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Abstract

GPCRs are transmembrane receptors involved in diverse biological functions. Despite the diversity 

in their amino acid sequences, class A GPCRs exhibit a conserved structural topology and 

possibly common mechanism of receptor activation. To understand how this high sequence 

diversity translates to a conserved functional mechanism, we have compared the dynamic behavior 

of eight class A GPCRs comprising of six biogenic amine receptors, and the adenosine A2A and a 

peptide receptor protease activated receptor 1. Starting from the crystal structures of the inactive 

state of these receptors bound to inverse agonists or antagonists, we have performed multiple all-

atom MD simulations adding up to several microseconds of simulation. We elucidate the 

similarities and differences in the dynamic behavior and the conformational ensembles sampled by 

these eight class A GPCRs. Among the six biogenic amine receptors studied here, the β2 

adrenergic receptor shows the highest level of fluctuation in the 6th and 7th transmembrane helices, 

possibly explaining its high basal activity. In contrast, the muscarinic acetylcholine receptors show 

the lowest fluctuations as well as tight packing and low hydration of their transmembrane 

domains. All eight GPCRs show several conserved allosteric communication pipelines from the 

residues in the agonist binding site with the G protein interface. Positions of the residues along 

these pipelines that serve as major hubs of allosteric communication are conserved in their 

respective structures. These findings have important implications in understanding the dynamics 

and allosteric mechanism of communication in class A GPCRs and hence useful for designing 

conformation specific drugs.
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1. INTRODUCTION

G protein coupled receptors (GPCRs) are transmembrane receptors involved in cellular 

processes and are valuable drug targets. Agonist bound GPCRs have a higher propensity to 

bind intracellular proteins (such as G-proteins and arrestins) leading to receptor activation 

and intracellular (IC) signaling, while inverse agonists inhibit receptor activation. Under 

physiological conditions, GPCRs are highly dynamic and therefore can adopt multiple 

functional conformational states 1, each of which can couple to different intracellular 

proteins leading to diverse signaling pathways. Understanding of how the dynamics of 

various GPCRs populate various conformational functional states is a complex process.

GPCRs share a common topology with seven transmembrane (TM) helices, connected by 

intra and extracellular loops. The canonical mode of GPCR signaling is through trimeric G 

proteins, a family of intracellular proteins that bind to the IC interface of the receptor upon 

activation. The activation of GPCRs is triggered by a combination of conformational 

selection as well as induced fit upon agonist binding where the intracellular (IC) part of 

TM6 moves outward from the receptor core, opening a cavity for G protein interaction 2. 

Depending on the nature of the agonist binding in the extracellular surface of the GPCR, the 

receptor binds and activates different G-proteins or other proteins such as β-arrestin. 

Therefore the agonist/GPCR pair influences the selection of the intracellular protein to 

which the receptor couples. Since the agonist binding site is located far away from the G-

protein coupling interface, the communication between the ligand binding site and IC 

interface is allosteric in nature 3. Key residues in the TM domain located in between the 

ligand binding site and the IC interface have to mediate the allosteric communication 

between the two domains 4, however weak or strong the allosteric communication may be. 

Besides, allosteric communication between the residues in the ligand binding site to those in 

the IC interface is necessary to maintain the receptor in the inactive state when bound to an 

antagonist or an inverse agonist. Despite being diverse in amino acid sequence identity, class 

A GPCRs show a conserved structural topology and possibly a common mode of activation. 

Our hypothesis is that if class A GPCRs have a common mode of activation, then the 

residues that are involved in receptor activation or deactivation should be located in the same 

position in their respective three dimensional structures even if the amino acid sequence is 

not conserved at these positions. Thus, comparing the dynamic behavior across GPCRs can 
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provide insights into the relative population of various conformational substates that are 

sampled in the presence of antagonists and the residues that contribute to maintaining the 

receptor in its inactive conformational state.

Among the class A GPCRs, the biogenic amine receptor family modulate diverse 

physiological functions, ranging from cardiovascular regulation, neurotransmission, to 

digestion, sleep and brain activity. The activation of biogenic amine receptors is modulated 

by chemically similar small molecule agonists that consist of a protonated charged nitrogen. 

The structure and function of the adrenergic and muscarinic acetylcholine receptors have 

been extensively studied in the literature using mutagenesis and biophysical methods 3b, 5. 

These studies have revealed the functionally important (involved in receptor activation) 

conserved amino acid sequence motifs within the TM domains of multiple GPCRs, such as 

the WxP motif on TM6 and the NPxxY motif on TM7. However, the residues that play an 

important role in the activation or deactivation of the receptor are not known even in 

biogenic amine receptors.

Recently, we studied the allosteric communication pathways in the β2-adrenergic receptor 

using graph theory based algorithm called “Allosteer” and microsecond timescale molecular 

dynamics (MD) simulations 4b. These simulations showed that some residues in the ligand 

binding site of GPCRs show significant correlated motion to the residues in the G-protein 

binding interface, in the time scale of nanoseconds to microseconds. We also showed that 

the correlated motion between residues in the ligand binding site to the IC interface is 

stronger in the antagonist bound receptor state than in the agonist bound state. Using 

Allosteer, we calculated the allosteric communication pathways (which we call allosteric 

pipelines) from the ligand binding site to the G-protein binding interface. Residues within 

the allosteric pipelines that propagate the allosteric communication were experimentally 

shown to affect (enhance or suppress) receptor activation upon mutation in multiple class A 

GPCRs. These results indicate that the pipelines of allosteric communication that modulate 

receptor activation could be conserved across multiple receptor species. Please note that 

allosteric communication in this case refers to correlated motion between distant residues in 

the timescale of nanoseconds that is not accessible by experiments. This type of correlated 

motion involves measuring time-resolved changes in torsion angles of distant residues and 

calculating the correlation among these changes. Such correlated motions are important for 

stabilizing specific receptor conformations such as the inactive or the active state, since they 

reduce the degree of freedom of the correlated residues. Concerted movement of residues 

leading to large conformational changes (e.g. motions that lead to transition from the 

inactive to the active state) is measured by NMR studies on GPCRs 1, 3b. These concerted 

changes that occur in longer time scales in the range of tens of microseconds to hundreds of 

milliseconds, are also referred to as allosteric communication in the literature. These types 

of motions are slower (in the timescale of microseconds to milliseconds) and are detectable 

in NMR and single molecule experiments 1. Our analysis concerns the former motion 

(correlated motion in nanoseconds timescale), since this timescale is accessible to MD 

simulations.

Our aim in this study is to compare the dynamic properties of the biogenic amine receptors 

in their inactive state with the goal of understanding of the biological properties of these 
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receptors. We have also compared the dynamics of the biogenic amine receptors to that of 

other class A GPCRs, that we have studied recently 6 to determine whether such properties 

are conserved across the class A GPCR family. The inactive state of the GPCR is a 

functional state and the dynamic properties of the inactive state should provide structural 

basis for the mechanism by which the inverse agonist or the antagonist maintains the 

receptor in its inactive state. Towards this goal, we have performed all-atom unbiased MD 

simulations of six biogenic amine receptors and two other class A GPCRs (non biogenic 

amine family), starting from the respective crystal structures of their inactive states with 

inverse agonist or antagonist bound. The receptors that we have studied are β2 and β1 

adrenergic receptors (β2AR, β1AR), dopamine D3 receptor (D3DR), histamine receptor 1 

(H1R), M2 and M3 muscarinic acetylcholine receptors (M2R, M3R), protease activated 

receptor 1 (PAR1) and A2A adenosine receptor (A2AR). In our previous work on β2AR, we 

found that there is strong allosteric communication between the ligand binding site and EC 

domain and the G protein interface in the inactive state of β2AR and this allosteric 

communication was substantially weaker in the agonist bound β2AR 4b. The residues that 

modulate this allosteric communication contribute to the stability of the inactive state. Thus 

by studying the allosteric communication in the inactive states of the different receptors, we 

can gain insight into the mechanism by which antagonists/inverse agonists suppress 

activation. In this work, we have compared several key aspects of the receptor dynamics 

such as the movement of the IC end of TM6, packing of hydrophobic residues in the TM 

core and penetration of water into the TM regions. We have also shown how the major 

allosteric communication pipelines are conserved across all eight GPCRs and describe a 

common mechanism of allosteric communication that keeps the receptor in the inactive 

state.

2. METHODS

2.1. System preparation

Crystal structures of inverse agonist/antagonist bound GPCRs were downloaded from the 

PDB databank (www.pdb.org). The pdb IDs of the β2AR, β1AR, D3DR, H1R, M2R, M3R, 

PAR1 and A2AR crystal structures are: 2RH1, 2VT4, 3PBL, 3RZE, 3UON, 4DAJ, 3VW7 

and 3PWH respectively. First the stabilizing proteins such as T4 lysozyme were removed 

from the structures, and missing loops that are less than 10 residues long were then modeled 

using MODELLER 7, and the missing side chains were added using MAESTRO 

(Schrodinger LLC). The long ICL3 was omitted from the simulated protein structures. Also 

the mutated residues in the crystal structures were mutated back to their wild type sequences 

using MAESTRO (Schrodinger LLC). The amino and carboxy termini of the receptors were 

capped using neutral acetyl and N-methyl amide capping groups. The topological 

parameters of the ligands were derived from the PRODRG server 8, and partial atomic 

charges were calculated according to the B3LYP/6-31G basis set 9 using Jaguar 

(Schrodinger LLC). The ligand bound receptors were embedded in a pre-equilibrated 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer of 256 molecules. The 

lipid molecules were packed around the proteins using the inflateGRO methodology of 

GROMACS 10. To remove the net charge of the system, Cl- or Na+ ions were added as 

counter-ions. The SPC water model 11 was used as the solvent for each system.
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2.2. MD simulation protocol

The MD simulations were performed using the GROMOS53a6 force field 12 and the 

software package GROMACS v4.6 13. The systems were first minimized until the maximum 

force became less than 100.0 kJ-mol−1nm−1. The systems were equilibrated in two steps. 

First, 200 ps of MD simulation was performed on each system, in which the volume was 

kept constant and the temperature was linearly increased from 0K to 310K. Next, 5 ns of 

MD simulation was performed in the NPT ensemble at 1 atm pressure and a temperature of 

310K. For both these steps, the heavy atoms of the proteins and the ligands were restrained 

using a force constant of 1000 kJ-mol−1nm−1. Production simulations were initiated from 

the final snapshots of equilibration step and were performed at a constant pressure of 1 atm 

and temperature of 310K. The Nose-Hoover thermostat 14 and Parrinello-Rahman 

barostat 15 were used. For each GPCR, 10 individual simulations were performed with 

different initial velocities (sampled from the Maxwell-Boltzmann distribution at 310K) 

lasting for 100ns each using a timestep of 2 fs. A cutoff distance of 12A was used for 

nonbonded interactions, and PME (particle mesh Ewald) method 16 was used for calculating 

long range electrostatics.

2.3. Analysis of MD trajectories

The root mean square fluctuation (RMSF) was calculated using the GROMACS package 13, 

while inter-residue distances were calculated using VMD 17. To estimate the errorbars in 

RMSF, the MD trajectories for each receptor was divided into groups of three and the RMSF 

of each group was calculated separately. This ensured that both the intra-trajectory as well as 

inter-trajectory fluctuations were captured. These RMSF values were then used for 

calculating the errorbars. To calculate the vdW packing efficiency for a given pair of 

residues, we calculated the number of heavy atoms of the two residues that are within 4A of 

each other for each frame of the MD trajectories. The net vdW packing efficiency was 

obtained by averaging over all the simulation snapshots. The number of water molecules 

within 5A of the TM residues were calculated using VMD 17. The water occupancy profiles 

within the TM regions were displayed using the volmap module of VMD 17 with a cutoff 

value of 0.1.

2.4. Calculation of allosteric pipelines

The detailed calculation of the allosteric pipelines is discussed in 4b. Here we give a brief 

overview of the method as implemented here. We first calculate the mutual information (MI) 

in torsional degrees of freedom between each pairs of dihedral angles within each receptor. 

The average MI between a residue pair is the mean of the pairwise torsion angle MIs 

between the two residues. Higher the MI, more correlated is the dynamics of the two 

residues. We next calculated the allosteric pathways between each pair of residues that 

showed above average MI (MI>MIavg) and were farther than 10A in the receptor structure. 

We first constructed an undirected graph using inter-residue contacts, where the residues 

formed nodes and the inter-residue contacts formed the edges of the network. An inter-

residue contact was identified if the Cα atoms of the residue pair were within 7.5A of one 

another. The edge weights were proportional to the negative of the MI between the terminal 

residues of the edge. The allosteric pathway between two residues was calculated as the 

Bhattacharya et al. Page 5

J Chem Theory Comput. Author manuscript; available in PMC 2016 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shortest pathway that maximizes the sum of the edge weights in a pathway using the 

algorithm by Dijkstra 18, as implemented in the Bioinformatics ToolBox in MATLAB (The 

MathWorks, Natick, MA). The top 10% of the allosteric pathways by terminal MI were then 

clustered into pipelines. To determine the spatial proximity of two pathways, we calculated 

the pathway “overlap” defined as the fraction of nodes of both pathways that are within a 

cutoff distance (7.5A) of one another. Using overlap as similarity metric, we clustered the 

pathways using the hierarchical clustering routine in MATLAB (The MathWorks, Natick, 

MA).

2.5. Comparison of allosteric pipelines across receptors

We calculated a similarity metric for each pair of pipelines among the different receptors, 

which is defined as the percentage of allosteric hubs that are common between the two 

pipelines. We then clustered the similar pipelines together using hierarchical clustering in 

MATLAB.

2.6. Convergence of MI

In proteins, correlated motion between allosteric residues can happen at all time scales, 

ranging from picoseconds to milliseconds or more. Here we are investigating allosteric 

correlation that happen in the sub-microsecond timescale. To test whether our simulations 

have sufficiently converged to capture equilibrium MI statistics, we calculated residue based 

MI by taking different lengths of the MD trajectories. We then compared the MI of a certain 

length of trajectory with that from a shorter trajectory by calculating the root mean square 

deviation between the two MI matrices (e.g. we calculated the RMSD between MI from 50 

and 60 ns, then between 60 and 70 ns, and so on) (Figure. S1A). For all three trajectories, 

the MI RMSD rapidly decreased and stabilized around 70 ns. After 70 ns, any further 

increase in simulation time leads to little change in the magnitude of MI. This indicates that 

the simulations have converged.

2.7. Effect of the initial receptor structure on the observed allosteric behavior

To test whether the allosteric hubs depend on the initial receptor structure used in the MD, 

we performed ensembles of MD simulations starting from two different crystal structures of 

the inactive state of β1AR (2Y03 and 4BVN). These two structures have subtle differences 

at the ends of the TM helices. Moreover, several loop residues are missing in one structure 

compared to the other. To eliminate the effect of the ligand, we used the same ligand 

norepinephrine in both simulations. The top allosteric hubs obtained from the two 

simulations were then compared to one another. Among the top 20 allosteric hubs, 70% of 

the residues were common between the two simulations as shown in Figure. S1B. Thus the 

starting receptor structure does not substantially affect the predicted allosteric hubs.

3. RESULTS AND DISCUSSION

3.1. β2-adrenergic receptor shows the highest flexibility among the biogenic amine 
receptors

Figure. 1 shows the root mean square fluctuation (RMSF) per residue for every residue in 

each of the biogenic amine receptors. The X-axis label is the residue number using the 
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Ballesteros-Weinstein numbering system 19. The loop residues are marked as ECL or ICL 

depending on extracellular loop or intracellular loop respectively. The calculated RMSF 

reflects the extent of flexibility of the residues in the GPCRs. The RMSF of the residues 

within the transmembrane (TM) regions stay within 1–3A, while the loop regions show 

higher RMSF > 6A. In order to quantify the flexibility of the TM domains, we plotted the 

average RMSF of the TM regions for each receptor (Figure. 1B). Among the six biogenic 

amine GPCRs studied here, β2AR shows the highest RMSF, even from the closely related 

β1AR. Detailed comparison of the RMSF among the TM regions shows that the increased 

RMSF of β2AR comes mainly from TM6 and TM7 (Figure. 1C).

To understand the functional dynamics of the biogenic amine receptors in their inactive 

states, we measured the distribution of the distance between the IC ends of TM3 and TM6 as 

shown in Figure. 2. The antagonist or the inverse agonist bound receptors sample an 

ensemble of the microstates with higher population of receptor in the inactive state. Here, 

the TM3-TM6 distance is represented by the Cα-Cα distance between the highly conserved 

(among class A GPCRs) residues R3.50 and E6.30. These two residues are believed to form 

a salt bridge referred to as the ‘ionic lock’ in many GPCRs that stabilizes the inactive 

state 20. The results for M2R and M3R are not included in Figure. 2 because the location of 

the residue 6.30 at the IC end of TM6 is unraveled in the M2R crystal structure, 21, and this 

position is not resolved in the crystal structure of M3R 22. Among the other four receptors 

that we report, the two β adrenergic receptors show a bimodal TM3-TM6 distance 

distribution with two major peaks. One of the peaks is at a distance of 6A, which is shorter 

than the corresponding distance in the crystal structures of the β1AR and β2AR receptors 

(about 11A, pdb ID: 2VT4 23 and 2RH1 24 ). This peak is in fact composed of three sub-

peaks representing three closely related conformations (Figure. 2, red curve). The other peak 

is at 12–13A and is closer to the distance in the crystal structure of inactive β2AR/β1AR 

(11A). Also for each bin of the TM3-TM6 distance, The percentage of conformations that 

formed the ionic lock in each bin of the TM3-TM6 distance is shown as the area under the 

distribution curve (Figure. S2). While the left hand side peaks in the distance distributions of 

the adrenergic receptors show high ionic lock propensity, the right hand side peak (which is 

close to the inactive state crystal structure of β2AR with the ionic lock) do not show any 

ionic lock. The other two receptors D3R and H1R show a single major peak at 7–8A similar 

to the inactive state crystal structures. While D3R shows high ionic lock propensity 

throughout the TM3-TM6 distance distribution, H1R shows weak ionic lock propensity. The 

wider distributions of TM3-TM6 distance in the two β adrenergic receptors correlate with 

their high basal activity 25.

The higher flexibility of β2AR compared to the closely related β1AR observed during the 

dynamics simulations is in agreement with the experimental observation that when both 

β2AR and β1AR were expressed in the same cell line, the basal activity of β2AR was higher 

compared to β1AR 25. The high flexibility of β2AR possibly facilitates the dynamics and its 

transition into an intermediate active-like state even in the absence of any agonist which 

explains it’s elevated basal activity 1. An observation of β2AR sampling open conformations 

(increased TM3-TM6 distance) without a bound agonist was made previously in our 

simulations prior to experiments 2 and later also shown in NMR and DEER studies of the 

dynamics of β2AR 1. Among the six GPCRs, H1R and M3R show the least RMSF. However, 
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it should be noted that there is no experimental measurement comparing the basal activity of 

all the biogenic receptors except between β2AR and β1AR. All biogenic amine GPCRs show 

measurable levels of basal activity 25. However our simulations indicate that among the 

receptors that we studied, the β adrenergic receptors tend to be more constitutively active 

compared to D3R and H1R. We note that given the complexity of the cellular environment, 

such comparison is only feasible when the different receptors are expressed in the same cell. 

The broader TM3-TM6 distance distribution in β2AR is also in line with its high RMSF.

3.2. Reduced packing efficiency in the TM region leads to enhanced activation

To understand the dynamic behavior of GPCR conformations, we compared the packing 

efficiency of the residues in the TM domains among the different receptors during the MD 

simulations. Analysis of the crystal structures of some of the class A GPCRs showed that 

there is a cluster of hydrophobic residues in the middle of TM2, TM3 and TM6 (residues 

L3.43, F6.44, X6.40; X: I,L,V,M and X6.41), whose side chains are tightly packed in the 

inactive state crystal structures 26, and are disrupted in the active state crystal structures of 

β2AR and M3R. Moreover, some of these residues showed concerted side chain 

rearrangement during deactivation of β2AR as observed in microsecond scale MD 

simulations 4a. Thus it is proposed that the hydrophobic packing in the core of the TM 

region stabilizes the inactive state. Indeed, mutation of one of these residues F6.44 in β2AR 

leads to a constitutively active mutant (CAM) 27. Figure. 3A shows the net packing 

efficiency of the four hydrophobic residues in the MD simulations of the six biogenic amine 

receptors averaged over time. Among these receptors, β2AR shows the lowest packing 

efficiency, while the M2R and M3R show the highest packing efficiency. The low packing 

efficiency of β2AR will facilitate the disruption of the hydrophobic packing necessary for 

activation. The weak hydrophobic packing in β2AR is therefore indicative of its high basal 

activity 25. Figure. 3B displays the packing efficiency between each pair of hydrophobic 

residues that have been shown to be tightly packed in the active state crystal structures. 

β2AR shows weak packing between every pair of residues except 3.43 and 6.41 (Ballesteros-

Weinstein numbering). Thus the weakened hydrophobic packing in β2AR is a result of 

reduced packing involving the entire core of the TM domains rather than a specific region. 

This could lead to a more dynamic receptor interior that facilitates conformational change. 

PAR1, the peptide binding GPCR also shows weak hydrophobic packing efficiency similar 

to that of β2AR (Figure. S5). The weak hydrophobic packing of PAR1 could be related to its 

high constitutive internalization in absence of agonists 28. The packing efficiency in A2AR is 

comparable to that of D3R, but less than that of the muscarinic receptors. Due to the lack of 

experimental data on comparison of constitutive activity among multiple GPCRs, it is 

difficult to correlate our packing efficiency observations directly with experiments.

3.3. Water penetration into the TM regions and role in activation

During the dynamics simulations, water penetrated into the binding cavity and the core of 

the TM domains in all the eight receptors. Among the six biogenic amine receptors 

simulated here, the β-adrenoceptors (and M2R) showed the highest number of water 

molecules within the TM regions, whereas the two Gq coupled receptors, H1R and M3R 

showed the lowest amount of water in the TM domain (Figure. 4A). To analyze the water 

penetration into the TM regions in more detail, we compared the regions of high water 
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occupancy (regions with the most frequent presence of water) within the TM domains of the 

six receptors. Figure. 4C–H show the regions with high (cutoff given in the Methods section) 

water occupancy for each receptor. For all receptors, the ligand binding cavity shows high 

hydration. The IC domains of the receptors also show regions of high water occupancy. 

However the hydrated IC regions are disconnected from the hydrated ligand binding pocket, 

possibly due to the presence of the tight packing among the hydrophobic cluster of residues 

in the middle of the TM regions. Thus, there is no continuous ‘water wire’ in the inactive 

state of the biogenic amine GPCRs. This observation is in agreement with the recent 

simulation findings for the inactive state of rhodopsin 29. From Figure. 4A and C/D, the 

hydrated IC regions in the β-adrenergic receptors are larger in volume compared to the other 

receptors. The extra waters are present near the polar residues on TM7 (near the S2597.46 

and the NPxxY motifs, Figure. 4C–D). Although M2R shows a high number of water 

molecules in the TM region, majority of the water is located near the ligand binding pocket 

and not in the IC regions (as opposed to the adrenergic receptors). Both muscarinic receptors 

show the lowest amount of water in the IC regions, whereas their ligand binding pockets are 

heavily hydrated (Figure. 4G–H). In keeping with these results, the muscarinic receptors 

also show the highest packing efficiency within the hydrophobic core of their TM regions 

(Figure. 3A), which contributes to the low hydration. The high hydration of the binding 

pockets of the muscarinic receptors could be due to the presence of the allosteric modulator 

binding region right above the orthosteric binding cavity 30. This open region within the EC 

loops may favor diffusion of extra water into the orthosteric ligand binding cavity. We also 

compared the water rich TM region of the biogenic amine receptors to that of PAR1 and 

A2AR (Figure. S6). Both PAR1 and A2AR show less hydration of the TM regions compared 

to the biogenic amine receptors (Figure. S6B). In spite of the differences in hydration among 

the six receptors, they share several common residues that show greater likelihood of being 

hydrated in all the receptors. These residue positions are shown in Figure. 4B. Two residues 

(3.28 and 3.29) near the top of the orthosteric binding pocket show high hydration. The 

residue 3.28 is aromatic (Trp/Phe) in all six receptors. However the residue 3.29 is polar 

(threonine) in β adrenoceptors and hydrophobic (Leu/Val) in the other receptors. Despite 

being non-conserved in chemical character (polar vs. hydrophobic), the residue 3.29 is 

hydrated in all six receptors, which indicates that the water molecules near this residue could 

be functionally significant in the biogenic amine receptors. The region near the residue 3.35 

at the bottom of the orthosteric cavity is also hydrated in all the receptors. This residue is not 

conserved among the six receptors. The region near the residue 3.35 forms the floor of the 

orthosteric ligand binding cavity, and is near the connector region 4a that modulates 

allosteric communication between the agonist and G protein coupling domains 4b. Thus, the 

presence of water in this region could have a functional role in the allosteric communication 

as well as the GPCR activation. The other region of common hydration is the NPxxY motif, 

which has been shown to be functionally important in class A GPCRs 31. For example, in the 

crystal structure of active β2AR, Y3267.53 forms a water mediated hydrogen bond with 

Y2195.58 , which is proposed to stabilize the active state of β2AR 32. From our simulations, 

we find that the NPxxY is also hydrated in the inactive state of all the six biogenic amine 

receptors. The conserved aspartate D2.50 is located in the middle of TM2 in class A GPCRs. 

This residue when mutated to Asn or Ala leads to loss of agonist efficacy in many biogenic 

amine GPCRs 33. Moreover, microseconds of MD simulations with adrenergic receptors 
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have shown that protonation of D2.50 stabilizes the ionic lock between R3.50 and E6.30 

(D2.50 is deprotonated in all our simulations) 34. Thus, D2.50 is a key residue that 

modulates the activation of biogenic amine receptors. In our simulations, D2.50 is located 

within the high water density region in all the receptors. While the hydration of this residue 

is high in β2AR, β1AR, D3R and H1R (5–8 water molecules within 5A), the hydration is 

relatively weaker in M2R and M3R (2 water molecules). The weak hydration of D2.50 in the 

muscarinic receptors could be due to the overall low water density within their TM domain. 

Since D2.50 is consistently hydrated in all the receptors, water could play a role in 

mediating the functional role of this residue in biogenic amine receptor activation.

3.4. Mutation points that produce CAMs and UCMs function as hubs of allosteric 
communication

In our previous work we had developed a computational method to calculate the allosteric 

communication pathways present in various conformational states of β2AR 4b. The allosteric 

communication pathways were calculated using the mutual information in torsional angles 

of residues from long time scale MD trajectories. When multiple allosteric communication 

pathways show significant overlap, we term these as allosteric pipelines. We term the 

residues in the allosteric pipelines as “allosteric hubs”. In this work we have used the same 

method to calculate and compare the allosteric communication pipelines in the inactive state 

of the six biogenic amine receptors. This will help us to understand the role of antagonist/

inverse agonist in the allosteric communication between distant residues in the biogenic 

amine receptors. We find that certain regions of the receptors show a high density of 

allosteric communication pipelines that could be of functional significance in the receptor. 

We previously calculated the allosteric pipelines in the microsecond dynamics of various 

functional states of the β2AR 4b. In this work, we report that the allosteric communication 

pipelines that communicate between the EC and IC regions of β2AR are conserved among 

the six biogenic amine receptors. Figure. 5A shows two of the major allosteric pipelines that 

are conserved among the biogenic amine receptors (rest of the conserved pipelines are 

shown in supplementary figure S3). Figure. 5A shows the two pipelines as red and blue 

patches respectively, while the pathways that belong to each pipeline are shown as red or 

blue lines. The red allosteric pipeline starts at the interface residues located between the 

ECL2 (extracellular loop 2) and EC end of TM2, traverses through the orthosteric ligand 

binding pocket and ends at the IC end of TM5 and TM6, where the G-protein couples to the 

receptor. The blue allosteric communication pipeline shown in Figure. 5A, traverses mostly 

through TM7 and communicates with helix 8. These two pipelines span the entire length of 

the TM domains in all the six receptors, and could play a major role in mediating allosteric 

communication between the ligand binding site and G protein interface. In the microsecond 

simulations of β2AR, the red pipeline was found to be stronger (higher pathway population) 

in the inactive state compared to the agonist bound intermediate state or the nanobody bound 

active state 4b. We also previously showed that the agonist bound β2AR showed weak 

allosteric communication between the agonist binding site and the G-protein coupling 

site 4b. Since the red allosteric communication pipeline shown in Figure. 5A is the strongest 

in the inactive state (stronger the allosteric communication, less dynamic is the receptor), it 

could play a role in stabilizing TM5 and TM6 in their inactive conformation. Likewise, the 

blue allosteric communication pathway in Figure. 5A, that traverses through TM7 in the 
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inactive state could stabilize TM7 in the inactive state. From the crystal structure of visual 

arrestin bound rhodopsin, it is known that arrestin forms distinct structural contacts with 

TM7 and helix 8 of rhodopsin (and possibly in other class A GPCRs)35. Likewise the 

strength of communication along the two allosteric pipelines spanning TM6 and TM7 could 

modulate the signaling through β-arrestin. However Since the β-arrestin bound structure is 

not known for biogenic amine receptors, it is difficult to discuss the role of allosteric 

communication in arrestin signaling. Two residues in the EC loops of β2AR, E192ECL2 and 

K305ECL3, form a salt bridge in the inactive state right above the orthosteric pocket 24. 

These two residues along with several other residues form the termini (starting point) of 

allosteric communication in the red pipeline. NMR experiments showed that the salt bridge 

involving E192ECL2 and K305ECL3 is weakened upon activation 36. Since the dynamic 

behavior of the initiators of allosteric communication (i.e. E192ECL2 and K305ECL3) is 

experimentally connected to activation, it corroborates our computational findings.

The allosteric hub residues that are common to all the six biogenic amine receptors are 

shown as spheres in Figure. 5B. The sphere radius for each hub residue is proportional to the 

number of allosteric pathways going through that residue, called the hub strength. To 

investigate whether the allosteric hubs that are common to the biogenic amine receptors 

could also be conserved in other class A GPCRs, we calculated the allosteric hub score of 

these residue positions (by Ballesteros-Weinstein number) in, PAR1 and A2AR. Both PAR1 

and A2AR are distant in their amino acid sequence similarity from any of the biogenic amine 

receptors 37. We find that 54% of the allosteric hubs in the biogenic amine receptors are in 

the top 15% by allosteric hub score in either A2AR or PAR1 (Figure. S7). Five of the hub 

residues are allosteric hubs in both A2AR and PAR1. These residues are 2.39, 3.50, 5.61, 

5.62 and 6.37 (Ballesteros- Weinstein number). These residues are thus important for 

allosteric communication in other class A GPCRs besides the biogenic amine receptors. In 

order to understand the role of the allosteric hubs in receptor activation, we collected 

experimental information on the mutations of these hub residues in biogenic amine receptors 

from the literature (table S1). We eliminated the mutations of residues that are in the ligand 

binding pocket, since their mutations could affect ligand binding affinity rather than 

allosteric communication. Many of the major allosteric hubs when mutated to alanine or 

other amino acids, decrease or enhance activation. Mutations that increase activation are 

referred to as CAMs (constitutively active mutants), while mutations that reduce or abolish 

activation are termed UCMs (uncoupling mutations) 38. In Figure. 5B, the allosteric hubs 

whose mutations produce CAMs or UCMs are highlighted in green or red respectively. By 

comparing the strengths of allosteric hubs among the inactive, agonist bound and agonist/G 

protein bound active states of β2AR, Bhattacharya et al. 4b showed that the residues that 

produce CAMs upon mutation showed increased allosteric communication in the inactive 

state compared to the agonist bound or the G protein bound active state. Likewise, residues 

whose mutations produce UCMs showed weakened allosteric communication in the inactive 

state compared to the agonist bound or active states. Upon mutation of these allosteric hubs, 

the allosteric communication pipelines mediated by these residues are modulated possibly 

leading to a shift in conformational equilibrium between the inactive and the active states. 

This justifies the experimental mutation results, and validates our computational 

identification of the allosteric hubs as well.
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In Figure. 5B, several residues in the ligand binding site act as major hubs of allosteric 

communication in all the six receptors. These residues include D3.32, which forms a salt 

bridge with the protonated nitrogen of the biogenic amine ligands, and residue 3.37 which is 

located below the ligand in the orthosteric ligand binding cavity. D3.32 is conserved among 

all biogenic amine receptors, whereas 3.37 is a threonine in all receptors except the 

muscarinic receptors where this residue is an asparagine, thus preserving a common polar 

character. These two residues could play a common role in biogenic amine receptors in 

mediating the signal of agonist/antagonist binding to the G protein interface. At the G 

protein interface, there are several major allosteric hubs, namely R3.50 and residue 2.39. 

These two residues directly interact with the C-terminus of Gsα in the active state structure 

of β2AR 39. Several major allosteric hubs are located in the IC regions of TMs 3, 5, 6, and 7, 

between the orthosteric ligand binding site and the G protein coupling interface. These 

residues act as intermediate nodes in communication between the orthosteric site and the G 

protein interface. Majority of these intermediate hubs that are conserved among the six 

biogenic amine receptors are sites of CAMs or UCMs in experiments. For example, in α1B-

adrenergic receptor, mutating S3.39 to alanine impaired G protein activation by 50% 40. 

Mutating Y5.58 on TM5 to alanine thermostabilized β1AR in the inactive state 41. In α1B 

adrenergic receptor, mutating L6.37 to alanine reduced G protein activation by 70% 42. Also 

mutating N7.49 in the highly conserved NPxxY motif in β2AR leads to loss of activation 31. 

A few of the allosteric hubs also act as positions for CAMs. In β2AR, mutating L3.43 to 

alanine increases G protein activation 43. Also mutating L3.43 along with S3.47 to alanine 

increased basal activity in M1R 44. In M5R and α1BAR, mutating the residue position 6.40 

to Ser and Phe increased the receptor basal activity 27. F6.44 is situated on TM6 below the 

highly conserved tryptophan of the WxP motif. Mutating this residue to various amino acids 

lead to constitutive activity in several biogenic amine receptors 27. Overall, the experimental 

mutation data indicates that the allosteric hub residues in multiple biogenic amine receptors 

play significant role in the activation of these receptors.

3.5. Discussion

GPCRs are highly dynamic at room temperature and this dynamic nature allows them to 

couple to multiple intracellular proteins in the presence of various types of agonists, leading 

to functional selectivity. Also due their dynamic nature, many GPCRs also show significant 

basal activity in the absence of agonists. The results presented in this paper suggest that 

among the biogenic amine receptors, the β-adrenergic receptors are more dynamic compared 

to the other receptors in the inactive state. Both the adrenergic receptors subtypes studied 

here (β1AR and β2AR) show high RMSF, a broader TM3-TM6 distance distribution, loose 

packing efficiency within the hydrophobic core of the TMs and increased water penetration 

within the TM region. These observations corroborate with the high basal activity of the 

adrenergic receptors 25. Both adrenergic receptors sample two distinct conformational 

ensembles, one with an inwardly collapsed IC end of TM6, and the other with a more open 

TM6 conformation (close to the β2AR/β1AR crystal structures) (Figure. S4A). In three of 

ten MD trajectories for the β2AR, the receptor adopts an open conformation of TM6, similar 

to the inactive crystal structure (Figure. S4B & C). Upon exclusion of these three 

trajectories, the TM3-TM6 distribution of β2AR shows only a single peak at short TM3-

TM6 distance (Figure. S4D). Notably, this open conformation was not observed in the other 
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two receptors, D3R and H1R. In a recent work by Kobilka and coworkers, β2AR was shown 

to exist in two distinct conformations in the inactive state, one with the ionic lock formed 

(state S1), and the other without the ionic lock (state S2) 1. In our simulations of β2AR, the 

left major peak in the TM3-TM6 distance distribution of β2AR is comprised of three closely 

spaced peaks (Figure. 2). Two of these peaks show high propensity of the ionic lock being 

formed, while the third one shows less propensity for the ionic lock (Figure. S2B). The first 

two peaks could therefore represent the state S1, whereas the third peak could be state S2. It 

should be noted that the experimentally determined timescale for exchange between S1 and 

S2 is in the range of microseconds, and hence this transition is unlikely to be observed in a 

single MD trajectory in our simulations, which are 100 ns in length. Therefore the accuracy 

of the population distribution of the S1 and S2 states as obtained from our simulations is 

limited by the statistics available from the MD trajectories.

All six biogenic amine receptors show conserved allosteric pipelines communicating 

between the orthosteric ligand binding site and the G protein coupling interface. Conserved 

allosteric hub residues in these pipelines modulate the allosteric communication. Many of 

the conserved allosteric hubs are also involved in allosteric communication in two other 

class A GPCRs, PAR1 and A2AR, that are distant from the biogenic amine receptors. This 

suggests a broader involvement of these allosteric hubs in the class A GPCR family. 

Experimentally mutating the allosteric hub residues affects receptor activation, by disrupting 

or enhancing the allosteric communication with the G protein interface and thus altering the 

equilibrium between the inactive and active states. Interestingly during the dynamics 

simulations, majority of the conserved allosteric hubs are involved in hydrogen bonds with 

water molecules within the transmembrane region in all the six receptors. The allosteric hubs 

which show the highest residence time of such hydrogen bonds include N1.50 on TM1, 

D2.50 on TM2, R3.50 on TM3 and multiple hubs on TM7 including the NPxxY motif. The 

other allosteric hubs are also involved in hydrogen bonds with water, but these hydrogen 

bonds are dynamic. The interaction of the allosteric hubs with water during the receptor 

dynamics suggests that water plays an important role in allosteric communication.

4. SUMMARY

In summary, we have shown that class A GPCRs that are more related in pharmacology have 

evolved to adopt a common mechanism of activation. This is signified by the common 

allosteric pipelines in all six biogenic amine receptors that mediate allosteric communication 

between the orthosteric site and EC loops to the G protein interface. Residues that function 

as major allosteric hubs in all six GPCRs are predicted to be involved in receptor activation. 

Indeed, a major percentage of these residues when mutated experimentally suppress or 

enhance activation, thus corroborating our hypothesis. In spite of the common mechanism of 

activation, the six GPCRs studied here show significant differences in their dynamic 

behavior, as shown by the differential packing of hydrophobic residues in the TM core, 

hydration of the TM regions, and fluctuations of the IC end of TM6. Among the six GPCRs, 

β2AR shows the highest level of dynamic behavior in the inactive state, and is indicative of 

its high basal activity compared to closely related receptors such as the β1AR. Many of the 

residue positions that serve as allosteric hubs in the biogenic amine receptors also act as 

allosteric hubs in two other class A GPCRs that are phylogenetically distant from the 
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biogenic amine family. The allosteric pipelines identified in this work are thus conserved in 

a larger group of class A GPCRs than just the biogenic amine receptors. These results 

therefore increase our understanding of the mechanism of activation of class A GPCRs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Root mean square fluctuation (RMSF) per residue for different biogenic amine 

receptors; (B) average RMSF of each receptor; (C) average RMSF by TM region; the error 

bars represent 95% confidence limits.
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Figure 2. 
Distribution of TM3-TM6 distance (between R3.50 and residue at position 6.30) observed 

during the dynamics of the different GPCRs. The colored vertical lines represent the 

respective crystal structure distances (color coded according to figure legend). The grey 

vertical lines denote the corresponding distances in active state crystal structures
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Figure 3. 
(A) Interhelical residue packing efficiency among the hydrophobic residues in the middle of 

TM2, TM3 and TM6 as observed during the dynamics of different biogenic amine receptors; 

(B) packing efficiency for each inter-residue contact enumerated in 26; the error bars 

represent 95% confidence limits; for simplicity, only the upper bounds are highlighted in 

(B).
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Figure 4. 
(A) Average number of water molecules within 5A of functional hotspots (residues that are 

involved in activation of class A GPCRs); the error bars represent 95% confidence limits. 

(B) common residues that show presence of water in all biogenic amine receptors; the 

residues numbers are from β2AR (C-H) regions of high water occupancy within the TM 

domains of the six GPCRs; C: β2AR; D: β1AR; E: D3DR; F: H1R; G: M2R; H: M3R; the 

sidechain atoms with OH/H groups that are exchangeable with water are shown as red (Ser, 

Thr, Tyr, Asp, Glu) and blue (Asn, Gln, Lys, Arg) spheres. The location of the residues 

D2.50 and R3.50 are highlighted as yellow and black circles respectively.
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Figure 5. 
(A) Top scoring two major allosteric pipelines calculated from the MD trajectories of the six 

biogenic amine receptors. These two pipelines connect the residues in the EC region to those 

in the G protein interface; the pipelines are shown in transparent colors, and the underlying 

clusters of allosteric pathways are shown as lines. These pipelines having varying strength 

among different receptors and also in different conformational states of the same receptor; 

(B) The allosteric hubs calculated for all the allosteric pipelines and those that are conserved 

among the biogenic amine receptors are shown as spheres; the radius of the spheres are 

proportional to the average strength of allosteric communication mediated by each of these 

residues; the allosteric hubs that are UCMs or CAMs in one or more receptors are 

highlighted in red and green respectively.
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