. 
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Appendix A 

In its A2A AR orthosteric complex, NECA is stabilized by several interactions (Figure A1). 
Hydrogen bonds are established between the purine scaffold and N253 and E169 side chains, while the 
ethylcarboxamidoribose moiety engages H250, H278, S277 and T88 side chains. Hydrophobic contacts 
are ascribable to F168, I274 and M270 side chains. 

Molecules 2017, 22, 818 9 of 12 

 

CV2 was H264 dihedral angle defined by Cα, Cβ, C4 and C5 atoms. The initial Gaussian energy bias 
was: (i) 0.3 kcal/mol height and 0.04 Å width in the case of CV1; and (ii) 0.3 kcal/mol height and 0.3 rad 
width in the case of CV2. 

Supplementary Materials: Supplementary materials are available online. 

Acknowledgments: MMS lab is also very grateful to Chemical Computing Group, OpenEye, and Acellera for 
the scientific and technical partnership. S.M. participates in the European COST Action CM1207 (GLISTEN). 

Author Contributions: G.D. and S.M. conceived and designed the experiments; G.D. performed the experiments; 
G.D. and S.M. analyzed the data; G.D. and S.M. wrote the paper. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 

In its A2A AR orthosteric complex, NECA is stabilized by several interactions (Figure A1). 
Hydrogen bonds are established between the purine scaffold and N253 and E169 side chains, while 
the ethylcarboxamidoribose moiety engages H250, H278, S277 and T88 side chains. Hydrophobic 
contacts are ascribable to F168, I274 and M270 side chains. 

 
Figure A1. NECA-A2A AR intermolecular complex. Polar interactions are highlighted as dotted lines, 
while the main hydrophobic contacts are depicted as cyan transparent surfaces. (A) Side view from 
the lipid bilayer; (B) extracellular side view. 

References 

1. Blaney, J.; Nienaber, V.; Burley, S.K. Fragment-based Lead Discovery and Optimization Using X-ray 
Crystallography, Computational Chemistry, and High-throughput Organic Synthesis. In Fragment-Based 
Approaches in Drug Discovery; Jahnke, W., Erlanson, D.A., Eds.; Methods and Principles in Medicinal 
Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2006; pp. 215–248, 
doi:10.1002/3527608761.ch11; ISBN: 9783527608768. 

2. Feyfant, E.; Cross, J.B.; Paris, K.; Tsao, D.H.H. Fragment-based drug design. Methods Mol. Biol 2011, 685, 
241–252, doi:10.1007/978-1-60761-931-4_12. 

3. Latham, C.F.; La, J.; Tinetti, R.N.; Chalmers, D.K.; Tachedjian, G. Fragment Based Strategies for Discovery 
of Novel HIV-1 Reverse Transcriptase and Integrase Inhibitors. Curr. Top. Med. Chem. 2016, 16, 1135–1153, 
doi:10.2174/1568026615666150901114329. 

4. Chandramohan, A.; Krishnamurthy, S.; Larsson, A.; Nordlund, P.; Jansson, A.; Anand, G.S. Predicting 
Allosteric Effects from Orthosteric Binding in Hsp90-Ligand Interactions: Implications for Fragment-Based 
Drug Design. PLoS Comput. Biol. 2016, 12, e1004840, doi:10.1371/journal.pcbi.1004840. 

5. Lanz, J.; Riedl, R. Merging allosteric and active site binding motifs: De novo generation of target selectivity 
and potency via natural-product-derived fragments. ChemMedChem 2015, 10, 451–454, doi:10.1002/ 
cmdc.201402478. 

Figure A1. NECA-A2A AR intermolecular complex. Polar interactions are highlighted as dotted lines, 
while the main hydrophobic contacts are depicted as cyan transparent surfaces. (A) Side view from the 
lipid bilayer; (B) extracellular side view. 

References 

1. Blaney, J.; Nienaber, V.; Burley, S.K. Fragment-based Lead Discovery and Optimization Using X-ray 
Crystallography, Computational Chemistry, and High-throughput Organic Synthesis. In Fragment-Based 

Approaches in Drug Discovery; Jahnke, W., Erlanson, D.A., Eds.; Methods and Principles in Medicinal 
Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2006; pp. 215–248; 
ISBN: 9783527608768. [CrossRef] 

http://dx.doi.org/10.1002/3527608761.ch11


Molecules 2017, 22, 818 10 of 12 

2. Feyfant, E.; Cross, J.B.; Paris, K.; Tsao, D.H.H. Fragment-based drug design. Methods Mol. Biol 2011, 685, 
241–252. [CrossRef] [PubMed] 

3. Latham, C.F.; La, J.; Tinetti, R.N.; Chalmers, D.K.; Tachedjian, G. Fragment Based Strategies for Discovery 
of Novel HIV-1 Reverse Transcriptase and Integrase Inhibitors. Curr. Top. Med. Chem. 2016, 16, 1135–1153. 
[CrossRef] [PubMed] 

4. Chandramohan, A.; Krishnamurthy, S.; Larsson, A.; Nordlund, P.; Jansson, A.; Anand, G.S. Predicting 
Allosteric Effects from Orthosteric Binding in Hsp90-Ligand Interactions: Implications for Fragment-Based 
Drug Design. PLoS Comput. Biol. 2016, 12, e1004840. [CrossRef] [PubMed] 

5. Lanz, J.; Riedl, R. Merging allosteric and active site binding motifs: De novo generation of target selectivity 
and potency via natural-product-derived fragments. ChemMedChem 2015, 10, 451–454. [CrossRef] [PubMed] 

6. Huang, Z.; Mou, L.; Shen, Q.; Lu, S.; Li, C.; Liu, X.; Wang, G.; Li, S.; Geng, L.; Liu, Y.; et al. ASD v2.0: 
Updated content and novel features focusing on allosteric regulation. Nucleic Acids Res. 2014, 42, D510–D516. 
[CrossRef] [PubMed] 

7. Shen, Q.; Wang, G.; Li, S.; Liu, X.; Lu, S.; Chen, Z.; Song, K.; Yan, J.; Geng, L.; Huang, Z.; et al. ASD v3.0: 
Unraveling allosteric regulation with structural mechanisms and biological networks. Nucleic Acids Res. 
2016, 44, D527–D535. [CrossRef] [PubMed] 

8. Jazayeri, A.; Dias, J.M.; Marshall, F.H. From G Protein-coupled Receptor Structure Resolution to Rational 
Drug Design. J. Biol. Chem. 2015, 290, 19489–19495. [CrossRef] [PubMed] 

9. Congreve, M.; Dias, J.M.; Marshall, F.H. Structure-based drug design for G protein-coupled receptors. 
Prog. Med. Chem. 2014, 53, 1–63. [CrossRef] [PubMed] 

10. Chen, D.; Errey, J.C.; Heitman, L.H.; Marshall, F.H.; Ijzerman, A.P.; Siegal, G. Fragment screening of GPCRs 
using biophysical methods: Identifcation of ligands of the adenosine A(2A) receptor with novel biological 
activity. ACS Chem. Biol. 2012, 7, 2064–2073. [CrossRef] [PubMed] 

11. Sabbadin, D.; Moro, S. Supervised molecular dynamics (SuMD) as a helpful tool to depict GPCR-ligand 
recognition pathway in a nanosecond time scale. J. Chem. Inf. Model. 2014, 54, 372–376. [CrossRef] [PubMed] 

12. Cuzzolin, A.; Sturlese, M.; Deganutti, G.; Salmaso, V.; Sabbadin, D.; Ciancetta, A.; Moro, S. Deciphering 
the Complexity of Ligand-Protein Recognition Pathways Using Supervised Molecular Dynamics (SuMD) 
Simulations. J. Chem. Inf. Model. 2016, 56, 687–705. [CrossRef] [PubMed] 

13. Ciancetta, A.; Sabbadin, D.; Federico, S.; Spalluto, G.; Moro, S. Advances in Computational Techniques to 
Study GPCR-Ligand Recognition. Trends Pharmacol. Sci. 2015, 36, 878–890. [CrossRef] [PubMed] 

14. Deganutti, G.; Cuzzolin, A.; Ciancetta, A.; Moro, S. Understanding allosteric interactions in G protein-coupled 
receptors using Supervised Molecular Dynamics: A prototype study analysing the human A3 adenosine 
receptor positive allosteric modulator LUF6000. Bioorg. Med. Chem. 2015, 23, 4065–4071. [CrossRef] 
[PubMed] 

15. Carpenter, B.; Nehmé, R.; Warne, T.; Leslie, A.G.; Tate, C.G. Structure of the adenosine A2A receptor bound 
to an engineered G protein. Nature 2016, 536, 104–107. [CrossRef] [PubMed] 

16. Doré, A.S.; Robertson, N.; Errey, J.C.; Ng, I.; Hollenstein, K.; Tehan, B.; Hurrell, E.; Bennett, K.; Congreve, M.; 
Magnani, F.; et al. Structure of the adenosine A(2A) receptor in complex with ZM241385 and the xanthines 
XAC and caffeine. Structure 2011, 19, 1283–1293. [CrossRef] [PubMed] 

17. Debiec, K.T.; Gronenborn, A.M.; Chong, L.T. Evaluating the strength of salt bridges: A comparison of current 
biomolecular force felds. J. Phys. Chem. B 2014, 118, 6561–6569. [CrossRef] [PubMed] 

18. Kim, S.-K.; Gao, Z.-G.; Van Rompaey, P.; Gross, A.S.; Chen, A.; Van Calenbergh, S.; Jacobson, K.A. Modeling 
the adenosine receptors: Comparison of the binding domains of A2A agonists and antagonists. J. Med. Chem. 
2003, 46, 4847–4859. [CrossRef] [PubMed] 

19. Keränen, H.; Gutiérrez-de-Terán, H.; Åqvist, J. Structural and energetic effects of A2A adenosine receptor 
mutations on agonist and antagonist binding. PLoS ONE 2014, 9, e108492. [CrossRef] [PubMed] 

20. Sun, B.; Bachhawat, P.; Chu, M.L.-H.; Wood, M.; Ceska, T.; Sands, Z.A.; Mercier, J.; Lebon, F.; Kobilka, T.S.; 
Kobilka, B.K. Crystal structure of the adenosine A2A receptor bound to an antagonist reveals a potential 
allosteric pocket. Proc. Natl. Acad. Sci. USA 2017, 114, 2066–2071. [CrossRef] [PubMed] 

21. Segala, E.; Guo, D.; Cheng, R.K.Y.; Bortolato, A.; Deforian, F.; Doré, A.S.; Errey, J.C.; Heitman, L.H.; 
IJzerman, A.P.; Marshall, F.H.; et al. Controlling the Dissociation of Ligands from the Adenosine A2A 
Receptor through Modulation of Salt Bridge Strength. J. Med. Chem. 2016, 59, 6470–6479. [CrossRef] 
[PubMed] 

http://dx.doi.org/10.1007/978-1-60761-931-4_12
http://www.ncbi.nlm.nih.gov/pubmed/20981527
http://dx.doi.org/10.2174/1568026615666150901114329
http://www.ncbi.nlm.nih.gov/pubmed/26324045
http://dx.doi.org/10.1371/journal.pcbi.1004840
http://www.ncbi.nlm.nih.gov/pubmed/27253209
http://dx.doi.org/10.1002/cmdc.201402478
http://www.ncbi.nlm.nih.gov/pubmed/25487909
http://dx.doi.org/10.1093/nar/gkt1247
http://www.ncbi.nlm.nih.gov/pubmed/24293647
http://dx.doi.org/10.1093/nar/gkv902
http://www.ncbi.nlm.nih.gov/pubmed/26365237
http://dx.doi.org/10.1074/jbc.R115.668251
http://www.ncbi.nlm.nih.gov/pubmed/26100628
http://dx.doi.org/10.1016/B978-0-444-63380-4.00001-9
http://www.ncbi.nlm.nih.gov/pubmed/24418607
http://dx.doi.org/10.1021/cb300436c
http://www.ncbi.nlm.nih.gov/pubmed/23013674
http://dx.doi.org/10.1021/ci400766b
http://www.ncbi.nlm.nih.gov/pubmed/24456045
http://dx.doi.org/10.1021/acs.jcim.5b00702
http://www.ncbi.nlm.nih.gov/pubmed/27019343
http://dx.doi.org/10.1016/j.tips.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26538318
http://dx.doi.org/10.1016/j.bmc.2015.03.039
http://www.ncbi.nlm.nih.gov/pubmed/25868747
http://dx.doi.org/10.1038/nature18966
http://www.ncbi.nlm.nih.gov/pubmed/27462812
http://dx.doi.org/10.1016/j.str.2011.06.014
http://www.ncbi.nlm.nih.gov/pubmed/21885291
http://dx.doi.org/10.1021/jp500958r
http://www.ncbi.nlm.nih.gov/pubmed/24702709
http://dx.doi.org/10.1021/jm0300431
http://www.ncbi.nlm.nih.gov/pubmed/14584936
http://dx.doi.org/10.1371/journal.pone.0108492
http://www.ncbi.nlm.nih.gov/pubmed/25285959
http://dx.doi.org/10.1073/pnas.1621423114
http://www.ncbi.nlm.nih.gov/pubmed/28167788
http://dx.doi.org/10.1021/acs.jmedchem.6b00653
http://www.ncbi.nlm.nih.gov/pubmed/27312113


Molecules 2017, 22, 818 11 of 12 

22. Guo, D.; Heitman, L.H.; IJzerman, A.P. Kinetic Aspects of the Interaction between Ligand and G 
Protein-Coupled Receptor: The Case of the Adenosine Receptors. Chem. Rev. 2016, 117, 38–66. [CrossRef] 
[PubMed] 

23. Liu, W.; Chun, E.; Thompson, A.A.; Chubukov, P.; Xu, F.; Katritch, V.; Han, G.W.; Roth, C.B.; Heitman, L.H.; 
IJzerman, A.P.; et al. Structural basis for allosteric regulation of GPCRs by sodium ions. Science 2012, 337, 
232–236. [CrossRef] [PubMed] 

24. Massink, A.; Gutiérrez-de-Terán, H.; Lenselink, E.B.; Ortiz Zacarías, N.V.; Xia, L.; Heitman, L.H.; Katritch, V.; 
Stevens, R.C.; IJzerman, A.P. Sodium ion binding pocket mutations and adenosine A2A receptor function. 
Mol. Pharmacol. 2015, 87, 305–313. [CrossRef] [PubMed] 

25. Massink, A.; Louvel, J.; Adlere, I.; van Veen, C.; Huisman, B.J.H.; Dijksteel, G.S.; Guo, D.; Lenselink, E.B.; 
Buckley, B.J.; Matthews, H.; et al. 50-Substituted Amiloride Derivatives as Allosteric Modulators Binding 
in the Sodium Ion Pocket of the Adenosine A2A Receptor. J. Med. Chem. 2016, 59, 4769–4777. [CrossRef] 
[PubMed] 

26. Eyring, H. The Activated Complex in Chemical Reactions. J. Chem. Phys. 1935, 3, 107. [CrossRef] 
27. Harvey, M.J.; Giupponi, G.; Fabritiis, G.D. ACEMD: Accelerating Biomolecular Dynamics in the Microsecond 

Time Scale. J. Chem. Theory Comput. 2009, 5, 1632–1639. [CrossRef] [PubMed] 
28. MacKerell, A.D.; Banavali, N.; Foloppe, N. Development and current status of the CHARMM force feld for 

nucleic acids. Biopolymers 2000, 56, 257–265. [CrossRef] 
29. Vanommeslaeghe, K.; MacKerell, A.D. Automation of the CHARMM General Force Field (CGenFF) I: 

Bond perception and atom typing. J. Chem. Inf. Model. 2012, 52, 3144–3154. [CrossRef] [PubMed] 
30. Vanommeslaeghe, K.; Raman, E.P.; MacKerell, A.D. Automation of the CHARMM General Force Field 

(CGenFF) II: Assignment of bonded parameters and partial atomic charges. J. Chem. Inf. Model. 2012, 52, 
3155–3168. [CrossRef] [PubMed] 

31. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. 
The protein data bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef] [PubMed] 

32. Chemical Computing Group-Citing MOE. Available online: https://www.chemcomp.com/Research-Citing_ 
MOE.htm (accessed on 3 October 2016). 

33. Labute, P. Protonate3D: Assignment of ionization states and hydrogen coordinates to macromolecular 
structures. Proteins 2009, 75, 187–205. [CrossRef] [PubMed] 

34. Head-Gordon, M.; Pople, J.A.; Frisch, M.J. MP2 energy evaluation by direct methods. Chem. Phys. Lett. 1988, 
153, 503–506. [CrossRef] 

35. Woods, R.J.; Chappelle, R. Restrained electrostatic potential atomic partial charges for condensed-phase 
simulations of carbohydrates. Theochem 2000, 527, 149–156. [CrossRef] 

36. Lomize, M.A.; Lomize, A.L.; Pogozheva, I.D.; Mosberg, H.I. OPM: Orientations of proteins in membranes 
database. Bioinformatics 2006, 22, 623–625. [CrossRef] [PubMed] 

37. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. 
[CrossRef] 

38. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential 
functions for simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef] 

39. Grubmuller, H.; Groll, V. Solvate. Available online: http://www.mpibpc.mpg.de/grubmueller/solvate 
(accessed on 11 November 2015). 

40. Berendsen, H.J.C.; Postma, J.P.M.; van Gunsteren, W.F.; DiNola, A.; Haak, J.R. Molecular dynamics with 
coupling to an external bath. J. Chem. Phys. 1984, 81, 3684–3690. [CrossRef] 

41. Loncharich, R.J.; Brooks, B.R.; Pastor, R.W. Langevin dynamics of peptides: The frictional dependence of 
isomerization rates of N-acetylalanyl-N0-methylamide. Biopolymers 1992, 32, 523–535. [CrossRef] [PubMed] 

42. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald 
method. J. Chem. Phys. 1995, 103, 8577–8593. [CrossRef] 

43. Ferruz, N.; De Fabritiis, G. Binding Kinetics in Drug Discovery. Mol. Inform. 2016, 35, 216–226. [CrossRef] 
[PubMed] 

44. Deganutti, G.; Moro, S. Estimation of kinetic and thermodynamic ligand-binding parameters using 
computational strategies. Future Med. Chem. 2017, 9, 507–523. [CrossRef] [PubMed] 

45. Laio, A.; Parrinello, M. Escaping free-energy minima. Proc. Natl. Acad. Sci. USA 2002, 99, 12562–12566. 
[CrossRef] [PubMed] 

http://dx.doi.org/10.1021/acs.chemrev.6b00025
http://www.ncbi.nlm.nih.gov/pubmed/27088232
http://dx.doi.org/10.1126/science.1219218
http://www.ncbi.nlm.nih.gov/pubmed/22798613
http://dx.doi.org/10.1124/mol.114.095737
http://www.ncbi.nlm.nih.gov/pubmed/25473121
http://dx.doi.org/10.1021/acs.jmedchem.6b00142
http://www.ncbi.nlm.nih.gov/pubmed/27124340
http://dx.doi.org/10.1063/1.1749604
http://dx.doi.org/10.1021/ct9000685
http://www.ncbi.nlm.nih.gov/pubmed/26609855
http://dx.doi.org/10.1002/1097-0282(2000)56:4&lt;257::AID-BIP10029&gt;3.0.CO;2-W
http://dx.doi.org/10.1021/ci300363c
http://www.ncbi.nlm.nih.gov/pubmed/23146088
http://dx.doi.org/10.1021/ci3003649
http://www.ncbi.nlm.nih.gov/pubmed/23145473
http://dx.doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
https://www.chemcomp.com/Research-Citing_MOE.htm
https://www.chemcomp.com/Research-Citing_MOE.htm
http://dx.doi.org/10.1002/prot.22234
http://www.ncbi.nlm.nih.gov/pubmed/18814299
http://dx.doi.org/10.1016/0009-2614(88)85250-3
http://dx.doi.org/10.1016/S0166-1280(00)00487-5
http://dx.doi.org/10.1093/bioinformatics/btk023
http://www.ncbi.nlm.nih.gov/pubmed/16397007
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1063/1.445869
http://www.mpibpc.mpg.de/grubmueller/solvate
http://dx.doi.org/10.1063/1.448118
http://dx.doi.org/10.1002/bip.360320508
http://www.ncbi.nlm.nih.gov/pubmed/1515543
http://dx.doi.org/10.1063/1.470117
http://dx.doi.org/10.1002/minf.201501018
http://www.ncbi.nlm.nih.gov/pubmed/27492236
http://dx.doi.org/10.4155/fmc-2016-0224
http://www.ncbi.nlm.nih.gov/pubmed/28362130
http://dx.doi.org/10.1073/pnas.202427399
http://www.ncbi.nlm.nih.gov/pubmed/12271136


Molecules 2017, 22, 818 12 of 12 

46. Barducci, A.; Bonomi, M.; Parrinello, M. Metadynamics. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2011, 1, 
826–843. [CrossRef] 

47. Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J.C. GROMACS: Fast, 
fexible, and free. J. Comput. Chem. 2005, 26, 1701–1718. [CrossRef] [PubMed] 

48. Tribello, G.A.; Bonomi, M.; Branduardi, D.; Camilloni, C.; Bussi, G. PLUMED 2: New feathers for an old bird. 
Comput. Phys. Commun. 2014, 185, 604–613. [CrossRef] 

49. Huang, J.; MacKerell, A.D. CHARMM36 all-atom additive protein force feld: Validation based on 
comparison to NMR data. J. Comput. Chem. 2013, 34, 2135–2145. [CrossRef] [PubMed] 

50. Wolf, M.G.; Hoefing, M.; Aponte-Santamaría, C.; Grubmüller, H.; Groenhof, G. g_membed: Effcient 
insertion of a membrane protein into an equilibrated lipid bilayer with minimal perturbation. 
J. Comput. Chem. 2010, 31, 2169–2174. [CrossRef] [PubMed] 

51. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A linear constraint solver for molecular 
simulations. J. Comput. Chem. 1997, 18, 1463–1472. [CrossRef] 

52. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 
126, 014101. [CrossRef] [PubMed] 

53. Parrinello, M. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 
1981, 52, 7182–7190. [CrossRef] 

54. Barducci, A.; Bussi, G.; Parrinello, M. Well-tempered metadynamics: A smoothly converging and tunable 
free-energy method. Phys. Rev. Lett. 2008, 100, 020603. [CrossRef] [PubMed] 

Sample Availability: Samples of the compounds are not available from the authors. 

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

http://dx.doi.org/10.1002/wcms.31
http://dx.doi.org/10.1002/jcc.20291
http://www.ncbi.nlm.nih.gov/pubmed/16211538
http://dx.doi.org/10.1016/j.cpc.2013.09.018
http://dx.doi.org/10.1002/jcc.23354
http://www.ncbi.nlm.nih.gov/pubmed/23832629
http://dx.doi.org/10.1002/jcc.21507
http://www.ncbi.nlm.nih.gov/pubmed/20336801
http://dx.doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
http://dx.doi.org/10.1063/1.2408420
http://www.ncbi.nlm.nih.gov/pubmed/17212484
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1103/PhysRevLett.100.020603
http://www.ncbi.nlm.nih.gov/pubmed/18232845
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Supporting cs
	molecules-22-00818
	Introduction 
	Results 
	SuMD Simulations of ZB1854 on the APO Form of A2A AR 
	SuMD Simulations of ZB1854 on A2A AR in Orthosteric Complex with NECA 
	SuMD Simulations of ZB268 on A2A AR in Orthosteric Complex with NECA 

	Discussion 
	Materials and Methods 
	General 
	Systems Preparation 
	Ligand Parameterization 
	Solvated System Setup and Equilibration 
	Supervised Molecular Dynamics (SuMD) Simulations 
	Metadynamics Simulations 

	


