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Elastic network normal mode dynamics
reveal the GPCR activation mechanism
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ABSTRACT

G-protein-coupled receptors (GPCR) are a family of membrane-embedded metabotropic receptors which translate extracellu-

lar ligand binding into an intracellular response. Here, we calculate the motion of several GPCR family members such as

the M2 and M3 muscarinic acetylcholine receptors, the A2A adenosine receptor, the b2-adrenergic receptor, and the CXCR4

chemokine receptor using elastic network normal modes. The normal modes reveal a dilation and a contraction of the

GPCR vestibule associated with ligand passage, and activation, respectively. Contraction of the vestibule on the extracellular

side is correlated with cavity formation of the G-protein binding pocket on the intracellular side, which initiates intracellu-

lar signaling. Interestingly, the normal modes of rhodopsin do not correlate well with the motion of other GPCR family

members. Electrostatic potential calculation of the GPCRs reveal a negatively charged field around the ligand binding site

acting as a siphon to draw-in positively charged ligands on the membrane surface. Altogether, these results expose the

GPCR activation mechanism and show how conformational changes on the cell surface side of the receptor are allosterically

translated into structural changes on the inside.
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INTRODUCTION

Guanine nucleotide binding protein (G-protein)

coupled receptors (GPCR) comprise a family of trans-

membrane proteins that are involved in the transfer of

extracellular signals to the cell interior.1 The GPCR

superfamily shares a common structural feature that con-

sists of seven transmembrane helices (TM1-7), which are

connected by three extracellular and three cytoplasmic

loops. These metabotropic receptors are activated by

binding a wide variety of extracellular molecules, pep-

tides, nucleotides, and amino acids. GPCRs are known to

play important roles in various types of neuronal, cardio-

vascular, gastrointestinal, inflammatory, and other dis-

eases, making the receptors ideal targets for new drug

development. The importance of the GPCRs is reflected

by the fact that they constitute the largest family of pro-

tein in the human genome, and that nearly 50% of all

recently launched drugs target receptors from this fam-

ily.2 The last recent years have seen an explosion in the

knowledge of GPCR structures with the advent of the

M2 and M3 muscarinic acetylcholine receptor,3,4 the

CXCR4 chemokine receptor,5 the A2A-adenosine recep-

tor,6 and the b2-adrenergic receptor.7

Muscarinic acetylcholine receptors (mAChR) are a

family GPCRs that mediate the response of acetylcholine

released from parasympathetic presynaptic vesicles.

mAChR consist of five subtypes (M1–M5), of which M1,

M3, and M5 subtypes are coupled with Gq proteins,

while M2 and M4 subtypes are coupled with Gi and Go

proteins.8 Muscarinic receptors bind several agonists such

as acetylcholine and muscarine, as well as antagonists

like 3-quinuclidinyl-benzilate and N-methylscopolamine.

The CXCR4 chemokine receptor (CXCR4) is a GPCR

that is activated exclusively by the chemokine ligand

SDF-1 and couples primarily through Gi proteins.9

CXCR4 has been associated with more than 23 types of
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cancers, where it promotes metastasis, angiogenesis, and

tumor growth or survival.10 In addition, T-cell tropic

HIV-1 uses CXCR4 as a coreceptor for viral entry into

host cells.11

The b2-adrenergic receptor (b2AR) is a GPCR that is

activated by catecholamines, especially epinephrine and

norepinephrine. b2ARs reside predominantly in smooth

muscle throughout the body, where they are targeted by

many drugs to treat asthma, preterm labor, hypertension,

and other pathologies.12

The A2A-adenosine receptor (A2AAR) is one of four

GPCR activated by adenosine enumerated A1, A2A, A2B,

through A3.13 Together, these receptors regulate pain,

cerebral blood flow, basal ganglia functions, respiration,

and sleep.

The only structure representative of the GPCR family

prior to Kobilkas ingenious idea of crystallizing mem-

brane protein with lysozyme, was that of rhodopsin.14

Rhodopsin is the best characterized GPCR which binds

retinal in the eye where it is activated by light.15

Normal mode analysis (NMA) is one of the standard

techniques for studying long time dynamics and, in par-

ticular, low-frequency motion. In contrast to molecular

dynamics, normal mode analysis provides a very detailed

description of the dynamics around a local energy mini-

mum. Even with its limitations, such as the neglect of

the solvent effect, the use of harmonic approximation of

the potential energy function, and the lack of informa-

tion about energy barriers and crossing events, normal

modes have provided much useful insight into protein

dynamics. Over the past years, several techniques have

been described to calculate large-scale motions using full

atomic normal-mode analysis with rigorous force

fields,16,17 simplified NMA using a uniform harmonic

potential,18–20 as well as low resolution normal-mode

analysis.21–24 Based on these techniques, several pro-

grams and modules to calculate normal modes have been

released, such as ANM,23,25 ElN�emo,26 GROMACS’

NMA module,27 NOMAD,28 and STAND.17 These pro-

grams, as well as others have been used to calculate the

mechanical motion of several biomolecules.29–37 Most

noteworthy is an article by Bahar and coworkers35 in

which normal modes were calculated for rhodopsin and

other membrane proteins. In their article, the mechanical

features of rhodopsin which were predicted using Gaus-

sian and anisotropic normal modes were consistent with

experimental data. Finally, normal mode analyses of

membrane proteins were extensively reviewed in a recent

publication by Bahar et al.38

Here we report elastic network normal mode calcula-

tions of the b2-adrenergic receptor, the CXCR4 chemo-

kine receptor, the A2A-adenosine receptor, and the M2

and M3 muscarinic acetylcholine receptors. To our

knowledge, this is the first comprehensive normal mode

analysis of these GPCRs. Although earlier studies did cal-

culate the normal modes of rhodopsin, another member

of the GPCR family,33–37 structural differences between

rhodopsin and other members of the GPCR family (i.e.,

covalently bound ligand, chromophore lid, etc.) oblige a

comprehensive study of the newly determined structures.

Our calculations reveal that ligand binding and vestibule

dilation is associated with cavity formation and pivotal

motion of the cytoplasmic domain. Cavity formation in

the cytoplasmic domain is in part responsible for the

binding of free G-protein, and sheds light on the activa-

tion mechanism of GPCRs.

COMPUTATIONAL METHODS

Normal mode calculation

Elastic network normal modes of GPCRs, including the

M2 muscarinic acetylcholine receptor PDB ID 3UON,3 the

M3 muscarinic acetylcholine receptor PDB ID 4DAJ,4 the

b2-adrenergic receptor PDB ID 2RH1,7 rhodopsin PDB ID

1F88,14 the A2A-adenosine receptor PDB ID 3EML,6 and

the CXCR4 chemokine receptor5 were calculated using

several computational tools namely ElN�emo,26 NOMAD-

Ref,28 and STAND.17 For all structures, normal modes

were calculated with and without the T4L lysozyme

domain. For the CXCR4 chemokine receptor, the unstruc-

tured C-terminus was truncated at residue 310. For

ElN�emo, the default parameters used were Ca coarse grai-

ning, ENM cutoff of 8 Å, minimum perturbation ampli-

tude DQMIN of 2100, maximum perturbation amplitude

DQMAX of 100, and amplitude increments DQSTEP of

20. For NOMAD-Ref, the sparse metric solver method was

utilized with Ca coarse graining, default distance weight

parameters for elastic constant of 5 Å, ENM cutoff values

of 10 Å, and average RMSD for output trajectories of 1 Å.

For STAND, the default parameters were Ca coarse grai-

ning, ENM cutoff of 9 Å, average RMSD in output trajec-

tories of 1 Å. ElN�emo, STAND, and Nomad use cutoff

values of 8, 9, and 10 Å, respectively, to generate the elastic

network. These cutoff values are the recommended default

values, and as such were not changed. For STAND, normal

modes were calculated in both Cartesian coordinate space

(TIR) and torsion angle space (REA). The methods are

very different in that STAND (REA) minimizes the

structure and then calculates modes in single bond

torsion-angle space whereas STAND (TIR), ElN�emo, and

Nomad-Ref avoid minimization by using Tirion modes19

and then calculate modes in Cartesian coordinate space.

The STAND program was a generously provided by Prof.

Michael Levitt of Stanford University. In all cases, the low-

est 25 modes were calculated. The first six trivial normal

modes are discarded because they represent only transla-

tion and rotation.

Multiple sequence alignment of GPCRs was performed

using Clustal W.39 This sequence alignment was used in

the alignment of the normalized mean square displace-

ment of Ca atoms (RMSD) associated with the slowest
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mode of GPCR residues. Intermolecular RMSD was cal-

culated using the Pymol program.

Pocket calculation

To calculate pockets, the program LigsiteCSC was uti-

lized.40 The 10 largest pockets were calculated for all

GPCR structures, distorted along the lowest frequency

normal mode, using a probe radius of 1.8 Å, and a grid

size of 1 Å.

Electrostatic potential

The electrostatic potential of the M2 and M3 musca-

rinic acetylcholine receptor, PDB ID 3UON3 and 4DAJ,4

respectively, as well as the A2A-adenosine receptor and

b2-adrenergic receptor, PDB ID 2RH1,7 were calculated

using the Adaptive Poisson–Boltzmann Solver (APBS)41

of the VMD program.42

RESULTS

Normal modes of GPCR

The lowest frequency elastic network normal mode

motion of the M2 and M3 muscarinic acetylcholine

receptors, the b2-adrenergic receptor, the A2A-adenosine

receptor, the CXCR4 chemokine receptor, and rhodopsin

calculated using ElN�emo is shown in Figure 1. To avoid

data redundancy, all tables and figures presented in this

study were prepared using data from ElN�emo alone, and

identical data obtained using Nomad and STAND are

not shown. Also, the modes discussed and displayed in

this study correspond to the slowest modes, unless other-

wise indicated. The motion amplitude was not scaled,

and retains the original values calculated using normal

modes. The motion is shown to be relatively small in the

TM a-helices, and relatively large in their interconnect-

ing loops. The calculated motion of the lowest-frequency

normal mode of the GPCRs correlate nicely with an

average pairwise correlation coefficient of 0.8 for the Ca

displacement RMSD measure (Table I, upper right trian-

gle). On average, normal modes calculated in Cartesian

coordinate space display a slightly lower correlation coef-

ficient of 0.77 compared to those calculated in torsion

space.43 The calculated motion involves contraction of

the ligand binding pocket and of the vestibule leading to

the binding site (Fig. 2). Contraction of the ligand bind-

ing pocket and vestibule involves all TM helices and in

particular TM1, TM6, and TM7. This is in agreement

with experimental data which shows that dilation of the

cytoplasmic vestibule involves translation of TM1 (3 Å),

TM5 (2 Å), TM6 (14 Å), and TM7 (3 Å) between the

active and inactive forms of the b2-adrenergic receptor,

and constriction of the extracellular ligand binding site

involves translation of TM1 (4 Å), TM5 (2 Å), TM6 (3

Figure 1
Normal modes dynamics of GPCRs. Shown are the root mean square displacement (RMSD) values of Ca atoms of the M2 and M3 muscarinic ace-

tylcholine receptors (PDB ID: 3UON and 4DAJ), the b2-adrenergic receptor (PDB ID: 2RH1), the A2A-adenosine receptor (PDB ID: 3EML), the
CXCR4 chemokine receptor (PDB ID: 3ODU), and rhodopsin (PDB ID: 1F88) associated with the slowest mode calculated using ElN�emo. Note

the relatively small deviation of TM helices, and the relatively large deviation of intracellular and extracellular loops. The numbering of the residues

follows that of the M2 muscarinic acetylcholine receptor (see sequence alignment in the Supporting Information).

Table I
RMSD of GPCS structures and Ca displacements

RMSD (�)nCa

displacement RMSD 3UON 3ODU 4DAJ 2RH1 3EML 1F88

3UON – 0.68 0.98 0.98 0.79 0.34
3ODU 1.8 – 0.64 0.65 0.62 0.45
4DAJ 0.6 1.8 – 0.97 0.86 0.26
2RH1 1.2 2.0 1.2 – 0.80 0.39
3EML 1.6 2.8 1.6 1.1 – 0.48
1F88 2.4 2.6 2.8 2.1 2.0 –

Normal Modes of GPCR
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Å), and TM7 (1 Å) between the active (Gs bound) and

inactive (carozolol bound) states of the b2 adrenergic

receptor.44,45 In addition, our normal mode calculations

indicate that contraction of the ligand binding pocket of

GPCRs is correlated with expansion of the intracellular

G-protein binding cavity. This is also in agreement with

experimental data which shows that constriction of the

ligand binding site is correlated with dilation of the Gs

binding site in the b2-adrenergic receptor.44,45 In partic-

ular, the intracellular segments of the b2-adrenergic

receptor and especially TM5 (2 Å) and TM6 (14 Å),

move apart during receptor activation and thereby

expose the Gs binding site on TM3 and TM7 similarly to

the motion observed in our normal modes.44,45 Normal

modes however do not display the extension of TM5 by

two helical turns. Thus normal modes may be used as a

good indicator of conformational change between active

and inactive states. Very often, the slowest normal mode

is enough to describe molecular motion in biomole-

cules.46,47 Here too, the lowest frequency mode

describes well the motion of the GPCRs observed

experimentally.

Remarkably, the aromatic amino acid cap between the

orthosteric site and the ligand binding site is observed to

move out of the way so as to allow ligand passage during

normal modes. The motion of the aromatic cap side-

chain atoms is less than one Angstrom (data not shown),

albeit not as large as that measured experimentally.44,45

The discrepancy in size is due to the fact, that experi-

mental motion of the aromatic cap is localized to the

side-chain and less to the backbone, and normal mode

motion concentrates on backbone motion.

Cartesian versus polar coordinates

In this study, we calculated normal modes using vari-

ous techniques to test the robustness of the results. The

various techniques yielded similar results, and we did

not find any major difference using Cartesian coordinates

techniques. The Ca RMSD of the slowest mode calcu-

lated using Cartesian coordinate techniques, ElN�emo and

Nomad-Ref, display a correlation coefficient close to 1.

Torsion angle normal modes also yield similar results

except their order is switched, and the average correla-

tion coefficient of their Ca displacement is 0.77. The

major difference between Cartesian and polar coordinates

is the relative amplitude of motion along the polypeptide

chain. Also, normal modes calculated using polar coordi-

nates do not suffer from the “tip effect” of Cartesian

space in which peptide segments sticking out of the pro-

tein, such as long surface loops, and long disordered ter-

mini display large amplitude motions. More about the

differences and similarities of normal modes in Cartesian

and torsion angle space has been reviewed by Levitt and

coworkers.

Motion of the third intracellular loop

Normal modes were also calculated for GPCR with the

third intracellular loop replaced by T4 lysozyme (T4L) as

in the original X-ray structures (data not shown). These

Figure 2
Normal mode dynamics of GPCRs. Shown are the motion exhibited by

(A) the A2A-adenosine receptor (PDB ID: 3EML), (B) the b2-adrenergic

receptor (PDB ID: 2RH1), (C) rhodopsin (PDB ID: 1F88), (D) the
CXCR4 chemokine receptor (PDB ID: 3ODU), and (E,F) the M2 and

M3 muscarinic acetylcholine receptors, respectively, (PDB ID: 3UON
and 4DAJ), associated with the slowest mode calculated using ElN�emo.

Black arrows indicate the location of the ligand binding site. Red arrows
indicate the motion of the numbered TM helices. Distortions along the

lowest frequency mode are gradually colored from cyan to blue. Note

the contraction of the ligand binding pocket as TM helices come close.
The figure was prepared using Pymol.
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calculations exhibit a large tilt and roll of the lysozyme

domain in relation to the membrane plane. The tilt and

roll of T4L is illustrative of the flexibility and conforma-

tional agility associated with the third intracellular loop,

that upon activation adopts a-helical conformation to

elongate TM5 and TM6.44,45 Tilting of the third intra-

cellular loop of the receptor is mechanically associated

with ligand binding and induced by vestibule contraction

through normal modes. Finally, the tilt and elongation

generates a binding cavity for the G-protein.

Ligand binding cavity is inversely correlated
with G-protein binding cavity

Figure 3 plots the size of the ligand binding site and

passageway against the size of the intracellular G-protein

binding cavity as calculated using the slowest mode of

ElN�emo. The data suggest an inverse correlation between

the volumes of the ligand binding site and the G-protein

cavity. The inverse correlation holds for all GPCRs tested.

The inverse correlation was also found by Bahar and

coworkers35 for rhodopsin. The inverse correlation is

more pronounced in GPCRs with large initial ligand

binding cavity, such as the CXCR4 receptor (PDB ID:

3ODU) which must accommodate a large SDF-1 protein

ligand. Contrarily, rhodopsin (PDB ID: 1F88) which

accommodates a covalently bound ligand displays a small

and little changing binding cavity, as the vestibule is

filled with the chromophore lid. In between these

extremes, the cavities of the b2-adrenergic receptor, A2A-

adenosine receptor, and M2 and M3 muscarinic receptor

show a moderate size change of their ligand binding

cavities.

Since the real motion is a linear combination of all

normal modes, and correlated motion may not be

deduced from one mode alone,48 we tested the positive

correlation between contraction of the ligand binding

site and dilation of the G-protein binding site in the 25

lowest modes of PDB ID 3UON. Our results indicate

that in modes 7–15, 18–20, and 23 the motion is corre-

lated to different degrees. In modes 16–17, 21–22, and

24–25, the motion was not correlated, and in none of

the modes was the motion anti-correlated. Since most

conformational changes are described by the large ampli-

tude low-frequency modes,24,49,50 then we may con-

clude, that contraction of the ligand binding pocket and

expansion of the G-protein binding pocket are positively

correlated.

Rhodopsin is unsuited to represent the
motion of the GPCR family

In a recent study, the principal component analysis

(PCA) of 16 X-ray structures of rhodopsin was per-

formed and compared with normal modes using the ani-

sotropic network model.47 Interestingly, the PCA modes

superbly clustered the inactive rhodopsin structures and

the putative activated opsin structures into two separate

groups. The normal mode motion displayed by rhodop-

sin in that study is in agreement with those of rhodopsin

calculated herein. However, the slowest modes of rho-

dopsin are different from those displayed by the other

GPCR members (Table I). Shown in Table I, are the cor-

relation coefficients for the Ca displacement (RMSD,

upper right triangle) of the slowest modes and the Ca

root mean square deviation (RMSD, lower left triangle)

of the various GPCRs, 3UON (M2 muscarinic acetylcho-

line receptor), 4DAJ (M3 muscarinic acetylcholine

receptor), 2RH1 (b2-adrenergic receptor), 3EML (A2A-

adenosine receptor), 3ODU (CXCR4 chemokine recep-

tor), and 1F88 (rhodopsin).

It is interesting to note that all GPCRs (but rhodop-

sin) display an average correlation of �0.8 for their Ca

displacement value RMSD. For rhodopsin however, none

of the five lowest frequency normal modes display any

correlation of Ca displacement RMSD above 0.5. The

rhodopsin modes did not appear to be linear combina-

tions of modes of other GPCRs either. This lack of corre-

lation is mainly due to dissimilarities and a low RMSD

of the initial X-ray structures (note the large and consist-

ent Ca RMSD of rhodopsin with its GPCR neighbors in

Table I which are inversely correlated with the RMSD of

motion), and in particular the presence of a b-strand lid

of the retinal chromophore. This lid seems to lock

together adjacent TM helices, and does not allow for the

full opening of the ligand binding site. This is particular

evident in Figure 1, in which the extracellular ends of the

TM1 and TM2 helices display less motion than other

GPCRs. Also, TM5 and TM6 motion and in particular

Figure 3
Volume of GPCR ligand binding pocket and G-protein binding pocket.

Shown is a plot of the volume of the ligand binding site against the

volume of the intracellular G-protein binding cavity of the M2 and M3
muscarinic acetylcholine receptors (PDB ID: 3UON and 4DAJ), the b2-

adrenergic receptor (PDB ID: 2RH1), the A2A-adenosine receptor (PDB
ID: 3EML), the CXCR4 chemokine receptor (PDB ID: 3ODU), and

rhodopsin (PDB ID: 1F88) associated with the slowest mode calculated
using ElN�emo. Gradual contraction of the ligand binding pocket is cor-

related with expansion of the G-protein binding pocket.

Normal Modes of GPCR
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the third intracellular loop seems to be larger in rhodop-

sin than in other GPCR. These fluctuations attest to the

fact that the rhodopsin structure is unsuited to represent

the motion and dynamics of the GPCR family in drug

discovery.

Electrostatic potential

The electrostatic potential calculated using Poisson–

Boltzmann equations of several GPCRs is shown in Fig-

ure 4. Remarkably, the electrostatic potential shows a

negatively charged field protruding several nanometers

away from the negatively charge membrane phospholi-

pids and into the synaptic cleft. This protruding field is

similar to that of other receptor that bind positively

charged ligands such as the acetylcholine esterase,51 the

acetylcholine binding protein,52 and the nicotinic acetyl-

choline receptor.53 The negatively charged electrostatic

field attracts positively charged neurotransmitters (i.e.,

acetylcholine) diffusing across the synaptic cleft. In the

GPCRs shown in Figure 4, the protruding electrostatic

field acts as a concentrated electrostatic siphons on the

already negatively charged phospholipid membranes to

attract positively charged neurotransmitters, such as

muscarine, norepinephrine, and adenosine at physiologi-

cal conditions (Fig. 5).

Proline hinge of GPCRs

Several studies show the importance of the conserved

proline residue that break the TM helices (Ref. 1 and

references therein). These prolines act as pivotal hinges

inside the GPCRs (Fig. 5), and ensure the efficient prop-

agation of signals from the extracellular to the intracellu-

lar domains. This effect was already noted by Bahar and

coworkers,35 and shown to be important for signal

propagation in rhodopsin. This effect is reminiscent of

that dubbed the “toggle-switch” activation model in

which TM6 and TM7 perform “vertical” see-saw move-

ments around the conserved proline bends to explain the

opposite directed movements of the TMs at the intra-

and extracellular ends.54 In our study, the “vertical” see-

saw movement is not observed, and TM6 and 7 become

exposed as result of a conformational change. Figure 5

emphasizes the importance of the TM proline residues

and attest to the strength of normal modes in calculating

conformational changes.

DISCUSSION

Normal modes provide a very detailed description of

the long term dynamics around a local energy minimum.

As such, these data provide a reasonable insight into the

activation mechanism of GPCR. In this article, we focus

on the motion of the lowest frequency normal mode, as

it shows a clear correlation between motion of the bind-

ing site and of the cytoplasmic domain. This however

does not mean that higher frequency normal modes are

not representative of the motion of GPCR. High fre-

quency normal modes show bending and local motion in

either the binding site or the cytoplasmic domain, but

do not necessarily correlate between the vestibule con-

traction and the cavity expansion or tilting of the cyto-

plasmic T4L. Furthermore, bending motion is strongly

Figure 4
Electrostatic potential of GPCRs. Shown is the Poisson–Boltzmann electrostatic potential of (A) the A2A-adenosine receptor (PDB ID: 3EML), (B)

the b2-adrenergic receptor (PDB ID: 2RH1), (C) rhodopsin (PDB ID: 1F88), (D) the CXCR4 chemokine receptor (PDB ID: 3ODU), and (E,F) the

M2 and M3 muscarinic acetylcholine receptors, respectively (PDB ID: 3UON and 4DAJ). Note the negatively charged electrostatic field (in red)
protruding from the ligand binding site of the receptor, and the positively charged field (in blue) emanating from the G-protein binding site. The

figure was prepared using VMD.42

Figure 5
Schematic illustration of GPCR activation mechanism. Extracellular

ligand binding (in red) is engendered through electrostatic attraction.
Ligand binding leads to contraction of the ligand binding pocket, and

expansion of the intracellular G-protein (in purple) binding cavity.
Note that the balls noted “P” represent the conserved proline residues

of GPCRs, which correspond to P61, P189, and P249 of the A2A-adeno-
sine receptor (PDB ID: 3EML) shown on the right. These proline resi-

dues, located on the TM helices serve as hinges to propagate the

motion from the extracellular to the intracellular domains. This mecha-
nism of activation is proposed through normal modes analysis.
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hindered by the presence of surrounding lipid molecules

as noted by Bahar and coworkers.35 On the basis of

these results, we concluded that this is the most robust

mechanism of motion, and we reported the results based

on this mode.

Caveats

For simplicity, the molecular activation mechanism of

GPCRs is discussed as if there was only one active con-

formation, which is most probably not the case (for

review, see Ref. 1). Any GPCR may even be found in the

same membrane in different active conformation states

and activating different G-proteins. However, in the con-

text of this study, it is expected that such different active

conformations constitute minor variations of the main

activation mechanism proposed herein.

Oligomerization state of GPCRs

Several GPCRs have been reported to form homo- and

heterooligomers. For instance, CXCR4 has a propensity to

form hetero- and homooligomers,55 and such oligomeriza-

tion could play a role in the allosteric regulation of GPCR

signaling.56 The oligomerization state however, does not pre-

clude the activation mechanisms proposed herein. In fact,

normal mode analysis of dimers of the CXCR4 (data not

shown) displays the correlated contraction of the extracellular

domain, and dilation of the G-protein binding cavity.

Mechanism of action

The lowest frequency mode is often sufficient to explain

the conformational changes and mechanical motion in pro-

teins thus attesting to the robustness of elastic network nor-

mal modes.29,30 Also here, the lowest frequency normal

mode exposes the conformational change induced by ligand

binding as described earlier.

The normal mode induced conformational changes of

the b2-AR are very similar to those observed between the

inactive and active state of the X-ray structure.44 In the

normal G-protein cycle, extracellular agonist binding to

the receptor leads to conformational rearrangements of the

cytoplasmic ends of transmembrane segments that enable

the G-protein heterotrimer (a, b, and g) to bind the

receptor. GDP is released from the a subunit upon forma-

tion of G-protein receptor complex. The GTP binds to the

nucleotide-free a subunit resulting in dissociation of the a

and bg subunits from the receptor. The subunits regulate

their respective effector proteins adenylyl cyclase (AC) and

Ca21 channels. In the end, the G-protein heterotrimer

reassembles from a and bg subunits following hydrolysis

of GTP to GDP in the a subunit.

From the X-ray structures, it is clear that opening of the

helical bundle is a critical event for binding and activation

of G-protein, transducin, by generating a cavity that pro-

vides sufficient volume for interaction and exposing resi-

dues involved in binding. In addition, helical elongation of

TM5 and TM6 is also a critical event for G-protein bind-

ing. Both of these observed events, are found through elas-

tic network normal mode in this study. This study suggests

that beyond these two events, the overall torsional motion

of the TM domains, that simultaneously induces the dila-

tion of the extracellular binding site and the constriction

of the intracellular G-protein binding cavity, underlies the

conformational transitions.
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