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Abstract

Growing experimental evidences suggest that dimerization and oligomerization are important for 

G Protein-Coupled Receptors (GPCRs) function. The detailed structural information of dimeric/

oligomeric GPCRs would be very important to understand their function. Although it is 

encouraging that recently several experimental GPCR structures in oligomeric forms have 

appeared, experimental determination of GPCR structures in oligomeric forms is still a big 

challenge, especially in mimicking the membrane environment. Therefore, development of 

computational approaches to predict dimerization of GPCRs will be highly valuable. In this 

review, we summarize computational approaches that have been developed and used for modeling 

of GPCR dimerization. In addition, we introduce a novel two-dimensional Brownian Dynamics 

based protein docking approach, which we have recently adapted, for GPCR dimer prediction.

Keywords

Membrane protein dimerization; Computer modeling; Protein docking; Brownian dynamics 
simulations; Molecular dynamics simulations; Coarse Grained MD simulations

Introduction

GPCRs constitute the largest family of cell surface receptors for a diverse range of ligands, 

including ions, hormones, neurotransmitters, odorants, tastants and light, and transduce 

signals to initiate cellular activities 1. GPCRs are important drug targets for various diseases. 

There are about 50-60% approved drugs eliciting their therapeutic effects by regulating 

GPCR activities 2. Growing experimental evidences suggest that GPCRs function either as 

homodimers, heterodimers or higher oligomers 3-5. This highlights the importance of 

research on prediction of the interface of dimerization. Experimental approaches, including 

cysteine crosslinking, coimmunoprecipitation, western blot analysis, fluorescence resonance 

energy transfer (FRET), and bioluminescence resonance energy transfer (BRET) were 
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extensively applied to study dimerization and oligomerization of GPCRs, and provided 

convincing evidences of dimeric or oligomeric GPCR formations. However, it is very 

difficult to construct structure models of dimeric or oligomeric GPCRs in a detailed 

molecular level based on the results from these experimental approaches 6-11. Structural 

approaches, such as cryo-electron microscopy (cryo-EM) and atomic force microscopy 

(AFM) were used to obtain low resolution oligomeric structure information of rhodopsins. 

The projection structures of rhodopsins based on the two-dimensional crystals from cryo-

EM12-14, and the organization of rohodopsin in native membranes from AFM14-16, provided 

valuable information of arrangement of rhodopsin in vivo. Molecular models of rohodopsin 

in oligomeric forms were proposed based on by fitting the crystal structure into the density 

maps from the AFM experiments17. Recent studies using direct biophysical techniques 

(Fluorescence Correlation Spectroscopy (FCS) with photon counting histogram (PCH) 

analysis and Total Internal Reflection Fluorescence (TIRF)) have provided the first 

conclusive demonstration of GPCR homodimers at the single molecule level 18,19.

Crystallography also contributed to our knowledge of the GPCR dimerization. Recently 

several GPCR structures in oligomeric forms have appeared, including Opsin (PDB: 

3CAP) 20, CXCR4 chemokine receptor (PDB: 3ODU) 21, metarhodopsin II (PDB: 

3PXO) 22, μ-opioid receptor (PDB: 4DKL) 23, κ-opioid receptor (PDB: 4DJH) 24, and β1-

adrenergic receptor (PDB: 4GPO) 25. In addition to oligomer GPCR structures, even more 

monomer structures of GPCRs were obtained by crystallography. Emergence of the GPCR 

structures paved the way to conduct structure-based prediction of GPCR dimerization by 

computational methods, such as protein-protein docking, molecular dynamics (MD) 

simulations and coarse grained MD (CGMD) simulation. In addition, sequence-based 

approaches, as the other branch of computational methods, can be used to complement 

structure-based approaches to study the GPCR oligomerization. However, prediction of 

GPCR oligomer interfaces by computational approaches is still a very challenging task that 

is currently not fully resolved. The previous reviews 26,27 and books 5,28 well summarized 

the research area of GPCR oligomerization using computational approaches. Here we 

review some more recent progresses in this field.

Oligomeric Interface from GPCR Crystal Structures

Simply repeating asymmetric units from crystal structures may generate oligomeric forms of 

GPCR with one or more interfaces (Table 1 and Figure 1). Some of these interfaces might be 

artificial and not represent functional biological assembly. However, it still provides us a 

possible scenario of how GPCRs interact with each other.

The first semi-empirical model of the dimer of rhodopsin and opsin (PDB: 1N3M) 

established three interfaces, TM1/TM2/H8 - TM1/TM2/H8, TM4/TM5 - TM4/TM5 and 

TM1/TM2 - CL3 (cytoplasmic loop connecting helices V and VI) 17. Interfaces involving 

the TM1, TM2 and H8 are then repeatedly observed in the crystal structures of rhodopsin 29, 

opsin 30, metarhodopsin II 22, μOR 23, κOR 24, and β1-AR 25, indicating a relative conserved 

interface in various GPCRs. The interface in the 1N3M shows loose contact with a buried 

surface area (BSA) 146 Å2 while it has more contact in the crystal structures, e.g. 615 Å2 in 

the μOR structure (PDB: 4DKL). Considering the BSA, TM1/TM2/H8 is not the dominant 
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interface in most cases. A recent computation study on rhodopsin indicates that the most 

stable dimers display a symmetric TM1/TM2/H8 interface though the interface has 

relatively small BSA 31. That study, on the one hand, highlights the significance of the 

TM1/TM2/H8 interface; but challenges the utility of the BSA as a predictor to measure the 

strength of membrane protein-protein interaction on the other hand 31. The TM4/TM5 

interface appears similar in the three structures, Semi-empirical model 1N3M17, squid 

rhodopsin 2Z73 32 and β1-AR 4GPO 25. TM5 and TM6 are also found to form interface in 

the structures of CXCR4 21 and μOR 23. Yet they are quite different interfaces with distinct 

contact area. Additionally, the histamine H1 receptor structure has a unique TM4 - TM4 

interface 33; one TM5 - TM5 interface is formed in squid rhodopsin structure 2Z73 32.

Sequence-based Approaches

Bioinformatics techniques can be used to predict dimer interfaces of GPCRs. These 

techniques include: Evolutionary Trace (ET) 34, Correlated Mutation Analysis (CMA) 35,36, 

Subtractive Correlated Mutations (SCM), and hidden-site class evolutionary model 37. 

Those sequence-based approaches have been extensively reviewed elsewhere 27,38-40. It has 

been pointed out that although sequence-based approaches have been successfully applied 

for prediction of GPCR dimerization, they could be more valuable when combined with 

other structural based approaches for their predictions 26, especially, as more high resolution 

crystal structures of GPCRs either in monomers or oligomers become available.

All-atom Molecular Dynamics Simulations

All-atom MD simulation is widely used to describe the dynamic behavior of 

biomacromolecules at atomic level. Increased availability of GPCR crystal structures 

facilitates performing reliable MD simulations for the study of many aspects of GPCR, 

including dimerization/oligomerization and relevant issues. The utilization of MD 

simulations on GPCRs has been recently reviewed 41. Recently a website pipeline, 

GPCRModSim (http://gpcr.usc.es) server, was developed to automatically construct a model 

of a GPCR based on available structure templates, and conduct all atom MD simulations on 

a single GPCR or a GPCR dimer 42. The server could significantly reduce the time and 

effort needed to perform modeling and simulating study on GPCRs.

To explore the role of the dimer form of rhodopsin in signal transduction, Neri et al. 43 

conducted MD simulations based on its AFM dimer model 15. Rhodopsin, as the light 

detector, is bound with 11-cis retinal in the dark state. Photoinduced isomerization of the 

retinal from 11-cis to all-trans inside the binding pocket leads to a cascade of conformational 

changes related to the receptor activation and downstream signaling. In the simulation, a 

harmonic restraint was applied to enforce the isomerization process of the retinal in one 

subunit of the dimer, Rho*. Four independent MD simulations on the Rho*-Rho dimer 

indicated a tandem activation mechanism in which the light sensor Rho* induces 

conformational changes in the other monomer Rho where the “ionic lock” between R135 in 

TM3 and E247 in TM6 breaks triggering evolution toward the meta-II state. Dimer interface 

of the rhodopsin in this model involves TM4, TM5, part of TM3 and intracellular loop 2 

(IL2). After isomerization, TM4* (TM4 in the Rho*) translated rigidly away from the dimer 
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interface, resulting in a tilt of the C-terminal of TM3 (C-terminal of TM3 is anchored by the 

N-terminal of TM4*). The tilt of TM3 caused the breakage of the “ion lock” in the dark 

subunit Rho, which evolves towards an opsin-like active configuration.

100 ns MD simulations were conducted based on two available crystal structures of CXCR4 

homodimer (PDB: 3ODU and 3OE0) 44. In the 3ODU and 3OE0, CXCR4 was co-

crystallized with a small-molecular antagonist IT1t and with a cyclic peptide inhibitor 

CVX15, respectively. The dimerization interfaces involving TM5 and TM6 in both 

structures are essentially identical. The main difference between the two structures are in the 

intracellular side of the dimer where 3OE0 presents contacts that 3ODU does not have 21. In 

addition to the crystallized receptors which contain mutations to stabilize the dimer 

conformation (L1253.41W in the 3ODU and L1253.41W/ T2406.36P in the 3OE0), 

corresponding WT variants were also constructed to conduct MD simulations, which 

produced four comparable simulation systems. The buried surface area (BSA) of the 

dimerization interface increases in all systems from 10% (3OE0 WT) to 75% (3ODU mutant 

system) after 40 ns simulations, indicating the enlargement of the dimerization interfaces. 

And the relative approach of the protomers is mainly located in the intracellular side of the 

interface in all cases. On the other hand, the BSAs in the mutant systems increase more and 

the mutant systems reach the stable phase faster than their corresponding WT systems, 

supporting the stabilization effect of the mutations on the dimerization. Simulations on 

3ODU also suggest that a relative rotation between the two protomers occurs, moving the 

TM4 from each of the two monomers close to each other. Such movement does not occur in 

the 3OE0-based simulations. In addition, a set of novel hydrogen bonds which stabilizes the 

intracellular contacts of the 3OE0-based structures are identified, involving Tyr1353.51 and 

His1403.56(IL2), Arg1464.35 and Ser2255.63 /Ser2285.66. These interactions could be further 

validated by experiment. A review concerning the CXCR4 structure-based studies is also 

available 45.

Heterodimeric complex of the metabotropic glutamate receptor type-2 (mGluR2) and 5HT2A 

serotoninergic receptor (2AR) has been reported to be a new target for the treatment of 

psychosis and shows distinct functional behavior from their monomer 46. Their signaling 

mechanism induced by antipsychotic drugs was also uncovered recently 47. No crystal 

structures of heteromeric GPCRs are available so far. Bruno et al 48 built homology models 

of the mGluR2 and 2AR, respectively, and constructed the heterodimeric complex. 

Sampling of dimer poses was conducted by Rosetta program. And the final complex model 

was selected by visual inspection because the scoring function was unable to correctly sort 

the interface disposition. Using experimental data as a guide, they selected a complex model 

with the TM4/TM5 interface which resembles the interface in the semi-empirical model of 

rhodopsin (PDB: 1N3M). A 40 ns MD simulation was then performed on the complex. 

Results displayed the formation of the dimerization interface between the two protomers that 

allosterically affects the shape of the binding pocket of the individual protomers.

Coarse Grained Molecular Dynamics Simulations on GPCRs

Compared to all-atom MD, the CGMD method is capable of simulation of larger systems 

and longer simulation time at the price of lower resolution and accuracy. CGMD thus has an 
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advantage in simulating oligomerization of GPCR involving couples of receptors in the 

system. Periole et al. utilized large scale CGMD to study the self-assembly behavior of 

rhodopsin 31. Their simulation contains 64 receptors embedded in lipid bilayer at a protein-

tolipid ratio of 1:100. Predominant dimer interface is a symmetric arrangement involving 

TM1/TM2 on extracellular side and amphipathic Helix8 on intracellular side. Additional 

interfaces TM5-TM5, TM4/TM5-TM4/TM5 are also observed in the simulations. All of 

these interfaces together with interfaces TM4-TM6 and TM4-TM4 are further investigated 

using umbrella sampling/potential of mean force (PMF) calculations. Free energy surface of 

PMFs confirms that the symmetric TM1/TM8/H8 interface leads to a stable dimer 

configuration with a deep free energy well around 13 kcal/mol and present no energy barrier 

for protomers binding with each other; In contrast, when forming TM4-TM6 and TM4-TM4 

interfaces, an energy barrier 2.4−3.6 kcal/mol exist for binding. A model of the rows-of-

dimers organization based on AFM images was also constructed in this study. According to 

this high protein density simulations, TM4, TM5 and TM6 may form interfaces related to 

high-order oligomerization of rhodopsin.

By conducting 18 microsecond CGMD simulations based on crystal structure 2RH1, 

Mondal et al. 49 demonstrated that spatial organization of the β2-AR receptor was dependent 

on the pattern of protein-membrane hydrophobic mismatch in the monomer. 

Oligomerization of the monomers at specific interfaces involving TM1, TM4 and TM5 

eliminated the residual hydrophobic mismatch and thus reduced the energy penalty. Another 

study 50 also used CGMD simulations to study self-assembly of the β2-AR receptor based on 

the crystal structure 3SN6. 16 monomers of β2-AR inserted in DSPC lipid bilayer formed 

dimers in which 6 distinct dimeric units were observed and these dimers further assembled 

to form higher oligomeric clusters. TM1-TM1, H8-H8, TM1/TM5- TM1/TM5 and TM6-

TM6 were involved in forming interfaces in which TM1/TM1 and H8/H8 form the most 

stable dimerization interface.

A recently published study investigated how cholesterols mediate the dimerization of β2-AR 

receptor 51 by CGMD simulations. Several GPCRs are shown to be influenced by 

cholesterol in the membrane 52-61. And the binding sites of cholesterol in various GPCRs 

were also investigated by simulations studies 62-64. In this CGMD simulation, the β2-AR 

receptors were immersed in POPC lipids in the presence of increasing concentrations of 

cholesterol: 0%, 9%, 30%, and 50%. Interestingly, in the absence of cholesterol dimer 

formed with the TM4/TM5-TM4/TM5 interface dominating during the simulation; with 

increasing concentration of cholesterol (9% and 30%), they observed interfaces involving 

the TM4/TM5 of one protomer and the TM1/TM2 of the other; when concentration of 

cholesterol reaches to 50%, the TM1/TM2-TM1/TM2 interface was formed between the 

receptors. This progressive change of dimer interface, according to the simulation, is due to 

cholesterol occupancy at TM4, which restricts its involvement in the dimer interface. 

Occupancy of the cholesterol binding site on TM4 is stochastic and dependent on the 

membrane cholesterol concentration.

A series of studies conducted by the Filizola group utilized a protocol of coarse-grained 

biased MD simulations to estimate dimerization free-energy in GPCRs 65-67. The free 

energy surface along the reaction coordinates (the distance between the center of mass 

Meng et al. Page 5

Curr Pharm Biotechnol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(COM) of protomers or the rotational angle θ of interested TMs) was obtained and further 

used to calculate the dimerization constant KD and estimate the lifetime of the dimer. 

Simulations on the β1-AR and β2-AR homodimers indicated that both homodimers with 

TM1/H8 interface were more stable and long-lived than interfaces involving TM4/TM3. The 

β2-AR homodimer involving TM1/H8 interface can last minutes based on estimation derived 

from the calculated free energy. In contrast, both homodimers involving TM4/TM3 interface 

appeared transient with estimated lifetime shorter than milliseconds.

Protein-protein Docking

Compared to the MD simulations, the protein-protein docking method is able to generate 

possible dimer configurations with short time and low computational cost. The generated 

complexes provide structural information/residue interacting pairs that can be used to design 

experiments. Vice versa, preliminary experimental data was also utilized as constraint to 

filter the docking poses.

Based on the validation study by Kaczor et al. 68, several popular protein-protein docking 

programs widely used to predict structure of water-soluble protein complexes cannot be 

expected to give fairly good performance to transmembrane proteins, as the desolvation 

energy term incorporated in these docking algorithms and scoring functions are biased 

towards water-soluble proteins 68,69. They selected eleven transmembrane proteins, 

including ion channels, transporters and GPCRs (opsin, CXCR4 and κOR dimers), all with 

oligomer crystal structure available. Even for such redocking experiment, GPCR dimers are 

still tough targets and only low quality results were obtained. Analysis of all the cases 

indicted that the average docking success generally correlates to a ratio between protein 

interface and total surface (%IST). The GPCR dimers with low %IST (< 3.7%) were 

predicted by the average best RMSD in the range of 7-21 Å. Of those tested programs 

(ZDOCK, ClusPro, HEX, GRAMM-X, PatchDock, SymmDock and HADDOCK), 

GRAMM-X shows the best performance, as it is the only tool that uses additional 

information, such as an evolutionary conservation term in the scoring function. In addition 

to the small area of interface, interfaces of GPCRs do not have obvious geometric 

complementarity that usually exists in the protein-protein interface. That is another reason 

causing the difficulty of predicting GPCR interfaces compared to the other transmembrane 

proteins tested.

All default settings of the docking programs were used in this study, in order to test the 

usability of the programs to transmembrane proteins. Since program parameters are derived 

from water-soluble proteins it is not surprising to get low-quality results under such 

conditions.

Another study conducted by Casciari et al. presented a practical procedure of membrane 

protein docking 69. The approach consists of rigid-body docking samplings, membrane 

topology-based filtering and cluster analysis. The rigid-body docking is performed by 

ZDOCK, starting with one monomer against the other. Each docking run for one monomer 

is followed by the filtering and clustering until the whole oligomer model is constructed. For 

all these systems, predictions lead to native-like structures with Cα-RMSDs lower than 2.5 
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Å from the native oligomer. Two strategies adopted in this approach deserve to be noticed: 

neglecting the desolvation term as it has not been parameterized to the membrane 

environment; and removing the solutions that have inappropriate orientation with respect to 

the membrane, namely, membrane topology-based filtering. It was reported that >94% 

solutions within the 4000 structures generated in each docking run can be discarded by the 

filtering step, which ‘concentrates’ the correct poses. Usually only a few groups can be 

obtained by the subsequent cluster analysis, with the best solutions in the main cluster, 

further emphasizing the goodness of the membrane topology-based filter. This approach was 

then used to predict the dimerization of the lutropin receptor 70, neurotensin 1 receptor 71, 

A2A adenosine receptor 72, and thromboxane A2 receptor 73. In the docking studies of 

neurotensin 1 receptor and A2A adenosine receptor, a possible dimer interface involving the 

CL3 was found: CL3-CL2 in the homodimer of neurotensin 1 receptor and CL3-H8 in the 

homodimer of A2A receptor. Several lines of experimental evidence have pointed out that 

cytoplasmic loops and C-terminus may play important roles in GPCR heteromerization; e.g. 

heteromers of D5-D2 dopamine receptors, adenosine A2A-D2, cannabinoid CB1-A2A, CB1-

D2, and A2A-CB1-D2, can be formed in the cell by means of electrostatic interactions 

between cytoplasmic loops and C-terminus 74,75. Yet crystal structures of GPCRs usually 

miss N- and C-terminus and cytoplasmic loops (especially lack of CL3 which is replaced by 

fused T4 lysozyme). Computational modeling and simulation methods should take more 

care of these domains for understanding the molecular mechanism of the GPCR 

heteromerization.

Two-dimensional Brownian Dynamics (2D-BD) Simulations

The docking feature of Brownian Dynamics (BD) method76 can be used to predict protein-

protein interactions interactions 77-83. Previously, we successfully predicted the interactions 

between potassium channels and various scorpion toxins using the BD simulations. We 

found that the interactions between potassium channels and scorpion toxins are mainly from 

electrostatics. Although the original MacroDox (BD program) considers electrostatic 

interactions only between the two proteins, the program was able to predict the channel-

toxin complexes correctly 84,85. For example, the complex of potassium channel (KcsA) and 

scorpion toxin (Lq2) we predicted is very similar to the complex solved later by NMR 

experiments 84,86. However, in general, protein docking methods need to include other 

short-range interaction terms for scoring and ranking of the results correctly. Therefore, we 

adapted the original MacroDox program to include additional Van der Waals, and 

desolvation energy terms87. The performance of the adapted MacroDox program was 

evaluated by prediction of a test set of protein complexes, for which the crystal structures 

are available, and obtained very encouraging results 88.

Like most docking programs, the BD program is not suitable to simulate the association of 

membrane proteins, which are in a special hybrid of a water/membrane environment (Fig. 

2). In addition, sampling the entire 3D space for membrane proteins is computationally 

wasteful, and inefficient, since the movement of membrane proteins is restricted in a nearly 

planar environment of the membrane (2D). To predict dimerization of membrane proteins, 

we have adapted the BD program (MacroDox) to include a hybrid electrostatic potential 

map of membrane and water for electrostatic interaction calculations, and restriction of 
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sampling within 2D space. We added post-docking refinement accounting for flexibility of 

proteins and rescored. Our adapted 2D- BD program was successfully used to predict the 

dimerization of the Outer Membrane Phospholipase A (OMPLA) and glycophorin A 

(GPA) 89.

Current work employed the 2D BD simulation to predict the oligimerization interfaces of the 

thyroid-stimulation hormone receptor's transmembrane domain [TRANSMEMBRANE 

DOMAINS OF ATTRACTION ON THE TSH RECEPTOR, Rauf Latif, M. Rejwan Ali, 

Mihaly Mezei, and Terry F Davies to be submitted]. The BD simulations produced two 

distinct clusters suggesting contacts between helices 1 and 4, and between helices 2 and 5. 

These contacts were subsequently confirmed by mutating six residues that were in contact in 

according to the BD simulation to cysteines and performing crosslinking experiments.

To test the performance of our 2D-BD approach, supplemented with local energy 

minimization, on GPCRs, we performed a re-docking simulation experiment on the newly 

solved β1-adrenergic receptor oligomeric form crystal structure (PDB: 4GPO) 25. We 

performed 1,000,000 2D-BD runs, and obtained 37,920 compact dimer complexes. Fig. 3 
shows the center of mass distribution of Monomer II around the Monomer I of β1-adrenergic 

receptor. The complex structures were subjected to rigid body energy minimization, and 

ranked by interaction energies. The top 200 lowest interaction energy complex structures 

were selected for clustering analysis (cutoff = 5Å), and 23 clusters were obtained. The 

lowest energy structures were selected from each cluster as representative structures, and 

followed by further energy minimization using the Rosetta program 90, which takes into 

account protein side chain flexibility. The root-mean-square deviation (RMSD) of α carbon 

atoms between the predicted and crystal structures were calculated, and the plot of 

interaction energy (Rosetta score (Rscore)) vs. RMSD is shown in Fig. 4. From Fig. 4A, we 

can see that the 2D-BD approach is able to sample the near crystal structure (RMSD = 0) 

efficiently, which requires a van der Waals energy term to be presented during the sampling 

stage (the nearest structure from the crystal structure sampled without the van der Waals 

term is larger than 9 Å, data not shown). Fig. 4B shows that after application of further local 

energy minimization using the Rosetta program, the best score (Rscore) predicted structure 

is very close to the crystal structure (RMSD = 0.49 Å). The predicted structure with best 

score superimposed on the crystal structure is shown in Fig. 5.

Future Perspective

Not just for GPCRs, many other membrane proteins also function as dimers or oligomers, 

such as protein-tyrosine kinase receptors, cytokine receptors, antigen receptors, tumor 

necrosis receptors, protein-serine/threonine kinase receptors, and ion channels 6,91-94. 

Dimerization is also involved in the regulation of a large number of biological processes. It 

is of high importance to develop docking approaches suitable for predicting dimerization of 

membrane proteins, including sampling in the membrane environment, and improved 

scoring functions for membrane proteins.

The recent emergence of a number of GPCR crystal structures in oligomer forms provides 

an opportunity to evaluate the performance of new docking approaches. The goal will be to 
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predict dimer structures correctly from monomer forms of GPCRs based on efficient 

sampling and scoring of protein docking approaches. Docking approaches can be used in 

combination with CGMD or all-atom MD simulations to take account induced-fit effects of 

GPCR dimerization. Using computational approaches alone to predict dimerization of 

GPCRs is a challenging task. In combination with experimental approaches, the 

computational approaches could become more powerful and useful. For example, cysteine 

crosslinking results between the dimer interfaces 11 could be used as distance restraints to 

reduce the sampling space of docking simulations dramatically. The predictions from 

computational approaches need to be tested and validated by experimental approaches.
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Fig. 1. 
GPCR Oligomeric Interface. A. Squid rhodopsin, TM4/TM5-TM4/TM5 (PDBID:2Z73); B. 

Squid rhodopsin, TM5-TM5 (PDBID:2Z73); C. Histamine H1 receptor, TM4-TM4 

(PDBID: 3RZE); D. μ-OR, TM1/TM2/H8-TM1/TM2/H8, TM5/TM6-TM5/TM6 (PDBID:

4DKL); E. β1-AR homo oligomers, TM1/TM2/H8-TM1/TM2/H8 , TM4/TM5-TM4/TM5 

(PDBID: 4GPO). (Color coded figures are available for the web version of this article)
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Fig. 2. 
Hybrid electrostatic potential map of membrane and water for electrostatic interaction 

calculations for 2D-BD simulations. The arrows present additional relaxations of motions 

perpendicular to the membrane and rotation out of the membrane, as a suitable 

approximation or simulations of membrane proteins that translate and rotate within the two-

dimensional membrane.
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Fig. 3. 
The center of mass distribution of Monomer II (gray balls) around Monomer I of β1-

adrenergic receptor from 2D-BD simulations (Left: top view, Right: side view). The center 

of mass of crystal structure of Monomer II is shown as a black ball.
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Fig. 4. 
Interaction energy (score) vs. RMSD between the predicted and crystal structures. (A) 

Structures from BD simulations followed by rigid body energy minimization. The sampled 

complexes near to crystal dimer are marked with an orange rectangular box. (B) 23 

reprehensive structures of the cluster from the top 200 lowest energy predicted structures. 

The lowest energy predicted complex is marked with an orange arrow (RMSD = 0.49 Å 

from the crystal structure).

Meng et al. Page 18

Curr Pharm Biotechnol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5. 
Comparison of crystal structure and 2D-BD predicted structure. The BD predicted Monomer 

II (right, in black) is very close to that of the crystal structure (right, in gray), and Monomer 

I (left) in colored in gray (RMSD: 0.49 Å)
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Table 1

Crystal Structure Packing Dimer Interface

PDB id Name Description Resolution (Å) Interface Ref.

1N3M Rhodopsin, Semi-empirical model 
based on AFM

TM1/TM2/H8, TM4/TM5, 
TM1/TM2 - CL3

Liang, 2003, 17

2I35, 2I36 Rhodopsin 3.80, 4.10 TM1/TM2/H8 Salom, 2006, 29

2I37 Photoactivated rhodopsin 4.15 TM1/TM2/H8 Salom, 2006, 29

2RH1 β2-AR 2.40 TM1 - H8 Cherezov, 2007, 95

3CAP Opsin 2.90 TM1/TM2/H8 Park, 2008, 20

2Z73 Squid Rhodopsin 2.50 TM4/TM5, TM5 Murakami and Kouyama, 
2008, 32

3ODU CXCR4 2.50 TM5/TM6 Wu, 2010, 21

3OE(0, 6, 8, 9) 2.90 - 3.20

3RZE Histamine H1 receptor 3.10 TM4 Shimamura, 2011, 33

3PXO metarhodopsin II 3.00 TM1/TM2/H8 Choe, 2011, 22

4DKL HOR 2.80 TM1/TM2/H8, TM5/TM6 Manglik, 2012, 23

4DJH κOR 2.90 TM1/TM2/H8 Wu, 2012, 24

4GPO β1-AR 3.50 TM1/TM2/H8, TM4/TM5 Huang, 2013, 25
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