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Abstract 

 

 

G protein-coupled receptors (GPCRs) constitute the largest family of membrane-bound 

receptors with more than 800 members encoded by 351 genes in humans. It has been 

estimated that more than the 50% of clinically available drugs act on GPCRs, with an 

amount of about 400, 50 and 25 druggable proteins for the class A, B and C, respectively. 

Furthermore, Class A GPCRs, with approximately 25% of marketed small drugs, 

represents the most attractive pharmaceutical class so far identified. The recent availability 

of high-resolution 3-dimensional structures of some GPCRs supports the notion that 

GPCRs are dynamically versatile, and their functions can be modulated by several factors. 

In this scenario, molecular dynamics (MD) simulations techniques appear to be crucial 

when studying GPCR flexibility associated to functioning and ligand recognition.  

In this project we have focused on two aspects of GPCR functioning, which are gaining a 

considerable interest, namely dimerization and membrane composition. In particular, we 

have studied the effect of different dimer interfaces, and the effect of cholesterol 

concentration on the flexibility of two pharmaceutically relevant GPCRs, the 5-HT2A and 

the mGluR2 receptors. 

Herein I report several methodological tools useful in the study of the effects of the 

aforementioned issues on GPCRs flexibility, and we propose that the chosen MD 

simulation conditions strongly impact the results carried out by the MD toolbox. This has 

to be taken into account when using these models for further computational studies, such 

as in silico screening or docking purposes.   
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Preface 

 

 

The ensemble of activities allowing organisms or cells phenotype adaptation to the 

environment conditions are usually grouped with the term plasticity.  This property 

allows for the preservation of individuals, and can be exerted from the organisms or cells 

through biological macromolecules such as DNA, RNA, and proteins. In human, plasticity 

underlies relevant processes such as memory and learning processes, and behavioral 

control. In this scenario, proteins and their intrinsic flexibility play a key role in both long 

and short-term adaptations. Indeed, endogenous (neurotransmitter, hormones and so on) 

or exogenous (xenobiotic) compounds contact a protein target, inducing protein structural 

rearrangements. Those structural modifications promote cellular responses, such as 

intracellular signaling cascades, allowing long- or short-term adaptation (i.e. neuronal 

plasticity or fight or flight reaction, respectively), and the preservation of the individuals.  

As a matter of fact, proteins and their intrinsic flexibility received great interest. For the 

determination of the hemoglobin structure at atomic level resolution, in 1958 Perutz was 

honored with the Nobel Prize. At the same time, several attempts to explain the 

mechanism by which a compound interacts with its target protein were carried out, and 

the lock and key model was the first widely accepted representation of the drug-protein 

interaction mechanism. However, the limitations of the  lock and key model were soon 

recognized, among which the lack of an explicit treatment of both protein and ligand 

flexibility.  In 1958 Perutz obtained the first static picture of a protein, the hemoglobin. In 

subsequent studies, the relevance of hemoglobin flexibility was recognized. Indeed, 

hemoglobin has at least two conformational states, depending on the amount of oxygen 

molecules bound.   Since then, increasing experimental evidence highlighted that proteins 

are functional versatile, dynamic and flexible. As protein flexibility plays a crucial role in 

protein functioning and signaling, nowadays it is a widely accepted concept that flexibility 
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must be taken into account in drug design strategies. Several efforts were made, and 

several experimental techniques were developed to study protein flexibility  in both ex 

vivo, in vitro, and in silico conditions. Techniques such as  Nuclear Magnetic Resonance 

(NMR, in vitro), Fluorescence Resonance Energy Transfer (FRET, ex vivo, in vitro) and 

computational techniques (Molecular Dynamics Simulations (MD), Monte Carlo 

techniques (MC), in silico) are devoted to the study of protein structure plasticity. Indeed, 

protein flexibility underlies relevant biological processes, such as ligand-binding, and 

signaling mechanisms. The ability to predict the binding mode, the ligand-binding 

mechanism of a compound to a protein, and thus inferring their mechanism of interaction, 

is a leading component in medicinal chemistry.  

During my PhD project I have analyzed, with the aid of computational techniques, the 

impact of structural  flexibility in the definition of protein-ligand interaction, putting 

particular emphasis on those structural components affected by protein flexibility.   As 

protein prototype, the G Protein-Coupled Receptors (GPCRs) were used, and the effects of 

the dimerization phenomenon, and the role of the membrane composition on the 

definition of the conformational state of GPCRs were assessed. GPCRs are integral 

membrane proteins, and with approximately 50% of marketed small drugs, represent the 

most attractive pharmaceutical class of proteins. Moreover GPCRs are extraordinary 

membrane-bound receptors having versatile dynamic behavior, and  their functions 

depend on a high degree of plasticity. As a matter of fact, GPCRs stand in equilibrium 

among several pharmacologically relevant conformational ensembles, and Kenakin named 

this ensemble of conformations the conformational cafeteria. In this scenario, we gave 

particular emphasis to the serotoninergic receptor subtype 2A, and the metabotropic 

glutamate receptor subtype 2 (5-HT2A and mGluR2 respectively). They belong to two 

unrelated Class GPCRs (Class A and Class C, respectively), and are implicated in the 

development of Central Nervous System (CNS) pathologies, such as schizophrenia and 

epileptic disorders. Moreover, both 5-HT2A and mGluR2 receptors have been implicated in 

the generation of different GPCR dimers, with functional consequences in the mechanism 

of action of both antipsychotic and hallucinogenic drugs. Until now, the 5-HT2A receptor 

was considered and studied as a monomeric entity mainly through homology modeling 
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studies, while the identification of the complexity of the 5-HT2A architecture also offers 

new challenges for medicinal and computational chemists to build up reliable and 

predictive models of homo- or hetero-complexes.   

In Chapter 1 a description of the GPCRs taxonomy system, structure, and functioning are 

provided. Furthermore, detailed descriptions of the main experimental techniques 

devoted to the GPCR structure definition as well as the relevant aspects affecting GPCRs 

functioning are discussed. 

In Chapter 2 the main goals of the project are elaborated.  

In Chapter 3 and 4 the computational methods employed and the main results achieved in 

the project are discussed, respectively. 

Finally in Chapter 5 and 6 the conclusion and the future perspective/outlook are 

presented. 
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Chapter 1 

G Protein-Coupled Receptors (GPCRs) 

 

 

1.1 Structure and Classification System 

1.1.1 Classification System and Common Structure  

G protein-coupled receptors (GPCRs) constitute the largest class of membrane-bound 

receptors with more than 800 members encoded by 351 genes.1–3 GPCRs modulate cellular 

responses to a variety of chemical or physical stimuli, such as hormones and 

neurotransmitters as well as photons. They exhibit a common structure composed by 

seven-membrane spanning α-helices (Heptahelical Transmembrane Domain, HTM), three 

extracellular (EL1-3) and three intracellular (IL1-3) loops, a N-terminal extracellular and a 

C-terminal intracellular domains (Figure 1).4–6 Despite their structural similarities, GPCRs 

can activate unique signal transduction pathways by coupling with different G-protein 

subtypes or activating G protein-independent signaling pathways,4,5 as well as interacting 

with large amount of different proteins (Figure 1).5,7 Depending on the nature of the 

endogenous ligand, structural features, and biological functions, human GPCRs are 

classified  into six main families: Rhodopsin like (Family A), Secretin (Family B), 

Glutamate (Family C), Adhesion, Vomeronasal/Taste receptors (V1R, V3R & T2R); 

Frizzled/Smoothened family (Figure 2a,b).3,4,8,9 GPCRs are implicated in several 

physiological and pathological processes (i.e. vision, cell migration, platelet aggregation, 

inflammatory response, cancer, CNS diseases, etc...), and they represent the most 

important class of druggable proteins. As a matter of fact, it has been estimated that more 

than the 50% of clinically available drugs act on GPCRs,10 with an amount of 400, 50 and 

25 druggable protein for class A, B and C, respectively (Hopkins and Groom data).11 
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Furthermore, Class A GPCRs with approximately 25% of marketed small drugs represents 

the most attractive pharmaceutical class, so far identified.1,11 

Figure 1. Snake-cartoon representation of the common structure (TM1-7 and H8) of GPCRs embedded in a 

phospholipids bilayer (yellow circle the polar heads, gray line the hydrophobic tails). Into the colored circle 

examples of the chemical stimuli, which can interact with  GPCRs (top part of the bilayer, extracellular side 

of the cells). In the bottom part of the bilayer (intracellular side of the cells) are represented the main protein 

partners, interacting with GPCRs. The green arrows highlight the G-protein dependent pathways (Gα; Gi; Gq; 

G12, Gβ; Gγ), the red arrows highlight the G-protein independent pathways (PDZ, GIP, βarr, JAK). 
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Figure 2. (A) Representation of the six human  GPCRs families and their phylogenic relationship. For Class 

A (Rhodopsin-like) and Class C (Glutamate-like) GPCRs a cartoon-snake representation of the structures are 

reported (light purple Venus Fly Trap Domain, VFP; green Cysteine Rich Domain, CRD; light blue, Heptahelical 

Transmembrane Domain, HTM; red and yellow, respectively, the orthosteric and allosteric binding cleft for 

Class C GPCRs; orange the orthosteric binding cleft for Class A GPCRs; red circle the conserved cysteine 

residues forming the conserved disulphide bond). (B) Picture adapted from ref. 53, representing the GPCR 

phylogenic tree. Highlighted in the colored circle the X-ray crystal structure so far available (Opsin, β-

adrenergic (β1, β2), Adenosine (A2A), Histamine (H1), and Chemokine (CXCR4) subfamilies). 
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1.1.2 Residue Numbering Scheme 

GPCRs are extraordinary biological structures, which can be activated by remarkably 

varied physical or chemical stimuli, and can activate disparate signal transduction 

pathways. Despite this extraordinary pool of differences, they share a common structure 

and a conserved  activation mechanism.4,12–21 This is likely due to the great structural 

flexibility of these membrane-bound receptors.22–25 Moreover, Nature uses few structural 

motifs to reach flexibility and diversity. Indeed, there are only twenty natural amino acids 

available in Nature, but the pool of proteins and  the functions exerted by proteins are 

limitless. Therefore, the presence of conserved amino acids motifs and similar structural 

features in proteins is the leitmotiv in Nature, and protein groups sharing common 

structural features, and functions can be defined as homologous. As aforementioned, 

GPCRs are not exception and in 90’s Ballesteros and Weinstein comparing GPCR sequences 

identified super-conserved amino acids residues (SCRs) among GPCRs.26 On the basis of 

those observations Ballesteros and Weinstein developed a numbering index scheme for 

which the most conserved residues into a TM domain takes the x.50 index. The x 

represents the number of the TM domain, so as to the most conserved residue in the TM1 

is defined by the 1.50 index. The subsequent  residues will be defined by the 1.51 index, 

while the previous one by the 1.49 index, and so for all the residues and TM domains 

(Figure 3). 

Figure 3. Snake-cartoon representation of Class A GPCR structures. In red spheres the super-conserved 

residues for each TM domains, in green spheres the conserved residues in GPCRs micro-domains, in yellow 

spheres the non conserved residues into conserved GPCRs micro-domains. The overlapped spheres 

represent two possible alternative residues.   
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This residue numbering scheme is widely accepted from the scientific community and in 

this thesis I will refer to particular amino acid residues using the Ballesteros-Weinstein 

numbering index. 

 

1.1.3 X-ray Crystal Structures 

X-ray crystal structures of proteins represent one of the most important source of 

experimental information about the form and function of such proteins at atomic level. To 

grasp atomic details of a protein of interest is useful not only to understand the structural 

features of that protein, but also in the understanding of the thin connections binding a 

protein to a drug, and to pick up initial information about the mechanism underlying a 

physiological process (i. e. comparing different conformational states of the same protein). 

For long time membrane proteins represented the most challenging target in structural 

biology owing partially hydrophobic surface, flexibility, and poor stability.27 For this 

reason, despite their pharmaceutical relevance, 3D structures of GPCRs were not available 

until 2000, when Palczewski et al.18 reported the crystal structure of the bovine Rhodopsin 

receptor, thus inaugurating a new era in the GPCRs field. From this time onwards the 

number of X-ray crystal structures of GPCRs in their inactive state has continuously 

increased (Figure 4), and the first hypothetical structure for an active state of a GPCR was 

also reported.17,28–30 The increased availability of crystallographic structures,17,30–36 along 

with other experimental data,37–39 supports the notion that GPCRs are dynamically 

versatile, and their functionality depends upon a high degree of plasticity.22,23,40 For many 

years this GPCR dynamic plasticity was elusive, and represented one of the greatest 

challenges for medicinal and computational chemists. In this section I describe the main 

breakthroughs made in GPCR structural biology, presenting a short description of the 

main crystallographic techniques used to solve GPCRs structures, and discussing the main 

GPCRs X-ray Crystal structures representing milestones in this field.  
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Figure 4. Number of X-ray crystal structures deposited in the PDB Database, per year (Blue Histograms). 

Representative structures are highlighted in the boxes along  with their pdb code. 

 

 

 

 

 

 

 

 

 

 

After the release of the first X-ray crystal structure for a GPCR, the bovine rhodopsine 

one,18 tremendous breakthroughs in several disciplines have been made, allowing 

successes in determining the structure of membrane proteins.41  As a matter of fact, in 

GPCR structural biology, three main techniques evinced the greatest successes.  In 

particular, (i) the IL3-TL4 exchange in liquid cubic phase (LCP);42 (ii) the nanobody 

stabilization;43 and (iii) the receptor stabilization by amino acid mutations.44 In the IL3-TL4 

exchange and liquid cubic phase (LCP) technique the combination of LCP and IL3-TL4 

replacement is used to improve the structure stability of the GPCRs under study. The 

limiting step in membrane proteins crystallization is represented by the necessity to 

remove proteins from their lipid bilayer environment, exposing them to conditions 

drastically different with respect to their native environment. LCP provides with a more 

native lipid environment, allowing the stabilization of the membrane protein structure, 

and the growth of well-ordered 3-dimensional crystal. Moreover, the IL3-TL4 replacement 

facilitates the growth of diffraction-quality crystal, indeed the TL4 segment provides 

important crystal-packing interactions, without affecting the receptor structure.12 
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Differently, in the nanobody stabilization approach a G-protein surrogate is used to trap a 

GPCR under study in a particular conformational state.43 A growing body of experimental 

evidences suggest that GPCRs are conformationally complex, and can signal through 

different pathways in a ligand specific manner.22–25,37–39,45–48 To solve a high-resolution 3-

dimensional structure of a GPCR in its active state is more challenging than to solve the 

inactive one. Indeed, several studies showed that agonist alone is not sufficient to stabilize 

the full active state of GPCRs.49 In this context, the Kobilka Lab50 developed the nanobody 

stabilization technique.43  In this approach, a series of commercially available compounds 

for the β2-adrenergic receptor were screened, in order to identify a full agonist with a long 

dissociation half-life from the receptor. The identification of compounds characterized by 

long dissociation half-life is a necessary condition to generate appropriate antibody-

derived single domain proteins (nanobody). As a matter of fact, the active-state antigen is 

required, and compounds with low affinity or that rapidly dissociate are not  good 

candidate for the immunization process. The high affinity and slow off-rate of the agonist 

increased the probability of maintaining the receptor in an active conformation facilitating 

the immunization process. Once identified the proper nanobody, this is used to stabilize 

the agonist-bound state of the receptor in the crystallization environment. Finally, in the 

receptor stabilization by amino acids mutations approach a conformational stabilization is 

reached through the identification of a pool of single point mutations able to stabilize the 

receptor in a specific conformation.33,51,52 In this case a library of mutants throughout the 

receptor is created, every amino acid residues is mutated in alanine, or if the residue is 

already alanine, to leucine. Each receptor mutant is then expressed, solubilised and  its 

thermostability is evaluated. This, strategy can be also used to identify mutations able to 

stabilize the receptor in complex with a specific compounds, such as the case of the A2A 

receptor in complex with the agonist NECA.33 In that work, the authors identified a pool 

of 4 amino acid mutations able to trap the A2A receptor in complex with the NECA agonist 

in its active state, increasing the probability to obtain high-resolution 3-dimensional 

structures. Table 1 lists the main GPCR X-ray crystal structures, representing milestones in 

the understanding of GPCRs function and flexibility. 
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Table 1. Representative  GPCRs X-ray Crystal Structures grouped per family. The publication year refers to 

the release date. 
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1.2 Orthosteric and Allosteric Binding Sites 

1.2.1 Orthosteric Binding Site 

Class A GPCRs: by comparing the disclosed X-ray crystal structures of different Class A 

GPCR subfamilies (Figure 4 and Table 1) it can be appreciate that this class has a 

conserved location of the  orthosteric binding pocket, which is buried into the HTM 

(Figure 5a). Nevertheless, the way by which ligands can interact with the orthosteric 

binding site can vary quite markedly, depending on the subfamily considered (Figure 

5b,c). 

Figure 5. (A) General cartoon-snake representation of a Class A GPCRs, highlighted in dark yellow the 

location of the conserved binding cleft. (B) Comparison of the X-ray crystal structures of bovine rhodopsin 

(1GZM, blue); turkey β1-adrenergic (2VT4, silver); human  β2-adrenergic (2RH1, red and 3D4S, yellow); 

human H1 (3RZE, cyan); human D3 (3PBL, gray), human A2A (3EML, orange); and human CXCR4 (3OE0, 

green and 3OE6, pink) receptors, in their inactive states. Highlighted in the black box the location of each 

compound within its own X-ray crystal structure (represented in vdW surface mode, and color coded 

according to the legend of the X-ray crystal structure). (C) Comparison of the X-ray crystal structures of the 

aminergic subfamily,  turkey β1-adrenergic (2VT4, silver); human  β2-adrenergic (2RH1, red and 3D4S, 

yellow); human H1 (3RZE, cyan); human D3 (3PBL, gray). Highlighted in the black box the location of each 

compound within its own X-ray crystal structure (represented in surface mode, and color coded, according 

to the legend of the X-ray crystal structure).    
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The aminergic subfamily shows a high degree of conservation of both location of the 

cavity (Figure 5c) and residues involved in the ligand-binding pocket, with respect to 

other Class A subfamilies.4,53,54 As a matter of fact, in the aminergic receptors the core 

binding site is localized fairly deeply within the HTM bundle (Figure 5c), by contrast the 

A2A binding site is much closer to the loops, and in the CXCR4 the cavity is much larger 

and shallower than in other disclosed GPCR structures (Figure 5b,c). Moreover, aminergic 

receptors have a high degree of conservation of the residues involved in ligand 

recognition, in particular D3.32, T3.37, S5.43, S5.46, W6.48, and Y7.43 seem to be a recurrent motif 

in aminergic receptors. The high conservation of the ligand-binding pocket likely 

underlies the difficulty to obtain very selective drugs. Nevertheless, subtype selective 

drugs for the β1- and β2-adrenergic receptors were reported.55,56 In this case the subtype 

selectivity of the reported drugs refers to the ability of the compounds to induce different 

conformational arrangement in different regions of the receptors, rather than the direct 

interactions with the residues forming the binding cleft. Differently from the ligand-

binding cavity, the EL2 is the source of the most suggestive differences, at the extracellular 

side level.4,53,54 The analysis of the disclosed X-ray crystal structures highlighted that EL2 

takes part in the definition of the binding pocket, and the degree of participation in the 

definition of the ligand-receptor contacts markedly vary in a family/subfamily related 

manner. Indeed, in the rhodopsin structure EL2 adopts a β-hairpin structure, which covers 

the 11-cis-retinal binding site, while the ECL2 in other GPCR families (adopting different 

conformations) keeps the pocket unlocked and accessible to the ligands. The β2-adrenergic 
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receptor has a 2.5 turns of α-helix, whilst the  ECL2 of the D3 and H1 lacks any structural 

organization. The A2A receptor contains both one turn α-helix and short β-strand. Finally, 

the CXCR4 receptor posses a β-hairpin ECL2, which shows a very different spatial 

orientation with respect to the rhodopsin one, playing a crucial role in the ligand 

recognition. Indeed, the resolution of the X-ray crystal structure of the CXCR4 receptor in 

complex with a cyclic peptide (CVX15) and a small ligand (IT1t) has given the opportunity 

to catch the way through which a small ligand can reach a pocket which evolved to 

interact with bulky endogenous compounds (chemokines). In this case IT1t (small ligand) 

interacts with D187, R183, I185 (on ECL2), and with E7.39, D2.63 (on HTM) that are also 

relevant for the binding of the N-terminus of the chemokines, as well as the cyclopeptide 

CVX15.    Moreover, until the disclosure of the 3-dimensional structure of the β2-

adrenergic receptor it was believed that a unique disulphide bond linking the ECL2 to the 

TM3 domain was  a common conserved feature among GPCRs. The analysis of the 

aforementioned structures made known that more than one disulphide bond are possible 

at the ECL level, and that these bridges take part in the definition of the ECL 

conformational state, as further confirmed by the disclosure of the X-ray crystal structure 

of the A2A, D3, H1 and CXCR4 receptors.             

Class C GPCRs: another important class of the GPCR family is represented by the Class C 

or Glutamate family. The first members of the Class C to be cloned were the metabotropic 

glutamate receptors (mGluRs) at the beginning of 90s.57,58 Class C GPCRs are poorly 

characterized at structural level, and X-ray crystal structures of full-length Class C are still 

lacking. Nevertheless, the members of this family represent intriguing and attractive 

targets in medicinal chemistry. Indeed, in Class C we can found receptors for the major 

excitatory neurotransmitter into the CNS, the glutamate, which binds the metabotrobic 

glutamate receptors (mGluRs), and receptors for the major inhibitory neurotransmitter 

into the CNS, the GABA, that binds GABAB receptors.59,60 It has been hypothesized that 

Class A, and C members share common structural features at the HTM level,20 but 

differently from the Class A, Class C members possess a huge N-terminal extracellular 

domain, named Venus Fly Trap domain (VFT). Moreover, the VFT domain is linked to the 

HTM domain by a communication hinge, named Cysteine Rich Domain (CRD) (Figure 6a). 
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The VFT domain contains the orthosteric binding site (Figura6a), and given the 

pharmaceutical relevance of the members of Class C,59–65 several efforts to decipher the 

structures of the VFT domains were made (Figure 6b).66–68 Another peculiar characteristic 

of this class is their constitutive dimerization at the extracellular surface level.59,60 The 

homomeric receptors were covalently linked by disulphide bonds at the VFT level, while 

the heteromeric ones are not covalently linked, but heteromerization is a required feature 

to have functional dimers.59,60 Indeed, it has been hypothesized that in both homo- and 

heteromers, one of the subunits is responsible for the ligand binding at the VFT level, 

while the other one transmits the signal to the downstream signal machinery inside the 

cell (Figure 6c).59,60,69,70                                                                                                                                  

Figure 6.  (A) General cartoon-snake representation of a Class C GPCRs, highlighted in purple the VFT 

domain, in green the CRD, in blue the HTM, and in red a general orthosteric ligand for Class C. (B) X-ray 

crystal structure of dimeric VFT of mGluR3 (2E4U), in orange and yellow the two VFTs, in cyan the CRD of 

each VFT, and in gray and transparent the vdW surface of the whole extracellular portion of the VFTs 

module for  mGluRs, highlighted in the yellow transparent circle the L-Glu. (C) Hypothetical trans-

activation mechanism for Class C GPCRs.     
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1.2.2 Allosteric Binding Site 

As introduced in the previous sections of this paragraph endogenous ligands bind GPCRs 

at the orthosteric binding site level, which is located in different regions of the receptors 

depending on the considered family (such as Class A, and C). Moreover, it has been 

shown that GPCRs can bind compounds in regions that are different from the orthosteric 

binding site, usually, called allosteric binding sites.71 Drugs binding at the aforementioned 

sites are named allosteric modulators.71 As a matter of fact, GPCRs can be allosterically 

modulated by regulatory proteins,40,72 lipids and sterols,73,74 ions,75 and by homo- and 

heteromerization.76 Allosteric binding site for small molecules were identified in different 

GPCRs, for both Classes A,77–79 and C.80,81 Chemical entities targeting regulatory or 

allosteric clefts can provide relevant advantages in therapeutic applications, in terms of 

drug safety.82 As allosteric binding sites are not exposed to evolutionary pressure to 

accommodate endogenous ligands, they show high sequence divergence between receptor 

subtypes. Therefore, allosteric modulators have the possibility to reach greater selectivity 

than orthosteric ligands, due to the high sequence divergence in allosteric sites among 

receptor subtypes. Indeed, a well-known example is represented by the mGluRs family, in 

which all the receptor subtypes posses a VFT domain evolved to bind the endogenous 

ligand L-Glu, while each receptor subtype shows a peculiar allosteric binding site.92  

In the next sections I discuss about allosteric binding sites for both Classes A, and C. 

Moreover, implications in drug design strategies of compounds acting at these sites are 

elaborated.      

Class A GPCRs: a growing body of experimental evidence about the mechanisms through 

which allosteric modulators can interact, and modulate Class A GPCRs were 

reported.13,14,53,54,71,75,77–79,82–92 On the basis of the data reported we can subdivided Class A 

GPCR allosteric modulators into three main groups: (i) ions;14,75,87 (ii) bitopic compounds 

(compounds that bind at the same time both orthosteric and allosteric binding sites);53,77–

79,83,84,87,89 and cell-penetrating membrane-associated compounds.85,90,91,93 

It has long been known that ions concentrations can modulate the ligand-binding affinity 

for some Class A subfamilies,94,95 such as the cases of the H1,14 D2,75,96,97 5-HT1A,98,99 and 
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A1/2A87 receptors. Ions can alter the ligand-binding affinities for Class A GPCRs through 

two main mechanisms. In the first one, monovalent or bivalent ions directly interact with 

the conserved residues D2.50 and N7.49.75,94,96–100 The D2.50 residue is located in the conserved 

motif, L2.46xxxD2.50,94,95 that faces another conserved micro-domain N7.49P7.50xxY7.53. These 

motives contribute to the definition of the conformational state for Class A GPCRs.4,101–103  

Ions interacting with the D2.50 and N7.49 alter the conformational states of these two 

conserved motives, and therefore of the whole receptor, inducing different affinity states 

for the orthosteric ligands. The main structural feature for which a GPCR can become ion-

sensitive is the protonation state of the D2.50 residue.75,94,96–100 As a matter of facts, D2.50 is 

fairly deeply located in the HTM bundle, and the surrounding environment affects its pKa 

values, and therefore its protonation state. Only GPCRs with an appropriate environment, 

allowing the deprotonation of the D2.50, can be ion-sensitive.104–107  

The second mechanism for which ions can alter the ligand-binding affinity properties for 

Class A GPCRs arise from the resolution of the X-ray crystal structure of the H1 receptor.14 

In this case H1 receptor shows an anion-binding site close to the entrance of the ligand 

binding pocket (Figure 7a,b). Phosphate ions bind the aforementioned pocked affecting 

the ligand-binding affinities of certain orthosteric compounds.14 The anion-binding pocket 

represent an ECL subpocket, also able to allocate the carboxylic moiety of the second-

generation antihistaminic drugs, characterized by improved pharmacology with fewer 

side effects.14,108 Moreover, it has been reported that sodium ions modulate antagonist 

binding to the H1 receptor, in a way similar to that seen in other Class A GPCRs.14,75,87,109,110 

Therefore, the H1 receptor represents a borderline example, in which two allosteric ion-

binding sites were identified. The first one refers to an ECL subpocket, and is devoted to 

the binding of anions or the carboxylic moiety of the second-generation antihistaminic 

drugs, while the second one corresponds to that found in other Class A GPCRs 

characterized by the presence of the conserved D2.50 residue, and is devoted to the binding 

of cations.14,75,87,109,110 Finally, the ECL subpocket is also the site of interaction of the 

second-generation antihistaminic drugs, joining the H1 receptor into the GPCR class 

modulated by bitopic ligands. 
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Figure 7. (A) H1 X-ray crystal structure (purple-cyan cartoon), highlighted in gray and transparent the 

residues surrounding the phosphate group (dark yellow and red, and balls and sticks); in yellow and 

transparent the doxepin binding pocket. (B) ECL subpocket allocating the phosphate groups, in stick and 

color coded according to the atom types the main residues involved in the coordination of the anion 

(K179ECL2; K5.39; H7.35; Y6.51). 

 

 

 

 

 

 

 

 

 

Another class of allosteric modulators for Class A GPCRs is represented by modulators 

that bind the receptor in proximity of the ligand binding pocket, at the ECL level.53,54,71,111 

In literature several examples of these types of modulators targeting different Class A 

GPCRs were reported, such as the case of the M1/2/4,78,84 CXC1/289, and D2/313,79 receptors. 

These modulators can provide relevant pharmaceutical advantages, supporting the 

possibility to develop bitopic ligands.53,54,71,111,112 Differently from Class C GPCRs, Class A 

have N-terminal domains characterized by reduced size, and in some cases the allosteric 

binding site can be much closer to the orthosteric binding site. Dualistic (bitopic)  

compounds combining orthosteric and allosteric pharmacophores can occupy both 

pockets, leading to drugs with improved affinity and receptor subtypes 

selectivity.53,54,71,111,112 Well-known examples are the case of the M2,84 and D3 receptors.13 In 

the case of the D3 receptor the resolution of the X-ray crystal structure (Figure 8) provided 
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the necessary structural information to elucidate the bitopic behavior of the R22 

compound for the D3 receptor.13,53 

Figure 8. X-ray crystal structure of the D3 receptor (purple-cyan cartoon) in complex with eticlopride (stick 

and color coded according to the atom types). Highlighted in yellow the vdW surface of the residues lining 

up the eticlopride binding pocket, in green the vdW surface of the residues forming the putative accessory 

binding pocket, which accommodates the bulky substituent of the R22 compound. It can be appreciate a 

partially overlapping region of the orthosteric and allosteric clefts (yellow-green vdW surface).   

 

 

 

 

 

 

 

 

 

The last Class A allosteric modulators analyzed in this section refers to the cell-penetrating 

membrane-associated compounds.85,90,91,93 In this case the modulators interact with the 

receptor through the membrane environment. Cholesterol is the well-known example of 

this type of GPCR allosterism,85,90,91,93 and cholesterol effects on GPCRs functioning will be 

detailed discuss in the next sections of this Chapter. To date the only examples of cell-

penetrating membrane-associated compounds reported in literature is the case of the JF5 

modulator, acting on the PAR1 receptor.90 In that work the author reported that the JF5 

compound interacting with the helix 8 of the PAR1 receptor disrupts the downstream 

signaling cascade, selectively blocking the coupling of the receptor with Gαq-protein.     

Class C GPCRs: allosteric modulators acting on this GPCRs class represent the most 

promising class of modulators.113–117 In Class C we can found the GABAb, mGluRs and 
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Ca2+-sensing subfamilies. Among them, the mGluRs group is the most representative 

family of Class C GPCRs,  and a huge number of allosteric modulators for the mGluRs 

family were reported.115–117 mGluRs family grouped eight receptor subtypes, and all of 

them bind the L-Glu at the VFT level. Thus, drug targeting mGluRs at their orthosetic 

binding site have showed important pharmaceutical limitations, such as low subtype 

selectivity and low ability to cross the blood brain barrier (BBB), due to their charged 

nature (in this case orthosteric ligands mimic the endogenous ligand L-Glu).115–117  

Therefore, the discovery of allosteric modulators able to target the HTM of the mGluRs 

receptor (and more in general the HTM of Class C GPCRs113–117), provided new 

opportunities to gain in terms of drug subtype selectivity and drug bioavailability. Class 

C, and A share common structural features at the HTM domain level,20 and also for Class 

C GPCRs the HTM domain hosts the binding site for allosteric modulators. Allosteric 

modulators were discovered for almost all the member of the Class C,83,113–117 and recently 

the cinacalcet (Sensipar/Mimpara; Amgen) a positive allosteric modulators (PAM) of the 

Ca2+-sensing receptor reached the market.83,118   
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1.3 Activation Mechanism 

The GPCR signaling mechanism has been described as the agonist’s ability to induce (or to 

select) an ‘active’ conformational state, enabling the coupling of the receptor with its 

respective G-protein.22–25,46–48,119 As already discussed in previous sections of this chapter 

from 2007 to 2011 relevant breakthroughs in structural biology were made, and the X-ray 

crystal structure for hypothetical full active states, and intermediate active states for  

GPCRs were released. X-ray crystal structures provide with static pictures of the proteins 

under study. On the contrary,  proteins are thought to exist in an ensemble of 

conformations, and each of them can be stabilized by a series of peculiar chemical 

interaction, defining the energy of that conformational state. The thermodynamically most 

favorable conformations predominate in the ensemble, and it is conceivable that these 

structures correspond to those grasped in the X-ray crystal structures. GPCR are not 

expected to be an exception. Although X-ray crystal structures represents a static frame of 

GPCRs, these structures together with experimental data,37 such as NMR,120 Electron 

cryomicroscopy density map,121 and infrared spectroscopy on azido-labeled rhodopsin,122 

provided with a framework of structural information useful to decipher the activation 

mechanism pathway for GPCRs. In light of these structural information two main 

activation mechanisms were proposed,23 (i) the induced-fit mechanism, that refers to 

GPCRs with low or null basal activity, such as rhodopsin and angiotensin AT1 receptor, in 

which a ligand binds the R state (ground state), to form the R-L complex and to promote 

the formation of the R*-L activated complex; and (ii) the conformational selection 

mechanism, that refers to GPCRs with high basal activity, such as the β2-adrenergic 

receptor, in which the receptor stand in equilibrium among two main states, the R one 

(ground state) and the R* one (active state), and agonists bind, and stabilize the R* state.  

For a long time, rhodopsin was the sole GPCR for which atomic resolution details were 

reported. Furthermore, rhodopsin shows some methodological advantages with respect to 

other GPCRs. For instance, rhodopsin can be purified in large quantities from its natural 

source, and it is stable for weeks in detergent solution.123  These technological advantages, 

together with the considerable amount of X-ray crystal structure reported, for different 

intermediate states, make rhodopsin the reference structure, providing a unique 
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framework in the GPCR functions understanding.123 Along this section I discuss the main 

steps in the GPCRs activation mechanism, using the aforementioned framework as 

reference pathway. After that, I discuss the main structural differences occurring in the 

activation mechanism of each Class A subfamily, so far solved at atomic resolution. It is 

worth to mention that this framework refers to the conformational changes occurring at 

the HTM level, and it can be applicable to other GPCR classes, taking into account the 

recognized differences occurring at the orthosteric binding site, and in the related ligand-

binding mechanism.  

According to this scheme, three main conformational changes have been described as 

relevant for the switch between the inactive and the active GPCR states, namely: (i) a W6.48 

toggle-switch;124,125 (ii) the breaking of a ionic lock;126 (iii) the TM5-TM6 outwards 

displacement.4,127 In the rhodopsin activation mechanism the first step is represented by 

the isomerization of the inverse agonist 11-cis-retinal to the full agonist all-trans-retinal 

induced by a photon. The isomerization step causes the disruption of the salt-bridge 

between the protonated Schiff-base and E3.28, responsible for the low basal activity of 

rhodopsin. Furthermore, the retinal isomerization generates a series of ligand-receptor 

steric clashes that increase the energy of the system (Figure 9). The ligand-receptor 

complex relaxes through a series of intermediate active states, named Bato, Lumi, and 

Meta-I (Figure 9). X-ray crystal structures are reported for each of the aforementioned state 

(Figure 9). The Bato and Lumi structures highlighted small additional changes occurring 

at the retinal binding pocket level, for which interaction between the retinal β-ionone ring 

and residues located on the TM5 and TM6 are changed upon retinal isomerization. In 

particular, three aromatic residues F5.47, W6.48, and Y6.51 are involved in the definition of the 

interface between retinal and the protein during the transition through the 

aforementioned intermediate active states. At the Meta-I intermediate state level the 

deprotonation of the Schiff-base and the protonation of E3.22 occur. Moreover, both 

electron cryomicroscopy density map121 and infrared spectroscopy on azido-labeled 

rhodopsin122 suggested small rotation of the cytoplasmic side of  TM5 and TM6 domains. 

The Bato, Lumi and Meta-I states are formed in microseconds, because of the low energy 

barriers among them, and the main activation effects refer to retinal binding pocket 
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changes (Figure 9).23 The rate-limiting step is represented by the transition from the Meta-I 

to Meta-II states, in which large-scale conformational rearrangements occur. In these 

stages Meta-II substates (Meta-IIa, Meta-IIb, and Meta-IIbH+) reached a G protein-

dependent equilibrium in few milliseconds (Figure 9). During the Meta conversion 

relevant changes sequentially occur, (i) β-ionone shift and the released of the W6.48 from its 

ground state; (ii) motion of TM6, and ionic lock breaking; and (iii) proton transfer at the 

ionic lock level. The opsin states (Figure 9) are reached through the release of the all-trans-

retinal. These states are characterized by lower affinity for the G protein than the Meta-II 

states.  In summary, retinal isomerization provide the necessary energy to overcome the 

first activation wall from the dark state to the Bato state, activation proceeds through small 

structural changes at the binding pocket level, until the Meta-I state. Subsequently, 

changes in the protonation state beside large-scale conformational changes lead to the 

Meta-II states, characterized by  a G protein-dependent equilibrium (Figure 9). 
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Figure 9. Schematic representation of the rhodopsin activation mechanism. (A) Main conformational states 

occurring during the activation process, beside each conformational state the pdb code of the corresponding 

X-ray crystal structures. The Meta-I and the Meta-IIbH+ states were characterized by electron 

cryomicroscopy density map and infrared spectroscopy on azido-labeled rhodopsin (*). The affinity of each 

state for the G protein is color-coded using a yellow-orange-red scale, for which red circles correspond to the 

highest value of affinity. (B) Flow-chart representing the main conformational states during the activation 

process and the corresponding conformational changes and the pdb codes. The energy profile of each 

conformational state is color-coded according to the scheme reported in (A), and using a red-yellow-blue 

scale, in which the blue one corresponds to the most favorable state, taking into account the G protein 

presence, along the activation process.   

 

 

 

 

 

 

 

 

 

 

 

As far as the W6.48 toggle-switch is concerned, a milestone was placed by the resolution of 

the constitutively active rhodopsin mutant E113Q in complex with the carboxy terminus 

of the α-subunit of its cognate G-protein (2X72).101 Differently from the other hypothetical 

active states of the rhodopsin, 2X72 is trapped in an active conformation able to retain the 

retinal in the binding pocket after photoactivation. In the 2X72 structure the β-ionone ring 

is shifted by 4.3 Å with respect to the position of the retinal in the ground state of the 

receptors, and the indole group of the  W6.48 residue is placed 3.6 Å away from its ground 

state (Figure 10). The authors proposed that the indole ring of the W6.48, following the β-
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ionone ring, is released from its ground state orientation. The displacement of the indole 

ring enables the rotation of the TM6, and the authors proposed that the TM6 shift is not 

achieved by a hinge movement or rotamer changes, but by a global rearrangement of the 

TM6 through the rotation of the helix, in which the conformational change is accompanied 

by the bend described by the CW6.48xP6.50 motif and the formation of different hydrogen 

bonding pattern involving conserved water molecules (Figure 10). Moreover, it has been 

reported that structural activation of conserved water molecules may define the rhodopsin 

signaling status, thus suggesting a possible allosteric communication, which could be 

conserved among Class A GPCRs.128,129  

Figure 10. Comparison of the 2X72 structure (blue) with respect to the 1GZM structure (full inactive, red). 

Highlighted in stick and orange the residues of the 1GZM structure in close contact with the inverse agonist 

11-cis-retinal (stick and orange), in stick and cyan the same residues of the 2X72 structures and the full 

agonist all-trans-retinal. It can be appreciate the shift of the β-ionone ring, and the corresponding shift of the 

indole ring of the W6.48 residues. In close contact with the W6.48 residue two water molecules (in orange for 

the 1GZM structure), and one water molecule (in cyan for the 2X72 structure). In the latter case the water 

molecule is too far to form the H-bond with the N-H group of the indole ring of the W6.48 residue, this 

interaction is present in the 1GZM structure.    

 

 

 

 

 

 

Comparing the structures reported for the rhodopsin receptor it can be appreciate that, 

during the activation mechanism, the largest conformational change occur at the TM5-

TM6 level (Figure 11a,b). The cytoplasmic end of TM6 and TM5 are tilted outwards from 

the HTM bundle of 6-7 Å, and 1.5-2.5 Å, respectively (Figure 11a,b). These rearrangements 

allow the formation of a crevice, enabling the binding of the C-terminal domain of the Gα 

protein (Figure 11c).   
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Figure 11. (A) Intracellular side view of the full inactive state (1U19, red), and the full active state (3PQR, 

blue) of the rhodopsin receptor. Highlighted by red and blue arrows the outward displacements of the TM5 

and TM6 domains. (B) side view of the same structures of (A), in which it is possible to appreciate the 

different position of the retinal into the rhodopsin binding pocket, depending on the active (cyan), and 

inactive (orange) states. (C) The full active structure (3PQR) of the rhodopsin receptor, in complex with the 

C-terminal domain of the Gα protein. The different position of the retinal into the rhodopsin binding pocket 

is highlighted, according to the color code scheme of (B). 

 

 

 

 

 

 

 

 

 

 

Several lines of experimental evidence support the notion that rodhopsin and other Class 

A GPCR share a common activation mechanism.23,102,123,130 X-ray crystal structures for 

hypothetical GPCRs active states were released for the turkey β1-adrenergic,103 the human 

β2-adrenergic,17,30,31 and the human A2A receptors.32,102,131 In the case of the turkey β1-

adrenergic receptor the receptor was solved in complex with both full and partial agonists. 

In this occasion the structures were obtained using the thermostabilizing amino acids 

mutation technique, so as to trap the receptor in a conformation able to bind the agonist or 

the partial agonists.103  These mutant showed conserved ability to activate G protein after 

stimulation through agonist binding with respect to the wild-type receptor.  Nevertheless, 

those X-ray crystal structures showed conformational arrangements close to the full 
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inactive state of the same receptor.21 These findings suggest that the only agonist binding 

is not sufficient to trap the receptor in its full active conformational state, and it has been 

hypothesized that these structures resemble the Lumi state of the rhodopsin (see Figure 

9).123 Using the nanobody stabilizing technique the full active state of the β2-adrenergic 

receptor in complex with a G protein surrogate (the camelid Fab fragment),30 and an 

engineered Gαs protein17 were released. The former one provides a structure resembling 

the conformational changes occurring at the Ops* stage (Figure 9 and Figure 12a), but does 

not provide any structural information about the mode of interaction of the receptor with 

its cognate G protein, and whether these are conserved with respect to those observed in 

the full active state of the rhodopsin. The latter one resembles the structural arrangements 

occurring in the Meta-IIb stage (Figure 9 and Figure 12b,c). Interestingly, the β2-Gαs 

complex shows larger displacement at the TM5 TM6 level than the Meta-IIb state of the 

rhodopsin, highlighting structural differences in the way of interaction between these two 

GPCRs, nevertheless the β2-Gαs complex underlies a conserved G protein binding pocket  

among Class A GPCRs.17 However, the authors stressed the fact that the differences 

observed in the β2-Gαs interaction with respect to the Meta-IIb state of the rhodopsin are 

likely due to the different extension of the contacts formed by the entire G protein.  

Figure 12. (A) Superposition of the 3POG (iceblue, β2-adrenergic receptor in complex with the nanobody), 

and the 3DQB (lime, Ops* state in the photoactivation mechanism of the rhodopsin receptor) structures. (B) 

Superposition of the 3SN6 (iceblue, β2-adrenergic receptor in complex with an engineered Gαs protein), and 

the 3PQR (lime, hypothetical full active state of the rhodopsin receptor). (C) Superposition of the 3POG 

(iceblue and transparent), 3DQB (lime and transparent), 3SN6 (iceblue), and 3PQR (lime) structures. 

 

 

 

 

The analysis of the binding pocket of the β2-adrenergic structures in both inactive, and 

active states reveals agonist-induced conformational changes similar to those observed in 

the rhodopsin receptor (Figure 13a). In particular, the different interaction of the agonist 
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with the residues of S5.42 and S5.46 lead to a receptor conformation showing inward 

displacement of the S5.46 and P5.50 residues, with respect to the inactive conformation 

(Figure 13a). These binding pocket rearrangements are translated to a relocation of the I3.40 

and F6.44 residues (Figure 13a). Interestingly, the displacement of the F6.44 highlights a 

rotation of the TM6 domain, when compared to the position of the same residue in the 

inactive state (Figure 13a).  In figure 13b it can be appreciate how the inverse agonist 

carazolol, and the full agonist POG occupy a very similar position into the binding pocket, 

with the only differences related to the interaction with the residues of S5.42 and S5.46 

(Figure 13a,b). 

Figure 13. (A) Superposition of the binding pocket of the X-ray crystal structures 2RH1 (red, inactive state, 

inverse agonist-bound state), 3POG (orange, active state, agonist-bound state in complex with the 

nanobody), and 3SN6 (blue, active state, agonist-bound state in complex with the engineered  Gαs protein). 

The F6.44 displacement is highlighted b through the arrow color-coded according to the colors of each 

structure (red-orange-blue). (B) Superposition of the inverse agonist and the full agonist POG in the binding 

pockets of each related structure, the colors are in accordance to (A). 

   

 

 

 

 

 

Differently from the rhodopsin receptor, the β2-adrenergic receptor shows basal activity,132 

suggesting that the β2 receptor is not trapped in a fully inactive conformation in the 

agonist absence, but possesses several conformational states separated by small energy 

barriers. In this context, a β2 agonist would bind different conformations of the ensemble, 

and the agonist binding to certain conformational intermediates lead to a stabilization of 

the receptor-ligand complex, shifting the ensemble equilibrium towards those 

conformations with high affinity for the G protein.23 These observations are not consistent 
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with the induced-fit mechanism, suggesting that for the β2-adrenergic receptor the 

activation mechanism occurs through the conformational selection mode.    

A further proof that Class A GPCRs share a common activation mechanism was provided 

by the resolution of the X-ray crystal structure of the A2A receptor.32,102 In this sense the 

comparison of both inactive and active state of the A2A receptor (Figure 14a) highlights 

similar displacement of the key residues involved in the agonist binding and activation 

mechanism, when compared to the rhodopsin and β2-adrenergic receptor structures 

(Figure 10, 13, and 14). Moreover, the active states for the A2A receptor show similar 

outwards displacements, with respect to the active states of both  rhodopsin and β2-

adrenergic receptors.32,102 The only difference refers to the dimension of the crevice that 

allocates the C-terminal domain of the G protein. The small G-protein pocket observed in 

the A2A receptor in its active state is likely the results of the crystallization techniques used. 

As a matter of fact, those structures were obtained using the thermostabilizing amino 

acids mutation, and the TL4-IL3 exchange techniques without to take into account the 

presence of a G protein or any of its surrogates (nanobodies). G protein takes part in the 

stabilization of the full active state for a GPCRs, while the presence of the TL4 portion 

could limits the mobility of the TM5 and TM6 domains. 

Figure 14. (A) Superposition of the binding pocket of the X-ray crystal structures 3EML (red, inactive state, 

inverse agonist-bound state, ZM241385), 3QAK (yellow, active state, agonist-bound state, UK432097), 2YDO 

(orange, active state, agonist-bound, Adenosine), and 2YDV (blue, active state, agonist-bound, NECA). The 

F6.44 displacement is highlighted b through the arrow color-coded according to the colors of each structure 

(red-yellow-orange-blue). (B) Superposition of the inverse agonist ZM241385 and the full agonist NECA in 

the binding pockets of each related structure, the colors are in accordance to (A). 
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The analysis of the disclosed active states for the rhodopsin, β1-, β2-adrenergic and A2A 

receptors clearly demonstrates that agonists bind GPCRs inducing small structural 

changes at the binding pocket level (in the conserved position 5.42, 5.43, 5.46, and 6.48), 

that are translated in large conformational arrangements to the TM5 and TM6 domains, 

following a common activation pathway (in the position 5.50, 6.44, 6.48). Indeed, agonists 

differently interact with some key residues lining up the GPCRs binding pocket, with 

respect to antagonists or inverse agonists, enabling the necessary conformational changes 

at the cytoplasmic surface of the receptors. 

 

1.3.1 Mathematical Models of GPCR Pharmacology 

Pharmacological models represent simple mechanistic methods to describe 

pharmacological responses to a drug. These models required assumption such as the null 

method, that allows the consideration of the solely interaction between a drug and an 

enzyme/receptor, excluding the cellular effects in the quantification of the drug-

enzyme/receptor complex activity. Clark  reported the first attempt to apply mathematical 

approaches to systematically describe the effects of the drug-enzyme interactions on 

tissues. From that time onwards multidiscipline breakthroughs were made, and several 

GPCR pharmacological models were proposed.133 To date, the widely accepted models 

used to describe GPCRs pharmacology are the Cubic Ternary Complex (CTC) model,134 

and the probabilistic model of GPCR behavior.135 

In the CTC model the receptor exists in two main states, active and inactive (Ra and Ri 

respectively). Ligands have different affinities for the Ri and Ra states (Ka and αKa 

respectively). Ra that is not bound to a ligand is characterized by certain affinity for the G 

protein (Kg), and the ligand-binding confers different affinity of the receptor for the G 

protein (γKg). The CTC model also takes into account the interaction between the Ri state 

and the G protein, and β described the different affinity of the receptor active state, over 

the inactive one, for the G protein (Figure 15).134 
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Figure 15. Schematic representation of the CTC model. The Receptor exists in two main states, inactive  and 

active (Ri and Ra respectively), depending on their ability to activate G proteins (G). These conformations 

coexist according to an equilibrium constant unique for the receptor type (L=[Ra]/[Ri]), The term α is the 

differential affinity of the ligand for Ra and the term γ is the differential affinity of the ligand-bound ARa for 

G proteins, β refers to the differential affinity of the receptor active state, over the inactive state, for the G 

protein. 

       

 

 

 

 

The CTC model is characterized by technical limitations, such has the fact that it must pre-

define the species present into the thermodynamic space.133 The Probabilistic Model of 

GPCR behaviors try to overcome the aforementioned issues. This model assumes that 

GPCRs have peculiar conformational distribution state in the phase space, and the 

distribution, characterizing the ground state, is changed upon ligand- and/or G protein-

binding. Therefore, the pharmacological activity of a ligand is defined by the amount and 

the nature of receptor conformations stabilized into the phase space, so as to the amount of 

the pharmacologically relevant ligand-dependent ensembles are directly linked to the 

pharmacological activity of the ligand.135  

The data collected in this section support a three-fold role for G proteins: (i) initiate the 

intracellular signaling cascade upon ligand-binding to a GPCR; (ii) increase the ligand-

binding affinity of an agonist to a GPCR; and (iii) stabilize the active state for a 

GPCR.23,130,133,134 G protein-binding takes part in the definition of the conformational 

distribution state for a GPCR, lowering the energy barrier of the ligand-active state 

complex, and displacing the equilibrium towards the active form of the receptor 

(Figure16). 
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Figure 16. Hypothetical energy landscape for the rhodopsin ternary complex (11-cis-retinal/all-trans-retinal-

Rhodopsin-Gαs protein). The presence of the Gαs protein changes the shape of the energy landscape, 

stabilizing the ligand-active state complex. The energy of the system increase following the green-blue-dark 

blue color scheme. In this case we do not take into account the Ops and Ops*H+ states as in Figure 9. The 

affinity of each state for the G protein is color-coded using a yellow-orange-red scale, for which red circles 

correspond to the highest value of affinity. 

  

 

 

 

 

 

 

 

1.3.2 Ligand-selective Receptor Conformations 

In the previous sections of this chapter I highlighted that GPCRs stand through an 

ensemble of conformations, and some of them configure the pharmacologically relevant 

states.136 Several lines of evidence suggest that not all agonists produce the same active 

state.136–138 In particular using the fluorescence lifetime spectroscopy technique  it was 

possible to discriminate different receptor substates for the β2-adrenergic receptor, 

depending on the ligand used for the assay.137 Kenakin was the first to recognize the 

pharmacological relevance of this phenomenon, proposing a new scheme for the GPCR 

signaling pathway, namely “Agonist Trafficking of Receptor Signaling”.139,140 According to 

the CTC model reported in Figure 15 a ligand (A) can bind a receptor (R), inducing a 

particular complex (ARa) characterized by a unique affinity for the G protein (γ). The new 

idea of Kenakin supports the fact that the agonist-binding induces a receptor form ARa that 

is different from the Ra form of the same receptor, and according to the Agonist Trafficking 

of Receptor Signaling can exist infinite states ARa, depending on the γ value of the ligand 
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considered.  More in general, a ligand can stabilize a given receptor conformation or an 

ensemble of receptor conformations, exerting its own pharmacological effect. Kenakin 

defined the ensemble of conformation accessible for a given GPCRs ‘conformational 

cafeteria’, and ligands enter the conformational cafeteria, and selectively stabilize those 

conformations for which they have the highest affinity.48,136 This new scheme allows to 

explain the behavior of the so called protean agonism, for which ligands are partial 

positive agonists in particular receptor systems, and inverse agonist for the same receptor 

in constitutively active systems, or the pleiotropic behavior of some GPCRs, for which a 

single receptor activates more than one G protein (Figure 17).136   

Figure 17. Schematic representation of the Agonist Trafficking of Receptor Signaling scheme. Three different 

ligands (A1, A2, and A3) bind different conformational inactive states (Ri) of the same pleiotropic GPCR, 

selecting  a particular pathway through the potential energy surface (PES) for that receptor. The selected 

pathway lead to the activation of a particular G protein (A1, and A2), or in the case of the compound A3 lead 

to the activation of both G proteins. It can be appreciate that each compound is characterized by different 

pharmacological parameters (αK, δγβKg), allowing the selection of a particular pathway through the PES. 

Thus, exploring different basins characterized by different amount of substates, according to the depth of 

such ensemble.    

 

 

 

 

 

 

 

 

Table 2 lists GPCRs for which experimental evidences for the Agonist Trafficking of 

Receptor Signaling were reported, references about the data reported in the receptor listed 

in Table 2 can be found in ref. 49. 
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Table 2. List of relevant GPCRs for which the Agonist Trafficking of Receptor Signaling was experimentally 

reported.   

 

 

 

 

 

 

 

 

 

 

1.4 GPCR Dimers as New Pharmacological Tools 

For a long time it was believed that GPCRs work as a single functional units, assuming 

that receptors participate as monomeric unit in ligand-binding, and signal transduction 

process. The monomeric functional unit view is today challenged by the notion that 

GPCRs may dimerize or even ologomerize under physiological conditions,141–144 allowing 

a reinterpretation of some unusual or anomalous observations observed in the past years 

in the field of GPCR pharmacology,145 and provides potentially exploitable new targets for 

a variety of therapeutic conditions.141–144 Although it is well accepted that a monomeric 

GPCR can activate the downstream signaling cascade,146 GPCR oligomerization is 

becoming a widely accepted concept in the GPCR pharmacology field.141–144 The first 

experimental evidence supporting the GPCR oligomerization phenomenon was reported 

in the second half of 90s, when Marshall et al. reported the existence of the first GPCR 

heteromer for Class C GPCRs, the GABAB1-GABAB2 one.147 To date, several example of 

GPCR oligomers for both Class A, B and C were reported,141–144 and it was also revealed 

that unrelated GPCR classes can oligomerize to form functional heteromer 

Receptor 

PACAP 
Dopamine D2 

β1-adrenergic 
β2-adrenergic 
α2A-adrenergic 

5-HT1A 
5-HT2A 
5-HT2C 

Chemokine CCK 
Chemokine CCK2 
Chemokine CCR5 
Chemokine CXCR2 

Muscarine Acetylcholine 
Adenosine A1 
Cannabinoid 
Delta Opioid 
Parathyroid 
Bradykinin 

NK1 
Angiotensin II 
Bombesin 
Calcitonin 
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complexes.142,148–150 Despite the increasing amount of reported experimental evidences 

indicating that GPCR oligomerization is a pharmacologically relevant aspect,141–144 GPCRs 

aggregates have only sporadically been observed experimentally with structural 

details,15,148,149,151–154 and their existence is based upon a variety of indirect evidences.141–144 

In this context, Pin et al. proposed criteria that should be required to identify different and 

physiologically relevant receptor aggregates.143 Based on these general guidelines GPCR 

oligomers show specific and functional properties that can be observed in both 

heterologous and in vivo conditions, such information indicate that GPCR oligomers can 

be considered the unique receptor functional unit. According to the criteria proposed by 

Pin et al.143 the existence of a GPCR oligomer should be accepted by the scientific 

community if at least two of the following criteria should be met: 

(i) evidence for physical association in native tissue or primary cell; 

(ii) a specific functional property for the oligomeric receptors will be critical to 

identify such receptors in native tissue (such as positive and negative 

cooperative binding behaviors, and particular downstream signaling cascade). 

(iii) the use of knock-out animal models or RNAi technology may also provide key 

information on the existence of oligomeric GPCRs in vivo (such as the response 

mediated by the oligomeric receptor unit should be greatly modified in the 

absence of one of the protomer species into the complex)    

As a matter of fact, it can be possible to distinguish between two different GPCR cross-talk 

mechanisms, in the first case the cross-talk occurs at the signaling pathway solely 

(functional crass-talk), in the other case the crass-talk is based on physical receptor-

receptor interactions, impairing both ligand-binding and signaling behavior (physical 

crass-talk).143 GPCR oligomerization phenomenon represents a particular case of GPCR 

allosterism,53,92,155,156 in which each protomer into a oligomeric complex allosterically 

modulate the counter-partner, inducing different pharmacological properties.53,92,155,156 

Based on these concepts several examples of pharmacologically relevant GPCR oligomers 

were reported,141–144 and particularly interesting are the case of the Rhodopsin,152–154 

Melatonin,157,158 Opioid,159,160 β1- β2-adrenergic,161–165 mGluR2-5-HT2A,148–150 and 5-HT2A-5-
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HT2A166,167 dimers. All the examples aforementioned are characterized by peculiar tissue 

distribution and structural properties, showing similar or different dimer interfaces.141–144 

According to the GPCRs ensemble theory proposed by Kenakin,136 GPCRs posses different 

micro-domains that control the interaction with other membrane proteins, also mediating 

homo- and heterologous dimerization.136 GPCRs adopting different micro-conformation 

states can expose different micro-domains, and therefore can interact with different 

membrane-bound partners. In this scenario Kobayashi et al. reported that the mutation of 

conserved residues on the β1-receptor HTM bundle results in conformational changes 

disrupting the β1-homomerization, but not the β1-β2-heteromerization.165 The authors, also 

found that the lipophilic β-blocker alprenolol acts as a pharmacological chaperone, 

selecting proper conformational state of the β1-mutant, and restoring the basal level of β1-

homomer.165 Other examples of the ligand’s ability to select different conformational state 

of protomers into a complex were reported for the D1,168 D2,168–173 5-HT2A,148–150,166,170–173 

CCR5,174 and mGluR2 receptors.148–150 

Thus, a ligand with peculiar properties can affect the downstream signaling pathway of a 

GPCR dimer, selecting different conformational states of protomers into a dimer, and 

promoting or disrupting the formation of a particular GPCR complex (Figure 

18).148,149,166,169–173   

Taken together these experimental evidences support the notion that GPCR oligomers 

represent new druggable targets.143,175,176 
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Figure 18. (A) A general ligand can interact with a GPCR, selecting particular conformational state of that 

receptor, and promoting or disrupting the formation of a peculiar GPCR dimer, (B) A GPCR dimer have to 

show a particular downstream signaling cascade according to the criteria proposed by Pin et al.143, that 

differs from the downstream signaling cascade of each protomer involved in the formation of the oligomeric 

complex. (C) According to the criteria proposed by Pin et al.,143 and to the GPCR ensemble theory a ligand 

selecting particular conformational state of a protomer into a complex alters the downstream signaling 

cascade, originating a new signal in terms of intensity and/or nature of the signal. 

 

 

 

 

 

 

 

 

 

 

 

1.5 Cholesterol Effects on GPCR Pharmacology 

Cholesterol is an essential cellular component of biological membranes in almost all 

eukaryotes, not only providing structural support to the membrane maintenance, but also 

playing a regulatory role for several membrane-bound proteins, either indirectly through 

its ability to modulate physical properties of the membrane, and indirectly through 

specific interaction with selected protein domains.177,178 GPCRs constitute the largest class 

of membrane-bound receptors,1,2 and it has long been known that cholesterol takes part in 

the modulation of GPCR pharmacology.93,178–181 In this context cholesterol represents a 
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particular case of GPCR allosterism, which is classified in the Allosteric Binding Site section 

as cell-penetrating membrane-associated modulators.85,90,91,93 In 2008 the Stevens Lab182 

released the X-ray crystal structure of the human β2-adrenergic receptor in complex with 

cholesterol molecules.93 In that work the authors also analyzed the cholesterol 

concentration effects on the ligand-binding affinity for both beta-blockers (timolol) and 

beta-agonist (isoprotenerol). The authors showed that high cholesterol concentration 

solely increased the ligand-binding affinity of the beta-blocker timolol. This was a relevant 

outcome of that work, because of timolol is a drug currently used in the treatment of 

cardiac arrhythmias, and blood-pressure diseases.93 Moreover, the authors found that 

cholesterol bind a cleft described by the TM2-4 domains, and that the residues lining up 

the cholesterol binding cleft are conserved among several Class A GPCRs (Cholesterol 

Consensus Motif, CCM, Figure 19).93 On the basis of their finding the authors proposed a 

new classification system for Class A GPCRs based upon the degree of conservation of the 

residues forming the CCM. On the basis of this new classification system,  GPCRs showing 

an high degree of conservation of the CCM belong to the strict-CCM class (Table 3), while 

GPCRs showing low percentage of conservation the aforementioned motif belong to the 

CCM class (Table 3).93 In another work Pontier et al. combining extensive biochemical and 

pharmacological approaches  showed that cholesterol depletion in lipid raft structure 

increase the ability of the β2-adrenergic receptor to interact with its cognate Gαs protein, 

while the enrichment of the membrane environment with cholesterol shifts the receptor 

into its inactive state,183 according to the data reported by the  Stevens Lab182 for which 

cholesterol binding to the CCM motif affects only the ligand-binding affinity of the beta-

blocker, without any effects on the binding curve of the beta-agonist.93  
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Figure 19. CCM of the β2-adrenergic receptor, in white and vdW surface the two cholesterol molecules (in 

red the oxygen atoms) binding the CCM, highlighted in red, orange, green, and cartoon the TM2, TM3, and 

TM4 respectively. In stick and color-coded according to the atom types the conserved residues into the CCM, 

in transparent and iceblue the cholesterol cleft described by the TM2-4 domains.  

 

 

 

 

 

 

 

Table 3. Representative examples of Class A GPCRs belonging to the Strict-CCM or the CCM classes. 

 

 

 

Furthermore, it has been reported that cholesterol can modulates the functions of other 

GPCR classes, such as the Class C.184–186 For instance, cholesterol effects on the endogenous 

orthosteric binding affinity for the mGluR2 receptor were reported.184,186 It is worth to 

mention that Class C GPCRs show low sequence similarity to Class A, and they do not 

show the conserved CCM, nevertheless the signaling status of Class C GPCRs is strongly 

affected by the membrane composition, such as in the case of the mGluRs receptors.184–186  

 

 

 

 

Class A GPCRs 

Strict-CCM CCM 

5-HT2A β1 
β2 CB2 
D2 D4 

Oxytocin H1 
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1.6 The Serotoninergic Receptor Subtype 2A 

Serotonin (5-Hydroxytriptamine, 5-HT) system is involved in the modulation of an 

impressive number of physiological processes. The effects of the 5-HT are mediated by a 

large number of GPCR subtypes, influencing smooth muscle contraction, platelet 

aggregation, digestion, and cardiovascular system. Moreover, 5-HT is one of the 

endogenous amine involved in the neurotransmission at the Central Nervous System 

(CNS) level, controlling both behavior, food intake, and neuronal plasticity.187,188  There 

are seven 5-HT receptor subtypes (5-HT1-7),187 and with the exception of the 5-HT3 subtype, 

they are all Class A GPCRs. 5-HT receptor subtypes represent relevant pharmaceutical 

targets,188 and among them the 5-HT2 subtypes received large attention by the scientific 

community.189–193 In particular 5-HT2A receptor subtype represents a validated target in the 

treatment of CNS disorders, such as anxiety,194 depression,194 and schizophrenia.195,196 

Schizophrenia is a chronic central nervous system (CNS) disease197 which involves 

different neurochemical systems,198 like the dopaminergic,199 the serotoninergic,200 as well 

as the glutammatergic.201–203 The serotoninergic hypothesis of schizophrenia received 

considerable attention and noteworthy is the observation that there are two sets of 5-HT2A 

agonists namely Hallucinogen Compounds (HCs) and Non-Hallucinogen Compounds 

(NHCs).195,196 HCs and NHCs act at the same serotonergic receptor subtype (5-HT2A) while 

displaying substantially different phenotypic effects on the behavior.195,196,204 These 

findings are in agreement with the so called agonist trafficking of receptor signaling 

theory46,47,119,136,140,195,205 in which HCs and NHCs can activate different intracellular 

pathways by selecting different active states of the 5-HT2A receptor.195,205 In detail, HCs 

activate both Gαq/11 and Gi/o inducing the expression of c-fos and erg-2 (Figure 20a), while 

NHCs solely activate Gq/11 inducing the expression of only c-fos (Figure 20b).195 Thus, 

erg-2 induction is a specific marker for hallucinogen signaling.195 Moreover, 5-HT2A 

subtype belonging to Class A shows an high degree of conservation of the CCM, 

particularly 5-HT2A belongs to the strict-CCM class,93 and several lines of evidence 

correlated low cholesterol level with behavioral disorders.206,207 
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Figure 20. Signaling at the 5-HT2A receptor induced by hallucinogenic compounds (HCs, A) and non-

hallucinogenic compounds (NHCs, B); 

 

 

 

 

 

 

 

 

 

 

 

 

1.7 The Metabotropic Glutamate Receptor Subtype 2 

Glutamate is the major excitatory neurotransmitter in the CNS, and it binds two different 

type of receptors, the ionotropic glutamate receptors (iGlu), and metabotropic glutamate 

receptors (mGluRs).208,209 The mGluRs  belong to the Class C GPCRs, and they are grouped 

in three main families, mGluRI, mGluRII, and mGluRII, for a total of eight receptor 

subtypes (mGluR1-8).210 Among them the mGluR2 belonging to the mGluRII group 

received particular attention as pharmaceutical target for the treatment of CNS disease.201–

203 mGluR2 is negatively coupled to adenylate cyclase via Gi/0 protein (Figure 21). As 

discussed in the Orthosteric and Allosteric Binding site section such receptors are 

characterized by an orthosteric binding site at the VFT domain, and an allosteric binding 

site at the HTM bundle level (Figure 21). Both orthosteric and allosteric sites represent 
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druggable targets, especially for the treatment of mental disorders.115,203,211–213 Potent 

mGluR2 orthosteric agonists were identified,203,214,215  but due to the high sequence 

homology at the VFT level with the close-related mGluR3 subtype it was difficult to reach 

subtype selectivity. Only with the use of mGluR2/3 knockout animal models it was 

possible to identify mGluR2 as the major responsible of the behavioral control.216,217 Based 

on these assumptions new pharmaceutical strategies devoted their efforts to discover 

selective mGluR2 allosteric modulators. In this context to reach allosteric subtype 

selectivity is easier than orthosteric subtype selectivity, because of the low sequence 

similarity at the allosteric binding site level (see Orthosteric and Allosteric Binding Sites 

section). As a matter of fact, based on their pharmacological effects it has been possible to 

identify positive or negative allosteric modulators selective for the mGluR2 (PAM and 

NAM respectively),115,211–213 and mutagenesis studies for antagonist modulators were 

reported.213 Finally, it has been also reported that mGluR2 signaling status is strongly 

affected by the membrane composition, in particular by the cholesterol concentration.184 

As discussed in the Serotoninergic Receptor Subtype 2A section, low cholesterol levels 

were also associated to mental disorders.206,207    

Figure 21. Cartoon-snake representation of mGluR2, highlighted in purple the VFT domain, in green the 

CRD, in blue the HTM, in red a general orthosteric ligand binding at the orthosteric cleft, in yellow the 

allosteric binding site. 
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1.8 5-HT2A Homo- and Heteromer as Pharmaceutical 

Targets 

As discussed above, the orthosteric binding site of the 5-HT2A receptor represents the 

target site of several compounds, showing pharmacological activity at CNS level (such as 

the so called HCs, and NHCs).195,196,205 It is also well known that the 5-HT2A receptor is 

involved in a large number of physiological processes (such as smooth muscle contraction, 

platelet aggregation, food intake).188 Recently, it has been reported that 5-HT2A participates 

to an intricate network of functional crosstalks,142,148–150,166,170–173,218 with intriguing 

consequences on the mechanism of action of antipsychotic drugs. Finally, the 5-HT2A 

receptor represents a well-known example of functional selectivity, for which (i) different 

agonists (HCs, NHCs) activate different signaling pathways,148,149,195,196,205,219   and (ii) 

different antagonists induce different effect on the 5-HT2A trafficking and signaling.166,220 

In the next sections of this chapter I introduce two GPCR dimers involving the 5-HT2A 

receptor, namely 5-HT2A-5-HT2A homomer, and the 5-HT2A-mGluR2 heteromer. Both 

dimers meet the criteria proposed by Pin et al.,143 and represent key examples in which 

GPCR allosterism and GPCR functional selectivity concur to define the nature of the 

intracellular signaling. Furthermore, the 5-HT2A-5-HT2A homomer, and the 5-HT2A-

mGluR2 heteromer represent intriguing pharmaceutical targets, since disrupted functional 

and physical crosstalks of these two GPCR dimers has seen implicated in CNS diseases, 

such as schizophrenia, depression and anxiety.142,148,149,166 

 

1.8.1 The 5-HT2A-5-HT2A Homomer Complex 

In 2009 Brea et al. reported that 5-HT2A homomerized in cells, displaying a dynamic 

equilibrium between its monomeric and dimeric forms.166 In this work the authors 

proposed that atypical and typical antipsychotic drugs, acting at the 5-HT2A orthosteric 

binding site, antagonized the 5-HT2A receptor in a pathway-specific manner.166 The 5-HT2A 

receptor activation induces inositol-phosphate (PP) accumulation through a PLC-

correlated pathway, and arachidonic acid (AA) release through a PLA2-correlated 

pathway. 5-HT2A agonists show functional selectivity discriminating between these two 
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downstream signaling pathways.221 The authors performed co-immunoprecipitation, and 

FRET experiments, showing that 5-HT2A forms homomers in live cells. Furthermore, the 

authors were able to show that typical and atypical antipsychotic drugs differentiate 

themselves by blocking 5-HT2A responses by two distinct mechanisms. On the basis of the 

aforementioned observations, Brea et al. proposed the Three-State Receptor Dimer 

Model,166 which hypothesizes that the receptor exists in equilibrium between an inactive 

dimeric form (R2), and two distinct active states (R2*, and R2**).  The model explains  the 

differential functional antagonist profiles by assuming different receptor active 

conformations for each pathway, for instance the R2* state for the IP induction, and R2** for 

the AA release (Figure 22). In summary, the authors proposed that 5-HT2A antagonists are 

characterized by functional selectivity, deactivating GPCR responses in a ligand- and 

pathway-related manner, thus providing evidences of a functional antagonist-dependent 

cooperativity for both atypical and typical antipsychotic drugs.    

Figure 22. Representation of the Three-State Receptor Dimer Model. 
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1.8.2 The mGluR2-5-HT2A Heteromer Complex 

In 2008 Gonzalez-Maeso et al. reported that the metabotropic glutamate receptor subtype 2 

and the serotoninergic receptor subtype 2A physically interact, at pyramidal neurons of 

prefrontal cortex structures, to form functional heteromer complex.149 The existence of a 

functional crosstalk between mGluR2 and 5-HT2A receptors have long been hypothesized 

by different research groups,222–224 but only in 2008 a physical crosstalk was proved.149 

Furthermore, the existence of a functional complex between the mGluR2 and 5-HT2A 

receptors has been associated with important functional consequences related to the 

mechanism of action of antipsychotic drugs, for which both receptor subtypes are 

considered validated targets.200–203 These findings allowed the reconciliation of the 

serotoninergic and glutamatergic hypothesis of the schizophrenia.200–203  In a further work 

Moreno et al. showed that the mGluR2 receptor is necessary for the pharmacological and 

behavioral effects induced by hallucinogenic 5-HT2A receptor agonist (Figure 23a).150 In 

this context, mGluR2 behaves as an allosteric modulator of the 5-HT2A intracellular 

signaling pathway. Finally, in 2011 Fribourg et al. showed that mGluR2 and 5-HT2A 

receptors are indeed necessary for the pharmacological and behavioral effects induced by 

both HCs, NHCs, and antipsychotic drugs.148  In this work, the authors investigated the 

role of the mGluR2-5-HT2A heteromer complex in altering the G protein signaling. The 

authors measured the influence of dimerization on signaling of mGluR2 through Gi/0 

protein, and 5-HT2A receptor through Gq/11. They reported that ligand binding to both 

mGluR2 and 5-HT2A protomers alters the Gq/11- Gi/0 balance (Figure 23b). Based on their 

findings, they propose a new metric, named balance index (BI), to describe the balance 

between the Gi/0 and Gq/11 signaling. This study suggests that both functional and physical 

mGluR2-5-HT2A crosstalk induce cellular and phenotypic behavior effects different from 

those produced by mGluR2 and 5-HT2A receptors separately. According to the BI metric, 

the Gq/11- Gi/0 signaling balance  is the dependent variable predicting the psychotic state. 

Thus, they proposed that 5-HT2A inverse agonists, and/or mGluR2 strong agonists and/or 

PAM would be the most effective compounds in restoring the physiological BI balance for 

the treatment of schizophrenia. The observation that the close related mGluR3 receptor 

was not able to form heteromer complex with the 5-HT2A receptor149 provided an useful 

support to investigate which TM domains are involved in the physical interaction between 
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the mGluR2 and 5-HT2A receptors, so as to grasp the structural bases underlying the 

mGluR2 and 5-HT2A physical crosstalk the authors studied mGluR2/3 receptor chimera.149 

On the basis of that study the authors proposed a TM4-TM5 heteromer interface 

arrangement (Figure 23a,b).  

Taken together, all these observations indicate that mGluR2 behaves as an allosteric 

modulator of the 5-HT2A receptor through direct interaction at the HTM bundle, selecting 

particular conformational states of the serotoninergic receptor depending on the mGluR2-

bound ligand (agonist, antagonist or allosteric modulators).142,148,149 The observations are 

also in agreement with the functional selectivity theory.46,136,139,140  

The experimental evidences about the existence of a mGluR2/5-HT2A heteromer 

complex142,148,149 and its tissues specificity (pyramidal neurons of prefrontal cortex 

structures) provide a new and intriguing pharmaceutical target for the treatment of 

schizophrenia.142,148,149,219,225 As a consequence, compounds targeting the specific mGluR2-

5-HT2A heteromer complex, and restoring a physiological BI are likely to have improved 

specificity and reduced side effects.  

Figure 23. Schematic Representation of the mGluR2-5-HT2A cross-talk. (A) Different effects exerted by HCs 

in mGluR2 knockout mice (no psychotic effects), and in WT mice (psychotic effects). (B) Putative sites of 

action of antipsychotic and psychotic compounds, affecting the BI metric. 
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Chapter 2 

Aims of the Project 

 

 

In the previous chapter I have introduced some concepts highlighting the extraordinary 

pharmacological and dynamical versatility of GPCRs. Indeed, these membrane-bound 

proteins revealed an ensemble of complex features. On one hand, GPCRs show 

challenging pharmacological aspects, such as allosterism, aggregation phenomenon, 

multi-intracellular signaling pathways, and functional selectivity for different ligand 

chemotypes. On the other hand, GPCRs reach this extraordinary pool of pharmacological 

activities by making use of a conserved flexible structure. As a matter of fact, the increased 

availability of crystal structures, along with other experimental data, supports the notion 

that GPCRs are dynamically versatile. Their functions depend on a high degree of 

plasticity, which is strongly affected by a large number of environmental factors in a tissue 

specific manner. For instance, membrane composition, ionic strength, pH, and  interacting 

proteins alter the pharmacological behavior of a GPCR, concurring to stabilize specific 

signaling-conformation. For many years this dynamic flexibility was elusive, representing 

one of the greatest challenges for medicinal and computational chemists. Now, in the light 

of experimental evidence, it is becoming apparent that computational approaches must be 

integral to any effort aimed at understanding GPCR functioning. Indeed, not all the 3-

dimensional structures of GPCRs have been revealed, and not all the pharmacologically 

relevant conformation can be grasped by X-ray crystallography, because of their inherent 

instability.  
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In this context, with the aid of computational techniques we have focused our attention on 

the study of two aspects affecting GPCR functioning: (i) the dimerization phenomenon, 

and (ii) the effect of the membrane composition on GPCR flexibility. 

With regard to the dimerization phenomenon, given the increasingly recognized 

functional importance of dimeric or oligomeric GPCR aggregates, one can ask whether 

explicit models of homo- or heteromers can better address issues related to ligand 

recognition or receptor activation. As reported in Chapter 1, the  5-HT2A and mGluR2 

receptors are implicated in the formation of different GPCR dimer aggregates. These new 

functional units have showed functional consequences on the activation mechanism of 

both antipsychotic and hallucinogenic drugs. Taken together, these information suggest 

that heuristic constructs of the mGluR2-5HT2A and 5HT2A-5HT2A dimers can have the 

potential for being better models than the corresponding monomeric models, either in 

terms of drug discovery efforts or in supporting experiments aimed at deciphering the 

molecular basis of protomer crosstalk into dimer complexes.  The identification of the 

complex 5-HT2A  functioning thus offers a unique possibility to revise the pharmacology of 

HCs and NHCs in the context of their ability to select individual, yet uncharacterized, 

dimeric states that in turn can activate (or repress) individual intracellular signaling  

pathways. Until now, the 5-HT2A receptor was considered and studied as a monomeric 

entity mainly through homology modeling studies, while the identification of the 

complexity of the 5-HT2A architecture also offers new challenges for medicinal and 

computational chemists to build up reliable and predictive models of both homo- and 

heteromer complexes. 

Moreover, it is well-known that cholesterol affects GPCRs functioning through its ability 

to modulate the physical properties of the membrane environment (indirect effects), or 

through its ability to establish direct contact with selected domain of the GPCR structure 

(direct effects). Interestingly, high cholesterol concentrations are found in lipid rafts, which 

are high-specialized membrane domains, characterized by peculiar physical and 

pharmacological properties. Lipid rafts provide the structural support to facilitate 

physiological events, such as protein aggregation.  The connection between cholesterol 
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effects on GPCR functioning, and the cholesterol concentration effects on protein-protein 

interactions, allows us to speculate about the role of cholesterol in GPCR aggregation.   

With the aim to shed light on the aforementioned aspects, we set up a computational 

study based on the comparative analysis of the effects of each component (dimer interface, 

and cholesterol concentrations) on the monomeric and dimeric forms of both mGluR2 and 

5-HT2A receptors. The following are particularly relevant points: 

1. assessment of the dimer effects on the putative 5-HT2A binding pocket, comparing 

MD simulations of the monomeric form of the 5-HT2A receptor, with respect to the 

MD simulations of different dimeric forms of the same receptor (5-HT2A-5-HT2A, 

and mGluR2-5-HT2A dimers) 

2. assessment of the cholesterol effects on the monomeric forms of both mGluR2 and 

5-HT2A receptors, performing MD simulations of the receptors embedded in 

membrane environment with different cholesterol concentrations. 

3. finally, it is worth to mention that most of the so far reported MD simulations of 

GPCRs only considered the monomeric forms of these receptors, and did not take 

cholesterol as membrane component into account. Therefore, we decided to 

evaluate which is the impact of the MD experimental conditions on the trajectories, 

thus, obtained.   
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Chapter 3 

Experimental Section 

 

 

Molecular Modeling groups all those mathematical approximations underlying theoretical 

methods, and computational techniques. These mathematical approximations are used in 

computational chemistry, computational biology, and materials science to model or mimic 

the behavior of both small molecules, and biological systems. Molecular modeling 

provides useful tools to simplify the complexity within the reality. Therefore, molecular 

models have intrinsic limitations, which must be taken into account when studying 

biological system. Nevertheless, molecular models hold an indispensable role in biology, 

chemistry, physics, and so on. For instance, the growing availability of crystal structures of 

biological molecules of increasing complexity required the development of molecular 

modeling techniques, as an aid to their interpretations.   

“A Model must be wrong, in some respects, else it would be the thing itself. The trick is to 

see where it is right”, Henry A. Bent said.  

In Chapter 1, I showed how the increased availability of crystal structures, along with 

other experimental data, support the notion that GPCRs are dynamically versatile, and 

their functionality depends upon a high degree of plasticity. Nevertheless, X-ray crystal 

structures provide static picture of a system, while GPCRs stand in an equilibrium of 

pharmacologically relevant conformational ensembles, and it is conceivable that 

crystallography grasps the thermodynamically most favorable conformation, which  

predominates in just one of the ensemble. Furthermore, X-ray crystal structures of the 

HTM domain for the majority of Class A GPCRs, and for all the others GPCR classes are 

still lacking. In this context molecular modeling techniques such as Homology Modeling, 
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Molecular Dynamics Simulations, and Docking techniques provide with useful tools to 

overcome, or partially overcome the aforementioned issues.  

In this Chapter the molecular modeling techniques used in the project are presented. In 

detail, for each employed technique  I provide a short introduction, discussing both 

potentialities and limitations of such techniques. After that, details about the experimental 

settings used in this project are provided.      

3.1 Homology Models of GPCRs 

Structure Based Drug Design (SBDD) is a computational approach that requires the 

availability of a 3D structure of the target macromolecule.226   The 3D structure of the 

target macromolecule (usually a protein) could be obtained by X-ray crystallography, 

NMR or by homology modeling. Although in the last years the amount of GPCRs X-ray 

crystal structures is increased (Figure 4), the homology modeling technique is still a 

standard method in GPCR SBDD.227–231 Homology modeling or comparative modeling is a 

computational technique in which the 3D structure of a protein (template) is used to 

construct an atomic resolution structure model of a target protein for which the 3D 

structure is unknown (query) (Figure24a).  

Figure 24. (A). Homology Modeling Flow Chart. (B) General snake-cartoon representation of GPCRs. 

Highlighted in green and red the position of conserved residues in Class A GPCRs, according to Figure 3.   
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This approach is based on the assumption that homologue proteins have super-conserved 

stretches of amino acid residues (SCRs) sharing similar3D structures, and that, in general, 

3D protein structures are more conserved than the amino acid sequences. Using the SCRs, 

the template and query amino acid sequences are aligned to produce a structural model of 

the target protein (Figure 24a,b).229,232  

The 3D structures of both 5-HT2A and mGluR2 receptors were built using the MOE-

Homology Tool of the suite Molecular Operating Environment (MOE).233 

 

3.1.1 5-HT2A Homology Model 

The 5-HT2A 3D structure was constructed by homology modeling, using the structure of 

the human β2-adrenergic receptor in its resting state (2RH1) as template. In particular, we 

chose the aforementioned structure as a template for human 5HT2A due to the close 

evolutionary relationship between the two receptors (both belonging to Class A GPCRs 

and both using a biogenic amine as transmitter). Thus, the two sequences of 5HT2A and β2 

were aligned using the ClustalW server,234 and the resulting alignment (Figure 25) was 

consistent with that reported by Gonzalez-Maeso et al.149 The loops were built by the loop 

search method implemented in MOE. The resulting model showed the possibility for the 

conserved disulfide bond between C148 on TM3 and C227 on the EL2. The protonation 

state of ionizable residues was fixed by using Protonate3D tool of MOE and then checked 

by visual inspection. The geometry of the final model was optimized using a stepwise 

approach: first the internal strain of the model was manually reduced, modifying the 

rotamers of residues participating to steric clashes. Then, the structure was relaxed by 

using several cycles of Amber99 force field (available in MOE) minimization, until a 

gradient of 0.1 kcal/mol Å-1 was reached.  
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Figure 25. Alignment for the 5-HT2A receptor model (P28223:5-HT2A sequence; P07550: sequence of β2-

adrenergic receptor) 

 

 

 

 

 

 

 

 

 

3.1.2 mGluR2 Homology Model 

In the case of the Transmembrane domain of mGluR2, we used the structure of bovine 

rhodopsin (1GZM) as a template, since there are no clues indicating that the others GPCR 

X-ray crystal structures could be better templates for family C GPCRs, while 3D models 

built on the basis of the rhodopsin structure were already reported and partially 

validated.149,235 Differently from the technique used for the 5-HT2A receptor, for the 

construction of the model of the transmembrane region of human mGluR2 the following 

approach was used. First of all, the large amino terminal domain (ATD) was manually 

eliminated from the primary sequence (Expasy Q14416).236 Then, the TM helices were 

aligned to the sequence of bovine rhodopsin (1GZM), reproducing the alignment reported 

by Gonzalez-Maeso et al.149 However, the resulting model, built in MOE, lacked the 

disulfide bond between C632 on TM3 and C721 on EL2 (numbering from the full length 

sequence of human mGluR2, Expasy code Q14416). In a different approach, we 

reproduced the alignment between human mGluR1 and bovine rhodopsin, reported by 

Vanejevs et al.235 The resulting 3D model of the transmembrane region of mGluR1 was 

then used as a template for the construction of the 3D model of the highly conserved 

mGluR2, which, now, showed the TM3-E2 disulfide bond. The models of the 
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transmembrane regions of mGluR1 and mGluR2 were generated by using the same tools, 

procedures, and protocols described above for 5HT2A. 

Figure 26. Alignment for the mGluR2 receptor model (1GZM: partial sequence of the bovine rhodopsin 

receptor; hmGluR1/2 sequences of the metabotropic glutamate receptors subtypes 1 and 2 respectively) 

 

 

 

 

 

 

 

 

 

 

For the MD experiments performed to assess the cholesterol effects on the mGluR2 we 

decided to use a new alignment for the construction of the 3D structure of that receptor. 

Respect to our previous model of the mGluR2 receptor, we used a new alignment (Figure 

27a). Comparing the new alignment with the old one, the main change refers to the TM5, 

where we shifted the alignment of four residues. In Figure 27b, I report the comparison of 

the old and the new alignments for the TM5 domain. The 3D structure of the mGluR2 was 

generated using the MODELLER software237  which carried out 10 models. The best model 

was selected among these 10 structures according to the MODELLER objective function 

and visual inspection. We evaluated the quality of the model on the basis of structural 

properties such as the presence of the conserved ionic lock and the presence of the 

disulphide bond between C632 on TM3 and C721 on EL2. 
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Figure 27. Alignment for the mGluR2 receptor model (P02699: bovine rhodopsin sequence, Q14416:mGluR2 

sequence, without VFT) 

A 

sp|P02699|OPSD_BOVIN      MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLY 

sp|Q14416|GRM2_HUMAN      ---------------------------------IRWGDAWAVGPVTIACLGALATLFVLG 

 

sp|P02699|OPSD_BOVIN      VTVQHKKLRT--PLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFAT      

sp|Q14416|GRM2_HUMAN      VFVRHNATPVVKASGRELCYILLGGVFLCYCMTFIFIA----KPST---AVCTLRRLGLG 

 

sp|P02699|OPSD_BOVIN      LGGEIALWSLVVLAIERYVVVCKPMSNFRFG----------ENHAIMGVAFTWVMALACA   

sp|Q14416|GRM2_HUMAN      TAFSVCYSALLTKTNRIARIFGGAREGAQRPRFISPASQVAICLALISGQLLIVVAWLVV 

 

sp|P02699|OPSD_BOVIN      APPLVGWSRYIPEGMQ------CSCGIDYYTPHEETNNESFVIYMFVVHFIIPLIVIFFC  

sp|Q14416|GRM2_HUMAN      EAPGTGKE----TAPERREVVTLRCNHR----------DASMLGSLAYNVLLIALCTLYA 

 

sp|P02699|OPSD_BOVIN      YGQLVFTV-KEAAAQQQEATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQGSD  

sp|Q14416|GRM2_HUMAN      FKTRK----------CPENF------NEAKFIGFTMYTTCIIWLAFLPIFYVTSSDYRVQ  

 

sp|P02699|OPSD_BOVIN      FGPIF-MTIPAFFAKTSAVYNPVIYIMMNKQFRNCMVTTLCCGKNPLGDDEASTTVSKTE  

sp|Q14416|GRM2_HUMAN      TTTMCVSVSLSGSVVLGCLFAPKLHIILFQPQKNVVSHRAPT--SRFGSAAARASSSLGQ   

 

sp|P02699|OPSD_BOVIN      TSQVAPA 

sp|Q14416|GRM2_HUMAN      GSG---- 

 

 

 

 

 

3.2 Protein-Protein Docking 

Protein-Protein interactions represent one of the most complex and  critical event in 

biology.238 Such complexes play crucial roles in a variety of both pathological and 

physiological processes.238 Therefore, to catch the 3-dimensional structures of a protein 

complex is fundamental for drug design strategies. Despite their pharmaceutical 

relevance, to decipher the 3-dimensional structure of a protein complex is still a 

challenging task.239 Thus, in the last decades several algorithms designed to protein-

protein docking were developed.240,241 Nevertheless, protein-protein docking algorithms 

show common limitations regarding the searching and scoring procedures.240 The former 

one refers to the possibility to find native protein-protein complex vs. misdocked 
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structures, the latter one refers to the possibility to discriminate among native and 

misdocked dimer interface on the basis of a scoring functions. For the searching problem, 

some algorithms seem to give encouraging results,242 while none of the scoring function so 

far developed seem capable to robustly discriminate between native and misdocked 

protein complex.240 In order to overcome the aforementioned issues we developed a 

protein-protein docking method based on (i) collection of the experimental data reporting 

structural information about GPCR dimer interfaces, (ii) validation of the protein-protein 

docking procedure using the template so far available, (iii)  scoring of the docking poses 

based on the comparison of the GPCR dimer structures reported. In the next section the 

experimental procedure and the software employed to build the GPCR dimer interface of 

interest.  

3.2.1 Protein-Protein Docking Procedure and the Rosetta suite. 

The dimer complex formed between the 5-HT2A receptor and the mGluR2 receptor is a 

peculiar case of a heteromer formed by receptors belonging to different GPCR families, 

namely, Class A, and C, respectively. Gonzalez-Maeso et al.  demonstrated, by using 

receptor chimeras and FRET techniques, that TM4 and TM5 of the mGluR2 receptor are 

necessary and sufficient to form the 5-HT2A-mGluR2 heteromer complex.149 However, no 

direct structural evidence of such interface exist for the 5-HT2A-mGluR2 complex. In the 

same study, Gonzalez-Maeso et al. constructed a three-dimensional model with a TM4,5(5-

HT2A)-TM4,5(mGlu2) interface149 based on an atomic force microscopy study of 

rhodopsin in native disc membrane.151,243,244 In addition, different research groups 

implicate the TM4,5 domains in the homomerization of the related receptors 5-HT2C245 and 

5-HT4.246  Taken together all these experimental information support the implication of 

TM4,5 (5-HT2A) in both 5-HT2A-mGluR2 and 5-HT2A-5-HT2A ’s interfaces. Furthermore, 

Brea et al. performing co-immunoprecipitation, and FRET experiments showed that 5-HT2A 

forms homomers in live cells,166 based on a dynamic equilibrium between the monomeric 

and dimeric forms of the receptor, thus, highlighting a transient nature of the 5-HT2A 

homomeric form, and allowing the formation of different dimers involving the 5-TH2A  

receptor, such as in the case of the mGluR2-5-HT2A heteromers.166  
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The models of both hetero- and homomer complexes were generated using 

Rosetta++.241,242,247 Rosetta works by simultaneously optimizing the side-chain 

conformation and the rigid body position of the two docking partners. In this case we 

have used the “blind docking” tool present in Rosetta, thus performing a global random 

rigid-backbone docking. Before the docking was performed, the side-chain prepacking 

was carried out as implemented in the Rosetta side chain packing algorithm to prevent 

errors in docking due to irregularities. After that, a docking with a full atom, high-

resolution search protocol, was carried out. A simple Coulombic potential with distance-

dependent dielectric was used (only aromatic-aromatic, aromatic-charged, and charged-

charged interactions are considered). Finally 50 cycles of Monte-Carlo minimization were 

used to optimize the resulting complexes. In a calibration study carried out on the 

theoretical model of rhodopsin homomer (pdb code: 1N3M) by Pacelwski et al.,151,243,244 

starting from two monomers of rhodopsin, we observed that energetic scores could not 

correctly sort out the output models (Tables 4). Thus, the Rosetta++ outputs were scored 

and sorted according to visual inspection and RMSD matrix (Table 5). More in details, we 

visually selected only those models owing a TM4/TM5 interface, and, among them, the 

ranking was manually performed by using as reference parameters the distance between 

the monomer, the angle of interaction, and the alignment between the top and bottom 

edge of the receptors, in such a way as to match as much as possible those found in the 

1N3M homomer structure. In Table 5 the RMSD matrix for the mGluR2-5-HT2A heteromer 

complex is reported, however the same methodology was applied also for the 5-HT2A-5-

HT2A homomer.  The 5-HT2A–5-HT2A homomer was built by using a 5-HT2A protomer 

constructed by homology modeling, as previously described. In the next sections, I refer to 

the protomers of the homomer complex as protomerA (ProA) and protomerB (ProB). The 

homomerisation interface was modeled as a TM4/TM5 interface, and constructed by 

selecting a Rosetta++ output structure after visual inspection of geometrical parameters, as 

described for the mGluR2-5-HT2A heteromer complex. 
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Table 4. Scores for the docking poses carried out during the validation procedure. In green, the best pose 

selected by visual inspection. 

 

 

 

 

 

 

Table 5. RMSD matrix of the several output turn out by rosetta++. 1N3M in this case represents the 

homomeric form of the murine rhodopsine receptor, while the others file are the output poses for the 

mGluR2-5-HT2A docking poses. In the red circle highlighted the selected complex. 

 

 

 

 

 

 

 

 

 

 

 

Rhodopsin dimer 

Filename Score bk_tot fa_atr fa_rep hbsc 

aatest.ppk_0027.pdb -726,36 -522,53 -2601,59 1054,32 180,14 
aatest.ppk_0050.pdb -719,71 -528,1 -2610,48 1047,83 180,15 
aatest.ppk_0038.pdb -719,17 -555,25 -2616,49 1012,32 181,79 
aatest.ppk_0036.pdb -718,97 -591,53 -2609,46 989,01 184,26 
aatest.ppk_0011.pdb -718,37 -599,6 -2601,56 972,61 181,14 
aatest.ppk_0047.pdb -718,33 -620,64 -2601,78 962,66 181,43 
aatest.ppk_0046.pdb -718,29 -630,27 -2608,08 947,35 182,34 
aatest.ppk_0014.pdb -716,81 -639,65 -2595,51 932,49 179,08 
aatest.ppk_0040.pdb -716,51 -665,05 -2603,75 917,57 182 
aatest.ppk_0020.pdb -714,97 -667,68 -2589,74 903,6 178,72 
aatest.ppk_0007.pdb -714,71 -671,73 -2594,12 902,51 179,07 
aatest.ppk_0008.pdb -713,57 -671,73 -2594,12 902,51 179,07 
aatest.ppk_0010.pdb -713,34 -675,72 -2595,48 903,19 179,74 
aatest.ppk_0049.pdb -711,26 -676,75 -2595,43 899,83 179,32 
aatest.ppk_0021.pdb -707,06 -677,43 -2578,35 889,24 180,51 
aatest.ppk_0015.pdb -706,77 -678,71 -2591,02 890,53 180,4 
aatest.ppk_0033.pdb -704,8 -684,72 -2600,2 893,48 180,23 
aatest.ppk_0043.pdb -702,51 -684,81 -2596,36 887,43 178,76 
aatest.ppk_0012.pdb -700,29 -691,94 -2592,82 884,35 180,42 
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3.3 Construction of the Membrane-Receptor complexes 

3.3.1 Construction of the Molecular Systems for the GPCR Dimer MD Experiments 

The mGluR2-5HT2A heteromer and, separately, the 5-HT2A–5-HT2A homomer and the 

5HT2A monomer were embedded in explicit phospholipid bilayers resembling a cellular 

membrane environment. For this purpose, the Membrane Builder tool in the Charmm-

gui.org server was used, by employing the ‘replacement method’ for the construction of 

the bilayer.248–251 For both systems, a dimyristoyl-phosphatidyl-choline (DMPC)-based 

bilayer was generated in a rectangular water box in which the ionic strength was kept at 

0.15 M by KCl. The overall charge of both systems was automatically neutralized by the 

Membrane Builder tool. Table 6 and 7 list the characteristics of both systems. Among the 

several output files generated by the Charmm-gui.org server, there are the topology files 

that we used for the subsequent molecular dynamic simulations. 

Table 6. Parameters used for the embedding of the heterocomplex and of the 5HT2A monomer into the 

phospholipid bilayer. 

 

 

 

 

 

 

 

Table 7. Parameters used for the homomer complex embedding into the phospholipid bilayer. 
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3.3.2 Construction of the Molecular Systems for the GPCR-Cholesterol MD Experiments 

Two different pre-equilibrated SDPC phospholipids bilayers  were generated using the 

membrane-builder tool of charm-gui.org248–251 (i) 94x94 Å (xy) 0% of cholesterol; (ii) 94x94 

Å (xy) with a ratio SDPC:Chol of 3:1. In order to place the receptor into the bilayer a hole 

was generated, and lipids in close contact (<1 Å distance from any protein atoms) were 

deleted. For the membrane with cholesterol some SDPC or cholesterols molecule were 

manually deleted in each layer in order to retain the same ratio (3:1). The membrane-

receptor complexes thus obtained were solvated and neutralized using the solvation and 

autoionize modules of VMD1.8.7.233,252 The ionic strength was kept at 0.15 M by NaCl and 

we used TIP3  water model. The all-atom models of each system were generated by using 

the CHARMM force-field parameters.253 Table 8 lists the characteristics of both systems. 

Table 8. Parameters used for the embedding of the 5HT2A  and mGluR2 monomers into the phospholipid 

bilayer. 
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3.4 Molecular Dynamics Simulations 

3.4.1 Introduction to MD 

MD simulations are computational techniques that, by solving the Newton’s equation of 

motion, provide atomically detailed trajectories describing the dynamic behavior of 

biologically relevant molecular systems.254–256 MD simulation techniques can be 

subdivided into three main groups: (i) all-atom standard MD simulations or unbiased MD 

simulations; (ii) enhanced MD simulations or biased MD simulations (such as Umbrella 

Sampling,257 well-temperated metadynamics258); and (iii) coarse-grained MD 

simulations.259 In the biased MD simulations a biased potential (external force) is added to 

enhance the sampling of the phase space, while the coarse-grained techniques are used to 

represent a system with reduced number of degrees of freedom allowing to perform very 

long simulations. Several examples of MD simulations of GPCRs and an historical 

overview of the state of the art of MD simulations applied to GPCRs can be found in 

Grossfield260 and Johnston et al.261 

In this project the dimer interface and cholesterol effects on GPCR flexibility were assessed 

using unbiased MD simulations techniques. 

3.4.2 CPU and GPU Computer Architectures 

Last years have seen considerable progresses in the understanding of GPCR structures 

and functions, and these knowledge have often translated into reliable models for drug 

discovery. These progresses have been made possible by the increasing availability of 

GPCR crystal structures and by the availability of new high performance computing 

(HPC) technologies increasingly potent.262–265 MD software packages were originally 

developed for serial machines, thus limiting the simulation time of the MD experiments, 

and the size and complexity of the systems under study. As a consequence, in the majority 

of the cases MD simulations were carried out in vacuum and for a very short simulation 

time. The more recent progresses in computing resources provided the necessary support 

to set up more complicated MD simulations experiments. In this section I discuss the 

major breakthroughs in the computer architecture field such as the use of CPU and GPU 

platforms.  
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Scientific computing requires vast computational resources, and insufficient computing 

power can result in impracticably long simulation-time or poor accuracy of the results. To 

date, two technologies enabling parallelism are widely used to overcome the 

aforementioned issues: (i) multi-core processing units (CPU), and (ii) streaming processor 

on graphics processing units (GPU). These technologies represent conceptually different 

methods for parallelizing simulation of physical systems. Differently from CPUs, GPUs 

have parallel throughput architecture so as to execute many concurrent threads slowly, 

rather than executing a single thread very fast.262–265 Although GPUs are slower than CPU, 

having a huge amount of threads may make it possible to perform better than the current 

multi-core CPUs. Analyzing the memory structure it is possible to differentiate between 

multi-threaded CPUs and GPUs programming.262–265 Indeed, in a multi-threaded CPU 

application, all threads have access to a common memory space, so the primary challenge 

is synchronizing access to shared data structure. On the other hand, GPUs involve threads 

that run in a separate memory space from the main application, which runs on the 

CPUs.262–265 This implies that the data must be transferred to the GPU memory before any 

processing can be started, and the results must be copied back to the main memory. This 

data transfer must be kept to a minimum. Thus, it is important to make sure that the time 

spent processing data on the GPU is long with respect to data transfer time. Furthermore, 

traditional CPU threads required separated resources, such as stack memory, and whose 

creation and management are expensive. In order to reduce the resource demanding, it is 

affordable to create as few CPU threads as possible and to make them run as long as 

possible. Whereas, GPU threads are not expensive to create and manage, so it is possible to 

create a large number of threads and run them for shorter duration.262–265   

3.4.3 NAMD, ACEMD and VMD software packages 

To perform the MD experiments reported in this thesis the software NAMD,266,267 and 

ACEMD268–270 were used. The trajectories were analyzed using the visual molecular 

software VMD.271,272 Along this section a brief description of the main features of each 

software are provided. 

NAMD is a molecular dynamics code based on Charmm++ parallel object,273 and designed 

for HPC. NAMD works with AMBER, CHARMM, and X-PLOR force fields, parameters 
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and file formats. NAMD is well-known for its performance on large parallel computers. 

Moreover, NAMD is equipped with a Tcl scripting capability, allowing the 

implementation of advance phase space sampling protocols,266,267 and other analytical tool 

user-based. With the availability of GPU technologies and CUDA code NAMD become the 

first software package to incorporate GPU acceleration.265 

ACEMD is a MD software package explicitly designed for execution by a single GPU 

workstation cluster, and as well as NAMD, ACEMD works with  AMBER, and CHARMM 

force fields, parameters and file formats. Differently from NAMD, ACEMD uses a task 

parallel decomposition strategy, rather than the spatial data-parallel decomposition. To 

date, is the most effective GPU-based software for system size of 10000-100000 atoms. 265 

VMD is a software devoted to the visualization, and analysis of MD trajectories and large 

biomolecular systems. VMD is complemented by both MD software packages NAMD, and 

ACEMD, offering a complete modeling environment. For instance, using VMD it is 

possible to built AMBER, and CHARMM parameter files, which will be used in NAMD 

and ACEMD MD experiments, or to analyze the trajectories carried out from the 

aforementioned software, using a large panel of tools.   

3.4.4 Molecular Dynamics Experiment Settings 

MD setting for the GPCR Dimer MD Experiments 

Molecular dynamic simulations were carried out using NAMD2.6266,267 and using 

Charmm22/27 as force field,253 and the results were analyzed with VMD.271,272 The two 

models were first separately equilibrated in a NVT system by following the protocols 

depicted in Table 9. The harmonic constraints were progressively reduced during the 

equilibration to achieve a smooth relaxation of the assembly. The last 250 ps were carried 

out with no constraints. The simulations were then carried out, separately, in a NPT 

system, by imposing a pressure target value of 1.01325 bar (see Table 9). Both simulations 

were carried out with the same nonbonded interaction parameters (van der Waals and 

nonbonded electrostatic interactions); a cutoff of 16 Å was imposed for nonbonded 

interactions, and a smooth switching function was used to truncate the van der Waals 

potential energy smoothly at the cutoff distance; the parameters that specifies the distance 
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at which the switching function should start was set to 14 Å. The nonbonded electrostatic 

interactions are truncated at the same cutoff value for the van der Waal interactions with 

the same switchdist value. Moreover, we used a nonbonded pair list with a ‘pairlistdist’ 

parameter set to 18 Å. The periodic boundary conditions were set by using the system size 

showed in Table 6 and 7 as reference. The two simulations were conducted for 40 ns each, 

with an integration step of 1 fs. 

Table 9. Parameters used for the MD equilibration and production phases of both 5-HT2A, mGluR2-5-HT2A, 

and 5-HT2A-5-HT2A systems. 

 

 

 

 

 

 

 

 

 

MD setting for the GPCR-Cholesterol MD Experiments 

For the GPCR-Cholesterol MD experiments the MD software package ACEMD268–270 was 

used. Before the relaxation step each system was submitted to a minimization procedure 

for 1000 steps. During the relaxation phase the system were equilibrated using the NPT 

ensemble with a target pressure equal to 1.01325 bar, a time-step of 2 fs and using the 

RATTLE algorithm for the hydrogen atoms. In this stage, the harmonic constraints were 

progressively reduced until an elastic constant force equal to 0 kcal/mol (step2 relaxation 

phase Table 10) and the temperature was increased to 300K. All the simulations were 

conducted using the same non-bonded interaction parameters, with a cutoff of 9 Å, a 

smooth switching function of 7.5 Å and the non-bonded pair list set to 9.5 Å. The periodic 

boundary conditions were set by using the system size showed in Table 8, and for the long 



 

77 

range electrostatics we used the PME methodology with a grid spacing of 1 Å.274 Each 

production phase was performed using the same parameters, with a time-step of 4 fs, and 

a hydrogen scaling factor of 4. 

Table 10. Parameters used for the MD equilibration and production phases of both 5-HT2A (no Chol), 

mGluR2 (no Chol), 5-HT2A (Chol), and mGluR2 (Chol) systems. 

 

 

 

 

 

 

 

3.4.5 Conformational Sampling 

All the MD trajectories regarding to the GPCR Dimer MD Experiments were analyzed 

with VMD.271,272 Ideally, a long MD simulation allows the sampling of the whole 

conformational space for the molecular system under investigation. RMSD clustering of 

individual snapshots along the MD simulation allows to evaluate the degree of sampling 

and, thus, the goodness of the MD simulation.275 The representative structures of each 

cluster can ideally be considered models of individual conformational states for a given 

system. In addition, these structures can be used for docking studies,276–279 thus expecting 

to give hints on the ligand’s ability to select individual conformational states. We are 

aware that 40 ns MD simulations certainly cannot be considered sufficient to cover the 

whole conformational state of a dimeric receptor embedded in a phospholipid bilayer. We 

therefore concentrated our attention on changes which take place around the putative 

binding pocket of 5-HT2A, and the cluster analysis was therefore carried out by comparing 

a series of residues lining up the binding pocket. In details, we performed the cluster 

analysis by using the ptraj tool of Amber9280 and the average-linkage algorithm.275 The 

representative structure of each cluster, dumped by ptraj in the output file, represents the 

structure closest to the average structure, and it can be considered a sort of centroid of the 
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cluster, that retains the average properties of the cluster.275,280 For each 40ns simulation 

2000 snapshots were collected and clustered according to RMSD of the backbone, CB and 

CG atoms of the residues lining up the serotoninergic binding pocket (D3.32, S3.36, T3.37, S5.43, 

S5.46, W6.48, F6.51,  F6.52 and Y7.43).281–287 

In order to assess the performance of a cluster analysis several indices or clustering metrics 

can be used, such as the Davies-Bouldin index (DBI), the pseudo F-static (pSF), the ratio 

SSR/SST (Sum of Squares Regression/Total Sum of Squares) explaining  the percentage of 

variance of the data and the critical distance.275,280 In the paper of Shao  et al., the authors 

discussed the reliability of the clustering metrics, and they showed that using different 

metrics in conjunction with the examination of the results is a suitable way to assess the 

cluster quality.275 In our work we used the ratio SSR/SST and the critical distance as 

metrics in order to evaluate the quality of our tree of clusters (Table 11 and Figure 28a,b); 

furthermore, the obtained clusters were then analyzed by visual inspection. We performed 

several cluster analyses and, on the basis of the collected data, we selected the best 

parameters to cluster our simulations.  For each MD simulations (5-HT2A-mGluR2 

heteromer complex, 5-HT2A and 5-HT2A-5-HT2A homomer complex) we choose to cut our 

tree of clusters at six representative clusters. 

Table 11. SSR/SST and Critical Distance Values for each cluster analysis performed with different number of 

cluster. 

 

 

 

Figure 28. (A) SSR/SST values against the number of clusters. (B) Critical Distance (CD) values against the 

number of clusters 
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3.4.6 Essential Dynamic Analysis 

The Essential Dynamics (ED) analysis allows the identification of a new essential subspace 

of coordinates by the diagonalization of the covariance matrix of atomic fluctuations. For a 

X(t) multidimensioned system, where X could be a system of spatial coordinates, frames of 

molecular dynamics simulations, etc., we could obtain the following covariance matrix: 

( )( )Tjjiiij xxxxC −−=
 

The symmetric matrix can be diagonalized by an orthonormal transformation matrix, 

which contains the eigenvectors or principal modes (columns of the matrix) and where the 

eigenvalues λ express the variance in the direction of the corresponding eigenvector. 

Every eigenvector is stored, in decreasing way, on the basis of the corresponding 

eigenvalue. Thus for a dynamic process the original data can be projected onto an 

eigenvector, and the eigenvectors with larger eigenvalues match the more important 

displacement.288–290 

Amadei et al. in their work showed that the total positional fluctuation ( )2

iii xx −∑    

can be thought to be built from the contributions of the eigenvectors.288 

The essential dynamics analysis allows us to identify a new essential subspace defined by 

new variables (t1; t2;...; tk or eigenvectors or principal mode ), which are linked to the 

original X(t) multidimensioned space by the loadings values (p).  The ∑
2

ii P  (or p square 

value) is an index of the importance of an atom on the definition of the principal mode, 

and it can be used in order to identify the residues most important in the definition of the 

considered principal mode. 

In our case a Combined-Essential Dynamics (Comb-ED)291 analysis was performed using 

the appropriate VMD plug-in in combination with the  ptraj module of Amber9.280,292 In 

the Comb-ED the covariance matrix is calculated for two or more concatenated 

trajectories, the overall translational and rotational motion are eliminated fitting all the 

trajectories on the same reference structure. The reference structure on which we have 

been fitted the trajectories is represented by the initial structure of the monomer 



embedded into the phospholipid

phases.   

The resulting eigenvectors, extracted by 

degree of motion of the systems, but they explain differences and similarities in the 

essential subspace of the compared simulated systems. In order to check differences 

between the 5-HT2A monomer, the mGluR2/5

homomer simulations we extracted from each simulation the trajectories related to the 

only 5-HT2A unit, thus excluding from the Comb

trajectories of the homomer complex

trajectories for the Protomer A (

that, we concatenated the 40ns of the compared trajectories in the following manner: 

protomer 5-HT2A from the heterocomp

HT2A from the homomer complex (

translational degree of freedom by aligning every frame of the simulations on a reference 

structure,  the principal modes we

3.4.7 Electron Density Profile  

It has been reported that the presence of cholesterol can modify the thickness of a lipid 

bilayer.293,294 To quantify the membrane thickness, 

density profile of different species and functional gro

cholesterol molecules or the PO

bilayer normal. The density profile computations were performed with the VMD plugin 

Density Profile Tool295 as follows: first, the simulation box is partitioned into several parallel 

slabs, measuring ∆z = 1Å along the z axis; the slabs extend up to the boundaries of the

simulation box along x and y (Figure 2

each slab is then computed, for each simulation frame, summing the atomic number, Z, 

and the partial charge, δ, of the atoms whose centers are located inside each slab. 

is finally normalized by the slab volume, so that the local electron density at 

in units of electrons/Å3, is as follows:

80 
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structure,  the principal modes were computed for the Cα atoms only. 
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density profile of different species and functional groups (such as the entire SDPC and 

cholesterol molecules or the PO4 groups of the SDPC molecules) projected along the 

bilayer normal. The density profile computations were performed with the VMD plugin 

as follows: first, the simulation box is partitioned into several parallel 

z = 1Å along the z axis; the slabs extend up to the boundaries of the

on box along x and y (Figure 29). The approximate number of electrons within 

each slab is then computed, for each simulation frame, summing the atomic number, Z, 

, of the atoms whose centers are located inside each slab. 

is finally normalized by the slab volume, so that the local electron density at 

, is as follows: 
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as follows: first, the simulation box is partitioned into several parallel 

z = 1Å along the z axis; the slabs extend up to the boundaries of the 

9). The approximate number of electrons within 

each slab is then computed, for each simulation frame, summing the atomic number, Z, 

, of the atoms whose centers are located inside each slab. The total 

is finally normalized by the slab volume, so that the local electron density at z, expressed 
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where ∆z is the slab thickness (profile resolution), Lx and Ly are the simulation box 

dimensions orthogonal to the z axis, Vz is the set of atoms whose centers lie inside the slab 

centered at z and ∆z thick.  We assumed the membrane thickness to be the peak-to-peak 

distance (in Å) in the density profile plot. 

Figure 29. At each simulation frame, the electron density profile is computed by summing the atomic 

number (Z) and the partial charges of the atoms falling into 1 A-thick slabs parallel to the z axis. The sum, 

normalized by volume, provides the local 1-D density value around z. 

 

Average values: in order to compute the average values of the bilayer thickness and the 

location of the hydrophobic face of the H8, for each MD run we computed its own PO4 and 

H8 (only the Cα of the residue lining up the hydrophobic face) EDP profiles. The average 

values were computed as follows:  

1. from each MD run we extrapolated the EDP values of each slab;  

2. The EDP values at the corresponding slab (distance from the center along the z 
axes) were averaged along the ten MD runs; (For each slab we have ten values) 

3. For each average value at that slab we computed the standard deviation parameter;  

4. Finally, we plotted the average EDP profile for the membrane and the H8, with its 
cognate standard deviations.  

The average thickness values were computed as follows: 

1. For each MD run we computed the thickness 
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2. The average thickness and its cognate standard deviations values were computed 
using the ten MD runs of each system, with and without cholesterol 

3. The H8 Hydrophobic face was computed using as reference the Cα atoms of the H8 
facing the membrane bilayer, the average plot was computed as described above.  

Since the distance between the peak of the PO4 groups and the hydrophobic face of the H8 

represents an intriguing result of our study, we need to establish the exact amount of this 

value, with particular precision. So as to do this,  the distance between the peak of the PO4 

groups and the hydrophobic face of the H8 was computed as follows:  

1. In each MD run the maximum peak value showed certain degree of uncertainty, 
therefore in each MD run we identified the exact location (the exact slab where the 
peak is located) of the peak for both PO4 and hydrophobic face of the H8 

2. The average locations were computed using the exact slab values extrapolated  
from each MD run, we also computed the standard deviation of the average 
location. 

3. The distance of the PO4 and hydrophobic face of the H8 was computed using these 
values. 

 

3.4.8 Kernel Density Function 

The probability density function was estimated building a Bivariate Kernel Density 

Function.296,297 Kernel Density Estimation (KDE) is a non-parametric way of estimating the 

probability density function (PDF) of random variable. KDE is a fundamental data 

smoothing problem where inferences about the population are made, based on a finite 

data sample. To perform KDE we used the Free Statics and Forecasting Software Server, 

based on R language.298 KDE is strongly affected by the bandwidth selection, and the use 

of Free Statics and Forecasting Software Server allows us to appropriately choose the 

bandwidth matrix H, in this case to estimate H the simple covariance matrix was used. 

Finally, to define the representative structures of each probable state found with the 

analysis of the Kernel Density function we clusterized the concatenated trajectories 

according to the RMSD and gyration radius of the backbone atoms of the residues forming 

the putative H8. 
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3.5 Ligand Docking  

3.5.1 Analysis of the Dimer Interface Effects on the 5-HT2A Binding Pocket. 

A set of known 5-HT2A ligands was selected from the GPCR-Ligand Database,299,300 and 

from data reported in the literature (Appendix A Table 1A).281–287 The set of active 5-HT2A 

ligands consists of nine HCs; nine NHCs and nine antagonists, and this dataset was 

enriched by 73 additional decoys obtained from a Schrödinger Library and from the 

International Union of Basic and Clinical Pharmacology database (Appendix A Table 

2A).301–303 The idea is to enrich the active set with chemotypes displaying common 

structural features with the selected 5-HT2A ligands (similar molecular weight, number of 

nitrogens, number of oxygens and number of rings) but not reported to be active at the 5-

HT2A receptor subtype. The main aim of this part of the work was to verify whether 

considering several conformational states of the receptor would have an impact on the 

results of the docking studies. With regards to this aim, we selected, for each system, the 

representative structure of the first cluster as representative of the initial state of the 

system and the representative structure of the most populated cluster as representative of 

the most favored state for that simulation. Thus, eight different conformational states of 

the 5-HT2A receptor were selected (two for the monomer, two for the 5-HT2A complexed 

with the mGluR2 receptor, two for the ProA and two for the ProB) and employed in the 

docking studies with 100 ligands (23 known active compounds and 73 classified as 

inactive compounds). We decided to introduce flexibility by developing a protocol based 

on the induced fit docking (IFD) tool available in Maestro.301,302 Briefly, the protocol, 

summarized in Figure 30, is based on the IFD of selected ligands into representative 

structures of the receptor. This chosen protocol is intended to be a compromise between 

explicit treatment of flexibility and manageable computational time. Clearly, the use of the 

IFD protocol adds complexity to the study as the choice of a given ligand for a particular 

conformational state of the receptor in the IFD may well bias the subsequent rigid 

docking. Furthermore, there can be the possibility that the minimization procedure of the 

IFD will hide the differences resulting from the MD evolution. Also, by taking into 

account these possible drawbacks, the protocol described in Figure 30 is based on the 

choice of a representative chemotype of each class of the 5-HT2A ligand for initial IFD. The 
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IFD results were evaluated, for each conformational states, on the basis of the adherence of 

the obtained poses to available mutagenesis data281–287 and to the pose experimentally 

determined for other GPCR receptors.13,30,31,103 As a matter of fact, biogenic ammine 

subfamily seem to have a conserved orthosteric binding pocket for both agonists and 

antagonists (as already discussed in the Orthosteric Binding Site sections, and in the 

Activation Mechanism section).  Thus, we carried out a total of 32 IFD runs (four ligands 

for two different conformational states, initial and most populated ones, for four different 

receptor states, monomer, heteromer, ProA and ProB). The 32 IFD complexes were 

evaluated for their agreement with experimental data and eight complexes were selected 

(Table 12). These complexes were used for the subsequent rigid docking runs. The 

obtained poses were ranked according to their G-score and the corresponding receiver 

operating characteristic (ROC) curves304 generated for each class of ligands, for the 

representative structures of the most populated clusters. In detail, the initial docking site 

was defined by a box of 18 × 18 × 18 Å centered on D3.32; S3.36, T3.37, S5.43, S5.46, W6.48, F6.51, 

F6.52 and Y7.43, and no interaction constraints were used, according to the protocol depicted 

in Figure 30. The van der Waals scaling factor was set to 0.8. Only the docking poses in 

agreement with filter criteria were retained. As filter criteria, we used the agreement with 

mutagenesis data and comparison of the obtained poses with the position of the ligand 

into available GPCRs x-ray crystal structures (Figure 30). In the second stage of the study, 

the whole set of 100 compounds (27 active and 73 inactive ones) was docked into the eight 

structures selected by the IFD protocol, keeping the same Glide grid of the selected IFD 

ligand–receptor complex. The ligands were ranked by their Glide Score and one pose per 

ligand was collected and a ROC analysis304 was performed using four different schemes of 

ligand classification: 

• 5-HT2A active ligands (27 compounds) versus the decoy set (73 compounds); 

• 5-HT2A agonists (18 compounds) versus decoy set enriched by the nine 5-HT2A 

antagonists (82 compounds); 

• 5-HT2A antagonists (nine compounds) versus decoy set enriched by the 18 5-HT2A 

agonists (91 compounds); 
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• HCs (nine compounds) versus decoy set enriched by the 5-HT2A NHCs and 

antagonists (91 compounds).  

In order to understand if particular conformational states discriminate among the different 

5-HT2A ligand classes, the area under the curve and the enrichment factors at 2, 5, 10 and 

20% were computed for each ROC plot. 

Figure 30. Protocol used for the docking studies. 
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3.5.2 mGluR2 Model Validation  

To evaluate the structural architecture of the obtained mGluR2 model in more detail, two 

recently reported mGluR2 negative allosteric modulators, RO4988546 and RO5488608 

(Figure 31), were docked into the model of TM-mGluR2. Recently,  Lundström et al.213 

identified by site-directed mutagenesis eight residues involved in  the binding of two 

negative allosteric modulators for the mGluR2 receptor. According to these data, 

compounds  RO4988546 and RO5488608  (Figure 31) share a common binding pocket 

defined by the R3.28, R3.29, F3.36, HEL2.52, L5.43, W6.48, F6.55, V7.43 residues. In order to validate 

our model based on the rhodopsin template we performed a preliminary docking study 

by using the same compounds (RO4988546 and RO5488608) and the information available 

in the work of Lundström et al.213 Differently to the work of Lundström et al.213 where 

compounds were manually docked, we performed docking studies by using the Glide 

induced fit docking (IFD) tool  available in Maestro9.0.302 The grid was centered on the 

residues shaping the putative allosteric binding pocket of the mGluR2 receptor (R3.28, R3.29, 

F3.36, HEL2.52, L5.43, W6.48, F6.55, V7.43), the flexible region was fixed until 5 Å around the center 

of the grid. Each docking run was carried out with the standard precision (SP) method, 

and the van deer Waals scaling factor of non polar atoms was set to 0.8. For each 

compound we used the same IFD protocol that provided us with 15 docking poses per 

compound. Among these poses we selected the best pose in accordance with mutagenesis 

data. After that each complex ligand-receptor was subjected to minimization by using the 

MMFF94x available in MOE,305 until a gradient of 0.005 Kcal/mol*Å2. 

Figure 31. Compounds used for the docking studies on the mGluR2 receptor. RO4988546 (A) and 

RO5488608 (B). 
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Chapter 4 

Results 

 

 

4.1  Dimer Interface Effects Analysis 

4.1.1 Analysis of the MD trajectories. 

The molecular systems constituted by the dimeric assemblies (mGluR2-5-HT2A, and 5-

HT2a-5-HT2A) and by the 5HT2A monomer, respectively, embedded in a rectangular box 

comprising a DMPC bilayer surrounded by explicit water were simulated for 40 ns each 

(see 3.4.4 section). The Root-Mean-Square Deviations (RMSD) of the Cα of the protomers 

constituting the dimers (mGluR2, ProH, ProA, and ProB) were computed against the 

starting structures and are reported in Figure 32a,b. In the same figures, the RMSD of the 

Cα atoms of the monomeric 5HT2A simulation is also reported (purple line). It can be 

appreciated that: (i) the mGluR2 and ProH (5-HT2A) protomers  of the heterocomplex 

behave differently, as the mGluR2 unit (green line) has a lower deviation from the starting 

structure than the ProH protomer (black line); (ii) the 5-HT2A protomers of the homomer 

complex (ProA, blue line and ProB, red line) display particularly different behavior, with 

the ProB (red line) endowed with higher fluctuations, from the starting structure; (iii) all 

the 5-HT2A protomers (ProH, ProA, ProB) underlying specific dimer complexes show 

appreciable differences, with respect to the monomeric form of the same receptor (5-HT2A 

as monomer, purple line). Interestingly, when simulated in a monomeric form (purple 

line), the 5HT2A unit has a lower deviation from the same starting structure than the ProB 

and ProH protomers (red and black lines, respectively), whereas ProA (blue line) shows 

lower fluctuation than the monomeric form (purple line), with respect to the starting 

structure. The analysis of the RMSD plot, after that each system reaches the plateau 
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condition (Figure 32b), supports the observations described above, in which monomer and 

protomers show peculiar behavior, with respect to each other ones. However, the 

inspection of the plot of the average RMS fluctuation per residue, along the simulations, 

revealed a more complex picture. Indeed, when the 5HT2A models (the monomer, purple 

line; the ProH, ProA, and ProB protomers, black, blue and red lines, respectively) are 

compared (Figure 33), it appears that residues belonging to TM1-TM3 have almost 

identical fluctuations, while modest differences are visible for residues belonging to TM4-

TM7, with the monomer endowed with higher fluctuations. Most of the variance, 

however, is due to loop movements, and in particular of the C-terminus of the third 

intracellular loop, where the protomers of the dimeric complexes have the highest 

fluctuations. This is due to the mutual accommodation of the large third intracellular loops 

in the dimer, an effect which is not apparent in the monomer, where there are no 

interprotomer contacts to be relaxed (Figure 33). The comparison between the RMSD of 

the Cα atoms of the four 5HT2A models suggests the presence of clear effects of the 

dimerization interface (Figure 33, insets for the TM4-5). Indeed, the RMS fluctuations of 

Cα belonging to TM1 and TM2, not involved in the interface, are almost identical in the 

two cases. Minor deviations are visible for residues belonging to TM3, while significant 

differences occurred in the case of residues belonging to TM4, TM5, TM6, and TM7, thus 

clearly indicating that the presence of the dimerization interface impacts the result of the 

MD simulations. 

Figure 32. (A) RMSD of the Cα atoms for ProH (black), ProA (blue), ProB (red), and mGluR2 (green) 

extracted from the dimeric complexes, and for the monomeric 5-HT2A (purple). (B)  RMSD of the Cα of the 

same receptor models after that each system reaches the plateau condition. 
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Figure 33.  Average RMSD per residue of the Cα atoms for ProH (black), ProA (blue), and  ProB (red) 

extracted from the dimeric complexes, and for the monomeric 5-HT2A (purple). Insets for the TM4-7 are 

highlighted in the black boxes. 

 

 

 

 

 

 

 

 

 

 

 

4.1.2 Analysis of the Binding Pocket 

A potentially very relevant outcome of the present study is the observation that the 

formation of the dimerization interface between the two protomers allosterically affects 

the shape of the binding pocket(s) of the individual protomers. In order to verify whether 

this allosteric cross-talk did actually occur, we analyzed the putative 5HT2A binding 

pocket, which is quite well-defined from previous experimental results.281–287 Thus, we 

analyzed nine residues known to be involved in 5-HT2A ligand recognition, namely D3.32, 

S3.36, T3.37, S5.43, S5.46, W6.48, F6.51, F6.52 and Y7.43.281–287 Figure 34 shows the RMSD of these 

residues for the protomers in the dimer simulations and for the monomer, respectively. 

Figure 35 shows the corresponding average RMSD fluctuation for the same residues. It can 

be appreciated that residues belonging to TM3 have an almost overlapping behavior, 

while significant deviations are detected between the simulations for the key residues S5.43, 

S5.46, W6.46, F6.51, F6.52, and Y7.43. The analysis of the average RMSD values per residue 

(Figure 35) clearly indicates the dependency of the binding pocket shape upon the 

simulation conditions. In particular, the key residues S5.43, S5.46, experimentally known to 
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be involved in HCs binding,283 and the residues F6.51 and F6.52 display significantly 

different displacement when 5-HT2A is simulated as a monomer, or part of a homo- or 

heteromer complexes (Figure 35).  

Figure 34. RMSD of Cα atoms for selected residues lining up the binding pocket of 5HT2A, for ProH (black), 

ProA (blue), and  ProB (red) extracted from the dimeric complexes, and for the monomeric 5-HT2A (purple).  
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Figure 35. Average RMS fluctuations for the Cα atoms for the selected residues lining up the binding pocket 

of 5HT2A, for ProH (black), ProA (blue), and  ProB (red) extracted from the dimeric complexes, and for the 

monomeric 5-HT2A (purple). The vertical bars represent the standard deviations. 

 

 

 

 

 

 

A  particular comment deserves the high fluctuation (Figure 34 and 35) displayed by the 

W6.48, F6.51 and F6.52 residues. These residues are located in a region of TM6  characterized 

by high flexibility.101,124,125,306 In particular,  they are located one turn above the MWCP 

micro domain, which corresponds to the well known CWxP domain, conserved among 

several Class A GPCRs, (Figure 36a) and characterized by a high flexibility.  In fact, the 

superimposition of TM6 of representative structures of each simulation (Figure 36b) 

indicates a wide oscillation of the terminal cap of TM6 induced by different movement of 

the micro domain.  

Figure 36. (A) Alignment among the TM6 domains of human β2-adrenergic and 5-HT2A receptors. (B) 

Superposition of the TM6 of representative structures for ProH (yellow), monomer (blue), ProA (green), 

ProB (red). The red arrow highlights the oscillatory motion of the TM6. 
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The oscillation is much larger in the case of the 5-HT2A simulation as a monomer than in 

the case of the mGluR2-5-HT2A and 5-HT2A-5-HT2A simulations. Therefore, it is clear that 

the presence and the type of dimerization interface visibly impact the flexibility of the 

TM6 helix.  This is particularly relevant, since F6.51, F6.52 and W6.48 form an hydrophobic 

pocket conserved among the class A of the GPCRs,101,124,125,306  especially for the subfamily 

of the biogenic amines. It has been hypothesized that these residues, together with the 

S5.43, and S5.46 may play a crucial role in (i) the activation mechanism for a GPCR, by 

triggering the conformational changes required for receptor activation101,124,125,306 and (ii) 

ligand recognition.307 These observations are further supported by the resolution of the  

hypothetical active states for the opsin, turkey β1- and human β2-adrenergic, and A2A 

receptors (see section 1.1.3),17,28–32,101–103 displaying that the residues located in the 

aforementioned conserved positions play a crucial role in ligand-binding recognition and 

activation mechanism (see section 1.2.1 and 1.3).  

4.1.3 Cluster Analysis 

Figure 37a shows the trajectories of the four systems under study, color-coded according 

to the six chosen clusters. Figure 37b shows the relative percentage of population of each 

cluster. It can be appreciated as the clusters are differently populated and in some cases 

the trajectories explore conformational states belonging to the same cluster during the 

simulation. This is the case of 5-HT2A extracted from the heteromer simulation, or 5-HT2A 

simulated as a monomer. Noteworthy is the case of the homomer simulation, in which the 

two protomers show very different behaviors. This is an interesting observation since the 

homomer represents a theoretical isotropic system, where each protomer is embedded in 

the same environment. Quite unexpectedly, when the trajectory extracted for ProB is 

clustered, we obtained only one large cluster that covers approximately 80% of the whole 

simulation. Conversely, in the case of ProA the population of the clusters is more evenly 

distributed around the last three ones (Figure 37a,b). The different results of the cluster 

analysis for the ProA and ProB are indicative that the homomer does not evolve, under 

our simulation conditions, in a symmetric way. The non-symmetric evolution of the 

homomer simulation suggests that the interactions at the homomer interface are thus 
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anisotropic and this is in agreement with the experimental evidence that one protomer is 

able to allosterically affect the behavior of each other protomer into the complex.166 

Figure 37. 2000 snapshots covering 40ns per simulation have been collected and clustered according to 

RMSD from the starting structure. (A) Snapshots belonging to individual clusters have been color-coded and 

projected on the RMSD plot of the trajectories. Blue: cluster 1; Pink: cluster 2; Yellow: cluster 3; Light Blue: 

cluster 4; Red: cluster 5; Brown: cluster 6. (B) Percentage of population of each cluster for each simulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As described in section 3.4.5 during the cluster analysis we focused our attention on the 

residues lining up the putative 5-HT2A binding pocket, and so as to assess how relevant are 

the displacement observed at the binding pocket level, we compare the starting structure 

and the structure of the most populated cluster of each system with respect to the X-ray 

crystal structures of the β2-adrenergic receptor  in its inactive (2RH1), and the active 

(3SN6) states, respectively (Figure 38a-j). 
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Figure 38. Representation of the behavior of the residues lining up the putative 5-HT2A  binding pocket , the 

residues are reported in stick and color coded in orange and cyan depending on the structures considered, 

for each residues the amino acid name, and the Ballesteros index were reported; (A) Superposition of the 

human β2-adrenergic receptor in its inactive (red, stick and orange) and active (blue, stick and blue) states; 

(B) superposition of the most different structures of the 5-HT2A receptor extracted from our trajectories, the 

initial structure of the monomeric form (red, stick and orange), and the ProB form (blue, stick and cyan) of 

the 5-HT2A receptor;  (C) superposition of the initial state of the ProH (yellow, stick and orange), and the 

inactive state of the human β2-adrenergic receptor (red, stick and cyan); (D) superposition of the 

representative structure of the most populated cluster of ProH (yellow, stick and orange), and the active 

state of the human β2-adrenergic receptor (red, stick and cyan); (E) superposition of the initial state of the 

ProA (yellow, stick and orange), and the inactive state of the human β2-adrenergic receptor (red, stick and 

cyan);  (F) superposition of the representative structure of the most populated cluster of ProA (yellow, stick 

and orange), and the active state of the human β2-adrenergic receptor (red, stick and cyan); (G) 

superposition of the initial state of the ProB (yellow, stick and orange), and the inactive state of the human 

β2-adrenergic receptor (red, stick and cyan); (H) superposition of the representative structure of the most 

populated cluster of ProB (yellow, stick and orange), and the active state of the human β2-adrenergic 

receptor (red, stick and cyan); (I) superposition of the initial state of the monomeric form (yellow, stick and 

orange), and the inactive state of the human β2-adrenergic receptor (red, stick and cyan); (J) superposition of 

the representative structure of the most populated cluster of the monomeric form (yellow, stick and orange), 

and the active state of the human β2-adrenergic receptor (red, stick and cyan). 
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The analysis of the binding pockets of the selected structures (Figure 38 c-j), reveals a 

complex picture. Interesting is the case of the representative structure of the most 

populated cluster of ProH (Figure 38d), in which the S5.43, and S5.46 residues display a 

spatial orientation quite similar, with respect to the S5.43, and S5.46 residues of the human 

β2-adrenergic receptor in its active state. These residues are involved in the ligand-binding 

recognition, and activation mechanism of Class A GPCR (see section 1.2.1 and 1.3), and 

especially the S5.43, and S5.46 residues are involved in the agonist-binding recognition for 
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the 5-HT2A receptor. In the other cases the S5.43  residue of the 5-HT2A receptor seems to 

occupy an intermediate position between the S5.42, and S5.43 residues, when compared with 

the human β2-adrenergic receptor (Figure 38c-j). Finally, the selected structures of the 

monomeric form (Figure 38i,j) display residue locations that are not comparable neither 

with active or inactive states of the human β2-adrenergic receptor. The ensemble of 

structures selected by the cluster analysis highlights a peculiar behavior of each receptor 

form, depending on the presence and the nature of the dimer interface.  

4.1.4 Ligand Docking experiments 

As described in the 3.5.1 section a set of known 5-HT2A ligands was selected from the 

GPCR-Ligand Database,299,300 and from data reported in the literature (Appendix A Table 

1A).281–287 The set of active 5-HT2A ligands consists of nine HCs; nine NHCs and nine 

antagonists, and this dataset was enriched by 73 additional decoys obtained from a 

Schrödinger Library and from the International Union of Basic and Clinical Pharmacology 

database (Appendix A Table 2A).301–303 The decoys were selected according to the criteria 

described in section 3.5.1. The Docking studies were carried out applying the protocol 

described in Figure 30. In Table 12 we report the selected complexes from the IFD docking 

analysis (see Figure 30 section 3.5.1). In Figure 39 we show, as an example, the obtained 

IFD complex for the LSD compared with the position of the co-crystallized ligands into 

available GPCR X-ray crystal structures of the β2-adrenergic receptor, displaying an 

overlapping binding cleft for the active and inactive states (see section 1.2.1). In Figure 

40a,b we report the interaction maps for serotonin, LSD and the 5-HT2A binding pocket.   

Table 12. Selected complexes from the IFD docking analysis 
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Figure 39. Superposition of the binding pose of the POG (3SN6, cyan), Carazolol (CAV, 2RH1, orange), and 

LSD (white, obtained docking pose using the IFD protocol on the representative structure of the ProH). In 

transparent and cartoon the HTM bundle of the 2RH1 (red), 3SN6 (blue), and 5-HT2A model (yellow). It can 

be appreciate how the S5.43 of the serotoninergic receptor (stick and white) overlaps the position of the S5.42 of 

the β2-adrenergic receptor (stick and cyan for the active state, orange for the inactive one). The S5.46 of the 

serotoninergic receptor (stick and white), display a position quite similar to the S5.46 of the active state of the 

β2-adrenergic receptor (stick and cyan).  

 

 

 

 

 

 

 

 

 

Figure 40. (A) Map of the interaction between serotonin and the 5-HT2A receptor; (B) Map of the interaction 

between LSD and the 5-HT2A receptor 
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The results of the rigid docking runs carried out on the complexes selected by the IFD 

protocols (Table 12) were analyzed by generating ROC curves. Inspection of the curves 

(Figure 41a-d) revealed that in all cases the representative structure of the first clusters is 

not able to recognize a specific class of 5-HT2A ligands. An exception is given by  the 

representative structure of the first cluster of the monomeric and  of the ProA forms which 

were able to poorly recognize 5-HT2A antagonists (Figure 41a and 41c). The comparison of 

the ROC curves constructed for the first representative structures and for the 

representative structures of the most populated clusters allowed  us to clearly appreciate 

how each form evolve in a time-dependent manner (Figure 37a and 41a-d). In fact, the 

monomeric and ProA forms start from a structure able to recognize 5-HT2A antagonists 

(representative structure of the first cluster, Figure 41a and 41c) and along the simulations 

their ability to recognize the 5-HT2A antagonists improved (representative structure of the 

most populated cluster Figure 41a and 41c). ProH starts from a structure not able to 

recognize any 5-HT2A ligands (representative structure of the first cluster, Figure 41b), and 

evolves toward a structure able to better recognize the 5-HT2A agonists (representative 

structure of the most populated cluster, Figure 41b). ProB starts from a structure not able 

to recognize any 5-HT2A and it evolves toward a structure able to recognize different 

classes of 5-HT2A ligands (Figure 41d), with a little preference for the 5-HT2A antagonists.  

The most interesting result is that the representative structures of the most populated 

cluster for each system were those best able to discriminate among the different classes of 

5-HT2A ligands (Figure 41), with the representative structure of the most populated cluster 

of ProB able to recognize different kind of 5-HT2A ligands. Our results clearly indicate that 

the different molecular systems (heteromer, homomer, and monomer) evolve differentially  

during the MD simulations. This can be appreciated from ROC curves in Figure 41, where 

the initial structures of the molecular systems are compared with the respective most 

populated clusters.  Furthermore, the most populated cluster of the trajectory of 5-HT2A 

simulated as a monomer preferentially recognizes antagonist structures. This can be 

certainly related to the fact that the monomeric 5-HT2A is modelled on the resting state of 

the human β2-adrenergic receptor. Conversely, the most populated clusters of 5-HT2A 

extracted from the heteromeric simulation preferentially ranks 5-HT2A agonist, and it is the 
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structure that best recognize the HCs (Figure 41b). These data must clearly be taken with 

caution and not overemphasized due to the short time of the MD simulation, nevertheless 

a clear effect of the dimerization interface is appreciable. From one side, the presence of 

the heteromeric interface induces a change in the binding pocket of 5-HT2A  switching the 

preference to 5-HT2A agonists. From the other side, it seems that the homomeric interface 

transmits anisotropic changes, with the two protomers (ProA and ProB) behaving in a 

very different manner. This is a relevant outcome of our study, indicating a physical 

crosstalk between the protomers forming GPCR dimer complexes. Furthermore, our 

results support the notion that the simulation of the 5-HT2A receptor in its dimeric forms 

lead to different results, with respect to the monomeric form of the same receptor, and 

simulated in the same experimental conditions.   
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Figure 41. (A) ROC curves and their statistical parameters for the monomeric form of the 5-HT2A; (B) ROC 

curves and their statistical parameters for ProH, (C) ROC curves and their statistical parameters for ProA; 

(D) ROC curves and their statistical parameters for ProB. 
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4.1.5 Essential Dynamic Analysis 

A crucial aspect of our studies is to identify the structural bases underlying the different 

behaviour of the systems, along the simulations. So as to grasp atomic details about the 

discriminating features among the systems, we performed a Comb-ED as described in 

section 3.4.6. This technique allows to catch differences and similarities in the essential 

subspace crossed by the trajectories of the compared systems. In Figure 42 the essential 

space explored by each system along the first two eigenvectors is reported. 

Figure 42. Scoring plot computed only on the TM Cα atoms of the 5-HT2A receptor. Purple line: monomer 

simulation; Black line: ProH simulation; Blue line: ProA; Red line: ProB. 

 

 

 

 

 

 

 

 

 

 

Analyzing the plot in Figure 42 it can be appreciate the separation along the first 

eigenvector among the monomeric simulations (purple), and the dimeric simulations (red, 

ProB; black, ProH; blue, ProA) of the 5-HT2A receptor. So as to, the first principal 

component describes structural features discriminating among the monomeric and 

dimeric simulations of the 5-HT2A receptor. Instead, the second principal component 

describes structural features discriminating the effects of the dimer interface on each 

protomer involved in a dimer complex. Indeed, in the upper-left region of the scoring plot 

the ProB simulations (red) is represented, while in the bottom left the ProH (black) and 
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ProA (blue) simulations are located.  Since we become interested in the identification of 

the residues underlying the different effects caught by the eigenvectors, we analyzed the 

loadings matrix carried out from ptraj. Starting from the loading matrix we extracted the p 

square values (summation of the square values of the loadings for the x, y and z 

coordinates, for each residue), and then we plotted the p square values of the first 

eigenvector and the second eigenvector against the residue index (Figure 43a,b). 

Furthermore, for a better understanding we plotted the p square values of the first 

eigenvector against the p square values of the second eigenvector (Figure 44).  

Figure 43. (A) p square values of the first eigenvector plotted against the residue index; (B) p square values 

of the second eigenvector plotted against the residue index 
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Figure 44. p square values of the first eigenvector plotted against the p square values of the second 

eigenvector. (A) Highlighted in pink the residues taken into account as relevant; (B) Highlighted in yellow 

box the residues lining up the binding pocket identified by the Comb-ED; (C) Highlighted in cyan the 

residues belonging to TM4 identified by Comb-ED; (D) Highlighted in dark blue the residues belonging to 

TM5 identified by Comb-ED.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The plot reported in Figure 43 allows us to identify the behaviour of the TM5-7 and H8 

domains as crucial for the differentiation of the behaviour of the system along the first 

principal mode (Figure 42), while the separation along the second principal mode (Figure 

42) is linked to the behaviour of the TM3-5 domains, with the TM4 domain predominating 

the structural information carried in the second principal mode. Indeed, we identify the 

residues responsible for the differentiation of the simulations. Table 13 lists the residues 

identified during the Comb-ED analysis, and in Figure 45 are highlighted the Cα atoms of 

the residues listed in Table 13. The residues are located on the intracellular and on 

extracellular side of TM domains  (Figure 45). Interestingly, on TM1-3 and TM7 we 

identified only few residues (8, 3, 6 and 8 respectively), while on TM4-6 we identify more 
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residues (11, 11 and 16 respectively) than in TM1-3 domains. Furthermore, on TM3 we 

identified the residue of Cys148 (Figure 45 red sphere) as relevant for the differentiation of 

the simulations, this can suggests that also in the case of the GPCRs dimerization 

phenomena the communication among TM3 and EL2 by the disulphide bond is important. 

It is worth to mention that by this analysis it is possible to know which residues play a 

relevant role in the differentiation of the simulations, without saying anything about the 

nature of displacements. 

Table 13. Residue identified by Comb-ED as indicate in Figure 17a. Highlighted in green the positions 

investigate in cross-linking experiment with other GPCRs belonging to family A.151,169,243,245,308,309   

 

 

 

 

 

 

Figure 45. Representation of the residues identified by Comb-ED. The green spheres represents the Cα atoms 

of the residue belonging to TM5, the cyan spheres the residues belonging to TM4, the white spheres the 

other residues identified and the red one is the Cα atoms of the residue of Cys148 (C3.25) involved in the 

disulphide bond connecting TM3 to EL2. 
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Analyzing the plots reported in Figure 43a and 43b we can conclude that the first principal 

mode brings information principally on TM5-7 and H8 domains, while the second 

principal mode brings information principally on TM3-5 domains. The results reported in 

Figure 44, along with the results of the cluster analysis (Figure 38), and the docking 

experiments (Figure 41) allow us to speculate about a direct connection among the 

behaviour of the dimer interface and  the behaviour of residues lining up the binding 

pocket. In Figure 46 we compare the results of the cluster analysis with the Comb-ED 

analysis, showing that the sampled structures by the cluster analysis well describe the 

essential subspace crossed by each system, and supporting a direct connection among the 

effects of the dimer interface and the behaviour of the residues lining up the putative 5-

HT2A binding pocket (Figure 46 and Figure 41a-d).   

Figure 46. Scoring plot computed only on the TM Cα atoms of the 5-HT2A receptor. Purple line: monomer 

simulation; Black line: ProH simulation; Blue line: ProA; Red line: ProB. The yellow boxes represent the 

initial representative structure of each system, while the green boxes the representative structure of the most 

populated cluster of that system, according to the Ligand Docking Protocol (Figure 42a-d). The white and 

black arrows represent a hypothetical pathway, describing how each system reaches its own representative 

structure of the most populated cluster.    
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Moreover the results achieved by the Comb-ED are in good accordance with what 

reported for the rhodopsin and D2 homomers. Indeed, in these works the authors applying 

mutagenesis and cross-linking techniques identified residues involved in the dimer 

interface contacts, and most of those residues are located on the top or on the bottom sides 

of the TM4-5 domains, or they are directly exposed at the dimer interface 

level.151,169,243,245,308,309 

 

4.2 Cholesterol Effects Analysis 

4.2.1 Cholesterol Effects on the Monomeric 5-HT2A 

The 5-HT2A receptor belongs to the strict-CCM class (see section 1.5), and it is involved in 

several physiological and pathological processes (i.e. platelet aggregation, CNS disease 

etc…), representing one of the most interesting targets for the treatment of psychiatric 

disorders.310 The 5-HT2A receptors are highly expressed in different brain regions, where it 

is well known that cholesterol takes part in the formation of lipid rafts.311,312 With the aim 

to understand the effect of cholesterol on the stability and conformational properties of the 

monomeric 5-HT2A, we carried out computational studies on the  monomeric 5-HT2A with 

different cholesterol concentrations (0-25%) (see section 3.4.4). 

So as to evaluate the effect of the membrane composition on the conformational flexibility 

of the 5-HT2A receptor, we measured the average RMS fluctuation per residue of the Cα 

atoms of the 5-HT2A receptor. The average RMS fluctuation were computed against the 

same reference structure (initial model carried out from the homology modeling protocol). 

In Figure 47, we report the plot of the average RMS fluctuation of both forms of the 5-HT2A 

receptor (0% and 25% of cholesterol). It can be appreciated that the 5-HT2A receptor in 

presence of cholesterol is more stable than the 5-HT2A without cholesterol: the TM regions 

of the receptors simulated with cholesterol (Figure47, blue line) show a lower average 

RMS fluctuation than the simulation without cholesterol (Figure47, red line). This 

observation is constant for each TM excluding the extracellular end of the TM5, TM7 and 

TM3 and the intracellular end of the TM4 and TM6 
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Figure 47. average RMS fluctuation per residue of the Cα atoms of the 5-HT2A receptor. The blue line refers 

to the simulation with cholesterol (25%), the red one refers to the simulation without cholesterol (0%). The 

regions highlighted in gray represents the transmembrane regions (TM1-7) and the helix-8 (H8). The yellow 

arrows indicate the residues lining up the CCM. 

 

 

 

 

 

 

 

 

Noteworthy is the behavior of the residues forming the cholesterol consensus motif (CCM, 

Figure 47 yellow arrows). In the 5-HT2A receptors this motif is constituted by Y2.41; R4.29; 

F4.43; I4.46; W4.50 bringing the 5-HT2A receptors into the strict-CCM class (Figure 48a).93  Also 

in this case the residues of the receptors simulated without cholesterol show a higher 

average RMS fluctuation from the reference structure than the simulation with cholesterol 

(CCM, Figure 47 yellow arrows).  In order to understand the role of the cholesterol on the 

flexibility of the 5-HT2A, we monitored the behavior of the residues forming the CCM 

along the whole trajectories of both systems (0%-25% cholesterol). Furthermore, we 

decided to monitor the behavior of other two residues: the S2.45 and H3.42 residues. This 

amino acid are in close contact with the W4.50, and they are located on different TM 

domains and can form different types of interactions with the W4.50 (Figure 47b). 
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Figure 48. Representation of the 5-HT2A strict-CCM, highlighted in red the residues forming the CCM and in 

yellow and transparent the surface of each residues forming the CCM. (A) The residues forming the strict-

CCM; (B) the residues in close contact with the W4.50 (yellow and stick). 

 

 

 

 

 

 

 

 

 

 

 

In Figure 49, we report the plot of the average RMS fluctuation per residue of the Cα 

atoms of the CCM, it can be appreciated the differences in the average RMS fluctuation of 

each residue forming the CCM. In detail, the residues belonging to the 5-HT2A embedded 

in the cholesterol-rich membrane (25%, Figure 49, blue) show lower average displacement 

than the residues belonging to the 5-HT2A embedded in the cholesterol-free membrane 

(0%, Figure 49, red) from the reference structure. 

Figure 49. average RMS fluctuation per residue of the Cα atoms of the residues lining up the CCM with 

(blue) and without (red) cholesterol.  
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These differences in the average RMS fluctuation are due to the direct interaction of 

cholesterol molecules with the residues of the CCM, which results in a stabilization of the 

CCM region. In fact, after approximately 90 ns at least two cholesterol molecules form 

stable interaction with the residues of the CCM, and these interactions are retained until 

the end of the simulation (Figure 50). Interesting, the R4.29 residue seems to function as 

anchor point for the polar head (OH) of the cholesterol molecules. The effect of the direct 

interaction between cholesterol molecules and the residues of the CCM are highlighted by 

the different behavior of the TM4. In Figure 47, we report the average RMS fluctuation of 

the protein for both systems  (0-25% cholesterol). It can be appreciated that TM4 

accomplishes higher displacement in the absence of  cholesterol than in the presence of 

cholesterol (Figure 47 TM4). Moreover, the direct interaction between the residues of the 

CCM and the cholesterol molecules alter the hydrogen-bonding network between the 

W4.50, Y2.41 and the S2.45, H3.42 residues. S2.45 and H3.42 residues are not involved in the 

interaction with the cholesterol molecules, while W4.50 and Y2.41 are directly involved in the 

interaction with the cholesterol molecules. Comparing the behavior of these residues in 

both simulations (with and without cholesterol) we observed a completely different 

pattern of interaction among the  W4.50, S2.45, Y2.41 and H3.42 residues (Table 14). 

Figure 50. Representative frames showing the direct interaction between the CCM and cholesterol 

molecules. The red arrow represent the time evolution of the MD simulation, the numbers in bolt represent 

the corresponding time (ns) of each frame. Cholesterol molecules are depicted in yellow-transparent surface 

while the CCM forming residues are shown in blue- transparent surface 
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Table 14. Distribution (%) of each hydrogen bond among the W4.50, S2.45, Y2.41 and H3.42 residues. 

 

 

 

 

 

 

From the data reported in Table 14, it can be appreciated that  in the simulation with 

cholesterol, the occurrence of the hydrogen bonds between the residues belonging to the 

same TM domains (S2.45, Y2.41 on TM2) is increased, while the hydrogen bonds inter-helices 

are decreased. These data indicate a completely different behavior of the TM2-4 during the 

simulation of the 5-HT2A in the presence of cholesterol molecules (Figure 47). Indeed, the 

analysis of the average RMS fluctuation of the TM2-4 (Figure 47 TM2; TM3 and TM4) 

reveals that TM2-4 in the absence of cholesterol are more flexible than in the presence of 

cholesterol. Furthermore, the analysis of the electron density profile plot shows a different 

behavior of the membrane environment depending on the cholesterol concentration 

(Figure 51). It has been reported that the cholesterol has a different effect on the membrane 

behavior depending on the amount of cholesterol and the nature of the phospholipids 

constituting the membrane.313–320   From the plot reported in Figure 51 it can be 

appreciated an increase of the thickness in the simulation of the 5-HT2A receptor with 

cholesterol. The system with cholesterol shows a distance peak-to-peak of 37 Å, while the 

system without cholesterol shows a distance peak-to-peak of 31 Å. The thickness values of 

37 Å  are in good agreement with those available in literature.321–325 Interestingly, the plot 

of the electron density profile of the SDPC bilayer (Figure 51) reveals a slight asymmetrical 

behavior of the bilayer. This phenomenon is due to a different amount of SDPC and 

cholesterol in each layer. Indeed, the number of SDPC and cholesterol molecules in the 

extracellular monolayer is different from the number of  SDPC and cholesterol molecules 

in the intracellular monolayer, in Table 15 we report the exact composition of each layer 

for each 5-HT2A system. 
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Figure 51. Electron Density Profile of the SDPC bilayer with cholesterol (blue), without cholesterol (red) and 

of the cholesterol molecules (green) for the simulation of the 5-HT2A receptor embedded into the cholesterol-

rich membrane (25%). 

 

 

 

 

 

 

 

 

 

 

Table 15. Monolayer composition of each 5-HT2A system. 

 

 

 

 

 

 

 

 

Furthermore, the presence of the amphipatic helix-8 and the irregular shape of the 

receptor increase the asymmetric behavior of the bilayer, this observation is confirmed by 

the analysis of the Electron Density Profile of lipids shell (10 and 5 Å) around the protein 

(Figure 52a,b). Noteworthy is the observation that the asymmetric behavior is different 

depending on the presence of the cholesterol. This indicates a different hydrophobic 
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mismatch between the TM regions of the 5-HT2A receptor and the hydrophobic 

environment of the membrane. 

Figure 52. Electron Density Profile of a SDPC shell of 10 Å (A) and  5 Å (B) around the protein, for the 5-

HT2A simulation with (blue) and without (red) cholesterol.   

 

 

 

 

 

 

 

 

 

4.2.2 A Sodium Binding Pathway in the 5-HT2A receptor 

Quite unexpectedly during the 160 ns MD simulations we observed that at least one 

sodium ion enters the 5-HT2A binding pocket in both systems (0-25% cholesterol). The 

presence of the sodium ions alters the behavior of relevant residues on TM2 and TM7, in 

detail the L2.46; D2.50 and N7.49 residues, for which it has been reported that they play a 

crucial role in the active-inactive states transition for the 5-HT2A receptor.100 Furthermore, 

it has been reported that some Class A GPCRs are ion sensitive (see section 1.2.2).75,94,96–

100,326,327 Noteworthy is the case of the D2 dopaminergic recptor75,96,97,326,327 with which 5-

HT2A has a sequence identity of 39.53%. Comparing the behavior of the L2.46; D2.50 and N7.49 

residues, with respect to the behavior of the same residues in our previous simulations, 

where we simulated the monomeric form of the 5-HT2A receptor in DMPC bilayer in 

presence of KCl (see section 3.3), we found that the K+ ions were not able to enter the 5-

HT2A binding site causing a completely different behavior of the L2.46; D2.50 and N7.49 

residues, with respect to the simulations carried out with Na+ ions.  
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The sodium pathway reported in Figure 53 was computed using the VolMap Tool of 

VMD1.8.7.233,252 It is worth to mention that no biological data about the effect of the 

sodium ions on the 5-HT2A receptors functions have been reported to date. However, in 

literature, a huge number of papers discussing about the role of the conserved D2.50 

residue and the effects of the ions on the GPCRs functioning have been reported (see 

section 1.2.2).94,95,97–100,327 For instance, biological75,96,326 and computational327 data about the 

allosteric effects of the sodium ion have been reported for the dopaminergic D2 receptor. 

Figure 53. Sodium Pathway (transparent-gray) for the simulation with (25%, A) and without (0%, B) 

cholesterol. In tube and purple the 5-HT2A receptor, the yellow sphere (vdW radii) is the sodium ions. 

Highlighted in the black boxes the regions corresponding to the position of the D2.50.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The human D2 and the human 5-HT2A receptors belong to the same GPCR subfamily, the 

biogenic amine subfamily, and comparing the amino acidic sequences of both receptors 

we found a high sequence identity among the residues 4.5 Å around the D2.50 residues 

(Figure 55). Twelve residues form this sort of ion binding pocket, and only three are not 
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conserved between the D2 and 5-HT2A sequences, specifically the T1.46; L2.53 and G2.54 

(Figure 54). 

Figure 54. Sequence alignment between the D2 and 5-HT2A receptors. Highlighted in red, the residues in a 4.5 

Å shell around the 5-HT2A D2.50 residue, and the corresponding residues of the D2 receptor. In this case we 

took into account only the residues facing towards the inner part of the 5-HT2A receptor. Highlighted in 

gray the TM domains in which we found these residues. 

 

 

 

 

 

 

 

 

 

 

 

Finally, we compared the new results with our previous works, where we simulated the 5-

HT2A receptor in DMPC phospholipids bilayer and with an ionic strength of 0.15M KCl. 

Comparing these simulations we found that the K+ ions are not able to enter deeply into 

the 5-HT2A receptor. In detail, during the MD simulation, two K+ ions enter from the 

extracellular side of the serotoninergic receptor moving towards the orthosteric binding 

site D3.32. Importantly, potassium ions never reach the allosteric ion binding site D2.50 as it 

was observed in this study for Na+ ions (Figure 55) 
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Figure 55. Sodium pathway (gray and transparent) for the simulation with (25%, A) and without (0%, B) 

cholesterol, and potassium pathway (gray and transparent, C). In tube and purple the 5-HT2A receptor, in 

VDW sphere and yellow the sodium ions. Highlighted in the black square the regions corresponding to the 

position of the D2.50. 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 56a,b, we report the distance between the ions (Na+/K+) and the Cγ atom of the 

D2.50 residues only for the production phases, compared with the distances of the initial 

state of each system (values of the frame 0 = minimized structure). It can be appreciated 

that, (i) the Na+ ion which is already present in the binding pocket moves towards the 

putative allosteric binding site D2.50 in the 5-HT2A receptor after about 10 ns during the 

production phase (Figure 56a); (ii) the K+-Cγ distance is always greater than the Na+-Cγ 

distance (Figure 56a,b); (iii) in the simulation of the 5-HT2A receptor in the cholesterol-free 

membrane, the Na+ ion interact with the D2.50 later than in the simulation of the 5-HT2A 

receptor in the cholesterol-rich membrane (Figure 56a). In the former case the Na+ ion 

spend time in the interaction with the conserved residue of aspartate on TM3 (D3.32), after 

that the ion enter deepest in the serotoninergic binding pocket and interact with D2.50.   

Comparing both simulations, we also observed that the Na+ ions mediate interactions 

between the D2.50 and the N7.49 forming a sort of bridge, while in the simulation with the K+ 
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ions these two residues are in direct contact. The different behavior of the two ion species 

leads to an increased distance between the Cα atoms of the D2.50 and N7.49 residues in the 

simulation of the Na+ ions with/without cholesterol (Figure 56c, blue/red) compared to 

the K+ simulation (Figure 56c, green).  

Figure 56. (A) Distance Na+-Cγ D2.50 in the simulations of the 5-HT2A receptor in the cholesterol-free (red 

line) and cholesterol-rich (blue line) membranes; (B) Distance K+-Cγ D2.50 in our previous simulations, the 

red and blue line indicate the two different pathways of the two different K+ ion. The continues red line at 10 

Å highlights the different behavior of the different ion species; (C) Distance Cα-Cα between the D2.50 and 

N7.49 residues in the simulation with (blue) and without (red) cholesterol, the green one indicates the distance 

Cα-Cα between the D2.50 and N7.49 in the simulation with K+; (D) Distance Cα-Cα between the L2.46 and N7.49 

residues in the simulation with (blue) and without (red) cholesterol, the green one indicates the distance Cα-

Cα between the L2.46 and N7.49 in the simulation with K+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

It has been reported that the mutation of these two residues in the 5-HT2A receptor has 

important consequences in the receptor activation mechanism by agonist.100 Furthermore, 

L2.46 is one of the most conserved residues in the GPCRs family, the mutation of this 

residue with an alanine leads to constitutively active receptor in rhodopsin328 and 
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thyrotropin329 receptors. Recently, it has been also reported that the mutation L2.46-A2.46 

thermostabilizes the active conformation of the A2A receptor.33 The authors explain the 

effect of this mutation by the fact that L2.46 faces towards the relevant conserved motif 

NPxxY in TM7, and the L2.46 could be involved in hydrophobic interaction with N7.49 

stabilizing the receptor in its inactive state.33,328,329 In our case the presence of a ion 

between the residues of  D2.50 and N7.49 increases the distance between L2.46, D2.50 and N7.49 

(Figure 56c,d) reducing the interaction between the L2.46 and N7.49.  

4.2.3 Cholesterol Effects on the Monomeric mGluR2 

The mGluR2 receptor belongs to Class C GPCRs (see section 1.1.1), and is expressed in 

several human brain regions, where it is well known that cholesterol takes part in the 

formation of lipid rafts.311,312 Differently from 5-HT2A receptor, and other Class A GPCRs, 

mGluR2 does not show the characteristic CCM. Nevertheless, it has been reported that 

mGluR2 functioning is strongly affected by the membrane composition.184 As a matter of 

fact, mGluR2 exists in two different affinity states, for the glutamate, the low- and high-

affinity states.184 The enrichment of the membrane environment with cholesterol 

molecules shifts the receptor in its high-affinity state for the glutamate.184 It is worth to 

mention that glutamate binds the orthosteric binding site, at the VFT level, which is 

exposed to the solvent in the extracellular environment (see section 1.2.1). On the contrary, 

the HTM domain is embedded in the membrane environment, where the increased 

cholesterol concentration modulates the functional state of the receptor.184 With the aim to 

shed light on the structural bases underlying the cholesterol effects on the signaling status 

of the mGluR2 receptor, we set up computational studies on the  monomeric form of the 

mGluR2, with different cholesterol concentrations (0-25%) (see section 3.4.4). 

 

Model Generation and Validation: the 3D structure of the mGluR2 receptor was built by 

using the structure of the bovine rodhopsin (1GZM) as template and the sequence of the 

human mGluR2 receptor (Q14416) (see section 3.1.2). With respect to our previous model 

of the mGluR2 receptor, we used a new alignment (see section 3.1.2). Comparing the new 

alignment with the old one, the main change refers to the TM5, where we shifted the 
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alignment of four residues (see section 3.1.2, Figure 27a,b). Finally, the new alignment was 

compared with the information available in literature.20,213 We evaluated the quality of the 

model on the basis of structural properties such as the presence of the conserved ionic lock 

and the presence of the disulphide bond between C3.25 and CEL2.50. In Figure 57a and b, we 

report the selected model of the mGluR2 receptor. It can be appreciated the presence of the 

disulphide bond (Figure 57a) and a tight network of interaction, in the bottom part of the 

receptor, involving the  E2.42; K3.46; R3.49 and E6.33 (Figure 57b). 

Figure 57. Representation of the structural features of the mGluR2. (A) Disulphide bond between the 

residues of  C3.25 and CEL2.50; (B) Ionic interactions at the bottom part (intracellular end of the TM domains) of 

the mGluR2 receptor. 

 

 

 

 

 

 

To evaluate the structural architecture of the obtained mGluR2 model in more detail, two 

recently reported mGluR2 negative allosteric modulators, RO4988546 and RO5488608 (see 

section 3.5.2, Figure 31),213 were docked into the model of TM-mGluR2 (Figure 58). 

Importantly, the ligand-receptor interactions are in good agreement with mutagenesis 

data Lundström et al.213  (Figure 58) stressing the biological relevance of  mGluR2  model. 
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Figure 58. Representation of the docking poses for the RO4988546 (A) and RO5488608 (B) compounds and 

the ligand-receptor interaction C and D respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dynamic receptor properties in cholesterol-depleted and -rich membranes: in order to evaluate 

the effect of the membrane composition on the receptor conformational flexibility, we 

carried out a 160ns MD simulation and monitored the mGluR2 receptor stability as the 

average RMS fluctuation per residue of the Cα atoms of the TM-mGluR2 receptor (Figure 

59a).  

The TM-mGluR2 is simulated in the presence (Figure 59a, blue line) and in the absence 

(Figure 59a, red line) of cholesterol. As expected, in general, transmembrane regions 

(Figure 59a, highlighted in grey) are more stable than intra- and extracellular loop regions 

(IL1-3 and EL1-3). Interestingly, cholesterol affects the stability of the receptor on TM3, 5, 

7, and in particular H8 comparing the simulation with (Figure 59a, blue line) and without 

cholesterol (Figure 59, red line). Intriguing is the observation that H8 shows increased 

flexible features, when evolving in a cholesterol-depleted membrane environment 
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undergoing (Figure 59a). In Figure 60b we report the RMSD of the Cα atoms of the whole 

protein in the cholesterol-rich (blue line), and cholesterol-depleted (red line) environment. 

Figure 59. (A) Average RMSD per residue of the Cα atoms of the mGluR2 receptor. The blue line refers to 

the simulation with cholesterol (25%), the red one refers to the simulation without cholesterol (0%). The 

regions highlighted in gray represents the transmembrane regions (TM1-7) and the helix-8 (H8). (B) RMSD 

of Cα atoms of mGluR2 with (blue) and without (brown) cholesterol for a single re-run MD run. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistical Analysis: In order to rule out that this effect of the membrane composition on H8 

stability is due to a random effect in our simulations, we performed a statistical analysis 

based on 10 MD runs for both systems (total simulation time 3.2 µs). A visual inspection of 

the 10 MD runs of the mGluR2 receptor in cholesterol-rich membranes reveals in all cases 

an integer α-helical H8 structure (100 % folded) (Table 16). Importantly, the 10 MD runs in 

the cholesterol-depleted membrane show a destabilization of H8 in 60% of the runs, 

whereas the H8 maintains folded in 40% of the runs (Table 16). 
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Table 16. Conservation of the H8 structure in the last frame of each simulation expressed as % of H-bonds 

formed by backbone atoms which stabilize the α-helical structures 

 

 

 

 

 

 

 

 

With the aim to shed light on the structural bases of the different conformational H8 

behavior in the presence (system 1) and absence (system 2) of cholesterol, we concatenated 

the 10 MD runs for each system and estimated a probability density function (PDF) using 

a two dimensional space defined by the values of the radius of gyration (G(r)) and the 

RMSD of the H8 from the starting structure (see section 3.4.7). Such PDF plots allow 

distinguishing between different probable H8 states which occur in cholesterol-rich 

(Figure 60a) and cholesterol-depleted (Figure 60b) systems during the accumulated 

simulation time of 1.6 µs each. The PDF plots highlight significant differences in 

conformational states of mGluR2-H8 and their probabilities between the cholesterol-rich 

(Figure 60a) and cholesterol-depleted (Figure 60b) receptor-membrane system. In the 

cholesterol-rich system, the mGluR2-H8 is characterized by two states (Figure 60a). State 1 

has a higher probability than state 2; both contain an intact 100% folded α-helical structure 

as indicated by the average structure of each cluster (Figure 60a, insets). In contrast, in the 

cholesterol-depleted system (Figure 60b), the mGluR2-H8 adopts multiple conformational 

states with following probability:  states 1-3 (high), state 4 (medium), state 5 and 6 (low). 

Among them, state 1 is 100% folded as reflected by the average structure (Figure 60b, 

inset) and similar to the one found in state 1 of the cholesterol-rich simulation (Figure 60a, 

inset). A partial destabilization of the α-helical H8 structure is seen for state 2 and 3 of the 
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cholesterol-depleted systems (Figure 60b, inset, state 2: 71.43% folded and state 3: 42.86 % 

folded). Finally, a strongly disturbed H8 containing only 28.57% of the original α-helical 

starting structure is found in state 4 (Figure 60b, inset). According to the PDF plot of the 

cholesterol-depleted system (Figure 60b), the highly probable states 2 and 3 could 

represent transition states between the completely folded state 1 and the strongly 

disturbed H8 in state 4. The slightly separated and less probable states 5 and 6 show also a 

strongly destabilized H8 (28.57% folded) and may originate from state 4 (Figure 60b and 

insets). Rationalizing the results of the conformational analysis of mGluR2-H8 using PDF 

plots for 3.2 µs accumulated simulation time, strongly suggests that the presence/absence 

of cholesterol drives the conformational state of H8: thereby, cholesterol presence 

stabilizes the canonical amphipatic mGluR2-H8 whereas its absence has a destabilizing 

effect. This interesting finding raises the question about the underlying mechanism of the 

cholesterol-mediated stabilization of the α-helical H8 structure.  

Figure 60. (A) PDF plot of the MD runs with cholesterol, and without cholesterol (B). The plots show the 

location of each frame, the corresponding density and the standard kernel density estimate. The contour 

plots represent the standard kernel density estimate and its bandwidth. The colored bar beside the counter 

plot described the density estimation for that state (yellow, green, cyan, blue, purple and red color scale). 

Higher is the number, greater is the probability to find that state.  This analysis provides a relative 

estimation of the probability density function to find some states in our simulation, because of it is based  on 

the finite data sample described by our MD runs. It can be appreciate how (A) and (B) display a different 

distribution of the frame, and interestingly  the probability to find states is quite different depending on the 

cholesterol presence. 
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The analysis of the individual 160 ns production runs of the mGluR2 embedded in a 

cholesterol-rich membrane reveals direct and indirect cholesterol effects as crucial 

determinant for H8 stabilization. Direct cholesterol contacts is mediated by at least two 

cholesterol molecules which occupy a pocket formed by TM1, TM7 and H8 (Figure 61) 

interacting steadily with hydrophobic and polar residues of the α-helical structure of H8 

during the 160 ns (Figure 61). These firm cholesterol contacts most likely promote a proper 

H8 location with respect to the polar head groups of the SDPC molecules, promoting 

stable interaction among the H8 and the membrane layer (Figure 61), and thus contribute 

to a stable H8 domain. This finding is consistent with the fact that direct cholesterol-GPCR 

contacts have been reported to play crucial role in the stabilization of the secondary 

structure of different GPCRs.330,331  

Figure 61. Representation of the direct cholesterol contacts with the mGluR2 receptor. (A-B) Different view 

of the cholesterol cleft described by TM1-TM7-H8 (new cartoon and purple, and transparent and white) the 

whole receptor is represented by vdW surface (white). Cholesterol is represented by white stick (red stick for 

the O atoms) and the vdW surface (yellow and transparent), inset: Residues lining up the hydrophobic face 

of the H8 (Q821, K823, V824, V825, S826, R829, and A830). (C) the distribution of the O atoms of the OH 

group of the cholesterol in a shell of 2 Å around the mGluR2 receptor (TM1-TM7-H8 new cartoon and 

purple). In this case we concatenated all the MD runs of the simulations with cholesterol and we sampled 

the O location every 10ns. The O atom are represented by dot colored according to the time scale evolution 

using a red-white-blue time scale, in which red represent the early location of the O atoms while blue the 

final one. Highlighted in the black box a membrane view of the O location. 
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However, the most interesting finding is an indirect cholesterol effect on the mGluR2-H8 

stability which is mediated by the thickness of the membrane bilayer. Plotting the average 

electron density profile (see section 3.4.7) of the membrane bilayer for all runs with and 

without cholesterol shows a cholesterol-depended increase in membrane thickness (Figure 

62a and d). The systems with cholesterol adopt an average peak-to-peak distance (equal to 

bilayer thickness) of 43.8 ± 0.42 Å (brown line, Figure 62a) in which each EDP peak refers 

to the PO4 group of the SDPC membrane (DPO4-PO4). The system without cholesterol 

(brown line, Figure 63d) shows an approx. 2 Å smaller DPO4-PO4 distance (41.36 ± 0.92) than 

the simulation with cholesterol (Figure 62a), which are in good agreement with 

experimental and computational values available in literature.321–325  The physical 

correctness of the observed cholesterol-mediated increase in membrane thickness is also 

supported by  measuring the peak-to-peak distance for carbonyl group of the lipid tails: 

with cholesterol: 35.00 ± 0.63 Å, without cholesterol: 30.00 ± 1.15 Å (Figure 63) which are 

once more in good agreement with experimental data321–325.  

Important insight into the role of the bilayer thickness in the definition of the H8 

conformational state is obtained by plotting the average location of the hydrophobic face 

(Cα atoms of the following residues Q821, K822, V824, V825, S826, R828, and A829, Figure 

61) of the amphipatic H8 (H8-EDPCα) as EDP of the Cα atoms (blue line, Figure 62a,d) over 

the average membrane thickness as EDP of the PO4 group (PO4-EDP) of the SDPC 

membrane (brown line, Figure 62a,d). Thereby, the H8-EDPCα and the PO4-EDP are 

averaged over 1.6 µs for each system (see section 3.4.7). An interesting finding is that in the 

simulation with cholesterol the peak of the hydrophobic H8 face is located 1.60 Å left from 

the peak of the PO4 groups (blue line, Figure 62a) whereas in the simulation without 

cholesterol the hydrophobic face of H8 (blue line, Figure 62d) is shifted to 1.73 Å right 

from the PO4 groups (blue line, Figure 62d). Importantly, structural visualization (Figure 

62c and F) of this observed cholesterol-dependent H8 shift with a total difference of 3.33 Å 

gives insight into a possible mechanism how cholesterol indirectly drives H8 stabilization 

via membrane thickness. In the cholesterol rich system, the H8 is nicely embedded in the 

membrane, exposing the hydrophobic H8 face to the hydrophobic acyl chains and 



 

128 

 

cholesterol molecules while the polar H8 face is contacting the polar PO4 groups (Figure 

62c), and is partially solvent-exposed. In contrast, in the cholesterol-depleted system, H8 

drops out of the membrane bilayer into a completely polar environment due to the smaller 

membrane thickness (Figure 62f). As a result, H8 looses important hydrophobic contacts of 

its hydrophobic face with the membrane acyl chain which leads to a destabilized and more 

flexible H8 with various conformational states as found in the cluster 2, 3, 4 and 5 (Figure 

60b) for the cholesterol-depleted system. 
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Figure 62. (A) Average EDP of the PO4 groups (brown line and dots) and H8 (blue line and dots) for the 

simulation with cholesterol, the red bars refer to the standard deviation of the el/Å3 values of the PO4 for 

each slab, while the black bars refer to the standard deviation of the el/Å3 of the H8 values for each slab. (B) 

Average location of the peaks for the PO4 (brown) and H8 (blue) location, respectively. The black bars refer 

to the standard deviation of the location of the peaks. (C) Location of H8 in cholesterol-rich system relative 

to the PO4 groups corresponding to the main state 1 (see Figure 61a) showing each 10th frame of a total 981 

frames.  (D) Average EDP of the PO4 groups (brown line and dots) and H8 (blue line and dots) for the 

simulation without cholesterol, the red bars refer to the standard deviation of the el/Å3 values of the PO4 

for each slab, while the black bars refer to  the uncertainty (standard deviation) of the el/Å3  of the H8 

values for each slab. (E) Average location of the peaks for the PO4 (brown) and H8 (blue) location, 

respectively. The black bars refer to the standard deviation of the location of the peaks. (F) Location of H8 in 

cholesterol-depleted system relative to the PO4 groups corresponding to state 4 (see Figure 61) showing each 

frame of a total 51 frames.  The structural representations (C) and (D) are generated using VMD 1.8.7, 

drawing mode: NewCartoon and coloring method: Secondary Structure. 
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Figure 63. Average EDP of the whole bilayer (A) and EDP of the PO4 groups (B). In blue the average EDP 

for the simulation with cholesterol, while the simulation without cholesterol is the brown one. 

 

 

 

 

 

 

 

To sum up, on one hand we find that a H8-EDPCα location of 1.6 Å above the PO4 peak of 

the intracellular layer in a hydrophobic environment (Figure 62a-c) is correlated with a 

stable H8 domain. On the other hand, a H8-EDPCα location at the same level or below the 

PO4 peak of the intracellular layer in a polar environment (Figure 62d-f) results in a 

destabilization of H8. From this we can conclude that a correct orientation of the mGluR2-

H8 hydrophobic face in the membrane environment is crucial for the definition of the H8 

conformational state. These finding suggest for the first time the existence of different 

membrane-sensitive conformational states for the mGluR2-H8 which could serve as a sort 

of sensor for cholesterol concentration. Accordingly, mGluR2-H8 could behave as a 

membrane environment modulator as reported for the CB1 receptor332 or could play a 

crucial role in the mGluR2 membrane trafficking, and signaling.  

To further assess the existence of α-helical H8 structure in the mGluR2, we carried out a 

structural prediction analysis (Table 17). The analysis revealed three protein structures 

(PDB ID 3EFO.pdb, 1IC8.pdb, 2I5D.pdb, Table 17) with homologue sequence fragments 

adopting a α-helical conformation. This finding corroborates once more that the mGluR2 

could possess an amphipatic H8 with a α-helical conformation which however depends on 

the membrane environment as indicated by our extended MD simulation runs. Such an 

environment-dependent H8 conformation has been also suggested for the CXCR4 receptor 
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by Chien et al.15 Their recently solved X-ray crystal structure for this class A receptor lacks 

surprisingly an earlier assumed α-helical H8 structure, which could be a consequence of 

the crystallization conditions.15 
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Table 17. Prediction of the secondary structure of the H8 for bovine rhodopsin and the chemokine CXCR4 receptor (protocol validation) and test set for the 

mGluR2-H8. Numbering from the full length sequences of each protein. Highlighted in red the region corresponding to α-helix structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Bovine Rhodopsin receptor 

 Related Protein Related Sequences Secondary 
Structure 

Score 
(bits) 

 

3QGB.pdb Rhod. Bov.  307  IMMNKQFRN----CMVTTLCC 323 

3QGB        330  IMMFHQFGNYVVQCML-TICC 349 
α-helix 25.7 

3K5Q.pdb Rhod. Bov.  307  IMMNKQFRN----CMVTTLCC  323 

3K5Q        329  IMMFHQFGNYVVQCML-TICC  348 
α-helix 25.7 

1LKX.pdb Rhod. Bov.  312  QFRNCM---VTTL  321 

1LKX        565  QFRNAMNALITTL  577 
α-helix 24.0 

 CXCR4 receptor 

 Related Protein Related Sequences Secondary 
Structure 

Score 
(bits) 

 

1SJ8.pdb CXCR4    311  TSAQHALT  318 

1SJ8     8    TSAQQALT  15 
α-helix 23.5 

2JRC.pdb CXCR4    305  LGAKFK  310 

2JRC     36   LGAKFK  41 
random coil 21 

2BEK.pdb CXCR4    310  KTSAQHALTS  319 

2BEK     220  KTIAQHAPTS  229 
α-helix 21 

 mGluR2 receptor 

 

 Related Protein Related Sequences Secondary 
Structure 

Score 

3EFO.pdb mGluR2  817  ILFQPQKNV  825 

3EFO    347  ILFQPQTNV  355 
Partial α-helix 28.6 

2I5D.pdb mGluR2  819  FQP-------------QKNVVSHR  829 

2I5D    158  FQPDGYEQTYAEMPKAEKNAVSHR  181 
α-helix 23.1 

1IC8.pdb mGluR2  817  ILFQP---QKN  824 

1IC8    129  ILFQAYERQKN  139 
α-helix 20.6 
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Chapter 5 

Conclusions 

 

 

5.1 General Overview 

In Chapter 1 I introduced some concepts highlighting the extraordinary pharmacological 

and dynamical versatility of GPCRs. These membrane-bound proteins revealed a complex 

pharmacological behavior, supported by extraordinary flexible structure properties. For 

many years this dynamic flexibility was elusive, representing one of the greatest 

challenges for medicinal and computational chemists. Now, in the light of experimental 

evidences, it is becoming apparent that computational approaches must be integral to any 

effort aimed at understanding GPCR functioning. Taking into account the breakthroughs 

made in the computational chemistry field, it is possible, nowadays, to address at an 

atomic level more complicated computational experiments. As a matter of fact, it is 

possible to set up more complex MD experiments (i.e. dimer simulations in explicit 

membrane environment), with simulation time longer than previously reported works. 

Nonetheless, before to set up complex MD experiments it is necessary to assess the 

sensitivity of such methods to different experimental simulation conditions, and which is 

the real impact of the conditions used on the results carried out.  For instance, one can ask 

whether explicit MD experiments  can better address issues related to GPCR 

pharmacology, such as dimerization aspects, cholesterol effects, as well as ion species 

effects. 

With our studies we clearly show that the MD experimental conditions strongly impact 

the MD results carried out. For instance, the presence of a dimerization interface does 

affect the outcome of the MD simulation on the topology of the individual protomers (see 
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section 4.1.1-4.1.3), and this must be taken into account when using these models for in 

silico screening or docking purposes (see section 4.1.4).  Moreover, it is worth to mention 

that most of the so far reported MD simulations of GPCRs in an explicit membrane 

environment did not take cholesterol as membrane component into account (see section 

4.2.1 and 4.2.3). Finally, also the choice of an appropriate ions species has an impact on the 

results of MD experiments, as clearly showed by the different behavior of the K+, and Na+ 

species for the 5-HT2A receptor (see section 4.2.2).  As we show by our study that 

cholesterol, as well as ions, and GPCR aggregation phenomenon play  crucial roles in 

GPCR flexibility and conformational behavior, the methodologies investigated may be 

applicable also to other GPCRs families for which effects of the aforementioned aspects are 

reported, unraveling tools of general interest in biomedical and pharmaceutical research. 

 

5.2 Dimer Interface Effects 

A growing body of evidence indicates that GPCR may aggregate into homo- and 

heteromers or oligomers. It was recently reported that two unrelated GPCRs, namely 

mGluR2 (belonging to class C GPCR) and 5HT2A (belonging to class A GPRC), can form 

functional dimers and that the formation of the heterocomplex influences the hallucinogen 

signaling mediated by classes of serotoninergic agonists.148–150 We constructed and 

simulated by MD in an explicit DMPC bilayer a model of the heterocomplex between 

5HT2A and the transmembrane region of mGluR2, as well as the homomeric 5-HT2A-5-

HT2A complex. For comparison purposes, an identical MD simulation was carried out on 

the 5HT2A monomer, embedded in the same DMPC bilayer. According to experimental 

evidence, the dimer complexes were constructed by coupling the two protomers through a 

TM4/TM5 interface (see section 1.3). The interface were initially assembled by rigid 

backbone docking, by using Rosetta++, starting from models of the protomers generated 

by homology modeling. As a kind of prevalidation, we have used the same protocol to 

reproduce the theoretical model of the rhodopsin homomer, and it turned out that the 

scoring function was unable to correctly sort the interface disposition. We thus decided to 

visually sort the Rosetta++ output, and the selected interfaces were the ones visually 
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characterized as the most similar to the rhodopsin homomer (see section 3.2.1). The 

interfaces significantly changed during the MD simulation (see section 4.1.1, and Figure 

33; and section 4.1.5, and Figure 43). This brings support to the notion that rigid backbone 

docking is likely to yield a number of quasi-isoenergetic dispositions of the protein-protein 

interfaces, which cannot be sorted out by scoring functions. This should be carefully taken 

into account when performing simulations of homo- or heteromers of GPCR, since the 

choice of the initial structure may introduce a strong bias in the final results. In our present 

case, the choice was driven by the experimental evidence that the interface is made up of 

TM4/TM5, but among the several possible TM4/TM5 arrangements, the starting complex 

was selected based on visual inspection and coherence with the structure of a theoretical 

model of the rhodopsin homodimer,151,243,244 and not based on quantitative scoring. The 

energy minimization and the subsequent MD simulation demonstrated that the chosen 

interface is stable under the simulation conditions, but it cannot be ruled out that 

alternative disposition could have led to equally stable results. The dimer complexes were 

highly stable during the simulation, and both protomers maintained all the secondary 

structures elements. Nevertheless, when the 5HT2A protomer was simulated as a monomer 

under the same conditions of the dimers, some perceptible differences were noticed (see 

section 4.1.1-4.1.5). While these differences can by no means be used, in our opinion, to 

speculate about the functional role of the dimers, they clearly indicate that the presence of 

a dimerization interface does affect the outcome of the MD simulation on the topology of 

the individual protomers, and this has to be taken into account when using these models 

for in silico screening or docking purposes (see section 4.1.4). This is particularly relevant 

in view of the observation that the mGluR2 component of the heteromer affects the 

hallucinogen signaling operated by serotoninergic agonists (see section 1.8.2). It can be 

speculated that the dimerization interface allosterically induces perceptible modifications 

on the shape of the 5HT2A binding pocket (see section 4.1.3 and Figure 38), thus resulting 

in a modified affinity. From MD simulations studies we were able to extract a set of 

receptor conformations by using cluster analysis (see section 4.1.3 Figure 37). A clear result 

that turns out is that the shape of the binding pocket is tightly linked to the presence and 

to the type of a dimerization interface (see section 4.1.3, and Figure 38; and section 4.1.5). 

In particular, the interface seems to significantly impact  the flexibility of the CWxP micro-
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domain-associated region on TM6, which is in turn responsible for shaping up a 

hydrophobic pocket conserved among members of class A GPCRs (Figure 35).101,124,125,306 

Our data suggests that this hydrophobic pocket is affected by the presence of the 

dimerization interface and by the nature of the dimer partner. These changes in topology 

reflect a different ability of the heteromer, homomer, and monomer to rank a set of  5-

HT2A ligands in docking studies (see section 4.1.4). In particular, heteromerization seems 

to allosterically induce a modification in the binding pocket of 5-HT2A which promote 

binding of 5-HT agonist and its ability to recognize HCs improves along the simulation, 

while homomerization anisotropically affects the two identical 5-HT2A protomers 

constituting the dimer. Moreover, new X-ray crystal  structures of the human β2-

adrenergic receptors were disclosed, showing that an agonist produces at least three main 

effects: (i) conformational changes of S5.43 and S5.46; (ii) conformational changes in TM5 and 

(iii) contraction of the binding pocket (see section 1.3). Furthermore, the comparison of the 

new and the previously published X-ray crystal structures of members of the aminergic 

GPCRs subfamily (see section 1.2.1, and Figure 5; and sections 4.1.3 and 4.1.4 and Figures 

38 and 39) shows that the binding pocket of agonists, antagonists, partial inverse agonists 

and inverse agonists is highly overlapped, with appreciable differences related to the 

interaction with the residues of  S5.43 and S5.46. With our studies we detect conformational 

differences only at the S5.43 and S5.46 level, according to the experimental evidences 

showing that the presence of mGluR2/5-HT2A as dimer partner alters the ability of the 5-

HT2A receptor to interact with 5-HT2A ligands. Nonetheless, relevant conformational 

changes at TM5 level, and the contraction of the 5-HT2A binding pocket are not detected. 

This is likely due to the fact  that the simulation time of our studies is too short to detect  

conformational changes at the helix level,  and to the fact that our simulations were carried 

out in the apo form of the receptor. Our studies clearly indicate that some flexible regions 

of the 5-HT2A are affected by the presence of the dimerization interface and this impact the 

results of the docking studies. 
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5.3 Cholesterol Effects 

5.3.1 Cholesterol Effects on 5-HT2A Flexibility 

The disclosure of the human β2 adrenergic receptors12,93 highlighted the importance of the 

cholesterol interaction with GPCRs, confirming the evidences indicating that membrane 

composition (i.e. cholesterol concentration) is able to affect the functions of some GPCRs 

by direct and indirect effects.333–339 Cholesterol plays a crucial role in the definition of the 

GPCRs functioning, such as protein compartmentalization into membrane 

environment;320,336–339 in the GPCRs signaling pathway;333,334 in the stabilization of 

different GPCRs conformation states,340 and it has been reported that cholesterol facilitates 

the crystallization of GPCRs receptors.12,93 To understand the molecular bases of the 

interaction occurring among cholesterol molecules and several Class A GPCRs represents 

a new challenge for medicinal and computational chemists. The serotoninergic receptor 5-

HT2A belongs to the strict-CCM class3 and it is involved in several physiological and 

pathological processes (i.e. platelet aggregation, CNS disease etc…) and represents one of 

the most interesting targets for the treatment of psychiatric disorders.310 Thus, we  carried 

out computational studies on the  monomeric form of the 5-HT2A receptor, with different 

cholesterol concentrations (0-25%). Our results clearly indicate direct interaction between 

cholesterol molecules and the 5-HT2A receptor. In particular, our results corroborate 

cholesterol binding at the CCM motif of the 5-HT2A receptor (see section 4.2.1). Direct 

interactions between cholesterol molecules and CCM residues result in a stabilized TM4 

domain, while the same domain shows higher flexibility in a cholesterol-free membrane 

(see Figure 47). The direct cholesterol-5-HT2A interactions impact the behavior of the 

whole receptor (Figure 47). The cholesterol interaction with the residues lining up the 

CCM are transmitted to the rest of the receptor, by a hinge region (Figure 48b) constituted 

by the       W4.50, Y2.41 and the S2.45, H3.42 residues, as it is shown by the different pattern of 

hydrogen bonding network among the TM2-4 domains (Table 14). In details,  the 

occurrence of the hydrogen bonds between the residues belonging to the same TM 

domains (S2.45, Y2.41 on TM2 Table 14) is increased, while interhelical hydrogen bonds are 

decreased (Table 14). These data indicate a completely different behavior of TM2-4 of the 

5-HT2A receptor in the presence of cholesterol molecules.  



 

138 

 

Moreover, also indirect cholesterol effects on the 5HT2A receptor were detected, which are 

mediated through a different membrane structural organization and membrane thickness 

(Figure 51). Obviously, membrane thickness is important for an adequate match of the 

membrane-protein interface or can also causes a hydrophobic mismatch (Figure 52) of the 

membrane-protein interface, thus impacting GPCR conformation.341  

Finally, our results support the ion-sensitive nature of the 5-HT2A receptor. As a matter of 

fact, during the simulations one sodium ions enter the serotoninergic binding pocket. In 

both simulations (with/without cholesterol) the sodium ion enters from the extracellular 

side and binds the conserved aspartate residue on TM2 (D2.50) (see section 4.2.2, and Figure 

53). It is worth to mention that no biological data about the effects of the sodium ions on 

the 5-HT2A receptors functionality have been reported, to date. However, in literature, a 

huge number of papers discussing the role of the conserved D2.50 residue, and the effects of 

ions on the GPCRs functions have been reported.94,95,97–100,327  Comparing the sequence of 

the human 5-HT2A receptor, with respect to the D2 receptor, which is known to bind 

sodium at D2.50,  we found a high sequence identity among the residues 4.5 Å around the 

D2.50 residues (Figure 54), corroborating a putative sodium binding site D2.50 in the 5HT2A 

receptor. we also compared this Na+-related results with our previous simulations where 

we simulated the 5-HT2A receptor with an ionic strength of 0.15M KCl in DMPC 

phospholipids bilayer. Interestingly, we found that the K+ ions are not able to enter deeply 

into the 5-HT2A receptor. Although, two K+ ions enter from the extracellular side of the 

serotoninergic receptor, interacting with the orthosteric D3.32 site, they never reach the 

putative allosteric D2.50 binding site as we observed for Na+ ions (Figure 55, and 56). The 

different behavior of the two ion species leads to a different conformational properties of 

relevant residues, such as the   D2.50, N7.49 and L2.46 residues (Figure 56). It has been 

reported that these residues play a crucial role in the active-inactive state transition and in 

the stabilization of the active state for different Class A GPCRs.100,328-33 Our results suggest 

(i) a direct interaction between cholesterol molecules and the 5-HT2A receptors, the 

cholesterol-protein interactions alter the conformational behavior of the 5-HT2A suggesting 

a direct role of the cholesterol in the modulation of the 5-HT2A functionality; (ii)  5-HT2A 

could be an ion sensitive receptor, in details Na+  ions could allosterically alter the ligand 
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binding or the coupling with G protein. Our results suggest several experiments to verify 

the structural hypothesis of the cholesterol and ion effects on the 5-HT2A receptor. 

5.3.2 Cholesterol Effects on the mGluR2 Flexibility 

The mGluR2 receptor belongs to Class C GPCRs (see section 1.1.1), and is expressed in 

several human brain regions, where it is well known that cholesterol takes part in the 

formation of lipid rafts.311,312 Differently from 5-HT2A receptor, and other Class A GPCRs, 

mGluR2 does not show the characteristic CCM. Nevertheless, it has been reported that 

mGluR2 functioning is strongly affected by the membrane composition.184 With the aim to 

shed light on the structural bases underlying the cholesterol effects on the signaling status 

of the mGluR2 receptor, we set up computational studies on the  monomeric form of the 

mGluR2, with different cholesterol concentrations (0-25%) (see section 3.4.4). To evaluate 

the structural architecture of the obtained mGluR2 model in more detail, two recently 

reported mGluR2 negative allosteric modulators, RO4988546 and RO5488608 (see section 

3.5.2, Figure 31),213 were docked into the model of TM-mGluR2 (Figure 58). Importantly, 

the ligand-receptor interactions are in good agreement with mutagenesis data reported by 

Lundström et al.213 (Figure 58), stressing the biological relevance of  mGluR2  model. 

 As well as in the case of the 5-HT2A receptor model, also the conformational behavior of 

the  mGluR2 receptor model is strongly affected by the membrane composition (Figure 

59). The most intriguing result is represented by the fact that mGluR2 shows a stable H8 

only under certain condition, and that cholesterol influences H8 stability through direct, 

and indirect effects.  

The obtained results strongly support the existence of a α-helical structured H8 in mGluR2 

but only under certain conditions. In this respect, we found that the membrane 

composition impacts the conformational behavior of the H8 in our simulations (Figure 60). 

This study reveals that cholesterol, an important component in cell membranes, drives H8 

stabilization by direct and indirect effects (Figure 60-62). In the absence of membrane 

cholesterol, H8 loses its defined α-helical structure adopting an ensemble of different 

destabilized conformational states. Importantly, these results indicate that mGluR2-H8 can 

adopt membrane-sensitive conformational states, thus behaving as a “sensor of cholesterol 
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concentration". In summary we propose the existence of an amphipatic H8 with a α-helical 

conformation in class C mGluR2, a structural feature so far observed only in class A 

GPCRs. Importantly, extended molecular dynamics simulations reveal that α-helical H8 

structure is not a general structural feature but depends on the environment. In particular, 

cholesterol influences the H8 conformational state through direct and indirect effects. The 

former are mediated by an unprecedented cholesterol binding cleft (Figure 61), while the 

latter take place by altering the membrane thickness (Figure 62). Interestingly, the 

observed link between membrane cholesterol and H8 stability suggests that, in mGluR2, 

H8 behaves as a sensor of cholesterol concentration, adopting different membrane-

sensitive conformational states (Figure 60, and 62). This would conciliate with the 

evidences that cholesterol is a factor released by glia to modulate membrane properties,342–

346 and that mGluR2 expression, functioning, and trafficking is tightly linked to the 

membrane composition.184,185,347 Importantly, taking into account that the C-terminus of 

mGluRs is likely involved in direct G-protein coupling,20,59,348 membrane-sensitive 

conformational H8 states could be part of a dynamic mechanism to regulate mGluR2 

signaling transduction, as already reported for the PAR1,349 and the rhodopsin 

receptors.350 This intriguing result also conciliates with the GPCR ensemble theory.136 This 

theory postulates that membrane-bound receptors adopt different micro-conformational 

states at the cytoplasmic side, which can activate different downstream signaling 

pathways, such as G protein-dependent pathway349 or G protein-independent pathway.350   
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Chapter 6 

Future Perspectives/Outlook 

 

 

6.1 Future Computational Work 

As evidences on the role of hetero- or homomerization in GPCR functioning increase, the 

need of computational procedures for simulating the effect of this process in ligand 

recognition will became more urgent. Long scale molecular dynamics simulations are 

likely to become a privileged tool to analyze the effect of the dimerization process, and the 

ability to extract information from these simulations will become central to the use of such 

approaches in an integrated drug design effort in the GPCR field. 

The data collected along this project will allow us to set up further computational work, 

such as the simulation of the heteromer complex 5-HT2A-mGluR2, and the homomer 

complex 5-HT2A-5-HT2A,  in an explicit membrane environment taking into account 

cholesterol concentration issue. 

Moreover, recently it has been reported that the 5-HT2A receptor can be involved in the 

formation of other relevant heteromers, such as the 5-HT2A-D2 heteromer.170–173 Thus, it 

would be of great interest to compare the behaviour of the 5-HT2A receptor in different 

heteromer complex.  

Finally, so as to understand how relevant are the differences observed in the simulation 

with different cholesterol concentration, it would be interesting to perform docking 

studies on selected conformation from the trajectories of the simulation with and without 

cholesterol of the mGluR2 and 5-HT2A receptors. Moreover, to  simulate the active form of 
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each receptor considered, so as to establish which is the effect of the cholesterol 

concentration on the inactive and active states of those receptors.  

6.2 Biological assays 

The computational results suggest that cholesterol has an impact on the monomeric 5HT2A 

receptor structure/function, due to direct and indirect cholesterol effects. In order to 

confirm our hypothesis we propose to test: 

A) Effect of cholesterol on the monomeric 5HT2A receptor 

B) Effect of cholesterol on 5HT2A-5HT2A dimer formation 

C) Identification of residues forming the cholesterol binding site 

As reference for the planned experimental studies  can be used the methodology of 

already published studies, as recently performed on 5HT1A , rhodopsin and the β1 and β2 

receptors.93,183,351–354 

These experimental assays will be performed in the context of a collaboration between the 

CADD group at the GRIB center, and the Universidad de Santiago de Compostela. In 

particular we are going to test: 

 

1. the 5-HT2A functioning using different cholesterol concentrations, as reported for  

the study of Hanson et al. for the human β2-adrenergic receptor;93 

2. determination of the competition binding curves for different 5HT2A ligand classes 

in the presence of different cholesterol membrane concentrations; 

3. identification of the residues forming the 5-HT2A CCM by mutagenesis studies of 

the residues involved in cholesterol interaction, along our MD simulations.   
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Table 1A. Set of known 5-HT2A ligands

A. 5-HT2A  non hallucinogenic agonists
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B. 5-HT2A hallucinogenic agonists

 

C. 5-HT2A  antagonists 
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