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ABSTRACT: The active (D2
High

R) and inactive (D2
Low

R) states of dimeric dopamine D2 receptor 

(D2R) models were investigated to clarify the binding mechanisms of the dopamine agonist 

bromocriptine, using Molecular Dynamics (MD) simulation. The aim of this comprehensive study 

was to investigate the critical effects of bromocriptine binding on each distinct receptor 

conformation. The different binding modes of the bromocriptine ligand in the active and inactive 

states have a significant effect on the conformational changes of the receptor. Based on the 

MM/GBSA approach, the calculated binding enthalpies of bromocriptine demonstrated selectivity 

toward the D2
High

R active state. There was observed agreement between the calculated and 

experimentally measured D2
High

R selectivity. In the ligand-binding site, the key amino acids 

identified for the D2
High

R were Asp114(3.32) and Glu95(2.65), and for the D2
Low

R it was 

Ser193(5.42). Moreover, replicate MD trajectory analyses demonstrated that the bromocriptine 

binding site conformational structure was more rigid for the D2
High

R state and a more flexible for 

the D2
Low

R state. However, the side chains of the ligand-receptor complex of the D2
High

R showed 

larger variations relative to the corresponding regions of the D2
Low

R. The present study is part of an 

ongoing research program to study D2R conformational changes during ligand activation and to 

evaluate the conformational state selectivity for ligand binding. 
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INTRODUCTION 

G protein-coupled receptors (GPCRs) constitute the largest family of cell-surface receptors that are 

involved in cell signal transduction pathways that regulate numerous cellular processes in human 

tissues. The GPCRs are considered as one of the most important group of drug targets in medicine 

[1,2]. Since GPCRs are targeted by nearly 40% of marketed drugs, a better understanding of the 

respective ligand binding mechanisms and signal transduction processes will aid the identification 

of novel therapeutics that specifically target GPCRs [3-5]. Although GPCRs share a common 

feature of a 7 transmembrane (TM) spanning domain, these transmembrane helices still present 

many challenges in terms of crystal structuring, as they are embedded within the lipid bilayer [6]. 

To date, the number of determined crystal structures is approximately 30 for class A GPCRs. While 

most structures are resolved in the inactive state of the receptor and typically bound to an antagonist 

or inverse agonist, there are several receptor structures that have been resolved in the agonist-bound 

active state. Molecular modeling approaches play an integral role in predicting 3D structures of 

GPCRs, by utilizing known GPCR templates [7-11]. Our understanding of GPCR structures, 

utilizing either crystallographic data or homology models, can thus provide significant information 

and guide the ligand design process [11]. 

The homology modeling approach for unresolved crystallographic structures plays an integral role 

in GPCR-based studies by addressing physiological and pharmacological functions of the ligand-

binding domain, G protein-coupled activity, and signal transduction. This approach primarily leads 

to the design of more effective drugs, acting by either inhibition or activation of GPCR activity 

[11]. Most importantly, these cost-efficient and rapid-process modeling approaches can be extended 

and applied to many GPCRs [12-14]. 

The current study focuses on the dopamine D2 receptor (D2R) and its structural role as a drug target 

to treat Parkinson's disease (PD), various psychotic disorders [15-17], and particularly the common 

prolactinomas of the anterior pituitary gland. The D2R is recognized as a therapeutic target for 

antipsychotic and antiparkinsonian agents, by antagonizing and stimulating dopamine-dependent 
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receptors, respectively [15-17]. Although the exact function and activation of the D2R in 

controlling the signal transduction pathways of the central nervous systems are not well known, the 

D2R is believed to be also a prime therapeutic target for mental and neurodegenerative disorders, 

including schizophrenia [18-21]. 

It is known that the D2R, as well as most other GPCRs, exhibit functionality mainly as homo- or 

hetero- dimers and as oligomers [22-24]. However, there is a broad spectrum of computational 

studies that evaluate monomeric GPCRs to investigate ligand-binding as well as the triggered 

conformational changes of the entire system upon binding [9,25]. In the monomer-based studies, a 

significant link between the efficacy and specificity of the ligand and either homo-/hetero-

dimerization or oligomerization has not been considered to date. Since the first GPCR dimerization 

studies appeared, GPCR (including the D2R) homodimerization and heterodimerization were 

studied extensively by experimental and computational research groups to elucidate possible GPCR 

pairing [26]. The majority of the D2R dimerization/oligomerization studies focus on how the 

protomers interact with each other and which TM segments play a crucial role in protein-protein 

interfacing. Data from several studies demonstrated that protomers dimerize via the TM4 interface 

[27-29]. Among the crystallographic structures of the GPCR, a small number of dimer formations 

have been reported. For example, crystal structures of squid rhodopsin (PDB ID: 2Z73) and 

oligomeric beta-1-adrenergic (PDB ID: 4GPO) receptors are available and suggest dimerization of 

the receptors and a role of the TM4 domain in the dimeric interface. Rhodopsin is one of the most 

highly studied receptors of the GPCR family and its native oligomeric arrangement has been 

depicted by Fotiadis et al [30], using atomic force microscopy (AFM) and semi-empirical dimer 

models of TM4/TM5 interfaces that were constructed and simulated using classical MD techniques. 

This study also led to another study that evaluated cross-linking of substituted cysteine residues 

within the TM4 and TM5 domains of the D2Rs [27]. 

Petersen et al., in a groundbreaking investigation of dimer dissociation and formation of GPCRs, 

studied the Frizzled 6 (FZD 6) receptor (Class F GPCR), using both mutational analysis and 
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modeling approaches [31]. This study suggested that the TM4 and TM5 domains primarily 

contributed to dimer interfacing of the FZD 6 GPCR [31].  

Previous studies suggested the co-existence of dimeric and monomeric forms of the D2R as well as 

cross-linking upon homodimerization from TM4 and TM5. These data were consistent with results 

from Guo et al [27,32] and Petersen et al [31].  

Furthermore, it should be noted that other GPCR TM domains may be involved in dimer formation 

[29]. In a study that evaluated the self-assembly behavior of rhodopsin, in which up to 64 molecules 

of the GPCR were inserted into a model membrane and simulated for µs length using coarse-

grained MD (CGMD) method, the TM1/helix-8 and the TM4/TM5 interfaces were both found to be 

relevant for the self-assembly process [33]. 

The fully activated and inactivated states, as well as the dimeric forms, of the D2R can be 

differentially stabilized upon various interactions with small molecules within the binding cavities. 

Hence, such selectively targeted interactions may be a means to manipulate relevant signaling 

pathways for potential treatment options [27,28]. The existing experimental evidence describing 

binding affinities of the D2R ligands in the active sites of the D2
High

R and D2
Low

R suggests that 

dopaminergic stabilizers selectively interact with the D2
High

R conformation with a higher binding 

affinity, as compared to the D2
Low

R state [10,34].    

In the present study, the fully activated and inactivated D2R dimer models were utilized as potential 

targets of the bromocriptine agonist to investigate the structural and dynamic effects upon ligand 

binding [34-36]. Specifically, this study investigates the binding mechanism of bromocriptine, 

which is a well-known treatment option for Parkinson’s disease (PD) as well as for common 

pituitary prolactinomas. Bromocriptine has an elongated (not bulky) structure that allows for a more 

adequate fit within the active site binding pockets of the D2Rs. Our previous study on D2R ligands 

[10], which focused on the smaller-sized more rigid molecules (eg, apomorphine and dopamine), 

identified the binding mechanisms for both the monomeric and dimeric states of the D2R. However, 

due to limited conformational space within the binding pockets of these molecules for the agonist, 



6  

the behavior of elongated and larger structural agonists such as bromocriptine may be more 

complex as they are able to bind more amino acids with more variable interactions relative to 

smaller ligands. Furthermore, in the current work, both backbone and side chains atoms that were 

involved in the conformational changes were thoroughly investigated by considering the individual 

effects of the side chain and backbone atoms based on their RMSD and RMSF profiles. By 

separating out the effects of backbone and side chain atoms from those elicited by the 

conformational changes, a further clarification of agonist binding to the D2
High

R and D2
Low

R from a 

structural and dynamic standpoint was achieved. In addition, the movements of the protein for both 

D2R conformations upon agonist binding were simulated. 

More specifically, the current study focuses on the following points: (i) how an  agonist with an 

elongated structure acts when it binds to the distinctly stabilized forms of the D2R; (ii) evaluation of 

the dynamics and conformational behavior of the agonist in the active sites throughout the MD 

simulations; (iii) assessment of how the ligand-binding domains of the active and inactive D2R 

states lead to the conformational changes occurring in the cytoplasmic ends of the TM5 and TM6 

domains; and (iv) determination of the key amino acids involved in ligand binding and their role 

within the binding domain to stabilize bromocriptine; (v) individual contributions of the backbone 

and side chains atoms in terms of conformational change when the ligand binds to the D2
High

R and 

D2
Low

R sites. 

In earlier studies, the monomeric and dimeric models of the active and inactive D2R states were 

used to evaluate the binding mechanisms of antipsychotic drugs in different conformational 

environments of the D2R [10]. It was suggested that receptor dimerization shows negative 

cooperativity on the ligand-binding domain [10,29]. In addition, these studies highlight which 

amino acids (within the ligand-binding sites) are involved in receptor inhibition or stimulation for 

both the active and inactive D2R conformations. The present study used homology modeling 

structures of the D2R in both the active (D2
High

R) and inactive (D2
Low

R) homodimeric forms from 

previously reported studies [9,22]. The main structural differences between the active and inactive 
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states of the D2R appeared on the cytoplasmic ends of the TM5 and TM6 domains. The most 

notable conformational changes include the outward movement of the TM6 cytoplasmic end to 

accommodate transducer binding the α-helical motion of the TM5 cytoplasmic end (see Figure S1). 

The present study is part of a continuing program to evaluate agonist-elicited conformational 

changes of the D2R and to assess potential effects, which may be direct or indirect, on the ligand-

binding domain. Furthermore, this study clarified the potential involvement of backbone and side 

chains atoms in ligand-activated conformational changes. In terms of structural and dynamic 

properties, separating out the effects of the backbone and side chain atoms provides additional 

insight into agonist-activated protein movement for each D2R form. 

MATERIALS AND METHODS  

Ligand Setup 

The initial structure of bromocriptine was retrieved from the Cambridge Crystallographic Data 

Centre (CCDC) and incorporated into the ligand preparation process using the LigPrep module  

[37]. The Epik code [38] was used to assign the molecule protonation state at a physiological pH 

(pH = 7.4) and  an automatic conformer generator was implemented to search for the most stable 

structure. The Epik code, automatic conformer, and force field optimization were evaluated with the 

OPLS2005 module [39]. The electrostatic potential (ESP)-derived atomic charges for bromocriptine 

were calculated with the Austin Model 1 (AM1) semi-empirical method [40].  

Homology Modeling 

The dimeric D2R models of both D2
High

R and D2
Low

R were carefully constructed and validated in 

previous studies [10] and here used for subsequent simulations and investigations. Since the aim of 

this work is to investigate the effect of an agonist binding to the distinct active and inactive states of 

the D2R, the available crystal structures of β2-adrenergic receptor both in active and inactive states 

were used as templates in the homology modeling. This gives us a consistent choice of template 

structures. Since the D3R crystal structure (PDB: 3PBL [41]) was obtained only in inactive state 

with D3R antagonist eticlopride complex, it is not used as template structure in modeling. The β2-
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adrenergic receptor provided an excellent basis for this work because it was the first mammalian G 

protein-linked receptor to be fully described on the structure of rhodopsin. Hence, the structures 

were generated based on X-ray templates of the fully activated and inactivated forms of the β2-

adrenergic receptor, sharing an acceptable amino acid sequence homology with the D2R. The 

details of the modeling and dimerization processes have been described in our previous work [10]. 

The coordinate files of the D2
High

R and D2
Low

R dimer model structures are available as 

Supplementary Information. 

System Setup and MD Simulations 

The initial structures of the dimeric D2
High

R and D2
Low

R states were prepared using the Protein 

Preparation module of Maestro, involving molecular mechanics (MM) optimization and the 

protonation state assignment. Bond orders were assigned, hydrogen atoms were added, disulfide 

bonds were created. Protonation states at the physiological pH of 7.4 conditions were performed 

using PROPKA [42]. Bromocriptine was docked into the binding pockets of dimeric D2
High

R and 

D2
Low

R, using the flexible Induced Fit Docking (IFD) approach [43]. Then, these receptor models 

were embedded into a dipalmitoylphosphatidylcholine (DPPC) membrane bilayer (128 lipids for 

both upper and lower leaflets) surrounding the protein-ligand complex. The systems were then 

solvated by explicit TIP3P water models [44] in a layer of 15 Å thickness on each side (Figure S2). 

Neutralization was done by a Monte-Carlo ion placement method by adding 0.15 M NaCl. The MD 

simulations were carried out using Desmond software [45] in a periodic box with application of the 

particle-mesh Ewald method [46] to calculate the long electrostatic interactions. The energies of the 

atomic interactions were simulated, using the OPLS2005 force field with a cut-off radius of 10 Å. 

The Nose−Hoover thermostat [47] and Martyna−Tobias−Klein [48] methods were used to maintain 

the temperature (310 K) and pressure (1.01325 bar) of the system. The systems were minimized for 

a maximum of 5000 iterations until a convergence threshold of 1 kcal mol
−1

 Å
−1

 was achieved. The 

systems were then relaxed, using a step-wise procedure and gradually equilibrated. Starting with 

different initial velocity distributions, six independent 100 ns MD simulations (in total 600 ns), 
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were performed without any constraints. Initiating simulations with a well-equilibrated D2R 

conformation system and utilizing the most likely conformation can aid in achieving optimal results 

from simultaneous simulations by providing enough flexibility to explore other conformational 

regions. Thus, one representative structure with the highest conformational similarity to the average 

structure from the first MD simulations was chosen and then incorporated into the second and third 

MD simulations as initial conformers with different seeding numbers.  

Conformational Stability and Surface Area Assays 

The conformational stability analyses and surface area calculations of the systems, including root-

mean-square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (rGyr), 

molecular surface area (MolSA), solvent accessible surface area (SASA), polar surface area (PSA) 

and dihedral angle analysis were carried out using tools from Desmond [45]. The default settings in 

the Simulation Interactions Diagram module in Desmond were used. While rGyr is a measure for 

the spatial extension of a ligand, MolSA gives the molecular surface with a 1.4 Å probe radius. 

SASA and PSA give the surface area of a molecule accessible by a water molecule and the solvent 

accessible surface area in a molecule from only oxygen and nitrogen atoms. All the graphs, 

involving line, contour and stacked bar plots, were generated with in-house Python scripts, using 

Matplotlib [49] and NumPy libraries [50]. The 2D and 3D schematic diagrams were prepared with 

Maestro and PyMOL visualizers. The pairwise RMSD graphs were generated using an in-house 

Python script. 

Thermodynamic Calculations   

The Molecular Mechanics/generalized Born surface area (MM/GBSA) is considered as the most 

widely used method for energetic calculations for the binding of small ligands to biological 

systems.  [51] Although MM/GBSA method is widely used in the drug discovery process, there are 

still some limitations. This method is very useful for assessing relative binding affinities of studied 

ligands against a specific target, but it has limitations in terms of accuracy for absolute binding free 

energy predictions. Based on this method, enthalpy contributions provide closer calculations to 
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those of experimental absolute binding affinities, however entropic terms are computationally 

demanding and may provide large statistical uncertainties. MM/GBSA calculations were carried out 

using MMPBSA.py Python code from AmberTools17 [52,53]. The configurational entropy 

computed by the normal mode analysis was excluded from the analysis and only the term for 

formation enthalpy of the complex was considered. Neglecting entropic contributions may be 

critical; however, the focus here is on a ranking according to relative binding affinities (i.e., 

bromocriptine binding to the D2
High

R and D2
Low

R) rather than absolute binding free energies. 

[54,55] According to the equation (1) the total binding energy is: 

                                ΔGbind = Gcomplex – (Gprotein + Gligand)       (1) 

The complete details of MM/GBSA method were described in the paper by Miller et al. [52]. 

RESULTS AND DISCUSSION 

In a post-processing analysis, the dynamics and energetics of both active (D2
High

R) and inactive 

(D2
Low

R) conformations in complex with bromocriptine were examined. Conformational and 

binding-mode changes of the ligand and the dynamics of the entire system, particularity in the 

binding pocket of the receptor, were investigated in detail. The post-processing analysis, consisting 

of system dynamic and thermodynamics conditions, provided information on the bromocriptine 

dopaminergic mechanism  of interaction with the D2R binding site  in both activation states.  

Dynamic Profile of Bromocriptine 

Conformation and transition dynamics was used to examine the degree of stability of bromocriptine 

binding to the receptor. The effects of bromocriptine within the active sites of the two D2R forms 

were monitored as a function of simulation time by calculating the RMSD values of the heavy 

atoms with respect to initial coordinates, as shown in Figure 1 (The data were based on the average 

data of two final MD simulations). These systems were studied using two different alignment 

methods of trajectory frames, ProFit (alignment based on protein structure) and LigFit (alignment 

based on ligand atoms). Specifically, these two methods align the Cα atoms and the ligand heavy 

atoms, respectively. This type of strategy on alignment can provide detailed information about 
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translational and rotational motions of the ligand in the binding pocket. The RMSD values of the 

heavy atoms of ligand and the protein atoms (Cα and side chain atoms) are given as line and 

contour plots, respectively, in Figure 1. The Cα and side-chain RMSD maps are given as contour 

plots inside the ProFit and LigFit graphs. Structural analysis of both Cα and side chain atoms 

provided a much more detailed insight into the behavioral dynamics of the protein over the entire 

simulation for each D2R form. 

Ligand Atoms: In the ProFit mode the mean values of the RMSDs for bromocriptine at the D2
High

R 

and D2
low

R were found to be 1.18 Å and 2.21 Å, respectively. Our results demonstrate that the 

translational motion of the ligand in the binding pocket of the D2
High

R is low relative to the motion 

within the binding pocket of the D2
Low

R (see trajectory video simulations S1 and S2 in the 

supplementary material). Thus, it can be interpreted that the chemical interactions between the 

ligand and the active site amino acids of the D2
High

R are effective in the structural stabilization of 

the ligand. These results also reflect the differential behavior of the ligand binding dynamics of both 

receptor conformers. On the other hand, a decrease in atomic fluctuation of the ligand in the active 

state reflects a decrease in entropy upon binding. Moreover, the average RMSD values of the ligand 

for the each simulated system (D2
High

R and D2
low

R), based on the ligand atoms (LigFit), were 

determined to be 0.37 Å and 1.25 Å, respectively. These data demonstrate that the rotational motion 

of bromocriptine within the binding pocket of the D2
low

R was greater in comparison to the D2
High

R 

and was consistent with the ProFit data. In summary, these results suggest that bromocriptine in the 

binding pocket of D2
low

R forms weaker binding interactions relative to those within the D2
High

R 

state. Hence, bromocriptine binding within the D2
High

R state demonstrates that the lower 

translational and rotational motion allows for improved receptor fit as well as strong and persistent 

non-bonding interactions within the protein-binding site. These data were consistent with our 

previously reported study demonstrated that the D2R ligand-binding domain is a result of the 

activation process and elicits selective binding of D2R binders to the D2
High

R [10]. Thus, a 

relationship between the two distinct receptor conformations stabilized by the same agonist and 
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their signal transduction process can be derived. This change in binding selectivity of agonists or 

antagonists with the two D2R states may be related to slight variations in the size and shape of the 

binding cavity, which would allow active site amino acids to re-orient and differentially interact 

with the ligands.  

Protein Atoms: An analysis of the dynamics of protein behavior during the simulations 

demonstrated that the Cα or side-chain atoms of the dimer were caused by receptor activation 

(Figure 1). The mean RMSD value of the Cα atoms for the D2
High

R and D2
Low

R were 2.71 Å and 

2.52 Å, respectively, depicting very similar fluctuations. Interestingly, when the side chain atoms 

were considered, the side-chain atoms of the D2
High

R form fluctuated with an average RMSD value 

of 3.80 Å. The corresponding values for the D2
Low

R form were measured to be 3.09 Å. Side chain 

fluctuations for the D2
High

R and D2
Low

R were distinct, with side chain heavy atoms tending to be 

relatively more flexible within the D2
High

R versus the D2
Low

R. The results can be interpreted as a 

measure of the activation state and signal propagation during conversion into a fully activated 

structure. Subtle structural variations of ligand within the binding pocket can profoundly impact 

binding affinity to the protein target. These effects can be explained by the detailed thermodynamic 

analyses of ligand binding, including free energy changes resulting from displacement of water 

molecules within the binding site. The location and thermodynamic properties of water molecules at 

the binding pockets of two distinct receptor conformations were slightly different. Thus, the effects 

of water molecules on binding and structural mobility of ligand through direct or water-bridged 

chemical interactions (i.e., H-bonding) may variably influence the distinct, stable receptor states. 

Evaluation of water molecule interactions at the start and end of simulations demonstrated that the 

total number of constructed chemical interactions via water molecules at simulation end were 

higher for the D2HighR state. This effect may explain the more mobile character of side chains at the 

D2HighR. 
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Contour plot analyses suggest that the two D2R forms can fall into distinct pathways along the 

simulations. This is indicative of signal transduction across the membrane bilayers, since the 

conformational transition mediating signal transduction involves mutual cooperative interactions. 

Additionally, the pairwise RMSD analysis of the ligand depicts the deviation of each frame from 

initial positions relative to other frames (Figure 2). The matrix graphs give an exhaustive 

evaluation of the flexibility of the ligand in either the D2
High

R or D2
Low

R forms for both alignment 

types (that is ProFit and LigFit). The bromocriptine interactions reveal higher translational and 

rotational degrees of motion in the D2
Low

R state, while strong interactions between bromocriptine 

and D2
High

R show decreased structural motion of the ligand in D2
High

R state. 

Furthermore, ligand behavior in the two forms was investigated by several feature terms, including 

rGyr, MolSA, SASA and PSA; these data are shown in Figure 3. The rGyr is a measure of ligand 

compactness. Based on observation, the governing system kinetics were uniform at the smaller rGyr 

values for the ligand in the D2
High

R state. In contrast, the corresponding values for the ligand 

binding to the D2
Low

R showed greater fluctuation. The rGyr results indicate that bromocriptine 

bound to the D2
High

R form is the more tightly packed ligand. The results were consistent with the 

above data from the RMSD analysis. 

Moreover, the surface area of the bromocriptine ligand is monitored upon binding to either the 

D2
High

R or D2
Low

R states, by measuring the SASA, PSA and MolSA factors. The degree of 

interaction of an amino acid at the binding pocket with solvent and ligand or with other residues 

was proportional to the surface area exposed to these environments. The SASA result was 

calculated by methods involving the in silico rolling of a spherical probe, which models the water 

molecule around a protein model. The analysis depicts the relationship between the ligand surface 

area and the structural changes it undergoes upon binding. The surface area of the ligand that is 

accessible by the water molecule was introduced by SASA scanning. It was found that the D2R 

activation was accompanied by significant surface area transition decreases of the ligand. The PSA 

values, representing the surface area of the ligand contributing only by oxygen and nitrogen atoms, 
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were calculated as shown in Figure 3. A comparison of the two complexes demonstrates that the 

ligand in the D2
High

R has higher PSA values over the simulation. These data reveal that 

bromocriptine in the D2
Low

R has less potential to interact with the nitrogen and oxygen atoms of the 

active site amino acids due to variations in size and shape of the binding cavity. The MolSA values 

calculated with a probe radius of 1.4 Å were found to be largely variable for the ligand inside the 

D2
Low

R state suggesting that the ligand underwent diverse conformational changes in this state.  

Dihedral Angle assessment: The binding of bromocriptine was also evaluated based on the change 

of its dihedral angle distributions throughout the simulations. This is considered to be an important 

feature representing the intra-dynamic profile of a molecule during MD simulations. Bromocriptine 

can be considered as being comprised of two structural segments: one containing the fused four ring 

groups linked to the 6
th

 torsional angle and the other segment connected to the 4
th

 torsional angle, as 

shown in Figure 4. The dihedral angles of bromocriptine were monitored and represented as a 

function of time and as histogram diagrams (Figures 5 and S2). The dihedral analysis shows that 

the ligand mostly undergoes small conformational changes throughout the simulations in the 

D2
High

R state. These effects may be linked to the stronger polar and non-polar interactions formed 

between bromocriptine and the binding site amino acids, particularly Asp114(3.32) and 

Glu95(2.65). This also shows that bromocriptine is less flexible and structurally more stable in the 

D2
High

R state versus the D2
Low

R state. Careful investigation of each individual torsional angle of 

ligand shows that the 5
th

 torsional angle has mainly a cis conformation for D2
High

R. The 6
th

 dihedral 

angle of bromocriptine that links the first segment of the ligand to its central region  was stable in 

both forms, due to steric hindrance interactions surrounding the bond. Moreover, the histogram 

diagram representing the probability of distributions for each torsional angle during simulations is 

shown in Figure S3. The first segment is stable because of the tight ligand-receptor interactions 

established with both conformational states of the protein. However, the torsional angle plots and 

histograms of the individual dihedral angles of bromocriptine show that, although almost all defined 
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dihedral angles remain constant throughout simulations for D2
High

R, the corresponding dihedral 

angles of D2
Low

R show a larger diversity, especially for the first three dihedral angles. 

RMSF assessments were conducted to further examine the conformational stability or average value 

of fluctuations of individual amino acid during the simulations. The RMSF provided information on 

the average structural flexibility of the individual residues over the simulations based on the Cα 

(scatter plot) and side-chain (contour plot) atoms (Figure 6). Based on this analysis, protomers of 

ligand-bound (holo) and ligand-free (apo) states were underlined. The graphs depict fluctuation 

increases or decreases upon ligand binding in either TM or loop segments. The 7TM domain data 

demonstrating greater stability relative to the loop regions, and were consistent with previously 

reported experimental data. It has been well established that the cytoplasmic ends of the TM5 and 

TM6, which are critical domains involved in G protein-coupling activation, have higher flexibility 

in the holo forms for both D2R states. This characteristic may describe the relationship between the 

presence of bromocriptine and the conformation-elicited changes on the cytoplasmic end of the TM 

domains. The flexibility of the cytoplasmic ends was more pronounced for the D2
High

R for the 

cytoplasmic segments of the TM5 and TM6 during the activation. It has been well established that 

full GPCR activation occurs within the millisecond timescale, and we do not claim that the 

movement of the cytoplasmic ends of TM5 and TM6 domains occur within the nanosecond 

timescale. However, the two models for the fully activated and inactivated D2R forms evaluated in 

this analysis was intended to provide further insights into agonist binding and the dynamics of 

essential amino acids for the different states. However, it should be noted that these state-of-the-art 

MD simulations for the active and inactive forms of D2R activation may considerably change the 

original system conformations, and hence the study of the receptor activation process can be 

perceived to be a study limit due to restricted MD time. 

The amino acid Asp114 was shown to be more stable in the holo form relative to the apo state of the 

D2
High

R due to the strong polar interactions formed with the ligand. The Cα atoms of Phe389(6.52) 

were shown to be stable in the apo and holo forms of the D2
High

R. This suggests that bromocriptine 
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binding cannot affect the Phe389(6.52), which may be due to the interactions formed by the 

neighboring amino acids. Moreover, the average fluctuations of the side chain atoms were 

calculated to have a measure of the degree of stabilization of the side chains in the D2
High

R and 

D2
low

R forms. In general, the side chains of the D2
High

R appeared to be more flexible relative to the 

D2
Low

R state, suggesting that it can be considered a measure of the activation state and signal 

propagation during the conversion to the fully activate structure.   

Ligand-Binding Site Crevice 

The per-residue decomposition analysis was carried out for the two complexes to get a better 

understanding of how binding space or amino acids that accommodate the ligand are impacted by 

the conformational transitions of the cytoplasmic ends due to the activation process. The MD 

trajectory frames were analyzed to identify the amino acids forming the surface of the two 

conformations of the D2R binding sites in complex with bromocriptine. Hydrogen bonding, 

hydrophobic forces, ionic bonding, π-π stacking, π-cation interactions, and water mediated 

interactions that formed between bromocriptine and key amino acids in the ligand-binding space 

were calculated (Figure 7). Also, the occupancy interactions of the individual amino acid residues 

during simulations were calculated. These data demonstrate that Asp114(3.32), His393(6.55) 

(backbone atoms), and Glu95(2.65) play a pivotal role in the binding space of the D2
High

R, forming 

strong and balanced hydrogen bond interactions with the charged ligand segments. Overall, these 

study results were fairly consistent with the data from the Substituted Cysteine Accessibility 

Method (SCAM) previously reported by Javitch et al., which demonstrated that the majority of 

contributing amino acids were in the TM2, TM3 and TM6 segments [56-60]. In addition, 

Val111(3.29) and Tyr408(7.35) were previously reported to be highly pronounced and involved in 

hydrophobic and π-π stacking interactions, respectively [58,61]. Due to the presence of aromatic 

and hydrophobic residues within the binding pocket, the hydrophobic forces were regarded as a 

feature in accommodating the ligands inside the D2R. Other integral amino acids (present in the 

second extracellular loop [ECL2]) were identified as Asn176 and Cys182. The ECL2 domain, 



17  

which links the TM4 and TM5 domains, folds down into the TM domain and contributes to the 

ligand-binding surface [9,62]. Also, the present study suggests that Ser193(5.42) and Phe189(5.38) 

contributed to hydrophobic and hydrogen bonding interactions and are key residues (Figure 7). 

This is consistent with the previously reported data [63]. 

For D2
Low

R, Ser193(5.42) was found to be a key polar residue, forming strong,  stable hydrogen 

bonds with bromocriptine, as shown in Figure 7. As expected based on the nature of His393(6.55), 

this aromatic amino acid contributed to hydrophobic interactions with the ligand rings that are 

involved in π-π stacking and π-cation interactions. Interestingly, both Val111(3.29) and 

Asp114(3.32) appear to be moderately important residues in the active site of D2
low

R, since they 

interact with the ligand via water-mediated bonds. 

Representative 3D and 2D schematics of structures derived from the MD simulations are shown in 

Figure 8. It was evident based on these data that bromocriptine did not occupy the same topology 

within the binding pocket and it had variable interactions for the two D2R states. The 2D ligand 

interaction diagrams provide evidence around binding interactions of bromocriptine with  the 

D2
High

R and D2
Low

R forms. The first segment of the ligand in the D2
High

R form demonstrates 

interactions with Glu95(2.65), Asp114(3.32), Tyr408(7.35), and His393(6.55). However, for the 

D2
Low

R the corresponding residues are Asp114(3.32), Ser193(5.42), and His393(6.55). It is 

noteworthy to highlight that Asp114(3.32) in the  D2
High

R can simultaneously form two hydrogen 

bonds with the charged nitrogen atom and the hydroxyl group resulting in enhanced ligand stability 

within the cavity. These data were consistent with the conformational stability analysis, 

emphasizing that the ligand-binding domain of the D2R is highly altered by conformational changes 

that occur on the cytoplasmic ends of the TM5 and TM6 domains during the activation process 

[64]. 

Furthermore, when these data were compared to previously reported data utilizing ACR16 (D2R 

stabilizer), differences regarding the critical amino acids that may contribute to the binding pocket 

interactions of agonists and antagonists were indicated [22]. For the D2
High

R state, Asp114(3.32), 
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Phe389(6.52), and Phe390(6.52) were observed to be the key residues, as they formed hydrogen 

bonds and π-π stacking interactions with the D2R stabilizer. In contrast, the analysis of the active 

site of D2
Low

R in complex with a D2R stabilizer indicated that Thr112(3.30) and His393(6.55) 

played a pivotal role to accommodate ligand [22]. For the two complexes, with the agonist and the 

D2R stabilizer, Asp114(3.32) and Phe389(6.51) were integral in the binding domain of the D2
High

R, 

whereas the agonist and the D2R stabilizer in the binding site of the D2
Low

R form revealed different 

key amino acids (i.e., Ser193(5.42) for the D2R agonist). Further studies must be conducted 

utilizing D2R activators and antagonists to make in order to arrive at conclusions regarding other 

agonists and antagonists of D2Rs. 

Analysis of Energy of Binding 

MM/GBSA calculations for the two complexes, upon bromocriptine binding to the D2
High

R and 

D2
Low

R states, were performed to determine changes in energy, which include van der Waals 

forces, electrostatic interactions, polar and non-polar solvation energies, and enthalpy binding 

energy, (Table 1). The enthalpy terms for D2
High

R and D2
Low

R were calculated to be -58.18 

kcal/mol and -47.71 kcal/mol, suggesting that bromocriptine is more selective against the D2
High

R 

conformation. These results were consistent with previously reported data that suggest that the Ki 

values of bromocriptine for the D2
High

R and D2
Low

R were 0.9 nM and 50 nM, respectively [34]. 

The other energy subcomponents to binding were more subtle. The MM energy values, obtained 

from the sum of the vdW and electrostatic terms, were found to be -68.40 kcal/mol and -67.95 

kcal/mol, respectively and  indicate that the formation of the two complexes and these energy 

values were similar. The solvation energy values, comprising polar (GB) and non-polar (NP) terms, 

were found to be positive and determined to be 10.22 kcal/mol and 20.23 kcal/mol for D2
High

R and 

D2
low

R, respectively. This is due to the desolvation of polar interactions of the ligand in solution. 

These data were consistent and complementary to those previously obtained for the antagonist-

bound systems, showing that D2R antagonists and agonists were selective for the D2
High

R form 

[22]. The energy data demonstrates that there is a connection between ligand-binding affinity and 
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conformational changes induced upon D2R activation. To date, there are only a few studies of how 

conformational transitions correlate with the D2R ligand interface. In summary, the energy analyses 

along with the other study data suggest selectivity of bromocriptine for the D2
High

R form.  

CONCLUSION 

In this study, the dimeric models of D2
High

R and D2
low

R in complex with bromocriptine were used 

to investigate in detail how the ligand-binding domain is affected by conformational changes during 

the activation process particularly on the cytoplasmic ends. The analysis was performed using: (i) 

the MM/GBSA method-based thermodynamic calculations; (ii) conformational stability analysis of 

the ligand and the entire system as a function of time; and (iii) investigation of the binding sites for 

the active (D2
High

R) and inactive (D2
low

R) forms of the receptor. Energy consumption assessments 

suggest that bromocriptine is a more selective agonist of D2
High

R (ΔH(binding) = -58.18 kcal/mol) 

versus D2
Low

R (ΔH(binding) = -47.71 kcal/mol). Also, the binding enthalpy energy data, which were 

consistent with previously reported data, indicated that the Ki values are 0.9 nM and 50 nM for the 

active and inactive forms, respectively. The analysis of dynamic features of the ligand in the two 

receptor conformations demonstrated a high structural stability for bromocriptine in the D2
High

R 

state and a higher degree of conformational flexibility within the D2
Low

R form. However, the amino 

acid side chains of the D2
High

R ligand-receptor complex showed more flexibility compared to the 

corresponding regions of the D2
Low

R.  Glu95, Asp114, and His393 (backbone atoms) of D2
High

R 

and Ser193 of D2
Low

R were found to be conserved residues for the receptor-ligand interaction. 

These essential amino acid residues for bromocriptine were also identified by experimental 

mutation analysis [56-63]. 

In conclusion, this in silico study focused on the ligand binding and receptor-signaling using a 

known D2R agonist in two distinct active and inactive receptor conformations to establish a 

relationship between agonist-ligand binding and the conformational transitions of the cytoplasmic 

ends. Focusing on a PD drug that has an elongated structure and that is accommodated well within 

the binding pocket of the D2R may give better insight into the behavior of elongated structural 
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agonists. Furthermore, this work separated out the effects of backbone and side chain atoms from 

the effects of conformation changes elicited upon agonist binding, thereby clarifying protein 

dynamics during simulations of D2R forms. In conclusion, these findings provided an initial and 

novel perspective regarding D2R drug binding and activation mechanisms and processes. 
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TABLES 
 

 

Table 1. Energetic analysis of bromocriptine in complex with the 

homodimeric D2
High

R and D2
Low

R, as obtained by the MM-GBSA 

method.  

Energy term Mean value (kcal/mol) ± SEM
a 
 

 D2
high

R–D2
high

R   D2
low

R–D2
low

R 

ΔEvdw -75.83 ± 0.34 -59.87 ± 0.43 

ΔEelec 7.42 ± 1.10 -8.07 ± 0.89 

ΔEMM -68.40 ± 1.18 -67.95 ± 1.05 

ΔGGB 19.47 ± 0.92 27.15 ± 0.84 

ΔGNP -9.25 ± 0.02 -6.92 ± 0.05 

ΔGsolv 10.22 ± 0.92 20.23 ± 0.83 

ΔGelec(tot) 26.90 ± 1.01 19.08 ± 0.86 

ΔH(binding) -58.18 ± 0.50 -47.71 ± 0.48 

Ki (Exp.) [34] 0.9 (nM) 50 (nM) 

a
Standard error of the mean (SEM)   
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Figure 1. RMSDs of the heavy atoms of the ligand (line plots) and Cα (two left contour plots) as 

well as side chain atoms of proteins (two right contour plots) relative to their initial positions 

monitored during the MD simulations. The data were obtained from average of two final MD 

simulations. The RMSD mean values were calculated for the ligand and protein atoms (included at 

the graphs with black and red colors, respectively). The ProFit and LigFig plots show the types of 

alignment for trajectories, describing when the frames that were aligned based on the Cα and ligand 

atoms, respectively. The Cα and side-chain RMSD maps were respectively profiled as contour plots 

inside the ProFit and LigFit graphs. The mean RMSD values were calculated for the ligand (black) 

and protein (red).   

 

 

 
Figure 2. Pairwise RMSD analysis of bromocriptine in the active and inactive forms. Two different 

alignment styles were used. The matrices were designed to present the RMSD of each frame 

relative to the other frames.  

 

 

 
Figure 3. RGyr, MolSA, SASA, and PSA parameters were calculated for bromocriptine in the 

binding domains of the active and inactive D2R conformations throughout each simulation.   

 

 

 
Figure 4.  The chemical structure of bromocriptine, showing the six-dihedral angles with different 

colors. 
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Figure 5. Dihedral angle changes of bromocriptine in D2

High
R (active state; upper panel) and 

D2
Low

R (inactive state; lower panel) monitored as a function of simulation time. 

 

 

 
Figure 6. RMSF (Å) values for individual amino acids based on Cα (scatter plot) and side chain 

atoms (contour plot). The highlighted amino acids depicted in the profile play a an integral role in 

ligand stabilization.  
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Figure 7. Interactions of the active site amino acids, hydrogen bonds (HB), water bridges (WB), 

and hydrophobic (HPH) interactions are profiled. Fraction 1 for an interaction means that this 

interaction was conserved all over the simulation (100% occupancy). The major residues formed 

stable interaction with the ligand were determined to be Asp114(3.32) and Glu95(2.65) for the 

active form and Ser193(5.42) for the inactive state of the D2R. 
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Figure 8. (top) Representative 3D schematic views of the binding domains of D2

High
R (left) and 

D2
Low

R (right), obtained from MD trajectory frames. Bromocriptine binding configurations, 

electron density, and active site amino acids considered to be pivotal in ligand stabilization are 

shown. (bottom) Representative 2D schematic views from MD simulations of bromocriptine 

configurations active site amino acid interactions for the D2
High

R and D2
Low

R states. The amino 

acids within 4 Å of the ligand are shown. The properties of the amino acids and the major 

interactions formed inside the cavity are represented by distinct colors and symbols. Asp114(3.32) 

and Glu95(2.65) are considered the critical residues involved in the stabilization of the first segment 

of bromocriptine within the binding pocket of the active state. 

 

 

 

 

 

 

 

 

 


