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Abstract  
 

The main aim of this project was to gain an understanding of GLP-1R’s 

molecular mechanism of action and the key interactions leading to agonist-mediated 

activation.  At the start of this project there were no experimentally determined GLP-

1R structures available, the initial approach was to use experimentally determined 

structures of other class B GPCRs for GLP-1R homology modelling.  Soon different 

GLP-1R structures became available (Jazayeri et al. 2017; Zhang et al. 2017; Song et 

al. 2017) providing valuable information.  However, none of these structures showed 

GLP-1R in complex with GLP-1, the endogenous peptide; based on the experimental 

available structures, GLP-1R -GLP-1 complex models were built and simulated using 

different methods of molecular dynamics simulations.  After defining interactions in 

the active and inactive state, the second aim was to identify conformational changes 

leading to activation.  Since Class B share structural characteristics and possible an 

activation mechanism, PTH1 receptor model was built. 

 Simulation of GLP-1R and PTH1 receptor in complex with their respectively 

ligands show ligands disrupting the TM1-TM2 interface and relying on hydrophobic 

residues to facilitate the movement into the binding pocket.  At the extracellular end, 

the movement of the ligand into the binding pocket shift TM7 towards TM6, 

contributing to TM6 rearrangement, in addition interaction between charged residues 

in the N-terminal and TM6 allowed TM6 flexibility and outward movement while 

maintaining the stability of the receptor.  Interaction between charged residues in the 

N-terminal and Arg2.60b  contribute to the binding and stabilisation of the ligand as 

translation of conformational changes in TM3-TM2 middle region, where Asn3.43b 

removes spatial restraints from the core of the receptor.  The removal of spatial 

restrains is seen as TM3-TM2 packing allowing Leu3.47b rotamer change pushing a 

hydrophobic residue in TM6 resulting in the outward movement stabilised by changes 

in hydrophobic residues rotamers. 
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UEM    cryo-EM electronic density map gradient 

UMD    MD potential energy  

Uss    potential of secondary structures 

VIP    vasoactive intestinal peptide 

VIP1    vasoactive intestinal peptide receptor 1 

VIP2    vasoactive intestinal peptide receptor 2 

VMD    Visual Molecular Dynamics software 

VPAC1R   vasoactive intestinal polypeptide type1  

VPAC2R   vasoactive intestinal polypeptide type2 
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Chapter 1: Introduction 
 

G protein-coupled receptors (GPCRs) are the largest family of membrane proteins 

and regulate multiple physiological processes with clinical relevance, making them 

important drug targets (reviewed in  Kobilka 2007; Hauser et al. 2018; Sriram and 

Insel 2018).  Glucagon-like peptide-1 (GLP-1) and Parathyroid hormone (PTH) are 

examples of peptide ligands that bind and activate members of the Class B subfamily 

of GPCRs.  GLP-1 and its receptor (GLP-1R) are involved in glucose homeostasis.  

Several GLP-1 analogues have been approved for the treatment of diabetes (Fehse et 

al. 2005; Limited 2020; Bond 2006; Leon et al. 2017; Christensen and Knop 2010; 

Green et al. 2007; Jackson et al. 2010; Cummings et al. 2010; Skrivanek et al. 2012; 

Pratley et al. 2021). New therapies involving the use of multiple co-agonist 

combinations aiming to enhance GLP-1R efficacy by using synergistic response have 

demonstrated clinical efficacy in the treatment of metabolic diseases such diabetes 

and obesity (reviewed in Baggio and Drucker 2021).  The most common co-agonist 

combinations incorporate glucose-dependent insulinotropic polypeptide receptor 

(GIPR) agonists and glucagon receptor (GCGR) agonists.  So far, the dual agonist 

tirzepatide, a GIPR and GLP-1R agonist showed to be superior to GLP-1R mono-

agonist semaglutide with respect to the mean change in the glycated haemoglobin 

level from baseline to 40 weeks (Frías et al. 2021).  Recent studies of the tri-agonist 

Peptide 20, a GIPR, GLP-1R and GCGR agonists, currently in phase 1 clinical trial, 

suggest a superior efficacy over GLP-1R mono-agonists (Alexiadou K., Anyiam O, 

and Tan T. 2019).  Similarly, PTH-based peptide agonists are used to treat 

osteoporosis (Fan et al. 2020; Reginster et al. 2019; Lewiecki 2006) due to the role of 

PTH in calcium homeostasis via PTH1R.  Despite the important clinical relevance, at 

the start of this PhD project there were no experimentally determined structures of 

either peptide-receptor complex, or any reliable structure-based understanding of how 

ligand binding results in receptor activation.  The aim of this PhD project was initially 

to utilise homology modelling and molecular dynamics to understand peptide 

activation of these Class B GPCRs.  However, as the project progressed, several new 

structures became available, enabling an increasing sophisticated approach to be 

adopted to understand peptides bind and activate these GPCRs.  In order to set the 

scene, the thesis will first cover the basic background science, before establishing the 

research questions and details of the work carried out to answer them. 
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1.1. Proteins 
 

Proteins are complex and dynamic molecules involved in all biological processes.  

It is the diversity and abundance of proteins that allows them to fulfil a wide range of 

functions.  Protein function depends on structure; therefore, comprehension of protein 

architecture and dynamics allows a better understanding of protein functions, with 

multiple applications, such drug discovery. 

 

 

1.1.1. Protein structure 
 

Although environmental factors affect proteins conformation, the three-

dimensional shape or tertiary structure of a protein is ultimately determined by the 

amino acid sequence, denominated primary structure (Sela, Anfinsen, and Harrington 

1957).  This primary structure, expressed at the genome level, defines the spatial 

distribution of individual amino acids; any change or mutation in the amino acid 

sequence potentially alter shape and function of the protein.   Defined by the primary 

structure, individual residues are arranged into a-helices and b-sheets, denominated 

secondary structure, which shape the protein.  Linkers formed by individual amino 

acids confer flexibility and communication between proteins regions or domains 

(Dobson 1990) while electrostatic forces, disulphide bridges, hydrophobic or 

hydrophilic interactions stabilise the protein architecture.  Stable structures or 

subunits form complexes or quaternary structures (reviewed in Berg JM 2002; 

Zaretsky and Wreschner 2008; Figure 1.1). 

Advances in experimental methods have increased the number of known 

primary and tertiary structures.  However, not all the available experimental methods 

are suitable for the resolution of all proteins, resulting in an increasing gap between 

known sequences and three-dimensional structures.  For cases in which experimental 

methods are not suitable for the protein, a structure-based approach is used, taking 

advantage of the information in the primary structure needed to shape a functional 

tertiary structure (Sela, Anfinsen, and Harrington 1957).  Proteins tend to form stable 

structures at the smallest cost of energy, meaning that mutations on the primary 

sequence occur at individual residues without gross changes of the protein 

architecture (Lenstra, Hofsteenge, and Beintema 1977).  Therefore, homologous 
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proteins may show different sequences but a similar architecture, a common ancestor 

and similar active or hydrophobic sites (Muirhead et al. 1967; M Bajaj and Blundell 

1984). 

 

 

1.1.2. Protein kinetics and dynamics 
 

In contrast with the static images above, proteins are in constant movement 

undergoing conformational changes to find a stable energy-favouring conformation 

enabling them to execute their function.  Protein dynamics aims to understand the 

relationship between conformational and functional state by studying time-dependent 

changes in atomic coordinates  (Henzler-Wildman and Kern 2007; Dinner et al. 2000; 

Austin et al. 1975).   Usually, the native state represents a functional protein at its 

lowest energy in a particular environment, eventually achieving energy equilibrium 

to perform their function (Austin et al. 1975; Frauenfelder, Sligar, and Wolynes 1991).  

Proteins are continually exploring different energy-landscapes because of thermal 

energy and crossing energy barriers (Elber and Karplus 1987).  The probability of a 

protein to go from a conformational state (thermodynamics) to another depends on 

the energy difference between states; while the kinetics of the process depends on the 

height of the energy barrier, and the width of the energy well describes conformational 

flexibility (reviewed in Henzler-Wildman and Kern 2007).  In addition to temperature, 

pressure and solvent conditions, ligand binding changes the energy well and barriers 

of the receptor, stabilising a different state with different architecture and function; or 

favouring a different conformation. 

 

 

1.1.3. Membrane proteins 
 

The environment affects protein structure, function and dynamics (Singer and 

Nicolson 1972).  Of particular interest is the influence of lipid bilayer to membrane 

proteins, which account for almost 30% of the human proteome (Fagerberg et al. 

2010; Hedger and Sansom 2016; Jackowski 1994; van Meer, Voelker, and Feigenson 

2008). 
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1.1.3.1. Physiological role of lipid bilayer 
 

Lipid bilayers membranes are dynamic and asymmetric heterogeneous 

structures composed of cholesterol and phospholipids (Bloch 1991; van Meer and de 

Kroon 2011; Caillon, Lequin, and Khemtémourian 2013; Hallberg 1984b; Jackowski 

1996; Singer and Nicolson 1972).  They perform two main tasks: 1) act as a 

semipermeable barrier between different compartments and 2) are a highly organised 

place where biochemical functions take place (Sackmann et al. 1984; Hackenbrock 

C.R. 1980; Singer and Nicolson 1972). 

Lipid composition affects protein function through chemical interactions 

(Sackmann et al. 1984; Helfrich 1973).  In gross terms, lipid-lipid interactions 

modulate physiochemical properties of the membrane, such fluidity, membrane 

thickness, elasticity, curvature, surface tension order and lipid rafts; while protein-

lipid interactions influence protein architecture, orientation and location (reviewed in 

Crane and Tamm 2004; Zocher et al. 2012). 

The unique characteristic of lipid bilayers allows the exposure of the 

hydrophilic lipid head to the aqueous solution while the acyl chains inside the 

hydrophobic core influence transmembrane proteins (Spector and Yorek 1985; 

Sackmann et al. 1984; Figure 1.2). 

 

 

 
Figure 1.1. Average membrane composition 
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1.1.3.2. Membrane composition/ heterogeneity 
 

Cell membranes are composed of more than 200 different lipids depending on 

the tissue and function (Myher, Kuksis, and Pind 1989). 

Cholesterol is an essential component of eukaryotic membranes, making up 

between 25 to 50% of lipid component in mammals cells (Bloch 1991).  Cholesterol 

provides structural support to the membrane while maintaining the fluidity of the 

membrane (Crane and Tamm 2004; Zocher et al. 2012; Cherezov et al. 2007; Hanson 

et al. 2008; Liu, Chun, et al. 2012; Wu, Wang, et al. 2014).  Identification of 

cholesterol-binding sites at crystal structures of transmembrane GPCRs has shown 

that cholesterol-protein interactions improve conformational stability (Zocher et al. 

2012; Saxena and Chattopadhyay 2012; Hanson et al. 2008; Lyman et al. 2009; 

Manna et al. 2016; Guixà-González et al. 2017). 

 Phospholipids are the most abundant lipids in membranes (Alberts B 2002).  

Phosphatidylcholine (POPC) is the most abundant phospholipid in mammalian 

membranes; it is mainly located in the extracellular leaflet (Caillon, Lequin, and 

Khemtémourian 2013; Hallberg 1984b; Jackowski 1996).  Phosphatidylethanolamine 

(POPE) comprises about 15-25% in mammals’ cells and it is mainly found in the inner 

membrane (Patel and Witt 2017; Vance and Vance 2008; MacDonald et al. 2015; 

Koldso et al. 2014; van Meer and de Kroon 2011; Devaux and Morris 2004).  

Phosphatidylserine (POPS) accounts for 5-10% of cellular phospholipids, usually also 

found at the inner membrane  (Devaux and Morris 2004; van Meer and de Kroon 

2011; MacDonald et al. 2015; Vance and Vance 2008; Koldso et al. 2014).  

Phosphatidylinositol (POPI) accounts for 5% of lipids in the membrane, it is mainly 

found in the cytosolic leaflet (Vance and Vance 2008; Koldso et al. 2014). 

Sphingolipids are a small group of lipids in mammals, they are mainly found on 

the outer plasma membrane  (Devaux and Morris 2004; van Meer and de Kroon 2011; 

Verkleij et al. 1973). 
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1.2. Methods used for the study of protein structure 
 

 

1.2.1. Experimental methods used to obtain protein structure 
 

Different methods are used with the aim to determine the functional structure 

of proteins, especially of GPCRs.   Within the most common used methods are X-ray 

crystallography and single particle cryogenic electron microscopy (cryo-EM).  

However, the determination of protein structure in stable functional state is 

challenging, and in most cases, it requires modifications or the addition of stabilising 

proteins.  Therefore, the resulting structures are not always an accurate description of 

the functional state but the static representation of the protein in a moment of time. 

 

 

1.2.1.1. X-ray crystallography 
 

X-ray crystallography method obtains the position of atoms by striking a beam 

of X-rays into a crystal made up from purified and highly concentrate protein.  The 

strike diffracts the waves into a predictable pattern, based on the crystal lattice 

structure, which can be used to generate an electron density map from which a 

molecular structure is built and refined based on the protein sequence (reviewed in 

Smyth and Martin 2000). 

Crystallisation of GPCRs-complexes is challenging, and in order to obtain 

GPCRs in the active state C-terminal peptide of G proteins (Scheerer et al. 2008), 

nanobodies (Rasmussen, Choi, et al. 2011a; Rasmussen, DeVree, et al. 2011), or the 

addition of mini-G proteins (Carpenter et al. 2016) have been used to stabilise GPCRs 

complexes.  However, obtaining high quality crystals is challenging, especially 

flexible and disordered areas such as loops. Large and symmetrical complexes 

crystallise well, but not flexible or membrane proteins.  Many factors potentially alter 

the quality and architecture of the protein i) the x-ray radiation can damage the 

protein; ii) the addition of mutations, fusion proteins or engineer residues used to 

stabilise the protein during the crystallisation process or iii) the use of detergents used 

to isolate the protein can potentially alter the protein’s architecture and surface, as 

well as lipid-protein interactions (Kunji et al. 2008; Bill et al. 2011). 
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1.2.1.2. Single-particle Cryo-Electron Microscopy 
 

Advances in electron microscopes, electron detectors (McMullan, Faruqi, and 

Henderson 2016) and software allowed the development of single-particle cryo-

electron microscopy (cryo-EM).  Since cryo-EM rapidly freezes molecules in vitreous 

(non-crystalline) ice, it allows the study of the sample in almost their native 

environment without crystallography challenges.  Cryo-EM uses a transmission 

electron microscope (TEM), to record thousands of randomly orientated high-

resolution 2D images which are later processed to construct a 3D map (reviewed in 

Danev, Yanagisawa, and Kikkawa 2019). 

Although less changes are applied to the sample, it still undergoes preparation 

to avoid dehydration caused by the vacuum and radiation of microscope.  Usually the 

vitrification process is not immediate, (~1 s) allowing protein particles to collide with 

the air-water interface, altering the stability of the GPCR-complex and preferential 

orientation (reviewed in Noble et al. 2018).  Since the quality of the image depends 

on i) the particles distribution and orientation, ii) the analysis of 2D images, removal 

of artifacts, empty fields, or invalid particles, iii) sample size as in smaller samples 

the beam-induced movement of the microscope’s carbon film supporting the sample 

grid can produce a lower signal-to-noise ratio (Zhang et al. 2017; Cheng et al. 2015) 

determination of high-resolution GPCRs structures is still challenging.  Even though 

cryo-EM has been used in the determination of many structures, there is not an 

objective quality criterion used to determine the accuracy of the map (reviewed in  

Cheng et al. 2015). 

 

 

 

1.2.2. Computational approach for protein structure 

prediction 
 

Not all experimental methods are suitable to all proteins.  This is reflected as 

the number of 3D structures deposited in the PBD bank (160796 entries in the PDB 

bank (Bank 2020) remains significantly lower than the number of known protein 

sequences (172 million - Institute 2019). 
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 Computational methods are an alternative to experimental methods; they rely 

on experimental data and computational power to create computational models for the 

study of proteins structure, interactions and behaviour. 

 

 

1.2.2.1. Homology Modelling 

 

Homology modelling is a tool for the prediction of the structure from the 

amino acid sequence of a target protein.  Homology modelling relies on the 

availability of the structure of one or more proteins with similar sequences (templates) 

Its reliability depends strongly on the similarity between the target and templates. 

Homology modelling follows a common procedure: 1) Identification and 

selection of templates, during this step templates that will be used as targets are 

selected based on their availability in the PDB bank, structural homology, sequence 

identity, root mean square deviation (RMSD) of Ca atoms to the target structure, 

state, resolution and experimental methods used; 2) Alignment of target and template; 

3) Model building, where a protein is built using the templates and homology 

modelling servers or software; 4) Model optimization, where the newly built model 

is submitted to energy minimisation to avoid steric clashes or poor bond torsion 

geometrics (reviewed in Jabeen, Mohamedali, and Ranganathan 2019; Robinson, 

Afzal, and Leader 2014; Guex, Peitsch, and Schwede 2009; Oldham and Hamm 2008; 

Schrödinger 2015). 

 

 

 

1.2.3. Molecular Dynamics simulations 
 

1.2.3.1. Foundations of molecular dynamics methods 
 

Molecular dynamics (MD) simulations is a computational approach that takes 

advantage of available structural and experimental data to study the movement of 

atoms over a period of time.  MD simulations are based on Newton’s equations to 

describe the trajectory of atoms into time steps.  In accordance with Newton’s second 

law of motion: 
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where 𝐹⃗! is the force of the atom i, mi is the mass and 𝑟! is the acceleration; therefore, 

by knowing the position of all atoms it is possible to calculate the force exerted by 

each atom on others through time (Adcock and McCammon 2006; Schlick 2010; 

Karplus and Kuriyan 2005).  Models known as force fields and based on experimental 

data, are used to calculate forces on MDs, such electrostatic interactions, covalent 

bonds and interaction between atoms. (Ackermann 1990; Elber and Karplus 1987; 

Karplus and Kuriyan 2005; McCammon, Gelin, and Karplus 1977). 

 

 

1.2.3.2. Molecular dynamics in biology 

 

Since 1977, when the first MD simulation (9.2 ps) of the bovine pancreatic 

trypsin inhibitor (BPTI) in vacuum took place (McCammon, Gelin, and Karplus 1977) 

and with the increasing computational power, the size and complexity of the systems 

simulated has increased.  Since MDs relies on experimental data and has the ability 

to control characteristics of the system studied at an atomic level making it possible 

to study at timesteps or conditions that would be impossible to study through 

macroscopic experiments.  Membrane proteins are the perfect example as they no 

longer need to isolate it from its native environment for study. 

 

 

1.2.3.3. All-atoms classic molecular dynamics 
 

All-atoms MDs simulations applies MD foundations to all the atoms in a 

system, as it takes into account the potential energy, acceleration, velocity and 

position of atoms at a moment in time and uses it to compute or calculate the velocity 

and position in the next movement, resulting in a trajectory or the description of the 

evolution of a system over time, while taking into account the effect of atoms in the 

surrounding environment (water, membrane). 

Because an enormous computational effort would be needed to do this for 

every atom, standardized empirically derived force fields (FF) are used, these 
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designated constants or equations are based on tested properties and experimental data 

(MacKerell 2000) used to maintain and reproduce molecular geometries of bond 

lengths, bond angles, bond torsions, non-bonding or improper and electrostatic 

interactions.  FF subdivide potential function into the sum of: Bonded interactions, 

also known as local contributions, which include covalent bond-stretching (Σbonds), 

angle-bending (Σangles), torsion potential (Σtorsion) and improper torsion potential 

(Σimproper); and non-bonded interactions which include Lennard-Jones (ΣLJ) (short-

range Pauli repulsion and long-range Van der Waals attraction) potential and 

Coulomb electrostatics (Σelec) (Guvench and MacKerell 2008; MacKerell 2000). 

 

 
 

 

In classical MD simulations, covalent bonds do not form or break and to 

favour efficiency, force fields are computed for neighbour interactions within a 

delimited cut-off range and Coulomb interactions using Particle mesh Ewald (PME).  

PME calculate electrostatic interactions by splitting the summation into short- and 

long-range parts (Essmann et al. 1995). 

MD timescale is usually divided into femtoseconds (10-15 s), meaning that at 

each timestep the forces acting on each atom will be computed, and the position and 

velocity of each atom will be updated, resulting in an accurate description of the 

movement of atoms or a trajectory.  MD uses a computer software to calculate the 

algorithms for propagation (Table 1.1).  To avoid surface artifacts periodic boundary 

conditions are added; this avoids the interaction of the same molecule with itself 

(Guvench and MacKerell 2008).  Thus, by knowing 1) the initial coordinates of each 

atom, information usually obtained from experimental data or a built-model based on 
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experimental data, 2) the potential obtained from a force field, and 3) the computer 

software that applies the algorithms for propagation, then it is possible to know the 

forces and their effects acting on each atom and its surroundings at almost atomic 

resolution and timescales (Brooks et al. 2009; Case et al. 2005; Hess et al. 2008; 

Phillips et al. 2005; Schlick 2010; Karplus and Kuriyan 2005; Table 1.1). 

 

 
Table 1. 1 Common force fields and computer software 

 

 

1.2.3.4. Molecular Dynamics Flexible Fitting simulations 

 

Improvements in cryo-EM atomic resolution also improved flexible fitting 

techniques (Trabuco et al. 2010). Flexible fitting methods consider the degrees of 

freedom to fit and allow atomic structure to undergo conformational changes to 

improve its correspondence to the density map (Trabuco et al. 2008; Trabuco et al. 

2009).  However, the disadvantage of flexible fitting is that interaction between 

subunits or different conformations cannot be determined (reviewed in Trabuco et al. 

2008; Wriggers and Chacón 2001). 

Molecular Dynamics Flexible Fitting (MDFF) is a method based on MD 

simulation and 3D cryo-EM single-particle reconstruction used to fit atomic structures 

into cryo-EM density maps (Trabuco et al. 2008).  In the MDFF method external 

forces proportional to the gradient of the density map are added to a molecular 

dynamic simulation to drive the atoms into high-density regions while MD force fields 

and harmonic restraints avoid structural distortion keeping the integrity of the 

structure (Bernardi et al. 2016; Trabuco et al. 2009; Trabuco et al. 2008; Chapter 2).  

Therefore, MDFF takes into account all the information contained in the map avoiding 

the use of reduced representations or a single PDB structure, to fit components even 

when the structure is not available and because MDFF fitting is performed locally, it 
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considers the information of the map through a potential and only uses global 

measures of the fit to assess convergence but not to drive the fit, all this independently 

of the system size (Trabuco et al. 2008). 

 

 

 

1.2.3.5. Targeted molecular dynamics simulations 

 

Targeted Molecular Dynamics (Targeted MD) is a molecular dynamics 

technique used to calculate the transition pathways between two known structures 

(Schlitter, Engels, and Kruger 1994; Diaz et al. 1997).  Targeted MD is a MD 

simulation with the addition of a constraint force or biasing force that induce 

conformation changes, therefore, the equation of motion is solved, and individual 

atoms are free to move in accordance to the force field and environmental parameters 

(Schlitter, Engels, and Kruger 1994). 

The aim of Targeted MD is to find a representative pathway of the transition 

from an initial to a final conformation (xi - xF) at a given temperature, pressure and 

environment (Schlitter, Engels, and Kruger 1994).  This method requires two sets of 

coordinates, 1) the reference structure xi which represent the starting geometry and 2) 

the target structure, xF, which provide the directing constraints (Schlitter, Engels, and 

Kruger 1994).  Therefore, for any conformation x, the distance to the target structure 

is x-xF, as at each timestep, the target structure is aligned to the current coordinates 

and the RMSD distance is computed between the current coordinates and the target 

structure (Bernardi et al. 2016).  This distance and the expected distance to the target 

structure p, at a given time define a time-dependent holonomic constraint (that 

depends on the coordinates and time and not on velocities or other) 𝜙(𝑥) ≡ |𝑥 −

𝑥"|# − 𝑝# = 0 (Schlegel 1982; Diaz et al. 1997).  After each timestep, p decreases 

linearly and continuously towards the target conformation xF (Diaz et al. 1997; 

Schlegel 1982). 

Since activation or large conformational changes occur on the timescale of 

microseconds or longer, conformational transitions could be difficult to observe with 

classic MD nanosecond time scale.  Targeted MD allow to guide a subset of atoms in 

the simulation towards the final structure, therefore the restriction of this group 

coordinates will not affect the mobility and allow enough flexibility to explore 
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plausible pathways with respect to energy barriers (Schlitter, Engels, and Kruger 

1994; Bernardi et al. 2016). 

 

 

1.3. G protein-coupled receptors  
 

G protein-coupled receptors are transmembrane receptors whose main 

function is to mediate cellular responses by translating the signal of extracellular 

messengers into intracellular signals. 

In humans, GPCRs form the largest group of transmembrane proteins 

(Fredriksson et al. 2003; Fagerberg et al. 2010).  Due to their role in physiological 

processes, clinical importance and accessible location in the cell membrane, GPCRs 

are effective drug targets; currently being the target for 35% of approved drugs 

(Kobilka 2007; Sriram and Insel 2018). 

 

 

1.3.1. GPCRs classification 
 

Members of GPCRs superfamily have been grouped into two main 

classifications: 1) A-F classification, group GPCRs into six classes based on their 

sequence homology and functional similarities (Kolakowski 1994; Attwood and 

Findlay 1994); 2) GRAFS classification, which group GPCRs based on their genomic 

origin into five sub-families: Glutamate (G), Rhodopsin-like (R), Adhesion-like (A, 

also referred as B2), Frizzled/Taste2 (F), and Secretin-like (S, also referred as B1)  

(Fredriksson et al. 2003; Schiöth and Fredriksson 2005) (Table 1.2).  

The main difference between A-F and GRAFS classification is the division of 

class B into adhesion (A / B2) and secretin (S /B1) receptors due to their different 

evolutionary history (Kolakowski 1994; Fredriksson et al. 2003). 
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Table 1. 2. GPCR classification 

 

 

1.3.2. GPCRs topology 
 

Despite differences in sequence and genomic origin, GPCRs share a common 

topology characterised by seven transmembrane (7TM) a-helices arranged as an anti-

clockwise bundle as viewed from the extracellular side, connected by less conserved 

three extracellular loops (ECLs), and three intracellular loops (ICLs), an extracellular 

N-terminus of varied length and an intracellular C-terminus  (Kolakowski 1994; 

Attwood and Findlay 1994; Archbold et al. 2011; Bang and Choi 2015; Che et al. 

2018; Cherezov et al. 2007; Choe et al. 2011; Hanson et al. 2008; Hollenstein et al. 

2013; Kang et al. 2015; Kumar et al. 2011; Li et al. 2019; Miller-Gallacher et al. 2014; 

Palczewski et al. 2000; Park et al. 2008; Rasmussen, Choi, et al. 2011a; Rasmussen 

et al. 2007; Rasmussen, Choi, et al. 2011b; Rasmussen, DeVree, et al. 2011; Runge et 

al. 2008; Scheerer et al. 2008; Shao et al. 2016; ter Haar et al. 2010; Underwood et al. 

2010; Table 1.3). 



 31 

 
Table 1. 3. GPCR characteristics 

 

 

 

1.3.3. GPCRs Ligands 
 

GPCRs are activated though a wide range of ligands: small molecules, 

covalent chromophores, ions, peptides or proteins (Ji, Grossmann, and Ji 1998; 

Kobilka 2007; Gether 2000; Zhao et al. 2020).  These ligands differ in structure, type 

and binding mechanisms according to the type and function of the receptor.  Although 

there are exceptions, class A are usually characterised by a short N-terminus and often 

smaller agonist molecules bind in the transmembrane region.  In contrast, Class B 

have longer N-terminus involved in the binding of the C-terminal part of their larger 

peptide ligands, although the N-terminus of the ligand interacts with the receptor’s 

transmembrane domain (two-site binding model).  Class C have a very large N-

terminal domain which contains the ligand binding site for a small molecule or ion.  

Some ligands have the ability to bias the signal pathway depending on which 

conformational state they stabilise (Rankovic, Brust, and Bohn 2016; Deupi and 

Kobilka 2007) (Table 1.3). 
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1.3.3.1. Ligand-receptor interaction 
 

In biochemistry a ligand is any molecule or atom that binds to a protein 

molecule or receptor.  These can occur naturally and made of organic or inorganic 

molecules or can be made synthetically. 

 

 

1.3.3.1.1. Affinity 

 

In order to produce a response, ligands should first bind the receptor. Affinity 

defines the strength of the binding interaction between the ligand and receptor at a 

given concentration; it is characterised by the equilibrium dissociation constant (Kd) 

which describes the concentration of a drug required to occupy 50% of the target 

receptors at equilibrium (Ariens 1954; Black and Leff 1983; Stephenson 1956). 

 

 

1.3.3.1.2. Efficacy 

 

Efficacy describe the ability of ligand or drug to produce an effect on the 

receptor (Ariens 1954; Black and Leff 1983; Stephenson 1956).  It is determined by 

measuring the concentration of the ligand needed to produce a response 

(concentration/response) and is often used as a measure of potency.  The effective 

concentration (EC50) refers to the concentration of drug that produces half maximal 

effect. While the transducer τ constant represents the inverse fraction of receptors 

occupied by the agonist to obtain half-maximal response (Black and Leff 1983).  

 

 

1.3.3.1.3. Agonists - Antagonists 

 

Based on the affinity and efficacy, ligands are classified as agonists and 

antagonists, with different states between.  Full agonists are ligands that bind, 

stabilise, and fully activate a receptor, antagonists are ligands with no basal activity 

but are able to bind and competitively block the access to other ligands.  Partial 

agonists are able to induce a submaximal activation at saturating concentrations, 
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meaning that they are less effective to shift the equilibrium towards the active state.  

Inverse agonists are able to bind and stabilise a receptor but without producing a 

response. 

 

 

1.3.3.2. Allosteric ligands 

 

Allosteric ligands are compounds able to bind to a site different from the 

orthosteric site, usually simultaneously to the orthosteric ligand,  with the capacity to 

change the affinity and binding kinetics or shift the equilibrium states of the receptor 

(Nygaard et al. 2009; De Lean, Stadel, and Lefkowitz 1980; Kenakin 2004).  Based 

on the duration and effect of the orthosteric ligand; allosteric ligands are classified 

into positive allosteric modulator (PAM) if they increase the effect, or negative 

allosteric modulator (NAM) if they decrease it. 

 Allosteric compounds are able to alter the dynamics and structure of GPCR 

with clinical relevancy.  For example, Novo Nordisk compound 2 and other 

quinoxalines (Knudsen et al. 2007), flavonoids, and the Eli Lilly pyrimidine-based 

compounds - compound B (Koole et al. 2010; Schann et al. 2009) induce GLP-1R-

mediated cAMP signalling and insulin secretion in a dose-dependent manner.  This 

suggests PAM in GLP-1R can be used for the treatment of type 2 diabetes and obesity. 

 

 

 

1.3.4. GPCRs activation 
 

Usually, receptor activation starts with the binding of an agonist ligand to the 

receptor.  This transmits the extracellular signal into an intracellular response. First it 

was thought that GPCRs were only able to signal through heterotrimeric G proteins 

and hence the name; however, b-arrestins had shown to activate intracellular G 

protein independent pathways (Luttrell et al. 2018; Gurevich and Gurevich 2019; 

Rasmussen, Choi, et al. 2011a; Mahoney and Sunahara 2016; Deupi and Kobilka 

2007; Yao et al. 2009; Kim et al. 2013; Manglik et al. 2015). 
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1.3.4.1. Two-states model theory 
 

The two-states model, also known as minimal two-states, propose the 

existence of receptors in two states: inactive (R) and active (R*) states coexisting in 

equilibrium (Samama et al. 1993a; Leff 1995; Del Castillo and Katz 1954).  Binding 

of the ligand shifts the equilibrium towards the state it has a higher affinity to; 

depending on the ligand, this can activate (agonists) or block (antagonists) 

intracellular responses (Mahoney and Sunahara 2016; Deupi and Kobilka 2007; 

Manglik et al. 2015; Deupi and Kobilka 2010). 

 According to this theory, GPCRs exist in: i) Active state with high affinity to 

agonists and couple to an intracellular protein; or ii) inactive state with low affinity 

for agonists and the absence of intracellular protein. It is important to note that GPCRs 

are dynamic structures constant exploring energy landscapes which correspond to 

diverse or intermediate conformational states (Gether 2000; Rasmussen, Choi, et al. 

2011b; Rasmussen, DeVree, et al. 2011).  

 

 

1.3.4.2. Ternary model 

 

The ternary complex model state that the complex formed by the receptor, agonist 

and G protein is responsible of translating the external stimulus, generated by the 

ligand binding to the receptor, into response by the intracellular protein and that 

receptors can spontaneously exist in the active or inactive state even if they are bound 

or not to a ligand (Samama et al. 1993b; Pierce, Premont, and Lefkowitz 2002; 

Kenakin T. 2000; Andre De Lean 1980).  

 

 

1.3.4.3. Common activation features within the 

transmembrane domain 

 

GPCRs activation trigger conformational changes to transmit the extracellular 

signal into an intracellular response.  Despite differences between GPCRs families, 

common features during conformational changes within GPCRs transmembrane 



 35 

domain and cytoplasmic end suggest similar activation mechanisms  (reviewed in  

Kobilka 2007; Venkatakrishnan et al. 2016). 

Conformational changes are seen from the extracellular side to the 

intracellular side towards cytoplasmic proteins (Ji, Murdoch, and Ji 1995).  At the 

extracellular end, the inward movement of TM5, TM6 and TM7 extracellular end 

appear to be responsible for the binding of endogenous ligands.  In the transmembrane 

domain, “microswitches” rotamer changes in highly conserved side chains together 

with hydrogen-bond networks between conserved polar residues and structural water 

molecules guide the movement of transmembrane helices (Nygaard et al. 2009).  The 

characteristic outward movement of the intracellular half of TM6 that creates a cavity 

that accommodate intracellular proteins; however, the outward movement of TM5 and 

TM7 intracellular end are also observed within activation (Liang et al. 2017; Liang et 

al. 2018; Farrens et al. 1996).  Rearrangement and rotation of TM3 contribute to 

GPCRs activation, as mutation in TM3 E/DRY motif in class A impairs activation.  

At the intracellular side, changes at ICL2, ICL3 and the C-terminal, appear to be 

involved in the coupling of intracellular proteins (reviewed in Gether 2000; Bockaert 

and Pin 1999b; Wess 1997b; Liu, Horst, et al. 2012).  Nevertheless, specific activation 

traits in each family are expected. 

 

 

 

1.3.5. GPCRs signalling 
 

When activated, GPCRs transduce the outer stimulus (e.g., agonist binding) to 

intracellular response.  Contrary to the initial idea in which GPCRs signalling was 

exclusively mediated by heterotrimeric G proteins, and hence the name, GPCRs are 

also able signal through b-arrestins.  GPCRs are constantly exploring different energy 

landscapes, and sometimes they are able to signal in a ligand-free state, however in 

most cases binding of the ligand triggers conformational changes in the receptor 

which activate different signalling pathways: G protein or b-arrestin (Oakley et al. 

2000; Oakley et al. 2001; Key et al. 2003; Pan, Gurevich, and Gurevich 2003; Shenoy 

and Lefkowitz 2003; Shenoy et al. 2001; Kumari et al. 2017; Cahill et al. 2017). 

Superimposition of GPCRs-G protein complex with GPCRs-arrestin crystal 

complex structures demonstrate that G proteins and arrestins bind in the same 
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intracellular cavity of the receptor (Rasmussen et al. 2007; Shukla et al. 2014; 

Scheerer et al. 2008; Szczepek et al. 2014), however, there are differences in the 

receptor-intracellular protein interface (Qiao et al. 2020) and intracellular response 

(Carpenter et al. 2016; Kang et al. 2015; Liang et al. 2017; Rasmussen, Choi, et al. 

2011b; Zhang et al. 2017).  Usually G proteins activate second messengers, while b-

arrestins regulate MAP kinases, receptor desensitisation and internalisation.  

Therefore, understanding GPCRs kinetics and characterisation of the different 

conformational states of the receptor raise the possibility for development 

therapeutics drugs able to target a specific response via a particular signalling 

pathway. 

 

 

1.3.5.1. G protein pathway 
 

Heterotrimeric G proteins (G proteins) are intracellular proteins composed by 

a, b and g subunits.  They are classified according to their a-subunit into four families: 

Gai/o, Gas, Gaq/11 and Ga12/13 (Milligan and Kostenis 2006; Neubig 1994; Koehl et 

al. 2018; Rasmussen, DeVree, et al. 2011). 

The inactive state is characterised by the Ga-subunit bound to guanosine-5’-

diphosphate (GDP) and bg-dimer. Activation of the receptor triggers conformational 

changes at the Ga subunit, such that the movement of the C-terminal helix a5 away 

from the nucleotide binding site (Rasmussen, DeVree, et al. 2011) which disrupts the 

binding site and facilitates i) the exchange of GDP for guanosine-5’-triphosphate 

(GTP) facilitated by the higher intracellular concentration of GTP, and ii) the 

dissociation of the Ga subunit from Gbg dimer to independently modulate different 

intracellular effectors, such as enzymes and ion channels depending on the activated 

Ga subunit (Table 1.4).  However, the existence of mechanisms that do not require 

direct interaction between the receptor and the G protein, such activators of G protein 

signalling (AGS), suggest unknown functions of G proteins involved in the selectivity 

of intracellular signalling over G protein subunits (Blumer et al. 2005).  To keep 

physiological process in equilibrium, the G protein inactive conformation needs to be 

restored, which terminates or attenuates GPCR signalling.  The intrinsic GTPase 

activity of Ga, enhanced by regulator of G proteins signalling (RGS) (Vries et al. 

2000) hydrolyse GTP to GDP, returning its affinity for bg dimer, restoring the inactive 
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conformation and ends G protein signalling; therefore, GDP/GTP exchange rate 

determinates the overall rate of reaction in G protein activation (Gether 2000; Wess 

1997a; Bockaert and Pin 1999a; Kleuss et al. 1994). 

Besides determining the signalling pathway, the Ga subunit is involved in 

binding specificity to GPCRs (Conklin et al. 1993; Okashah et al. 2019a).  

Comparison between families A and B show that even though Class B display a bigger 

outward movement of helix 6, both families are able to bound Gs proteins (Lebon 

2020) and contrary to the initial “barcode” of amino acids defining G protein coupling, 

it is the interaction between the C-terminal a-helix of the G protein a-subunit and 

TM3, TM5, TM6 and ICLs what defines G protein coupling specificity (García-Nafría 

and Tate 2019).  Therefore, differences in the C-terminal end of the G protein a5 helix 

and interaction surface area with the receptor rather than the position of the receptor 

TM6 are key factors determining G protein selectivity (Hilger et al. 2019; Okashah et 

al. 2019b; Lebon 2020; García-Nafría and Tate 2019).  
 

Table 1. 4. Heterotrimeric G proteins and signal transduction 

 

 
 
 

1.3.5.2. b-arrestin pathway 

 

 Arrestins were first believed to terminate or “arrest” GPCR signalling, 

however they have shown they can re-direct GPCR signalling through G protein-

independent pathways. 

 In mammals four types of arrestins have been identified and classified into 

visual or non-visual arrestins; i) arrestin-1 and arrestin-4, are located in the 
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photoreceptors, thus, only found in the of visual system, ii) arrestin-2 also called b-

arrestin1, and arrestin-3 or b-arrestin2, are ubiquitously expressed and able to interact 

with GPCRs (Pfister et al. 1985; Murakami et al. 1993; Lohse et al. 1990; Benovic et 

al. 1987; Table 1.5). 

 

 
Table 1. 5. Mammalian arrestins 

 
 Two models have been proposed for arrestin binding to receptors.  In the first 

model, arrestins detect phosphorylated and activated receptors.  Where it is suggested 

that after the dissociation of the G protein from the active receptor and 

phosphorylation of serine or threonine residues at C-terminal or ICLs, favoured by 

GPCRs kinases (GRKs), arrestins bind the activated receptor.  In the second model, 

receptor-attached phosphates release conformational constraints in arrestin as the 

active receptor conformation provides a binding surface (Bologna et al. 2017; Perry 

and Lefkowitz 2002; Pitcher, Freedman, and Lefkowitz 1998; Krupnick and Benovic 

1998).  However, binding of arrestin phosphorylation-independent mutants to inactive 

phosphor-receptor suggest arrestin-binding elements are accessible even in the 

inactive receptor suggesting a more complex mechanism (reviewed in Gurevich and 

Gurevich 2004). 

Depending on the type of receptor, arrestin and phosphorylation pattern, 

arrestins are able to i) signal through mitogen-activated protein kinases (MAPKs), 

serine/threonine kinase AKT, they tyrosine kinase SRC, nuclear factor- κB (NF-κB) 

and phosphoinositide 3-kinase (PI3K) pathways (Luttrell et al. 2001); or ii) internalise 

the receptor via clathrin heavy chain, adaptor protein 2 (AP2) complex or E3 ubiquitin 

ligase Mdm2; with different results (Lefkowitz 1998; Ferguson 2001; Laporte et al. 

1999; Shenoy et al. 2007; Ranjan, Gupta, and Shukla 2016; Table 1.6).  Experimental 

data show that arrestins are able to signal in G protein-independent ways (Alvarez-

Curto et al. 2016; Grundmann et al. 2018). 
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Table 1. 6. Comparison of arrestin effect in Class A and B receptors 

 

 

1.3.5.3. Biased agonism 
 

Receptors are constantly exploring different energy landscapes and adopting 

different conformational states, usually, binding of a ligand to the receptor shift the 

equilibrium and stabilise a conformational state leading to an intracellular response.  

Since different molecular conformations can lead to different intracellular responses 

according to the adopted conformation, ‘biased agonism’ is used to describe the 

ability of a ligand to activate a different signalling pathway in the same receptor, for 

example G protein or b-arrestins pathways (reviewed in  Jarpe et al. 1998; Buchwald 

2019; Shenoy and Lefkowitz 2005; Rakesh et al. 2010; Ryba et al. 2017; Luttrell et 

al. 1999; Jorgensen et al. 2007; Liu, Horst, et al. 2012; Lefkowitz 1998; Sprang 1997; 

Deupi and Kobilka 2007).  It is important to notice that biased agonism is different 

from system bias, as system bias depends on the tissue. 

Molecular mechanism of biased signalling is not fully understood, but 

experimental data show that receptor conformation stabilised by G protein-biased 

agonist differ from those stabilised by b-arrestin-biased agonists (reviewed in Nobles 

et al. 2011; Rankovic, Brust, and Bohn 2016) (Table 1.7 and 1.8).  Since a single 

receptor can activate different signalling pathways, understanding the conformation 

preferred by the G protein or b-arrestin pathway opens the possibility of targeted 

modulation to select the desired effect and avoid side effects.  An example of biased 

agonism successfully used in clinical treatment is carvedilol, a b-biased b-AR agonist 

that through the b-arrestin pathway increases cell survival in heart failure patients and 

avoids the G protein effect of catecholamines (Poole-Wilson et al. 2003). 
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Table 1. 7. Biased agonism 

 

 
Table 1. 8. Examples of different signalling pathways  

 

 

1.4. Class B GPCRs 
 

Secretin-like family, also called Class B, is made of 15 members (Figure 1.2) 

which are endogenously activated by peptide hormones.  Class B receptors are 

attractive drug targets in human diseases; they regulate exocrine and endocrine 

secretion, metabolism, growth, feeding behaviour and neuro- and immune modulation 

as they are activated by peptide hormones (Table 1.9).  Understanding of Class B 

receptors activation mechanisms could allow the design of synthetic drugs to be 

applied to modulate Class B GPCRs activity. 
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Figure 1.2. Phylogeny of Class B receptors 

 
 

 
Table 1. 9. Class B receptors, endogenous peptides and pathologies involved 

 
 
 

1.4.1. Structural features of Class B receptor 
 

Before 2017, only isolated domains of Class B were available.  However, by 

2021, structures of twelve different class B GPCRs (full-length or transmembrane) 

became available (Table 1.10). 
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Even though all receptors belong to the same family and share an overall 

architecture there are differences between states and receptors, such as the position of 

the N-terminal relative to the TMD, loops conformation the position of the ligand and 

individual side chains. 

Since most Class B structures have been solved with a ligand agonist, 

activation mechanisms leading to activation may differ, as physical studies suggesting 

that partial agonist stabilise distinct states different to the one stabilised by the native 

ligand (Gregorio et al. 2017). 

 

 
Table 1. 10. Available Class B receptors (full-length or transmembrane domain) 
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1.4.1.1. NTD and stalk, extracellular structures 
 

The N-terminal domain (NTD) is a conserved structure in Class B located in 

the extracellular area where it participates in ligand binding (Figure 1.3).  Available 

full-length Class B structures in complex with different ligands show a similar 

orientation of the NTD relative to the TMD (Hilger et al. 2019; Zhang et al. 2018) 

supporting the role of the NTD in the two-steps activation model as it is driven by 

interactions between the ligand’s N-terminal and the receptor.  Although PTH1, CRF1, 

VPAC1 and GCG receptors (Cegla et al. 2017) can interact with receptor activity-

modifying proteins (RAMPs) influencing trafficking and signalling, only the 

calcitonin (CT) receptor and calcitonin-like (CLR) affects ligand binding (Hay and 

Pioszak 2016), as the RAMP-calcitonin gene-related peptide receptor (GGRPR) 

shows a different orientation between the ECD and peptides not compatible with the 

rest of Class B receptors (Liang et al. 2018; Liang et al. 2020).   

The conserved NTD is formed by an a-b-b-a motif: N-terminal a-helix, two 

anti-parallel b-sheets (b1-b2 and b3-b4) and an a-helical stabilised by three 

disulphide bonds and six conserved residues (Asp, Trp, Pro, Arg/Lys, Gly, Trp) 

(Pioszak and Xu 2008; Runge et al. 2008; Underwood et al. 2010; Kumar et al. 2011; 

ter Haar et al. 2010; Sun et al. 2007).  The first disulphide bond links the N-terminal 

a-helix with b1-b2 sheet, the second connects the two b-sheets with each other and 

the third connects the b3-b4 sheet with the C-terminal (Pioszak and Xu 2008; Runge 

et al. 2008; Underwood et al. 2010; Kumar et al. 2011; ter Haar et al. 2010; Sun et al. 

2007).  Conserved residues play an important role in ligand binding and receptor-

ligand contact sites (Pioszak and Xu 2008; Perrin et al. 2007).  Loop 2 in the NTD is 

stabilised by Asp-Trp interaction and facilitates ligand binding; mutation of Asp 

destabilises the structure impairing GHRH function causing transmitted dwarfism in 

mice (Lin et al. 1993; Perrin et al. 2007), while mutation of Asp and Arg in PAC1 

receptor alters ligand-binding properties (Sun et al. 2007).  In Class B, a fourth 

disulphide bond between ECL2-TM3 (CECL2-C3.29b, class B GPCR Wootten 

numbering will be used; Wootten, Simms, et al. 2013) is suggested to stabilise the 

receptor transmembrane fold (Siu et al. 2013). 

An extension of TM1 over the extracellular membrane denominated stalk links 

the NTD with the TMD.  The exact role of the stalk is debated as it is not always 

observable in Class B structures.  However, due to its flexibility and dynamism it is 
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suggested to act as a pivot coordinating the dynamics between ECD and TMD and to 

participate in ligand binding (Zhang et al. 2018; Sun et al. 2007; Yang et al. 2015b).  

In the glucagon receptor it is seen as a a-helical helix but its flexibility suggest it 

probably adopts the shape of a loop in structures where it hasn’t been modelled 

(Jazayeri et al. 2017; Qiao et al. 2020; Zhang et al. 2018; Hilger, Kumar, Hu, Pedersen, 

O’Brien, Giehm, Jennings, Eskici, Inoue, and Lerch 2020).  Comparison between 

active CTR and GLP-1R structures with inactive GCGR suggest the stalk facilitate 

TM1 shifts towards TM7 (Jazayeri et al. 2017; Liang et al. 2017; Zhang et al. 2017). 

 

 

 
Figure 1.3. A typical Class B GPCR 

 
 

 

1.4.1.2. Transmembrane domain 

 

Conformational changes translate extracellular signal through the seven 

transmembrane domain (TMD) to produce an intracellular response (reviewed in  de 

Graaf et al. 2016).  Despite sharing a conserved gross seven-helix architecture, there 

are differences between families’ TMD.  For example, in order to accommodate 
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peptide ligands, Class B show a wider and deeper binding pocket when compared to 

class A (Siu et al. 2013). 

Class B conserved clusters include the polar HETx motif (H2.50b, E3.50b, T6.42b, 

Y7.57b), intracellular polar network (R2.46b, R/K6.37b, N7.61b, E8.41b) (Liang et al. 2018; 

Wootten et al. 2016), GWGxP in TM4 (Hollenstein et al. 2013), FQG7.50, Y7.57CF, 

and the P6.47xxG6.50 in helix 6 (reviewed in de Graaf et al. 2017; Siu et al. 2013) and 

intrahelical N5.50b, P6.47b, G6.50b, H6.52b, and Q7.49b motif.  Mutagenesis shows that 

residues belonging to these motifs and clusters are involved in conformational 

stabilisation, conservation of the inactive state and activation (T6.42b and H2.50b) (Zhao 

et al. 2019; Yin et al. 2017; Edward Zhou, Melcher, and Eric Xu 2019; Schipani, 

Kruse, and Juppner 1995) and signalling (Qiao et al. 2020; Hollenstein et al. 2013). 

Structural data show conformational changes in the TMD are ligand-

dependent (Zhang et al. 2018); as the ligand side chains have the ability to modify the 

orthosteric binding pocket, and it appears to be that the occupancy of the N-terminal 

end of the ligand in the TMD pocket potentially provides structural basis for a higher 

potency resulting in a sustained response (Zhao et al. 2019).  Within activation the 

most evident conformational change is the outward movement of the intracellular end 

of helix 6.  Structural data show residues before the N-terminal helical end of Class B 

ligands (GLP-1, CGRP or PTH analogue LA-PTH) pointing towards TM6 and 

potentially pushing the C-terminal half of TM6 contributing to TM6 unwinding (Zhao 

et al. 2019). 

Class B is characterised by the formation of a sharp kink in the middle region 

of TM6 with the partial unwinding of the a-helix at the intracellular end (Hilger et al. 

2019; Zhang, Qiao, et al. 2017; Liang et al. 2017; Liang et al. 2018; Zhao et al. 2019; 

Pedersen et al. 2006).  TM6 outward movement, along with a more discrete outward 

displacement of TM5 and TM7, create an inner cavity for intracellular protein binding 

(G protein or arrestins) (Hilger et al. 2019; Zhang et al. 2017; Jazayeri et al. 2017; 

Liang et al. 2018).  This intracellular cavity formed by polar residues is involved in G 

protein signalling (Qiao et al. 2020; Hollenstein et al. 2013).  Compared with Class 

A, Class B can remain activated for longer, probably due to higher energy barriers 

between states (Dror et al. 2011; Hilger et al. 2019; Qiao et al. 2020; Zhao et al. 2019). 

Unlike Class A, Class B show a larger TM6 outward movement creating a 

sharper kink in its middle (Lebon 2020; Hilger, Kumar, Hu, Pedersen, O’Brien, 

Giehm, Jennings, Eskici, Inoue, and Lerch 2020; Qiao et al. 2020; Rose et al. 2014).  
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It was proposed that the resulting position from TM6 displacement was a factor 

determining the specificity and selectivity of the receptor towards G protein (Krishna 

Kumar et al. 2019; Kang et al. 2018; Koehl et al. 2018; García-Nafría and Tate 2019; 

Maeda et al. 2019; García-Nafría et al. 2018), however, these appear to be 

independent from TM6 position. G protein specificity and selectivity appear to be 

dependent on the contact area surface within the intracellular pocket; i) comparison 

between families A and B show different TM6 positions but still both families are 

able to bind  Gs protein (Qiao et al. 2020; Rose et al. 2014); ii) intracellular cavities 

in Class B glucagon receptor have the same specificity for Gas and GaI but with 

different efficiencies according to the contact surface; iii) reducing the size of the 

intracellular pocket affects the binding of the Gs a5 C-terminal (Hilger et al. 2019; 

Qiao et al. 2020). 

Despite differences in the orthosteric pocket and TMD conformations, a 

common ligand-dependent activation mechanism is seen in the Class B TMD region. 

These include: i) TM7 extracellular end movement towards TM6 as TM7 intracellular 

end rotates away from the intracellular end of TM6 (TM7 extracellular end) (Liang, 

et al. 2018; Zhang et al. 2017; Hilger et al. 2019), ii) TM5 shift towards TM6 followed 

by iii) helix 3 upward movement which remove steric restraints from residues in helix 

3 that allows iv) the rearrangement of P6.47xxG6.50 motif in helix 6 stabilised by 

neighbouring conserved residues H6.52b, Q7.49 and N5.50b leading to v) the rotation of 

T6.42b and formation of TM6 sharp kink and outward movement (Hilger et al. 2019; 

Hilger et al. 2020; Qiao et al. 2020). 

In receptors from the glucagon family, the starting movement of TM7 towards 

TM6 is the result from a polar interaction between the ligand N-terminus with R7.35 

(TM7 extracellular end), still more data is needed (Liang et al. 2018; Zhang et al. 

2017; Hilger et al. 2019). 

 

 

1.4.1.3. Loops 

 

Loops are the most diverse structure in Class B1 architecture, still they play 

an important role in receptor-ligand interactions and coordination of conformational 

changes relative to TMD and intracellular proteins (Siu et al. 2013; Zhang, Qiao, et 

al. 2017; Yang et al. 2015a). 
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Function and architecture of each loop varies within Class B receptors, while 

CTRs receptor have the shortest ECL1, and PTH1 have the longest ECL1, which 

certainly have different effects in the ligand binding and activation.  Mutagenesis data 

supports the role of ECL1 in glucagon receptor for ligand recognition and 

coordination of conformational changes (Siu et al. 2013; Zhang, Qiao, et al. 2017; 

Yang et al. 2015a),  but it is not the same for GLP-1R (Dods and Donnelly 2015). 

The loops conformation depends on the ligand; in the recent glucagon receptor 

structure (PDB 6WPW) ECL2 and ECL3 position and conformation changes 

according to the ligand bound (Hilger et al. 2019; Qiao et al. 2020).  Mutagenesis data 

show that ECL2 is involved in peptide ligand binding and coordination of 

conformational changes (Siu et al. 2013; Zhang, Qiao, et al. 2017; Yang et al. 2015a).  

Which is not surprising as ECL2 connects extracellular ends of TM4-TM5, while 

ECL3 connects TM6-TM7, helices involved in activation and suggesting coordinated 

conformational changes. 

Intracellular loops (ICLs) directly interact with intracellular proteins and due 

to their interaction interface ICLs are able to modulate these interactions (Bavec et al. 

2003; Mathi et al. 1997; Conner et al. 2006; Iida-Klein et al. 1997; Cypess et al. 1999; 

Hilger et al. 2019; Qiao et al. 2020).  The intracellular region appears to be more 

consistent within GPCR families.  In families A and B, ICL3 and ICL2, selectively 

stimulates Gs or Gi (Hallbrink et al. 2001; Hilger et al. 2019).  In the GCGR-G protein 

complex ICL2 of the receptor favours the binding in the same binding pocket of Gs 

over Gi due to a wider interaction with aN helix, b1 strand and a5 helix of Gs resulting 

in a lower efficacy of Gi coupling but also exposing the selective role of ICLs, as ICL1 

and ICL3 favour Gi binding (Hilger et al. 2019; Lebon 2020).  However, coupling 

mechanisms differ between families A and B; in GCGR ICL2 has weaker interactions 

with the hydrophobic pocket (Hilger, Kumar, Hu, Pedersen, O’Brien, Giehm, 

Jennings, Eskici, Inoue, and Lerch 2020). 

 

 

1.4.2. Class B endogenous ligands 
 

Class B native endogenous ligands are peptide hormones involved in 

physiological and pathological conditions (Table 1.9).  Understanding of ligands 
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structure, binding and activation of the receptor would improve the synthesis of new 

and synthetic ligands with clinical significance. 

Peptide ligands share a similar structure and binding mechanism. The ligand 

has an amino-terminal (N-terminal) end and a carboxyl-terminal (C-terminal) end.  

Mutagenesis studies show that residues at the N-terminal end are critical for efficacy 

and receptor activation, while the C-terminal is involved in binding and mutation of 

residues in the C-terminal can alter binding or potency (Montrose-Rafizadeh, Egan, 

and Roth 1994; Göke et al. 1993; Turner, Jones, and Bylund 1986).  N-terminally 

truncated peptides have decreased biological activity, but they are able to bind their 

receptor and often used as antagonists; and vice versa, C-terminally truncated peptides 

have decreased affinity, which affect biological activity although maintaining some 

of its efficacy (Turner, Jones, and Bylund 1986; Ariens 1954; Couvineau et al. 1996).  

Changes in the biological activity of ligands as residues are removed or mutated 

appear to be the result of removal or lack of interaction with residues in the receptor, 

rather than to the destabilisation of the peptide. 

Class B ligands are disordered structures in aqueous solution but adopt an a-

helical conformation when binding to the receptor (Runge et al. 2008; Underwood et 

al. 2010; Parthier et al. 2009; Sun et al. 2007; Pioszak and Xu 2008; Grace et al. 2010; 

Inooka et al. 2001).  The propensity of hormone ligands to adopt a helical 

conformation is critical for binding and activation of the receptor.  The amphipathic 

nature of the ligand enables the first-step, in which hydrophobic contacts allows the 

binding of the ligand to the NTD at the same time, these confer affinity and selectivity 

towards the receptor ECD (Parthier et al. 2009).  Then, the a-helical conformation 

facilitates the second-step as it shortens the length of the ligand while maintaining the 

stability of the ligand and positioning N-terminal residues of the ligand into the TMD 

active site (Parthier et al. 2009). 

 

 

1.4.3. Class B activation 
 

1.4.3.1. Two-steps activation model 
 

The two-steps binding model has been used to describe peptide hormones 

binding to Class B receptors. This model has been supported by structural data, Föster 
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Resonance Energy Transfer (FRET) experiments and mutagenesis  (Vilardaga et al. 

2011; Bergwitz et al. 1996; Unson 2002; Grace et al. 2010; Pioszak and Xu 2008; 

Underwood et al. 2010; Donnelly 2012; Hoare 2005).  During the first step the C-

terminal end of the ligand engages with the N-terminal end of the receptor, allowing 

it to accommodate the N-terminus of the ligand towards the transmembrane area of 

the receptor (Figure 1.4).  During the second step the N-terminal end of the ligand 

binds the TMD of the receptor leading to receptor activation (Bergwitz et al. 1996; 

Castro et al. 2005; Hoare, Gardella, and Usdin 2001).   Chimera studies show the first 

step occurs quickly and is followed by a slower second step, which induce 

conformational changes and is essential for receptor activation and intracellular 

signalling (Vilardaga et al. 2011; Bergwitz et al. 1996; Unson 2002; Grace et al. 2010; 

Pioszak and Xu 2008; Underwood et al. 2010). 

 

 
 

 

1.4.3.2. Receptor activity-modifying proteins  

 

Receptor Activity-Modifying Proteins (RAMPs) are proteins sharing 30% 

homology to the receptor; as they span the membrane, they have an extracellular N-

terminus and a cytoplasmic C terminus which allows them to participate in ligand 

selectivity, binding, receptor trafficking and coupling to G proteins (Parameswaran 

and Spielman 2006; Hay and Pioszak 2016; Sexton et al. 2001; Wootten, Lindmark, 

et al. 2013; Christopoulos et al. 2003).  RAMPs have been observed to participate in 

the activation of calcitonin receptor (CTR), calcitonin-like receptor (CRLR), 

corticotropin-releasing factor receptor type 1 (CRF1R), vasoactive intestinal 
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polypeptide type-1 and type-2 receptor (VPAC1R, VPAC2R), glucagon receptor 

(GCGR), parathyroid hormone 1 and 2 receptor (PTH1R, PTH2R). 

 

 

 

1.5. Glucagon-like peptide-1 receptor and GLP-1 

ligand 
 

 

1.5.1. GLP-1 Ligand 
 

Glucagon-like peptide-1 (GLP-1) is a key hormone in glucose homeostasis as 

it promotes insulin secretion while decreasing hepatic glucose production, among 

other metabolic benefits (Deacon et al. 1995; Michael J. Perley 1967). 

 

 

1.5.1.1. Physiological role of GLP-1 
 

GLP-1 is an incretin, a hormone secreted into circulation from intestinal L-

cells in response to food intake (Orskov et al. 1986; Orskov, Wettergren, and Holst 

1993; Creutzfeldt et al. 1996; Kreymann et al. 1987; Nauck et al. 1986; Michael J. 

Perley 1967). 

In healthy individuals, GLP-1 is responsible for almost 70% of glucose-

dependent insulin secretion from pancreatic b-cells while inhibiting glucagon 

secretion from pancreatic a-cell (Orskov et al. 1986; Orskov, Wettergren, and Holst 

1993; Creutzfeldt et al. 1996; Kreymann et al. 1987). 

GLP-1 hypoglycaemic effects are glucose-dependent, in physiological 

conditions GLP-1 effects only take place when glucose levels are above physiological 

values, avoiding hypoglycaemia.  Besides, GLP-1 has protective effects towards 

pancreatic b-cells as it decreases b-cell apoptosis, maintaining mass and function 

(reviewed in  Holz and Chepurny 2005).  Extra-pancreatic effects of GLP-1 include 

increase satiety, slowing down gastric motility and weight loss (Baggio and Drucker 

2014), cardiovascular (Drucker 2016; Liu et al. 2018; Iorga et al. 2020) and 
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renoprotection/improvement preventing the onset of macroalbuminuria and slowing 

glomerular filtration rate decline (Hare et al. 2010; Asmar, Holst, and Obesity 2010; 

Górriz et al. 2020) without increasing the risk for hypoglycemia.  In vitro and in vivo 

studies have shown that GLP-1 restores normal cell functions by reducing 

endoplasmic reticulum stress, stimulating anti-inflammatory signalling, and 

influencing neuroprotective pathways (Rowlands et al. 2018).  Experimentally, GLP-

1 agonists have shown to reduce lung fibrosis (Fandiño et al. 2020) and mediate 

protective effect of dipeptidyl peptidase -IV (DPP-4) avoiding pulmonary 

hypertension (Wang et al. 2019). 

 

 

 

1.5.1.2. GLP-1 production and half-life 
 

GLP-1 peptide is produced in the intestinal L-cells after the proteolytic 

cleavage of the pre-proglucagon protein by prohormone convertase (PC) 1/3 (Holst et 

al. 1987; Zhu et al. 2002; Ugleholdt et al. 2004).  This process results in different 

peptides including the 30 or 31 amino acids GLP-1 peptides: GLP-17-36amide and GLP-

17-37 respectively, both with similar insulinotropic activity in GLP-1R (Holst et al. 

1987; Mojsov, Weir, and Habener 1987). Although both truncated forms may be in 

present in plasma in similar concentrations (Orskov et al. 1994), the amidated form 

GLP-17-36amide possess an arginine at the C-terminal which makes it slightly more 

stable in plasma (Wettergren et al. 1998), explaining why it is the most abundant GLP-

1 in humans (Orskov et al. 1994) and therefore, will be referred as GLP-1 ligand, 

except otherwise stated. 

GLP-1 has short half-life (< 2 mins) as consequence of the cleavage action of 

DPP-4  (Deacon et al. 1995).  DPP-4 is a circulating protease that cleaves the alanine 

residue from the GLP-1 N-terminus, resulting in GLP-1(9-36)NH2, the so-called 

inactive metabolite of GLP-1(7-36)NH2 found in circulation almost five times more 

than GLP-1(7-36)NH2 (Egan et al. 2002). 

It is unclear the insulinotropic action of GLP-1(9-36)NH2. Truncation of H7* 

(* will be used to identify residues belonging to the ligand) and A8* create a partial 

agonist with 94-fold reduced affinity, but still able to produce, in lesser amount, 

cAMP accumulation (Montrose-Rafizadeh, Egan, and Roth 1994; Egan et al. 2002).  
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Contrary, some studies show no activation of pancreatic GLP-1R by GLP-1(9-36)NH2 

(Vahl et al. 2003), but with cytoprotective and anti-oxidant actions by GLP-1R 

independent-mechanism (reviewed in  Tomas, Stanojevic, and Habener 2011; Deacon 

et al. 1995).  In mechanisms not totally understood, the so called metabolically-

inactive GLP-1(9-36)amide protects against diastolic dysfunction and reduce 

inflammation on post-myocardial infarction (MI), may cause of post-MI remodelling 

(Robinson et al. 2016). 

Clearance of remaining GLP-1 is done in the kidney by neutral endopeptidase 

(NEP24.11).  Interestingly, the C-terminal nonapeptide (FIAWLVKGR amide) 

derived from the cleavage of GLP-1 by NEP24.11 can suppress glucose production 

and oxidative stress with potential application in the treatment for fasting 

hyperglycaemia and metabolic syndrome (Hupe-Sodmann et al. 1995; Plamboeck et 

al. 2005). 

 
 

 
Table 1. 11. Products of proglucagon 

 
 
 

1.5.1.3. GLP-1 hormone structure 
 

GLP-1 structure is medium-dependent (Andersen et al. 2002). In aqueous 

environment GLP-1 has a disordered structure that after binding and around lipid 

micelles, becomes helical. However this is not a continuous helix, as NMR structures 

show a linker region around residue Gly22* (Thornton and Gorenstein 1994; Parker 
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et al. 1998).  The helicity and the medium are suggested to the ligand activity (Wang 

et al. 2011). 

As a Class B peptide, GLP-1 is formed by a N-terminal end responsible for 

most of the peptide potency, and a C-terminal end involved in binding to the receptor.  

Indeed, removal of the first 14 residues produced a peptide with antagonist properties; 

conversely, removal of the last 11 residues at the C-terminal show no binding to the 

GLP-1R and therefore, no activity (Gallwitz et al. 1990). 

Mutagenesis and alanine scans show special importance of residues His7*, 

Ala8*, Gly10*, Phe12*, Thr13* and Asp15* at the N-terminal and Phe28* and Ile29* 

at the C terminal (Adelhorst et al. 1994b; Montrose-Rafizadeh, Egan, and Roth 1994).  

The sidechains of these residues located at the N-terminal directly interact with the 

receptor’s TMD and are critical for ligands potency; besides, being highly conserved 

in the growth hormone-releasing factor (GRF) superfamily (Adelhorst et al. 1994b).  

Residue at position 7 is critical in GLP-1 insulinotropic activity, the deletion of this 

residue, GLP-1(8-37), elicited no activity (Donnelly 2012; Mojsov 1992) while its 

mutation to alanine H7A had up to 374-fold affinity reduction (Gallwitz et al. 1994).  

However, analogues with aromatic tyrosine or phenylalanine instead of the native are 

able to activate the receptor and increase cAMP accumulation, although with a 10-

fold affinity reduction in human GLP-1R (Xiao et al. 2001), suggesting a critical 

interaction and the importance of the aromatic ring.  Although not critical, 

replacement of Glu9* to alanine reduced affinity and potency (Adelhorst et al. 1994b; 

Xiao et al. 2001).  Similarly, to His7*, Gly10*, Asp15* and Ser17* are necessary for 

cAMP production and GLP-1 insulinotropic action (Adelhorst et al. 1994a; Watanabe 

et al. 1994; Siegel et al. 1999; Dods and Donnelly 2015; O'Harte et al. 1998; Mapelli 

et al. 2009).  Towards the C-terminal, residues Phe28* and Ile29* maintain secondary 

structure and ligand conformation facilitating the recognition of GLP-1 by the 

receptor (Adelhorst et al. 1994b).  In the C-terminal, truncation of residues Arg36* or 

Gly37* have no effect over GLP-1 potency (Donnelly 2012; Mojsov 1992), but 

replacement of the ending sequence “VKGR” with its equivalent from glucagon 

ligand reduced 475-fold affinity (Donnelly 2012; Runge et al. 2003). 
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1.5.1.4. Type 2 Diabetes Mellitus and Obesity 
 

Type 2 diabetes mellitus (T2DM) is a life-long condition characterised by 

defective insulin secretion, insulin resistance and chronic hyperglycaemia. T2DM is 

linked to obesity; Obesity increases 5-times the risk for T2DM and other 

comorbidities such as heart disease, musculoskeletal disorders, cancer and premature 

death ("Guidance. Health matters: obesity and the food environment"  2017; Colditz 

et al. 1995; Chan et al. 1994; Skyler et al. 2017; Global Burden of Disease Study 2013, 

2015). 

Worldwide obesity and type 2 diabetes mellitus (T2DM) prevalence and 

incidence rates are rapidly increasing, turning into a considerable medical, social and 

financial burden (ADA 2018; CDC 2017).  In 2017 the International Diabetes 

Federation (IDF) estimate 425 million people worldwide living with diabetes, from 

which 90% of the cases were T2DM (IDF 2017).  In 2018, 63% of adults in England 

were classed as overweight or obese and in the United Kingdome more than 3.5 

million people live with diabetes (Valabhji 2018). 

 

 

1.5.1.5. Type 2 Diabetes Mellitus pathophysiology 
 

Under physiological conditions, insulin stimulates muscle uptake of glucose 

(Shulman et al. 1990), however, in insulin resistance states, such as in T2DM and 

obesity, muscle insulin-stimulated uptake of glucose is impaired, contributing to the 

persistance of a hyperglycaemic state.  In an attempt to overcome peripheral insulin 

resistance, the pancreas secretes higher levels of insulin.  The lack of response to 

insulin due to insulin resistance fail to supress glucagon production contributing to 

maintaining the hyperglycaemia (reviewed in  van der Zijl et al. 2011).  Over time, 

the chronic hyperinsulinemia and glucotoxicity deteriorates b-cell function and 

promotes apoptosis, while the sustained hyperglycaemia becomes the main cause for 

microvascular and macrovascular complication by inducing nerves and vessels 

damage (reviewed in  Kahn, Cooper, and Del Prato 2014).  Cardiovascular disease is 

the main cause of death in T2DM as consequence to the maintained blood vessels 

damage (Matheus et al. 2013; Orasanu and Plutzky 2009; Kemp et al. 2005; Laing et 

al. 2003); however, a good control of glycaemia, blood pressure and lipids can reduce 
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the risk of cardiovascular disease and complications. Therefore, treatment of T2DM 

is focused on glycemia management to prevent or delay long-term complication and 

maintain quality of life.  

 

 

1.5.1.6. Type 2 Diabetes Mellitus treatment 

 

Currently, lifestyle modifications and metformin are the first-line treatment 

for T2DM, however, within the first year of diagnosis half of the patients will require 

an additional antihyperglycemic (Raebel et al. 2014).  It is important to individualise 

the approach to diabetes care and to consider safety, efficacy and associated 

comorbidities when choosing from available second-line options.  The National 

Institute for Health and Care Excellence (NICE) guideline (NG28) published on 

December 2015 and updated in December 2020 recommend guideline algorithm for 

diabetes management in non-pregnant adults (Figure 1.5; NICE 2020). 
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Figure 1. 5. NICE algorithm for diabetes management 

 

 

 

 

1.5.1.7. GLP-1R Agonists 

 

Structural different and synthetic versions of GLP-1 resistant to DDP-4 

degradation have been developed for T2DM treatment.  These GLP-1R agonists 

(GLP-1RAs) have similar antihyperglycemic and insulinotropic effects as GLP-1 but 

with a lower risk for hypoglycaemia when compared to other T2DM medication.  
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Besides improving glycaemia control, GLP-1RAs had shown to be safe and improve 

diabetes associated comorbidities.  Even though endogenous incretin effect is reduced 

in T2DM (Nauck et al. 1986), GLP-1 response is preserved in dose-dependent, 

allowing the use of GLP-1RAs in T2DM treatment (Holst 2019).  In addition to 

glycaemic control, GLP-1RAs improve endothelial and cardiovascular function; 

promote weight loss and waist circumference reduction, and inflammation; reduce 

postprandial lipidemia, total cholesterol, low-density lipoprotein (LDL) cholesterol 

and triglycerides (reviewed in  Tahrani, Barnett, and Bailey 2016; Ferrannini et al. 

2015) and some, as liraglutide, offer renoprotection delaying the onset of 

macroalbuminuria and slowing glomerular filtration rate decline (Hare et al. 2010; 

Asmar et al. 2010; Górriz et al. 2020; Lim 2019; Nauck et al. 2021).  It was reported 

that around 30-50% of patients taking GLP-1R at therapeutic doses will experience 

nausea and others gastrointestinal side effects, limiting their usage (Shyangdan et al. 

2011).  However, this was only seen after injection treatment or increasing the dose.  

Therefore, to overcome this issue, a dose-escalation approach is used to reduced side-

effects, and allowing tolerance before exposing patients to higher doses (reviewed in 

Nauck et al. 2021). 

In 2005, exenatide became the first GLP-1R agonist approved for the 

treatment of T2DM. This synthetic version of exendin-4 (Ex-4), a peptide isolated 

from the salivary secretion of Gila monster (Heloderma suspectum) had 53% 

sequence similarity to GLP-1 (Fehse et al. 2005) but is more potent that the native 

GLP-1  (Raufman 1996). Since then, more GLP-1RAs have become available, as 

short-acting or long-acting compounds to be used as monotherapy or add-on therapy 

(table 14).  Due to their peptide nature, most available GLP-1RAs required to be 

injected; although improving glycaemic control in patients with T2DM the 

administration caused discomfort and low adherence to the treatment as most patients 

prefer an oral drug (Dibonaventura et al. 2010). 

In 2020, semaglutide - Rybelsus® the first oral GLP-1R agonist to become 

available (Limited 2020).  This drug is co-formulated with a purported gastric 

absorption enhancer, salcaprozate sodium (SNAC) which promote oral bioavailability 

(Griffith et al. 2020). Still the structural basis by which GLP-1 interacts and signal 

through GLP-1R remains unclear. 
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Table 1. 12. GLP-R analogues 

 

 

 

 

 

1.5.2. GLP-1R  
 

Glucagon-like peptide-1 receptor (GLP-1R) is a class B GPCR and a key 

regulator in glucose homeostasis.  This 64 kDa transmembrane protein is mainly 

expressed in pancreatic b-cells where activation by its endogenous ligand, GLP-1 

produces insulin secretion.  Besides the expression of GLP-1R in pancreatic a- and 

b-cells, GLP-1R are also expressed in brain tissue mainly around the 

circumventricular organs and neighbouring regions, epithelial-vascular structure that 

secretes cerebrospinal fluid, heart, liver and lungs (Ast et al. 2020; Baggio and 

Drucker 2014; Drucker 2016; Farkas et al. 2021; Yokomori and Ando 2020; Baggio 

et al. 2018); explaining GLP-1R extra pancreatic effects. 
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1.5.2.1. Structure and Activation 
 

Up to July 2021 there are 14 full-length structures of GLP-1R in the active 

state (PDB code 5VAI, 5NX2, 6B3J, 6ORV, 6XOX, 7C2E, 6VCB, 6WHC, 7E14, 

7DUQ, 7LCI, 6X18, 6X19 and 6X1A)  bound to different ligands (Zhang et al. 2017; 

Jazayeri et al. 2017; Liang et al. 2018; Zhao et al. 2020; Ma, Huang, et al. 2020; Bueno 

et al. 2020; Chang et al. 2020; Cong et al. 2021; Zhang et al. ; Zhang et al. 2020b), an 

inactive full-length human GLP-1R without orthosteric ligand (PDB 6LN2) (Wu et 

al. 2020), and five TMD of GLP-1R in the inactive state (PDB 5VEW, 5VEX, 6KK1, 

6KJV, 6KK7; Song et al. 2017; Xu et al. 2019).  All these structures confirm GPCRs 

seven-transmembrane domain and providing insights into Class B structure and 

activation mechanisms.  Engagement of the GLP-1 within the TMD core trigger 

conformational changes and the rearrangement of the NTD and TMD.   Full activation 

mechanisms and order of these events is still unknown and despite expected 

differences between active and inactive states there are differences between activated 

GLP-1R structures.  Activated receptors were obtained with the same G protein, 

however differences, especially at the extracellular domain are visible (Zhang et al. 

2017; Jazayeri et al. 2017; Liang et al. 2018; Zhao et al. 2020), evidencing that there 

is still a lot unknown about GLP-1R activation and structure.  Isolated ECD as full-

length GLP-1R show Class B long N-terminal domain connected to the seven-helices 

transmembrane domain (Hallbrink et al. 2001; Al-Sabah and Donnelly 2003a; Lopez 

de Maturana and Donnelly 2002; Runge et al. 2008; Underwood et al. 2010). 

GLP-1R NTD shares the Class B fold and three disulphide bonds linking 

residues 46-71, 62-104 and 85-126, and six conserved residues (Asp67, Trp72, Pro86, 

Arg102, Gly108, Trp110) critical for the stability of the structure, ligand binding 

affinity and selectivity (reviewed in Donnelly 2012).  Full-length GLP-1R structures 

reveal different NTD conformations relative to TMD (Jazayeri et al. 2017; Liang et 

al. 2018; Zhang et al. 2017; Zhao et al. 2020).  In contrast to others Class B1 receptors 

(PTH1R, PAC1R and CRF1R) which doesn’t require the ECD for activation, the NTD 

is necessary for GLP-1R activation and signalling (Zhao et al. 2016).  Therefore, the 

different engagement between NTD-ligand and ligand-TMD appear to be the 

responsible for the different conformation of the ECD relative to the TMD. 

In accordance with the two-steps model, the NTD quickly binds to GLP-1 C-

terminal, then, the N-terminal end of the ligand interact with the TMD and activate 
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the receptor.   Despite the NTD being mostly involved in ligand binding, GLP-1 

affinity also depends on the TMD. Experimental data show that mutation on residues 

in TMD decrease GLP-1 affinity by altering the binding site of GLP-1 N-terminal 

(Al-Sabah and Donnelly 2003b; Lopez de Maturana and Donnelly 2002).  In contrast, 

for GLP-1R peptide agonists the NTD have a more important role in binding, and 

unlike to GLP-1, affinity is independent of mutation in TMD (Al-Sabah and Donnelly 

2003b; Lopez de Maturana and Donnelly 2002).  Moreover, recent non-peptide 

agonists PF-06882961 and TT-OAD2 shows the ability of non-peptide ligands to 

activate GLP-1R by interacting with the NTD without engaging deep into the TMD 

core (Zhao et al. 2020; Griffith et al. 2020).  These recent non-peptide agonists 

highlight the importance of the NTD-ligand interaction and opens the possibilities for 

development of more Class B agonists (Zhao et al. 2020; Griffith et al. 2020). 

The position of the NTD relative to the TMD is allowed by the stalk, an 

extension of TM1 into the ECD linking the NTD with the transmembrane domain.  

The existence of the stalk in GLP-1R was at first considered as an artifact during the 

crystallisation process, however cryo-EM structures show the existence of this 

structure.  Although visible in cryo-EM structures of activated GLP-1R-G protein 

complex the stalk is poorly resolved hinting towards high flexibility (Lianget al. 

2018).  The role of the stalk is unclear since experimental data show that the stalk 

participates in peptide binding (Lei et al. 2018).  In the recent inactive GLP-1R 

without orthosteric ligand, the stalk and ECL1 form a short a-helix and when 

comparing structures reorientation of the stalk is evident, supporting its high 

flexibility and role in binding and position of the ECD relative to the TMD, needed 

for activation and signalling (Siu et al. 2013; Lianget al. 2018; Wu et al. 2020). 

Besides the stalk, ECLs are also involved in peptide recognition and binding, 

positioning of the ECD relative to the TMD and signalling.  The ECL2 has special 

importance in Gs-dependant signalling (Dods and Donnelly 2015; Zhang et al. 2020a; 

Griffith et al. 2020; Zhao et al. 2020) and structural stability forming one of three 

conserved disulphide with TM3 (Dods and Donnelly 2015; Zhang et al. 2020a; 

Griffith et al. 2020; Zhao et al. 2020).  In addition to ECL2, ECL1 and ECL3 are also 

involved in biased agonism (GLP-1 agonists, oxyntomodulin and exendin-4) 

(Woottenet al. 2016). 

At the TMD the most visible characteristic of the active state is the outward 

movement of the intracellular end of TM6 and TM7 creating a cavity for G protein 
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binding (Liang et al. 2018; Liang et al. 2017; Siu et al. 2013; Zhang, Qiao, et al. 2017; 

Zhang et al. 2018), however, activation involves further conformational changes.  At 

the extracellular end of the TMD interaction between residues of the N-terminal end 

of GLP-1 with residues forming the binding pocket are crucial for GLP-1R activation, 

especially His7*, Ala8* and Glu9* (Montrose-Rafizadeh et al. 1997; Zhang et al. 

2020a; Zhang et al. 2017).  GLP-1 His7* interacts with TM3 and TM5 (Gln2343.37b, 

Val2373.40b, Trp3065.36b, Arg3105.40b, Ile3135.43b) triggering changes at the side chains, 

while Ala8* hydrophobic interactions with TM7 (Glu3877.42b, Leu3887.43b) (Zhang et 

al. 2020a) may contribute to TM7 destabilisation facilitating TM7 movement over 

TM6 using G3957.50b as a pivot, similar to class A (Fredriksson et al. 2003; Zhang et 

al. 2017).  GLP-1 Glu9* interaction with Arg1902.60b and Leu3887.43b is critical for 

signalling and stabilisation of the active conformation (Lei et al. 2018; Wootten, et al. 

2016; Zhang et al. 2020a).  At the extracellular side it can be seen the interaction 

between Asp15* with Asp372ECL3, Arg3807.34b and Leu3847.38b (Zhang et al. 2020a) 

which may to contribute to destabilise TM7.  In addition,  within activation, TM1 

movement over TM7 breaks Ser1551.50b and Leu3967.51b hydrogen bond destabilising 

TM7 kink (Hollenstein et al. 2013; Jazayeri et al. 2016; Siu et al. 2013; Zhang et al. 

2017). 

In the centre of GLP-1R core conserved residues His2.50b and Glu3.50b form an 

ionic lock which in the inactive state is strengthened by Thr6.42b and Tyr7.57b polar 

interaction, forming Class B HETx polar network  (Hollenstein et al. 2014; Conner et 

al. 2005).  In the middle region of TM6 is located the conserved PxxG motif (Pro6.47b-

Leu-Leu-Gly6.50b).  This motif, due to proline and glycine lowest helix propensity, so 

it can be easily distorted during activation, facilitating the outward movement of TM6 

resulting in a kink in the middle region of TM6 and the exposure of carbonyl oxygen 

from Pro6.47b-Leu-Leu-Gly6.50b backbone allowing the formation of polar interactions 

with residues in TM3, TM5 and TM7 to stabilise the active conformation (Bailey and 

Hay 2007; Conner et al. 2005; Zhang et al. 2017). 

At the intracellular side of the receptor, residues Arg6.37b and Glu7.63b form the 

intracellular ionic lock maintaining the receptor in an inactive conformation.  Binding 

of the ligand destabilises HETx polar network and TM6 leading to the disruption of 

the intracellular lock and releasing residues for interaction with the G protein (Zhang 

et al. 2017).  Additional conformational changes in the receptor facilitate the binding 

of the G protein (Hilger et al. 2019).  These changes involve the upward shift of TM3 
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by at least a helical turn and the movement of the intracellular end of TM5 towards 

TM6.  This creates a hydrophobic cavity formed by TM3 and TM6 for the binding of 

Y391 of a5 helix (Zhang et al. 2017).  Further hydrophobic interactions between TM6 

and TM8 with TM2, and hydrophilic interactions between residues at the intracellular 

end of TM5 and the G protein facilitate the binding of the G protein (Hilger et al. 

2019). 

 

 

 

1.5.2.2. Signalling 
 

In pancreatic b-cells, activation of GLP-1R increases insulin secretion through 

activation of Gas.  Active Gas upregulates adenylate cyclase activity and increases 

cAMP production and further activation of PKA and other downstream messengers 

leading to insulin release. 

Although GLP-1R mainly activates Gas subunit, it has been observed to also 

couple to other G protein subunits (Hallbrink et al. 2001; Garant, Yang, and Bernier) 

and even to recruit b-arrestins and signal in G protein-independent pathways 

(reviewed in  Holz and Chepurny 2005). 

Studies using GLP-1R coupled to G protein chimera suggest that agonist 

affinity is determined by G protein preference, and G preference appear to be 

determined by the C-terminal end of the peptide (Weston et al. 2014).  Surprisingly 

the recent structure of a GLP-1R activated by a non-peptide agonist biased towards G 

protein (PDB 6XOX) revealed the compound bound to a binding pocket located in 

the ECD where it interacts with Trp33NTD (Kawai et al. 2020).  Suggesting that in the 

presence of the G protein subunit subtle changes triggered by the NTD of the receptor 

can stabilise GLP-1R-G protein complex. 
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1.6 PTH receptors and ligands 
 

1.6.1 Ligands 
 

Parathyroid hormone (PTH), parathyroid hormone-related protein (PTHrP) 

and tuberoinfundibular peptide of 39 amino acids (TIP-39) are endogenous peptide 

ligands involved in calcium and inorganic phosphate metabolism (Segre et al. 1979; 

Bergwitz et al. 1996; Zhao et al. 2019).  Although being immunologically different, 

these peptides share a similar N-terminal with the first 34 amino acids being critical 

for activity (Segre 1996), however, differences in the sequence of the ligands and 

receptors are responsible for affinity and efficacy. 

 

 
Table 1. 13. Comparison of PTH ligands 

 

 

1.6.1.1 Parathyroid hormone (PTH) 

 

The parathyroid hormone (PTH) is an 84-residue hormone that regulates 

calcium homeostasis.   It is secreted by the parathyroid glands to regulate extracellular 

calcium concentrations by acting in bones, kidneys and intestines (Mayer 1979).  

Calcium regulates physiological processes including hormones, neurotransmitter and 

gastrointestinal secretion, blood coagulation, muscle contraction and skeletal 

development (Cheung 1980; Carafoli. 1979).  Low levels of extracellular calcium 

cause the secretion of PTH whose main functions are to increase the rate of mineral 

bone dissolution, calcium filtration at renal glomerulus, calcium absorption from the 

small intestine and stimulation of the synthesis of vitamin D (Cheung 1980; Carafoli. 

1979; Segre et al. 1979).  Contradictory, if PTH is administrated intermittently, it 

promotes bone formation which has led to the use of N-terminal residues hPTH(1-
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34), also known as teriparatide, being developed for the treatment of osteoporosis 

(Miller et al. 2016). 

Residues at position 1-14 are critical for signalling with the 4 first residues 

being critical for activation, as the potent antagonist LA-PTH(5-36) show (Zhao et al. 

2019; Segre 1996). 

 

 

 

1.6.1.2 Parathyroid hormone-related protein (PTHrP) 
 

PTHrP is a 141 residues ligand with PTH-like effects, but unlike PTH, it is 

expressed in different tissues (skin, kidney, mammary gland, uterus, placenta) where 

it acts locally.  PTHrP is well known for its role in chondrocyte differentiation.  

However, tumour produced PTHrP is consider a major mediator of humoral 

hypercalcaemia and cachexia.   In conjunction with PTH and vitamin D, PTHrP 

increase skin immune function (Muehleisen et al. 2012). 

Recently PTHrP analogue (abaloaratide) was approved for the treatment of 

osteoporosis (Kendler et al. 2018) and it has been considered as a treatment for cancer-

related cachexia (Hesse et al. 2019; Suvannasankha et al. 2018). 

 

 

 

1.6.1.3 Tuberoinfundibular peptide 39 (TIP39) 
 

Tuberoinfundibular peptide of 39 residues (TIP39) is a neuropeptide 

associated with pituitary function modulating stress response, thermoregulation, 

prolactin release and nociception and in the skin, it regulates keratinocyte calcium 

homeostasis and differentiation (Muehleisen et al. 2012; Sato et al. 2016b; Usdin, 

Gruber, and Bonner 1995).  TIP39 activates the adenylyl cyclase pathway in PTH2 

receptor and elevates intracellular calcium but acts as an antagonist in PTH1 receptor 

(Weaver et al. 2017; Dobolyi et al. 2012; Hoare, Gardella, and Usdin 2001). 
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1.6.2 Parathyroid hormone receptor 
 

Parathyroid hormone receptor 1 (PTH1 receptor) and parathyroid hormone 

receptor 2 (PTH2 receptor) are Class B GPCRs (Segre et al. 1979; Usdin, Gruber, and 

Bonner 1995; Abou-Samra et al. 1992).  Even though PTH1 and PTH2 receptors share 

50% identity and are activated by PTH hormone, PTH1 receptor is activated by TIP39 

but not by PTHrP, in the same way PTH2 receptor is activated by PTH but not by 

PTHrP suggesting the role of different residues in activation. 

 

 

1.6.2.1 Parathyroid hormone receptor 1  
 

Activation of PTH1 receptor in kidneys and bone by the endogenous ligands 

PTH and PTHrP activates cAMP and PLC/PKC pathways controlling calcium 

homeostasis and a target for the treatment of osteoporosis (Lanske et al. 1996; Rankin, 

Grill, and Martin 1997; Abou-Samra et al. 1992; Juppner et al. 1991; Bringhurst et al. 

1993; Cheloha et al. 2015). 

Recent full-length crystal PTH1 receptor structures in complex with peptide 

ligands confirmed that PTH1 receptor share Class B NTD fold (a-b-b-a) but also 

showed i) the presence of an interaction network between the ligand and the NTD 

(Ehrenmann et al. 2018) where a salt bridge between Asp137NTD and Arg20* is 

essential for affinity and ligand binding (Weaver, Wigglesworth, and Donnelly 2014); 

ii) different orientation of the NTD relative to the TMD depending on the peptide 

bound (Zhao et al. 2016; Zhao et al. 2019); iii) the greater influence helicity of the 

peptide ligand haver over the orientation of the NTD relative to the TMD, rather than 

receptor-ligand interactions (Ehrenmann et al. 2018); and how despite GPCRs having 

a similar packing of the TMD, iv) the position adopted by the NTD after the peptide 

binding modify transmembrane helices and binding pocket contributing to 

additionally specificity to ligand binding (Zhao et al. 2016; Luck, Carter, and Gardella 

1999).  This confirms the role of the NTD in the first step of the two-steps activation 

model, highlight the flexibility of the NTD as it adopts different conformations and 

orientations relative to the TMD depending on the ligand in order to accommodate 

the bound ligand and show the effect of the ligand over TMD conformation and 

signalling outcome.  In addition, similar behaviour between the NTD-peptide-TMD 
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is seen in GCGR receptor (Qiao et al. 2020) and GLP-1R, supporting common 

activation mechanisms. 

Unlike glucagon family receptors, no stalk is seen in the PTH1 receptor 

(Ehrenmann et al. 2018) but instead PTH1 receptor is characterised by a longer and 

flexible ECL1 (Zhao et al. 2016; Zhao et al. 2019).  As in GLP-1R and GCGR, ECL1 

contributes to the stabilisation of the peptide during binding (Yang et al. 2015a; Liang 

et al. 2018; Zhang et al. 2018) but unlike GCGR (Qiao et al. 2020), ECL1 is not 

strictly required for binding and activation (Lee et al. 1994; Lee et al. 1995; Zhao et 

al. 2016), and instead it may substitute the stalk role as  ECL1 flexibility contributes 

to i) orientate the ECD relative to the TMD according to the peptide agonist 

(Ehrenmann et al. 2018) and ii) stabilise the position of the peptide during binding 

(Yang et al. 2015a; Liang et al. 2018; Zhang et al. 2018). 

In addition to interacting with ECL1, the ligand also interacts with ELC2 and 

ECL3 (Ehrenmann et al. 2018); since these loops connect TM3-TM4 and TM6-TM7 

extracellular ends, helix involved in conformational changes, ECLs-ligand interaction 

may trigger conformational changes from the extracellular region to the intracellular 

region in addition to binding. 

The TMD is shaped as an open V-shaped cavity (Culhane et al. 2018; 

Ehrenmann et al. 2018; Zhao et al. 2019) with residues Arg2332.60b, Asp2953.43b, 

His4206.52b and Q4517.49b, belonging to the central polar network and critical for 

activation, delimiting the orthosteric binding pocket (Ehrenmann et al. 2018; Liang et 

al. 2017; Zhang et al. 2018).  As the NTD accommodate the peptide during the second 

step of the two-steps model activation, the ligand N-terminus modify the binding 

pocket and contribute to additionally specificity to the ligand binding (Zhao et al. 

2016; Luck, Carter, and Gardella 1999).  Comparison of active PTH1 receptor with 

GLP-1R show a higher occupancy of the ligand in the TMD due to a tighter binding 

resulting in a higher and sustained potency (Zhao et al. 2019) and enhanced affinity 

when coupled to G proteins (Shimizu et al. 2016; Zhao et al. 2019). 

The bound ligand adopts a position parallel to TM2 and mainly interacts with 

residues Phe1841.36b, Glu1801.32b, Arg1811.33b, Tyr1951.47b at TM1, Arg2332.60b, 

Leu2442.68b and Tyr2452.7b2 at TM2, Phe2883.36b in TM3, Glu4447.42b and Met4457.43b 

in TM7 (Ehrenmann et al. 2018).  These residues have the function of improving 

binding by stabilising the N-terminal end of the ligand and translate the signal and 

conformational changes to the central polar network (Ehrenmann et al. 2018).  
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Residues Arg2332.60b and Gln4517.49b are critical for ligand binding (Gardella et al. 

1996), stabilisation of the central polar network and further conformational changes 

around TM6 kink and activation (Ehrenmann et al. 2018).  These residues (Arg2.60b 

and Gln7.49b) appear to be critical for function in Class B as similar interactions and 

function are seen between the ligand - Arg2.60b, Gln7.49b in GLP-1R and GCGR 

(Gardella et al. 1996). 

After binding of the ligand, conformational changes and the presence of water 

molecules mediate interhelix interactions Ser2292.56b-Asn2953.43b and Tyr2963.44b-

Ser3705.46b-Asn3745.50b that stabilise TM2, TM3, TM4 and TM5 interface during 

activation (Ehrenmann et al. 2018). 

Rearrangement of the central polar network allows the shifting of residues in 

helix 7 after binding, rearranging residues neighbouring to TM6 and stabilising the 

formation of TM6 kink; i) Met4457.43b, critical for affinity and potency (Lee et al. 

1995; Gardella et al. 1994) facilitates TM6 destabilisation; ii) downward movement 

of Gln4517.49b breaks its interaction with the ligand and Arg2332.60b to form hydrogen 

bonds with the backbone oxygen of Pro6.47 and Gly6.50 from the conserved P6.47xx 

G6.50 motif stabilising TM6 kink; iii) H6.52 shifts between TM6 and TM7 to interact 

with Gln4517.49b contributing to the TM6 kink.  In PTH1 receptor two helical turns 

away from Gln4517.49b is residue Ile4587.56b, suggested to stabilise the intracellular 

part of TM6, as mutation to a smaller residue such Ala4587.56b destabilises TM6 

producing continuous receptor activation associated with Jansen’s metaphyseal 

chondrodysplasia (Schipani et al. 1999). 

 

 

1.6.2.2 Parathyroid hormone receptor 2 
 

Currently there is not a full-length PTH2 receptor but experimental data and 

PTH1 receptor structures have been used for the understanding of PTH2 receptor as 

both human receptors share 51% amino acid sequence (Usdin, Gruber, and Bonner 

1995). 

PTH2 receptor is found in the central nervous system and skin where is 

activated by TIP39, it can be in vitro activated by PTH but not by PTHrP (Mann, 

Wigglesworth, and Donnelly 2008; Weaver et al. 2017; Usdin, Gruber, and Bonner 

1995; Abou-Samra et al. 1992; Hoare, Gardella, and Usdin 2001; Sato et al. 2016b).  
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Similarities between the ligands and receptors suggest common binding and 

activation mechanisms. 

Different residues at the C-terminal end of PTH or PTHrP and the NTD of 

PTH1 or PTH2 receptors explain differences in affinity.  The C-terminal end of PTH, 

Trp23*, binds PTH2 receptor NTD, Val41NTD.  However, PTHrP short side chain 

Pro23* is unable to interact with the also short side chain Val41NTD from PTH2 

receptor (Mann, Wigglesworth, and Donnelly 2008).  On the other hand V41L NTD 

mutation in PTH2 receptor allows PTHrP Pro23* to bind the PTH2 receptor, but not 

PTHrP Trp23* as the longer side chains clash avoid the interaction (Mann, 

Wigglesworth, and Donnelly 2008). 

Other residues contribute to ligand binding and affinity; in the TMD residue 

Tyr3185.39b in TM5 confers high affinity binding to TIP39 where the hydroxyl group 

is important for ligand recognition and interaction with the N-terminal residues in the 

second step (Weaver et al. 2017).  Removal of the first four residues, specially Leu4* 

from TIP39 reduces potency (Weaver et al. 2017); showing the role of the N-terminal 

for potency and activation and the specificity between ligands and receptor. 

 

 

 

1.7 Aims and objectives 
 

The over-arching aim of this project was to gain an understanding GLP-1R’s 

molecular mechanism of action and the key interactions leading to agonist-mediated 

activation. At the start of this project (February 2017) there were no experimentally 

determined GLP-1R structures available, and hence the initial approach was to use 

experimentally determined structures of other family B GPCRs for homology 

modelling of GLP-1R.  However, soon after, GLP-1R structures in active and TMD 

of inactive state became available (Jazayeri et al. 2017; Zhang et al. 2017; Song et al. 

2017).  These high-quality structures, and the ones that followed, provided valuable 

information about GLP-1R interactions with the ligand as well with the G protein.  

Nevertheless, none of these structures showed GLP-1R in complex with GLP-1, the 

endogenous peptide.  Therefore, taking advantage of the experimental available 

structures, GLP-1R -GLP-1 complex models were built, in the active and inactive 

state with the aim of understanding GLP-1R activation and key interactions leading 
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to activation.  In order to do this, molecular dynamics simulations (MDs) were used.  

MDs allows the study of experimentally obtained structures at atomic-resolution in 

time-steps that would be impossible to observe experimentally; since MDs rely on 

experimental data to guide and validate results.  Through the project different MD 

methods were used.  The main aim of this project was to build a reliable GLP-1R-

GLP-1 complex in the active and inactive state and identify the key interactions 

characterising each state.  After defining interactions in the active and inactive state, 

the second aim was to identify the changes that lead to activation of GLP-1R.   Since 

Class B share structural characteristics and possibly a similar activation mechanism, 

another Class B GPCR, the PTH1 receptor model was built and used to compare 

characteristics of the active and inactive states in Class B as well activation 

mechanisms. 

 

 

 

1.8 Timeline 
 

 
Figure 1. 5. Timeline of the project 

  

Molecular modelling of GLP-1R
a prototypic family B GPCR

2017 2018
January 5YQZ Crystal structure 
of GCGR in complex with a 
glucagon analogue

February Results from hybrid  
GLP-1R model simulation “A 
mechanism for agonist 
activation of GLP-1R through 
modelling & molecular 
dynamics”

6B3J cryo-EM structure of a 
biased agonist-bound human 
GLP-1R-Gs complex

MDFF simulation of models 
based on 6B3J and 5YQZ

2019

Targeted Molecular Dynamics 
of GLP-1R Inactive to Active 
state

6FJ3 Crystal structure of PTH1 
receptor in complex with 
peptide agonist

6NBF /6NBI / 6NBH Cryo-EM 
structure of long-acting 
parathyroid hormone analog-
bound PTH1 receptor-Gs 
complex

6KK1/6KK7/6KJV Crystal 
structure of thermostabilized 
human GLP-1 TMD

2020

New family B GPCRs 
structures became available

February Start of PhD 

May 5VAI First full-length active 
family B Cryo-EM Active rabbit 
GLP-1R complex with G protein.             
5VEW/5VEX X-ray Inactive GLP-
1R TMD.                       5XF1/5XEZ 
Crystal structure full-length 
GCGR

June 5NX2 Thermostabilised full-
length crystal GLP-1R in complex 
with truncated peptide

Building of hybrid active and 
inactive model
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Chapter 2: Methods 
 

2.1 Homology Modelling 
 

Homology modelling is a tool for the prediction of the structure from the 

amino acid sequence of a target protein.  Homology modelling relies on the 

availability of the structure of one or more proteins with similar sequence (templates).  

Its reliability depends strongly on the similarity between the target and templates. 

During the different stages of this project, models of human class B GPCRs 

(GLP-1R and PTH1 receptor) in active and inactive states and their endogenous 

ligands were modelled relying on available template structures at the time.  Most of 

the receptor structures were obtained from non-human organisms and agonists ligand.  

However, target models were human, therefore, human sequences were used as target 

sequences.  The building of a homology model consists in different steps that can be 

summarised as follow: 
 

i) Identification and selection of templates 

ii) Alignment 

iii) Model building 

iv) Model optimization 

 

 

 

2.1.1 Identification and selection of the templates and sequences 
 

Templates were selected based on their availability in the PDB bank (Zhang 

et al. 2017; Jazayeri et al. 2017; Song et al. 2017; Liang et al. 2018; Zhang et al. 2018; 

Zhao et al. 2019; Ehrenmann et al. 2018), structural homology, sequence identity, root 

mean square deviation (RMSD), conformational state, resolution, and experimental 

method (Table 2.1).  Human amino acid sequences were used as targets (Table 2.1). 
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Table 2. 1. Modelling of Class B GPCRs 

 

 

2.1.2 Alignment and Model Building 
 

Previous alignment and model building, all residues not belonging to the 

receptor were removed and model building manipulations were carried out using the 

tools embedded within PyMOL (Schrödinger 2015). 

Since the template structure coordinates and target amino acid sequence are 

known, target-template alignment mode ‘User Template Mode’ from SWISS-

MODEL web server (Waterhouse, Rempfer, et al. 2018) was used for building the 

model and missing sidechains or residues.  The FASTA target sequence and PDB file 

containing the coordinates of the receptor were used as input files.  The high-quality 

structures used as templates and known target amino acid sequences resulted in 

valuable models. 

Ligands from the original structures were in silico mutated to the target amino 

acid sequence using PyMOL (Schrödinger 2015) and then added to the model.  This 

was done by aligning the structures to their homologous in the original structure; the 

model of the receptor was aligned to the receptor in the template, then the mutated 

ligand and in the active state models the a5-helix of the Gs protein was aligned and 

added.  Each complex, formed by models of the receptor-ligand (inactive state) or the 

receptor-ligand-G protein (active state) was saved into a PDB file. 
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2.1.3 Model optimisation 
 

The PDB file of complex was submitted to CHARMM-GUI (Jo et al. 2008) to 

create the files needed for model optimisation.  Using NAMD (Bernardi et al. 2016) 

each complex underwent energy minimisation through steepest descent method (50 

steps), followed by Newton Raphson methods (50 steps) to remove steric clashes or 

poor bond/torsion geometrics. 

 

 

2.2 Assembly of the system 
 

2.2.1 Orientation of the protein into the lipid bilayer 
 

Prior assembly of the system, hydrophobic thickness and orientation of the 

receptor with respect to the membrane was calculated using OPM database (Lomize 

et al. 2012) (Figure 2.1). 

 
Figure 2. 1. Orientation of receptor-ligand complex

 

 

 

 

2.2.2. Building of the system 
 

Each system involving receptor-ligand-G protein or receptor-ligand, lipid 

membrane and aqueous environment was built using the CHARMM-GUI server (Jo 
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et al. 2008).  The ‘Membrane Builder’ mode generated the files used for hybrid GLP-

1R all-atoms MD simulation and targeted MD simulation of GLP-1R, PTH1 receptor 

and b2AR (Jo, Kim, and Im 2007; Jo et al. 2009; Lee et al. 2016; Lee et al. 2019; Wu, 

Cheng, et al. 2014) (Chapters 3, 5 and 6).  ‘MAP Utilizer MDFF’ (Qi et al. 2017) 

mode generated the input files for GLP-1R, PTH1 receptor and b2AR MDFF 

simulation (Chapters 4 and 6). 

 

 

2.2.2.1 Membrane composition 

 

Modes were embedded into a 90 x 90 Å2 lipid membrane (approximately a 

total of 256 lipid molecules or 128 for each leaflet).  The systems were built using 

replacement method, as recommended for transmembrane proteins and allowing the 

random distribution of lipid molecules for heterogeneous membranes; no protein 

surface or lipid ring penetration was found (Jo, Kim, and Im 2007). 

In the initial simulations, a homogenous 90 x 90 Å2 lipid 1-palmitoyl-2-oleoyl-

sn-glycero-3-phophochoine (POPC) bilayer membrane was used in hybrid molecules 

(Chapter 3).  Homogeneous POPC bilayer has been previously used for the simulation 

of GLP-1R model (Wootten et al. 2016). 

In the following simulations (Chapters 4, 5 and 6) a heterogeneous 90 x 90 Å2 

lipid membrane composed of cholesterol 25%, POPC 26%, POPE 20%, POPS 5%, 

POPI 5%, PSM 19%) was used (Table 2.2).  The purpose of this membrane was to 

resemble pancreatic b-cells membrane.  Pancreatic b-cells membranes are dynamic 

structures constantly modifying its composition and lipid distribution according to 

changes in glucose concentration and insulin secretion (Hallberg 1984a; Hagren and 

Tengholm 2006; Thore, Dyachok, and Tengholm 2004; Thore et al. 2005; Wuttke, 

Sågetorp, and Tengholm 2010; Montague and Parkin 1980; Burke and Ellenberg 

2002; Berne 1975).  Freshly isolated b-cells at basal state report 20% PE (Díaz et al. 

1988), but this value quickly changes with variations in glucose and insulin secretion 

as insulin-secretory granule (ISG) fuse with the plasma membrane (MacDonald et al. 

2008; Hoang Do and Thorn 2015).  Pancreatic membrane usually contains 5% POPI 

asymmetrically distributed and has shown to be a positive regulator of cytoplasmic 

concentration of Ca2+ in pancreatic b-cells (Lin et al. 2005; Xie et al. 2016).  In 

physiological conditions PI concentration changes during receptor-triggered 
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activation of phospholipase C (PLC) and glucose changes (Rana, Kowluru, and 

MacDonald 1986).  Sphingomyelin percentage in pancreatic b-cells accounts for 

19.2% (Meldolesi, Jamieson, and Palade 1971) in contrast with 7.5% reported in 

plasma membrane model (Koldso et al. 2014). Sphingomyelin role in b-cells is 

unclear, however, cholesterol stabilised sphingomyelin patches found in pancreatic b-

cells show a direct correlation between insulin secretion and the amount of 

sphingomyelin patches (Kavishwar and Moore 2013). In another study, 

sphingomyelin synthase-1 (SMS-1) knockout mice show severe deficiencies in 

insulin secretion (Yano et al. 2011).  These studies suggest a special role of 

sphingomyelin in the normal function of pancreatic b-cells. 

 

 
Table 2. 2. Comparison of membrane composition 

 

 

 

 
Figure 2. 2. Cartoon representation of receptor-ligand complex in the membrane 
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2.2.2.2 Solvation 
 

The system was solvated with TIP3P water molecules, with an approximately 

water thickness 22.5 Å above and below the system.  0.15 M NaCl were added to 

neutralise the net charge of the system by placing them using Monte Carlo method 

(Figure 2.3). 
Figure 2. 3. Solvation of the system

 

 
 
 
2.3 Molecular Dynamics Simulation  
 

Molecular dynamics simulations compute atomic trajectories by solving the 

equations of motion.  Since the potential energy function is a function of 3N atomic 

position, it calculates the force experienced by any atom given the position of other 

atoms.  Newton’s second law: F = ma, where F is the force on an atom, m is the mass 

of the atom and a is the acceleration of the atom, describes how those forces affect 

the movement of the atoms.  So, the system of particles is governed by the equation 

of motion: 
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where mi is the mass of i particle, fi is the force acting on i, and ri represents the 

position coordinates of i.  Therefore, the forces fi acting on atoms are usually derived 

from a potential energy U(rN) where rN = (r1, r2, … rN) represents the complete set of 

3N atomic coordinates: 

 
 

and the potential energy (U) is obtained from: 

 

 
 

where r0 is obtained from X-ray diffraction experiments, k is the spring 

constant that may be estimated from infrared or Raman spectra, 𝜙 is the torsional 

angle, 𝛿 is the phase, n defines the number of minima or maxima between 0, Vn 

determines the height of the potential barrier, ij interaction between two atoms, i, j, 

12-6 correspond to the Lennard-Jones (LJ) potential, 𝛜ij is the LJ potential 

corresponding depth of the well for the interaction between two atoms,  i, j, 𝜎 

represents the value at which the potential becomes zero.  Because an enormous 

computational effort would be needed to do this for every atom, standardized 

empirically derived force fields (FF) based on tested properties and experimental data 

(MacKerell 2000) are used to maintain and reproduce molecular geometries of bond 

lengths, bond angles, bond torsions, non-bonding or improper and electrostatic 

interactions.  FF subdivide potential function into the sum of: Bonded interactions, 

also known as local contributions, which include covalent bond-stretching (Σbonds), 

angle-bending (Σangles), torsion potential (Σtorsion) and improper torsion potential 

(Σimproper); and non-bonded interactions which include Lennard-Jones (ΣLJ) (short-

range Pauli repulsion and long-range Van der Waals attraction) potential and 

Coulomb electrostatics (Σelec) (Guvench and MacKerell 2008; MacKerell 2000).  To 

reduce the cost, local interactions (bonded, van der Waals) are calculated at each 

timestep and longer range interactions are calculated less often. 
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 At each time step of the simulation the force fi needs to be computed to update 

the position ri. and velocity of atoms; and at the new positions, the atomic forces are 

re-calculated.  For simplicity, integration algorithms such the Verlet algorithm, and 

its variations are used.  The Verlet algorithm integrates Newton’s equation of motion; 

in the Verlet algorithm velocities are not explicitly solved but calculated from first 

order central difference and directly relate the force to the position (Verlet L. 1968; 

Swope et al. 1982).  The simulations used the velocity Verlet algorithm which has an 

improved accuracy compared to standard Verlet; it starts with the position (r) of atoms 

at the previous timestep (t) and velocity expansions; positions (r), velocities (v) and 

accelerations (a): 

 
 

To reduce the computational cost the Verlet-I algorith divides the potential energy as 

long-range interactions, which are computed less frequently than short-range 

interactions, which are computed more frequently: 

U = Ulong-range + Ushort-range  
In this way, the velocity Verlet integration method is used to advance the positions 

and velocities of the atoms in time and to reduce computational cost. 

In the molecular dynamics simulations described in the following chapters, 

including equilibration and production, were performed using NAMD software 

(Bernardi et al. 2016), using CHARMM36 force-field (Huang and MacKerell 2013), 

and the Impulse-based Verlet-I, also known as r-RESPA method, performing multiple 

timestep integration at a 2fs for short-range nonbonded forces and 4 fs for long-range 

electrostatics. 
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2.3.1 Equilibration 
 

The assembled system underwent six steps of equilibration (375 ps) prior to 

MDs production (Figure 2).  Equilibration steps 1 and 2 were performed at constant 

volume and temperature (NVT) and steps 3 to 6 at constant pressure, area, and 

temperature dynamics (NPAT).  Through equilibration, constraints applied to protein 

backbone and sidechains, water, lipids and ions molecules were slowly released.  

 

 

2.3.2 All-atoms Classic Molecular Dynamics  
 

All-atoms molecular dynamic method was used for the simulation of hybrid 

GLP-1R (Chapter 3). Simulation of the system involving protein, water and lipids 

were performed using CHARMM36 force-field (Huang and MacKerell 2013) and 

periodic boundary conditions, at 303.15 K temperature and 1 atm pressure using 

Langevin dynamics with a damping coefficient of 1-ps to control the temperature and 

a Nose-Hoover Langevin piston to control the pressure.  Particle Mesh Ewald method 

was used to calculate long-range electrostatic interactions.  Bond lengths involving 

hydrogen atoms were fixed using the SHAKE algorithm (Barth et al. 1995) using a 2 

fs time step.  

 

 

2.3.3 Molecular dynamics flexible fitting (MDFF) 
 

Molecular dynamics flexible fitting (MDFF) is an extension of MDs. MDFF 

restrain the dynamics by adding an external harmonic potential dependent on the cryo-

EM electronic density map gradient (UEM), MD potential energy (UMD) and the 

potential of secondary structures (Uss) preserving secondary structures while 

preventing distortion and overfitting (Trabuco et al. 2008; Trabuco et al. 2009).  

MDFF uses the information contained in the electronic density map, which includes 

regions where the density is low and the structure unresolved.  
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High-density areas from the density map correspond to energy minima and 

data not corresponding to the molecule, like the solvent contribution, is removed 

(Trabuco et al. 2008).  Therefore, the potential from the density gradient map is 

defined by 

    where  

 

as wj corresponds to per-atom weight typically set to atomic mass, x is an arbitrary 

scaling factor (x >0) which is the same for all the atoms, f(r) is the EM density at 

position r, fmax is the maximum value of the EM density map and fthr is a density 

threshold selected in accordance with the density histogram which removes data not 

corresponding to the molecule, like the solvent contribution (Trabuco et al. 2008). 

 

 

 

2.3.3.1. Fitting models into electron density map 

 

PTH1 receptor and GLP-1R complexes were simulated using MDFF method.  

Prior simulation, the models were fitted into their respective density maps (Liang et 

al. 2018; Zhang et al. 2018; Zhao et al. 2019).  The fitting into density maps was done 

using ‘Colores’ program from Situs package (Wriggers 2012; Wriggers and Birmanns 

2001). 

The templates used to build the inactive model of GLP-1R and PTH1 receptor 

were based on the crystal structures reported in 5YQZ (Zhang, Qiao, et al. 2017) and 

6FJ3 (Ehrenmann et al. 2018) respectively.  Since CHARMM-GUI requires ccp4 

format, the X-ray diffraction maps were first converted from DSN6 to ccp4 using 

CCP4i Software (McNicholas et al. 2011; Potterton et al. 2003).  Correlation between 

models and density map show no overfitting. 
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Figure 2. 4. Fitting of the model into the density map 

 

 

2.3.3.2 MDFF Production 

 

Once the models were fitted into the density maps, input files for MDFF 

production were generated using MDFF Utilizer in CHARMM-GUI server (Jo et al. 

2008; Jo et al. 2009; Lee et al. 2016; Lee et al. 2019; Qi et al. 2017; Wu, Cheng, et al. 

2014).  A heterogeneous lipid membrane with similar lipid composition as the 

pancreatic cell was used (Cholesterol 25%, POPC 26%, POPE 20%, POPS 5%, POPI 

5%, PSM 19%).  Each model was independently embedded into a 90 x 90 Å2 

heterogeneous lipid membrane before adding neutralizing ions (0.15 M NaCl) and a 

water/solvent box (TIP3P). 

MDFF simulations were performed using NAMD software (Bernardi et al. 

2016) as the restraints-free simulations described above, at the same temperature and 

pressure, however, restraints were applied to Ca atoms during the first 100 ns of the 

simulation to maintain the gross position of the protein while allowing loops and 

sidechains to reach favourable positions and interactions while being fit into the map.  

The scaling factor determines the strength of the potential derived from the electron 

density map over the protein (Trabuco et al. 2008).  The default scaling factor x= 0.3 

kcal/mol (Trabuco et al. 2008) was used since high-quality density maps were used 
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and higher values resulted in stronger forces acting on the system.  A constant force 

of 200 kcal mol -1 Å-2 on dihedral angles was used during simulations (Trabuco et al. 

2008).  After the initial 100 ns, restraints derived from the cryo-EM map were steadily 

removed from the ligand, transmembrane domain and G protein.  Restraints on the N-

terminal domain of the receptor were kept avoiding the N-terminal bending over the 

membrane.  The resulting segments were analysed. 

 

 

 

2.3.4 Targeted molecular dynamics 
 

Despite advances in computational power, spontaneous conformational 

changes are still challenging to achieve and are not expected to happen at the timescale 

used due to the size of the system.  Therefore, targeted molecular dynamics 

simulations method was used to study the activation of human GLP-1R and PTH1 

receptor (Chapters 5 and 6).  In targeted MD steering forces guide a subset of atoms 

towards the final ‘target’ structure.  The force acting in each atom is given by the 

gradient of the potential: 

 

 
 

At each timestep, the gradient of potential (UTargetedMD) is obtained from the difference 

from the RMSD value from the current structure RMS(t), and the target structure 

RMS*(t), by aligning the target structure to the current structure.  The spring constant 

k, is scaled down by the number N of targeted atoms (Bernardi et al. 2016). 

 

 

2.3.4.1 Target and initial coordinates 

 

The last frame from MDFF simulation of active and inactive cryo-EM models 

were independently saved to a PDB file.  Since targeted MD method requires the same 

number of atoms, the a5 helix from Gs protein was added to the inactive model by 
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placing it in the space corresponding to the intracellular side of the receptor with no 

contact with the receptor.  The inactive structure was used as the starting model and 

the active structure was used as the target coordinates. 

 

 

2.3.4 Targeted molecular dynamics production 
 

Harmonic restraints were applied only to Ca atoms of the target structure to 

guide the receptor from the inactive state into the active; the rest of individual atoms 

were free to move in accordance to the force field and environmental parameters 

(Schlitter, Engels, and Kruger 1994).  Since the targeted MD depends on the 

coordinates and time, the production time was set for a total of 100 ns.   At each time 

step the distance and expected distance to the target structure were computed showing 

the conformational changes. 

 

 

 
Figure 2. 5. Targeted molecular dynamics 
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2.3 Analysis 
 

The output trajectories were visualised and analysed and manipulated using 

tools embedded in VMD (Humphrey, Dalke, and Schulten 1996), WORDOM 

(Caflisch et al. 2007), PyMOL (Schrödinger 2015) and Bio3D (Grant et al. 2006). 

 

 

2.3.1 Trajectory manipulation and analysis 
 

Trajectories were manipulated using WORDOM software command line 

(Caflisch et al. 2007).  This include conversion or extraction of trajectory psf files into 

pdb files; RMSD and distances measure and monitorisation of the receptor complex 

was done using WORDOM, provided information about of conformational changes 

along the trajectory (Caflisch et al. 2007). 

 

 

2.3.2 Hydrogen bonds  
 

Hydrogen bonds were obtained using VMD plugin HBonds version 1.2 (Luo 

2007).  A hydrogen bond is formed between an atom with a hydrogen (H) bonded to 

it, donor (D), and another atom or acceptor (A); and defined as the distance between 

D-A within 3.5 Å and angle D-H-A less than 25°. 

 

 

2.3.3 Salt bridges 
 

Salt bridges were searched using VMD Salt Bridges plugin (Villa 2006).  The 

oxygen-nitrogen distance cut-off was defined as 3.2 Å or less.  Resulting salt bridges 

were saved into txt files. 
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2.3.4 Solvent Accessible Surface Area  
 

Solvent accessible surface area (SASA) was calculated using accessible 

surface area and accessibility calculation for proteins web server “Accessible surface 

area and accessibility calculation for protein” version 1.2 from the Centre for 

Informational Biology, Ochanomizu University (Center for Informational Biology 

2012).  Solvent accessible residues were the residues that showed a difference of at 

least 20% between the SASA value (Å2) in the active and inactive state.  These 

residues were followed and studied in detail. 

 

 

2.3.5 Rotameric angles 
 

Rotameric angles were determined for solvent accessible residues.  Rotameric 

dihedral angles were obtained using torsion.pdb Bio3D package from R (Grant et al. 

2006). In order to get rotameric angles, first, water and lipid bilayer were removed 

from the trajectory, then the trajectory was converted into PDB, files using 

WORDOM and alanine and Glycine residues were removed from the file.  Then, 

using torsion.pdb Bio3D package from R, each frame was analysed and rotameric 

angles were saved.  Since the frames were analysed in chronological order, it was 

possible to identify segments with changes in rotameric angles. 

 

 

 

2.4 Software 
 

Visualisation, alignment and modelling of the protein complex was done using 

PyMOL (Schrödinger 2015). 

Structure homology-modelling was done using SWISS-MODEL web server 

(Bienert et al. 2017; Waterhouse, Rempfer, et al. 2018) an automated protein structure 

homology-modelling server. 
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OPM database provides spatial arrangements of membrane proteins with 

respect to the hydrocarbon core of the lipid bilayer (Lomize et al. 2012).  OPM was 

used to orient the receptors into the membrane. 

Generation of the input files used for the simulations (equilibration and 

production), including the building of the lipid bilayer and solvation of the complex, 

were generated using CHARMM-GUI web server (Lee et al. 2016; Wu, Cheng, et al. 

2014). 

NAMD – Scalable molecular dynamics software (Phillips et al. 2005; Bernardi 

et al. 2016) was used to simulate GPCRs complex. 

VMD was used for trajectories visualisation and analysis (Humphrey, Dalke, 

and Schulten 1996).  HBonds Version 1.2 plugin (Luo 2007) was used for the 

detection of hydrogen bonds formed throughout the trajectory.  Salt bridges plugin, 

version 1.1 was used to find the salt bridges throughout the trajectory (Villa 2006). 

Manipulation of the trajectory was done using the command line utility 

WORDOM software (Caflisch et al. 2007). 

Colores module from Situs software that enable rigid-body docking of the 

atomic structure into the density map prior flexible fitting of the atomic structure into 

the density map (Wriggers 2012; Wriggers and Birmanns 2001). 

Conversion of electronic maps from the format DSN6 into ccp4 was done 

using CCP4i Software (McNicholas et al. 2011; Potterton et al. 2003). 

The scripts used rely on the torsion.pdb function from R Bio3D package 

(Grant et al. 2006) to determine rotameric angles from residues of interest in the 

trajectory. 
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Chapter 3: Hybrid GLP-1R models 
 

3.1 Introduction 
 

At the time this PhD project started (February 2017) there were no full-length 

Class B GPCR structures available - the only experimentally determined structures 

available for Class B GPCRs were the isolated NTD and isolated TMD structures 

(Chapter 1).  This included the structure of the GLP-1R isolated NTD in complex with 

various ligands (PDB 3IOL, 3C5T and 3C59; Runge et al. 2008; Underwood et al. 

2010).  While there was no GLP-1R TMD structure, the closely related glucagon 

receptor structure had been solved (PDB 4L6R;  Siu et al. 2013) but the relative 

orientation of the two domains was unknown. The situation changed significantly in 

May 2017, when an active state GLP-1R-Gs complex (PDB code 5VAI;  Zhang et al. 

2017) became the first full-length Class B structure available; this was a cryo-EM 

structure of rabbit GLP-1R in complex with a human GLP-1 ligand and a Gs 

heterotrimeric G-protein stabilised by a nanobody (Nb35).  The 150kDa complex had 

3.9 Å resolution (Zhang et al. 2017) and represented the first GLP-1R coupled to its 

natural ligand and its primary G protein.  At the same time, two crystallography 

studies revealing the GLP-1R structures were published (PDB code 5NX2 and 

5VEW/5VEX). The X-ray crystal structure of 5NX2 represented a thermos-stabilised 

human GLP-1R in complex with a non-natural C-truncated peptide agonist (Jazayeri 

et al. 2017)  This structure had 11 stabilising mutations and displayed wild type-like 

agonist affinity but with reduced potency, suggesting a partially active conformation.  

It is important to note that the agonist was a C-terminally truncated peptide built with 

non-natural variants based on GLP-1 N-terminus.  The 5VEW/5VEX structures 

represented the inactive human GLP-1R isolated TMD, without any NTD, to 2.7 Å 

and 3.0 Å resolution respectively.  To stabilise the inactive state ten mutations, 

including a disulphide bond between helices five and six, and two different negative 

allosteric modulators were used (Song et al. 2017). These structures provided a 

toolbox from which full-length models of both the active and inactive states could be 

reconstructed and simulated in order to understand agonist binding and activation. 
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3.1.1. Rationale for building and simulating hybrid GLP-1R models 
 

 The only inactive state structures for the TMD of GLP-1R available at the time 

this work was carried out were the apo 5VEW/5VEX coordinates, while the only apo 

structure of the NTD of GLP-1R was part of 5NX2. Therefore, to obtain an 

approximation of a complete inactive full-length GLP-1R, a hybrid model was 

constructed by aligning the TMDs of 5VEX and 5NX2 and then melding the NTD of 

5NX2 to the TMD of 5VEX as described in the methods. 

Despite the 5VAI and 5NX2 structures both representing agonist-bound active 

states, with the characteristic helix six outward movement, there were marked 

differences that needed to be recognised and resolved in order to model the “best” 

active agonist-bound state and therefore attempt to understand agonist binding and 

activation mechanisms. These differences start at the extracellular domain where the 

position of the NTD relative to the TMD differs between 5VAI and 5NX2.  However, 

given the flexibility between domains in Class B receptors (Yang et al. 2015a), this is 

perhaps not surprising. The NTD of Class B GPCRs is connected to the TMD by a 

linker region named as the “stalk”.  The stalk was first observed in the structure of the 

human glucagon receptor (PDB 4L6R) as a helical extension of TM1 (Siu et al. 2013).  

While 5NX2 structure displays a non-helical ten-residue linker sequence, the B-factor 

from the electron density map shows high degree flexibility of the area (Jazayeri et 

al. 2017). Similarly, the cryo-EM density map of 5VAI shows low-resolution in this 

region perhaps hinting at its flexibility (Zhang et al. 2017).  The dynamism of the stalk 

region may facilitate the movement between domains as it guides peptide ligands into 

the orthosteric binding pocket agreeing with the two-domain-binding mechanism 

(Inooka et al. 2001).  Furthermore, while the GLP-1 ligand straddles the two domains 

in 5VAI, perhaps limiting their relative movement, the shorter 11-residue ligand in 

5NX2 is bound exclusively to the TMD enabling more conformational flexibility 

between the domains. Hence, given the unnaturally short ligand in 5NX2 and its 

thermo-stabilised sequence, relative to 5VAI representing a wild type GLP-1R 

sequence coupled to GLP-1 and Gs, I elected to utilise the NTD conformation from 

5VAI in the hybrid model. 

A second, and more surprising, difference between 5NX2 and 5VAI involves 

the conformation of TM6. While both structures display the expected outward 

movement of TM6 relative to that observed in the inactive 5VEW structure, which 
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creates the required binding site for α5 of Gs, the observed conformation and position 

of TM6 differs significantly in each structure.  The TM6 in 5VAI is highly distorted 

forming a kink in the central region and closely packed against the rest of the TMD 

bundle in the central region (Figure 3.1A), in close agreement to that observed in the 

structure of the calcitonin receptor TMD in complex with Gs (Figure 3.1B; PDB code 

5UZ7; Liang et al. 2017). However, TM6 in 5NX2 is much more regular and linear 

but is displaced away from the rest of the TM bundle such that there appears to be an 

unusual “channel” joining the extracellular peptide binding cavity to the intracellular 

space (Figure 3.1C). This appeared likely to be unstable and, indeed, in the molecular 

dynamic simulations using 5NX2 without its ligand, the TM bundle fractured between 

TM5 and TM6 and allowed bilayer lipids to penetrate the receptor core (data not 

shown). Hence, given this 5NX2 instability, coupled with the good correlation 

between 5VAI and 5UZ7 (Liang et al. 2017), and also that 5VAI represents a wild 

type GLP-1R sequence coupled to GLP-1 and Gs, I elected to utilise the TM6 

conformation from 5VAI in the hybrid model.  

 

 
Figure 3. 1. Ribbon representation of GLP-1R structures 
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  Nevertheless, there are some aspects of the 5VAI structure that appear to be 

potentially less reliable than 5NX2.  In particular, the Cα positions of Arg3807.34b and 

Lys2887.37b at the extracellular end of TM7 are displaced by one helical turn between 

the two structures (Figure 3.2). While in 5NX2 they are facing towards the ligand and 

Arg3807.34b is potentially interacting with Asp15* as expected from site-direct 

mutagenesis data and previous modelling studies (reviewed in  de Graaf et al. 2016),  

and Chapter 1), the refined B-factor at the top of TM6, including Arg3807.34b, suggests 

a high degree of flexibility (Jazayeri et al. 2017).  In the 5VAI structure, Arg3807.34b 

and Lys2887.37b point away from the TM bundle and would hence interact with the 

lipid head-group region of the bilayer.  As a consequence, the contacting regions on 

TM1, part of TM2 and extracellular end of TM7 from 5NX2 in the hybrid model were 

used in order to maintain helix-helix contacts (Figure 3.3). While such hybrid 

modelling represents the best approach (in the absence of reliable high-resolution 

structures) for creating a starting model for molecular dynamics simulations, there are 

clearly likely to be a number of approximations and associated error in the model. 
 

 
Figure 3. 2. Comparison between 5NX2 and 5VAI 
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The PDB structures used as template had some missing residues or sidechains, 

including the stalk region.  Since the template structure coordinates and target amino 

acid sequence are known, target-template alignment mode ‘User Template Mode’ 

from SWISS-MODEL web server (Waterhouse, Rempfer, et al. 2018), were SWISS-

MODEL homology server extracts the initial structural information from the template 

and then the sequence is aligned to conserved residues.  The missing residues are then 

modelled using SWISS-MODEL rotamer library.  Finally to avoid unfavourable 

interactions, the structure undergoes energy minimisation.  

Furthermore, the newly created receptor-ligand interactions and the melding 

points between the different fragments used to create the hybrid models may have 

resulted in less-than-optimal interactions and conformations, although long relaxation 

times during the equilibration stages were used, which should have fixed local 

inaccuracies. Nevertheless, it is important to interpret the output carefully in light of 

the mutagenesis and molecular pharmacological data in order to identify meaningful 

outcomes. 

 

 

 

3.1.2. Aims and Objectives of Chapter 3 
 

In order to fully understand how agonists bind and activate the human GLP-

1R, I set out to build a high quality, complete, active-state, human GLP-1R model, 

docked with GLP-1, using a combination of both the 5VAI and 5NX2 structures as 

templates.  For the active model, most of 5VAI structure was used as it represented 

an active GLP-1R in complex with the G protein and ligand, providing information 

about the interaction between ligand and receptor as well residues interactions.  

However, the position of residues in helix 1 and extracellular end of helix 7 region of 

5VAI receptor appear in disagreement with previous mutagenesis data and modelling 

studies (reviewed in de Graaf et al. 2016), therefore the homologous residues in 5NX2 

were used to build the hybrid active model.  This hybrid model was subjected to 

molecular dynamics simulations to refine the model and ascertain the dynamic details 

of the peptide-receptor interaction.   

A second objective was to generate a complete inactive wild-type human 

GLP-1R model, by combining the inactive TMD of 5VEW with the empty NTD of 
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5NX2, and then to examine the stability of this model using molecular dynamics in 

order to compare the inactive conformation to that of the agonist-bound GLP-1R. 

 

 

3.2 Methods 
 

All molecular model building manipulations were carried out using the tools 

embedded within PyMOL (Schrödinger 2015) unless otherwise stated.  

 

3.2.1. Building active GLP-1R  
 

(i) 5VAI and 5NX2 were structurally aligned by superimposing the residues 

of their TMDs using the align function in PyMOL. (ii) All residues in 5NX2 were 

deleted, apart from Glu1391.34b-Lys1972.67b and Glu373ECL3-Phe3937.48b. Then this 

region was aligned to their homologue residues in 5VAI (iii) The G-protein, 

nanobody, ligand and regions Glu1391.34b-Lys1972.67b and Glu373ECL3-Phe3937.48b 

were deleted from the 5VAI structure. (iv) The remaining atoms from both molecules 

were merged and was then used as a template to build a model of human GLP-1R 

using the homology modelling web server SWISS-MODEL (Waterhouse, Bertoni, et 

al. 2018; Bienert et al. 2017). Residues Ser129ECD to Glu1381.33b, connecting the NTD 

and TMD, were built by SWISS-MODEL, as were any missing or altered side chains 

in the template. All other residues were built from the template and matched the 

starting conformations. The output PDB file from SWISS-MODEL represented the 

apo hybrid model of active human GLP-1R from Thr29ECD to Arg421CTT. (v) GLP-1 

and α5 of Gs were added back into the model by structurally aligning the SWISS-

MODEL output with 5VAI, extracting the co-ordinates for the GLP-1 and α5 (374-

394) segments from 5VAI, and merging them with the active GLP-1R hybrid model. 
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Figure 3. 3. Construction of hybrid active GLP-R model 

 

 

3.2.2. Building inactive GLP-1R  
 

The NTD from 5NX2 represents the only apo structure of this domain and was 

hence selected as the NTD to fuse with the TMD from 5VEW. (i) One monomer from 

the crystallographic dimer of 5VEW was deleted, as was the fusion partner. (ii) The 

remaining residues from 5VEW were structurally aligned with 5NX2 by 

superimposing the residues of their TMDs using the align function in PyMOL (Figure 

3.4). (iii) All residues in the TMD of 5NX2 were deleted, leaving only the NTD 

residues from Thr29ECD to Glu1331.28B and also Met204ECL1 to Asp215ECL1 (the latter 

is the part of ECL1 which contacts the NTD on 5NX2 but is missing in 5VEW). (iv) 

This was used as a template to build a model of inactive human GLP-1R using 

SWISS-MODEL. All the missing regions in the template were built by SWISS-

MODEL, as were all missing or mutated side chains. All other residues built from the 

template matched the starting conformations.  The output represented the apo hybrid 

model of inactive human GLP-1R from Thr29ECD to Arg421CTT. 
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Figure 3. 4. Construction of hybrid GLP-1R inactive model 

 

 

 

3.2.3. Molecular Dynamics  
 

3.2.3.1. System building 

 

The starting models were first orientated with respect to the hydrocarbon core 

of the lipid bilayer utilising the OPM database and server (Lomize et al. 2012) and 

used to build a protein/membrane complex and generate the inputs necessary for 

molecular dynamics simulation using CHARMM-GUI (Jo, Kim, and Im 2007; 

Brooks et al. 2009).   The four disulphide bonds of GLP-1R were first defined.  A 

simple POPC bilayer has been previously used to simulate a model of GLP-1R 

(Wootten et al. 2016).  For this simulation, the models were embedded into a similar 

90 x 90 Å2 simple lipid bilayer containing POPC lipids before a water/solvent box 

was added  (TIP3P and 0.15 M NaCl).   Realistic lipid membranes are challenging for 

in silico modelling because not all lipids force field parameters have been tested 

against experimental data.   The resulting lipid bilayer build by CHARMM-GUI  and 

used in the simulations had a good correlation between the OPM lipid boundary 

predictions, as phospholipid head groups were just outside the predicted OPM 
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boundaries (Figure 3.5).  Simulations were all set at 303.15 K temperature and 1 atm 

pressure, using Langevin dynamics with a damping coefficient of 1/ps to control the 

temperature and a Nose-Hoover Langevin piston to control the pressure. 

 

 

3.2.3.2. System simulation  

 

Active and inactive models were subjected each to equilibration (70 ns) and 

production (385 ns for inactive state and 460 ns for active state) using NAMD 

(Phillips et al. 2005) with NPT ensemble and CHARMM36 force field (Huang and 

MacKerell 2013).  A time-step of 2 fs was used, and Particle Mesh Ewald to account 

for long-range electrostatics. 

 

 
Figure 3. 5. Active hybrid model in the membrane 
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3.2.3.3. Trajectory analysis 
 

Output trajectories were analysed using WORDOM and VMD (Humphrey, 

Dalke, and Schulten 1996; Caflisch et al. 2007).  The simulation trajectory for the 

active hybrid model was analysed in detail for between 230-370 ns and the simulation 

of the inactive hybrid model trajectory was analysed between 200-380ns as during 

these segments each structure reached stability.  The analysis was done using VMD 

in order to estimate the fraction of time in which all residue-residue hydrogen bonds 

were formed (defined as D-A distance of 3.5 Å or less, with an angle between D-H-

A of 25° or less).  

 

 

 

3.3. Results and Discussion 
 

 

3.3.1. Trajectory analysis  
 

Due to the higher resolution of the single template structure used to build the 

TMD of the inactive model, relative to the two lower resolution structures used to 

build the active hybrid TMD, the former reached stability earlier in the MD 

simulations with a positional root mean square deviation (RMSD) relative to the TMD 

of starting model plateauing at 60 ns and remaining stable throughout the remainder 

of the 385 ns simulation (Figure 3.6C). The active hybrid model took longer to reach 

stability but nevertheless the RMSD plateaued after 230 ns (Figure 3.6C).  
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Figure 3. 6. Comparison between hybrid active and inactive GLP-1R 

 

 

 The principal difference between the inactive and active conformations of 

GPCRs is the outwards movement of the cytoplasmic half of TM6 away from the 

transmembrane bundle in order to create the binding site for α5 of the G protein 

(Rasmussen et al. 2007). Such movement can be observed when comparing the 

inactive 5VEX and 5VEW structures with those of the active conformations 5VAI 

and 5NX2 (Jazayeri et al. 2017; Song et al. 2017; Zhang et al. 2017).  With the 

outward movement of the intracellular end of TM6 to create a cavity for binding of 

the G protein, the distance between TM2 and TM6 increases.  Therefore, while the 

distance between the Cα atoms of residues Arg1762.46b in TM2 and Arg3486.37b in 

TM6 is 23.7 Å in 5NX2 and 25.3 Å in 5VAI, it is only 12.1 Å in 5VEW. The starting 

distance in the active state hybrid model was 23.7 Å while it was 12.1 Å in the inactive 
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state of the hybrid model; the distances were maintained throughout the simulations 

of both our inactive and active models (Figure 3.6D). 

Although not observed in the simulations, the outward movement of the 

cytoplasmic end of TM6 upon activation appears to be accompanied by a large 

perturbation of the helix at Gly3616.50b and a movement of the segment of TM6 

incorporating His3636.52b and Glu3646.53b towards the cytoplasmic side (Cα 

movements of 5.5 Å both from the simulated inactive GLP-1R to the simulated active 

GLP-1R at 340 ns each – Figure 3.7).  In addition, TM7 tilts towards TM6 at the 

extracellular end, with the hinge being at Gly3957.50b, with an additional clockwise 

twist of the helix to move Arg3807.34b and Arg3837.37b from the exterior of the protein 

into the core of the receptor where they interact directly with the ligand (Figure 3.8). 

 
Figure 3. 7. Comparison between active and inactive hybrid models TM7-TM1 

 
 

 

ECL3, which links the top of TM6 and TM7, undergoes a significant 

conformational rearrangement from the initial model to the final simulated structure 

as a result of TM6 and TM7 helical movements. The space created by the movement 

of TM7 towards TM6 is filled by the tilting of the extracellular side of TM1 around 
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Gly3616.50b.  The final consequence is the outward movement of TM6 at the 

cytoplasmic end where the G protein docks. In the simulations, residues 382-394 

region of the α5 helix of Gs remained stable and helical through the 460 ns active state 

simulation (Figure 3.8). 

 

 
Figure 3. 8. TM6 outward movement in active hybrid GLP-1R model 

 
 

 

In the inactive hybrid model, Arg1902.60b was able to remain hydrogen bonded 

with Gln3947.49b for 40% of the trajectory (Figure 3.9A, blue). However, as it can be 

seen, this interaction was abolished by ligand binding (Figure 3.9A, green) since 

Arg1902.60b (yellow) instead interacted with Glu9* of the ligand for 84% of the 

trajectory. In addition, Glu9* also interacts with the side chain hydroxyl groups of 

Tyr1481.43b and Tyr1521.47 (78% and 76% respectively), both residues that have been 

identified as being involved in GLP-1 recognition (reviewed in  de Graaf et al. 2016). 

The movement of Arg1902.60b  to interact with Glu9* results in Gln3947.49b being free 

to move (Figure 3.9A) and interact with the exposed main chain carboxyl oxygen of 

Pro3586.47b of TM6 (Figure 3.9B), providing a helix cap for the cytoplasmic half of 



 99 

this helix following its disruption at Gly3616.50b (Figure 3.9B). This represents a way 

in which agonist binding could stabilise one type of active state of GLP-1R. GLP-1 

potency is sensitive to Arg1902.60b substitution, as is a synthetic variant of 

oxyntomodulin in which the native Gln at the third position was replaced by Glu 

(Wootten, Reynolds, Koole, et al. 2016). Given that native oxyntomodulin (and 

synthetic Q9-GLP-1) can activate the cAMP pathway but are not sensitive to 

Arg1902.60b  substitution (Wootten, Reynolds, Koole, et al. 2016), it is likely that they 

stabilise a different active state which does not rely upon direct Arg1902.60b binding 

or the breakage of the Arg1902.60b / Gln3947.49b interaction. 

A second clear change in hydrogen bond formation resulting from ligand 

binding can be observed with Arg3807.34b. In the inactive model, this residue forms a 

very stable hydrogen bond with Glu373ECL3 throughout the trajectory (96%).  Upon 

ligand binding, Arg3807.34b undergoes a significant movement to interact with Asp15* 

of the ligand (77%) (in agreement with mutagenesis data (Dods and Donnelly 2015), 

while the interaction with Glu373ECL3is also maintained (82%), albeit requiring a 

substantial conformational rearrangement of ECL3 (Figure 3.9D).  

Hence the movement of Arg3807.34b towards Asp15* of the ligand encourages 

the rearrangement of ECL3, which is ultimately an essential requirement for the 

movement of TM6 and the creation of a Gs binding site. The position of Arg3807.34b 

is conserved as a positively charged residue (Arg or Lys) in the receptors for glucagon, 

GLP-2 and GIP, all of which also have a negatively charged residue (Asp or Glu) in 

the ligand at the position equivalent Asp15* in GLP-1. Indeed, the oppositely charged 

residues have been interchanged from ligand to receptor in an elegant study by Moon 

et al. (Moon et al. 2015) showing a reciprocal rescue which strongly implicates the 

two residues in an interaction. Moon et al. replaced Arg3807.34b with Asp, resulting in 

almost a 2000-fold reduction in potency.  However, Arg9*-GLP-1, which had almost 

100-fold lower potency at wild-type GLP-1R, was shown to have 120-fold improved 

potency at the Arg3807.34b –Asp mutant receptor. 
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Figure 3. 9. Comparison of interactions between active and inactive hybrid GLP-1R 
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 A third arginine residue (Arg299ECL2) also has substantially different 

interactions in the active and inactive model trajectories. Despite starting off pointing 

downwards towards the receptor core as in the 5VAI template, Arg299ECL2 rapidly 

moved out of the binding pocket and then interacted with both Glu294ECL2 (57%) and 

Glu21* (40%) of the ligand (3.10A) as previously predicted from earlier mutagenesis 

and modelling studies (Dods and Donnelly 2015). Indeed, Arg299ECL2 was placed in 

this external position in the 5VEX X-ray structure, adding further evidence towards 

this conformation in the active state. 

 
Figure 3. 10. Snapshot of hybrid inactive and active GLP-1R models 

 
 

 

 

In the inactive model, Arg299ECL2 forms a very stable interaction with both 

Glu34ECD (97%) on the NTD, and with Asp372ECL3 (97%) of ECL2. Indeed, a 

characteristic of the active state is the close interaction between ECL2 and ECL3 – 

for example, Glu294ECL2, Asn300ECL2 and Asn304ECL2 interact with Asp372ECL3 and 

Arg376ECL3 (Figure 3.10 B). This inter-loop interaction is absent in the active state, 

which would allow the opening of the binding pocket towards the ligand. 
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3.3.2. Ligand binding in active conformation 
 

Glu9* is clearly a critical residue, interacting with Arg1902.60b (84%), 

Tyr1481.43b (78%) and Tyr1521.49b (76%), and to a lesser extent with Thr3917.44B 

(16%) during the segment of the simulation analysed. Likewise, Arg3807.43B is 

important since it interacts with Asp15* (77%). Additional interactions are Thr13* 

with Lys297ECL2, and Glu21* with Arg299ECL2 – both residues have been shown to 

be involved in agonist recognition (reviewed in de Graaf, Donnelly et al. 2016). 

However, the key residue for agonist-induced receptor activation in GLP-1R is the N-

terminal His7*. In the early stages of the simulation, the positively charged N-terminal 

moiety interacted with Glu9*, forming a four-way interaction with Arg1902.60b and 

Glu3646.53b. However, this intra-ligand salt bridge eventually broke and consequently 

the distance between Arg1902.60b and Glu3646.53b increased. While Arg1902.60b 

continued to interact with Glu9*, the N-terminal amine of positive charged His7* 

interacted with both Glu3646.53b (78%) and Glu3877.42b (66%) (Figure 3.11). It is 

interesting to note that, while there have been a number of mutations of these residues 

(reviewed in  de Graaf et al. 2016), it was only the double substitution by Yang et al. 

(Yang et al. 2016) which abolished ligand binding, suggesting that either of these Glu 

residues can partially compensate for the other in the less deleterious single mutations. 

The sharing of the interaction with the positively charged amino-terminus of GLP-1 

by these two acidic side chains forms the centre of a network of salt bridges and 

hydrogen bonds involving several residues known to be critical for full agonist 

recognition (Asn300ECL2, Trp3065.36b, Arg3105.40b, Asp372ECL3, and Lys3837.37b). 
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Figure 3. 11. Extracellular view comparing inactive and active GLP-1R hybrid models 

 
 

 

It is interesting to note that Arg3105.40b and Lys3837.37b both directly stabilise 

Glu3646.53b and Glu3877.42b, respectively, but display no direct interactions with GLP-

1. This is in keeping with mutagenesis and pharmacological data which showed their 

mutation caused minimal disruption of GLP-1 binding affinity compared with much 

more significant impairment of GLP-1 mediated receptor activation (Dods and 

Donnelly 2015). 

 

 

 

3.4. Conclusions 
 
 This chapter has demonstrated and rationalised the importance of interactions 

between (i) Asp15* and Arg3807.34b, rotating TM7 and re-configuring ECL3 by 

pulling Glu373ECL3 towards the ligand (Figure 3.10 A and B); (ii) Glu21* and 

Arg299ECL2, freeing Asp372ECL3 and contributing further to the ECL3 reconfiguration 

(Figure 3.10 A and B); (iii) His7* with Glu3646.53b (stabilised by Arg3105.40b) and 

with Glu3877.42b (stabilised by Lys3837.37b) – the movement of Glu3646.53b is possibly 

a critical characteristic of the movement and distortion of TM6 during the formation 
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of the active state (Figure 3.11); and (iv) Glu9* and Arg1902.60b, freeing Gln3947.49b 

to stabilise the distortion in TM6 (Figure 3.8, 3.9). By acting together, these various 

ligand-receptor interactions result in the stabilisation of an active receptor state in 

which TM6 moves to enable Gs to bind (Figure 3.8). Since N-terminally truncated 

GLP-1 can activate GLP-1R at high ligand concentrations in recombinant systems 

(Donnelly 2012), it is likely that interactions (i) and (ii) are sufficient to generate the 

active state through the Asp-15*/Glu21*-mediated disruption of ECL3. However, 

clearly the additional interactions via His7* make this transition substantially more 

efficient. 

 In summary, this work has demonstrated that fragments of several GLP-1R 

structures can be used to create stable and meaningful hybrid receptor models which 

can be simulated and analysed to answer important questions linking structure to 

function, and to propose agonist-mediated receptor activation mechanisms. The work 

described in later chapters was based on later improved structures which were 

published after the work described here was complete.  The work described in Chapter 

3 was published in early 2018 (Gómez-Santiago, Paci, and Donnelly 2018).   

In the next months, and since then, new structures of GLP-1R became 

available representing an opportunity to update and improve the work presented in 

this chapter. 
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Chapter 4: Simulation of Cryo-EM based models of 

GLP-1R 
 
 

4.1 Introduction 
 

The number of solved GLP-1R has increased since 2017, when the first cryo-

EM structure of an activated full-length GLP-1R (PDB 5VAI) became available 

alongside the crystal structures of a thermostabilised active GLP-1R in complex with 

a truncated peptide agonist (PDB 5NX2)  and the TMD of the human GLP-1R in the 

inactive state (PDB 5VEW/5VEX) (Zhang et al. 2017; Jazayeri et al. 2017; Song et 

al. 2017).  The work described in Chapter 3 was carried out in 2017 and submitted 

and published in early 2018 (Gómez-Santiago, Paci, and Donnelly 2018).  Shortly 

after submission, a new cryo-EM structure became available of the human active 

GLP-1R in complex with Gas and a Gs-biased agonist peptide, exendin-P5, at a global 

3.3 Å (PDB code 6B3J; Liang et al. 2018).  This new 6B3J structure represented a 

full-length human GLP-1R in the active state, with a better resolution from the 

previous rabbit GLP-1R PDB code 5VAI.  There were differences between the two 

structures, especially on the extracellular end of TM1, TM6 and TM7 and ECL3, 

which interestingly was largely in agreement with the hybrid model used in Chapter 

3.  In the TMD the backbone conformation of TM1 was conserved but differed in the 

overall position of the sidechains.  The intracellular structures and the engagement 

with Gas -a5 helix was also different, possibly reflecting the biased nature of the 

agonist.  The limited density at the intracellular end of TM5 and ICL3 suggested a 

more flexible region in the agonist-bound GLP-1R than in previous GLP-1-bound 

receptor.  Similar to 5VAI, 6B3J was missing residues belonging to the stalk region 

(S129-S136) and ICL3 (N338-T343).  As this receptor was complexed with a biased 

peptide, exendin-P5, activation mechanisms and interactions are expected to be subtly 

different from the endogenous GLP-1 ligand.  Nevertheless, at this time in the project, 

this new active state 6B3J structure represented the best available data for the study 

of agonist binding and activation of family B GPCRs requiring the work in Chapter 3 

to be updated and improved. 
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What was also needed was an inactive state structure of GLP-1R.  However, 

at this time in the project, the experimentally determined structures of GLP-1R in the 

inactive state only showed the isolated TMD, leaving NTD conformation and position 

relative to the TMD as well interaction with the ligand uncertain.  Nevertheless, a full-

length peptide-bound glucagon structure in the inactive state became available at 3.0 

Å resolution (PDB code 5YQZ; Zhang et al. 2018).  Although glucagon has 

physiologically opposite role to GLP-1R in glucose homeostasis (Creutzfeldt et al. 

1996), both receptors have a high sequence similarity and are structurally homologue; 

therefore, the glucagon structure could be used as the initial template for GLP-1R 

homology modelling.  The earlier crystal structure of full-length inactive GCGR 

structure (PDB code 5XF1;  Zhang, Qiao, et al. 2017) in complex with an antibody, 

mAb1 at 3.19 Å resolution had been available earlier but the ECD orientation relative 

to the TMD was not compatible with the two-steps binding.  In 5XF1 structure the 

antibody is found interacting with the aA helix and loops L2, L4 and L5 of the GCGR 

NTD, behaving as an antagonist as it blocks the access of the ligand into the binding 

pocket and restricting the conformational flexibility between the ECD and the TMD.  

The new inactive state 5YQZ structure was in complex with a glucagon analogue, the 

partial agonist NNC1702, providing insight of the ligand-receptor interaction and the 

relative orientation of the ECD to the TMD prior to activation, providing an 

opportunity for the study of receptor-ligand interaction in the inactive state (Figure 

4.1).  The inactive 5YQZ structure showed a similar binding site, for example the 

ligand (Asp9*) -receptor TM7 (Arg7.34b) interaction which was equivalent to that seen 

in GLP-1-GLP-1R (Asp15*-Arg7.34b), supporting conserved binding mechanisms and 

the suitability of GCGR being a template for GLP-1R. 
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Figure 4. 1. Comparison between Class B inactive receptors 

 

 

 

4.1.1. Aims and objectives 
 

In order to better understand the peptide-receptor interactions characteristic of 

generation GLP-1R activity, an active state GLP-1R models complexed with GLP-1 

and the Gs protein N-terminal a-helix was built using the 6B3J structure.  To generate 

a peptide-bound full-length inactive state structure, the homologous glucagon 

receptor 5YQZ was used to build an inactive-state GLP-1R model.  Two additional 

improvements to the methodology used in Chapter 3 were also included.  Firstly, to 

increase the quality of the simulation a heterogeneous membrane with a similar 

composition to the pancreatic b-cell was utilised  (Díaz et al. 1988; MacDonald et al. 

2008; Hoang Do and Thorn 2015; Lin et al. 2005; Xie et al. 2016; Rana, Kowluru, 

and MacDonald 1986; Meldolesi, Jamieson, and Palade 1971; Kavishwar and Moore 

2013).   Secondly, Molecular dynamics Flexible Fitting (MDFF) was used to include 

experimental data from the cryo-EM into the simulations (Zhang et al. 2018; Liang  

et al. 2018; Trabuco et al. 2008; Jo et al. 2008; Jo et al. 2009; Lee et al. 2016; Lee et 

al. 2019; Qi et al. 2017; Wu, Cheng, et al. 2014). 
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4.2. Methods 
 

Model building manipulations, alignments and in silico mutations were done 

using tools from PyMOL software (Schrödinger 2015) unless otherwise stated. 

 

 

4.2.1. Building inactive GLP-1R 
 

The inactive model was based on the crystal structure of glucagon receptor, 

PDB 5YQZ (Zhang et al. 2018).  (i) All residues not belonging to the receptor were 

removed and the receptor.  (ii) SWISS-MODEL homology modelling server 

(Waterhouse, Rempfer, et al. 2018) was used to build the inactive model using 5YQZ 

as a template and GLP-1R human sequence (UniProt P43220).  Missing residues from 

ICL2 region (Glu260 - Thr257) and missing side chains were built by SWISS-

MODEL relying in SWISS-MODEL structural database and backbone-dependent 

rotamer library (iii) The glucagon analogue found in 5YQZ structure was in silico 

mutated to GLP-1 ligand; (iv) because this peptide is two residues shorter than GLP-

1, residues His7* and Arg37* were added (Figure 4.2) and residues were renumbered 

according GLP-1 numbering. (v) GLP-1R and GLP-1 ligands were aligned onto 

5YQZ coordinates, GLP-1R model was aligned to GCGR, while GLP-1 ligand was 

aligned to the glucagon analogue (vi) GLP-1R-GLP-1 complex saved into a single 

file (vii) the model was subjected energy minimisation to optimise minor steric 

clashes and poor bond/torsion geometries using NAMD (Bernardi et al. 2016). 

 

 

4.2.2. Building active GLP-1R 
 

(i) 6B3J structure was stripped from residues not belonging to the receptor (ii) 

Residues belonging to the stalk and TM1 (Glu128ECD - Ala1581.53b) from inactive 

GLP-1R model were aligned to their homologous residues in 6B3J (Pro1371.32b- 

Ala1581.53b) in 6B3J to build the stalk, then (iii) residues Glu128ECD - Glu1381.33b were 

merged to 6B3J in order to build the missing stalk and the new hybrid receptor was 

saved (iv) Using the template and the human GLP-1R sequence, missing residues 

from ICL3 and mutated or missing side chains were built by SWISS-MODEL server 
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(Waterhouse, Rempfer, et al. 2018) (v) the ligand was built using exendin-P5; residues 

E1, P32 and S33 from ExP5 were removed and remaining residues were in silico 

mutated and renumber according to GLP-1 and sequence (vi) the new ligand and 

receptor models were aligned to their homologous in 6B3J (vii) Gsa5 segment 

(residues M371ECL3 -Leu3947.49b) was added to the model based on 6B3J coordinates 

(viii) The model was subjected energy minimisation through steepest descent method 

(50 steps), followed by Newton Raphson methods (50 steps) to optimise minor steric 

clashes and poor bond/torsion geometries using NAMD (Bernardi et al. 2016). 

 
 

 
Figure 4. 2. Comparison between ligand sequences 

 

 

4.2.3. Molecular dynamics flexible fitting 
 

In early stages of the simulation of the active and inactive state the NTD "fell 

over” and lay parallel to the lipid membrane (data not shown). The cause was 

unknown and was suspected to be an artefact.  Therefore, in order to improve the 

simulation and reproduce GLP-1 interaction with GLP-1R, while preserving the 

dynamism of proteins and taking advantage of cryo-EM large data sets, the 

experimental data from density maps was added to the simulations.  Molecular 

dynamics Flexible Fitting (MDFF) was used (Trabuco et al. 2009; Qi et al. 2017; 

Trabuco et al. 2008).  MDFF has been successfully used to model ribosomes and their 

substrates, Mot-TBP complex, and viruses (reviewed in McGreevy et al. 2016; 

Wollmann et al. 2011; Bharat et al. 2014; Lorenz and Holmes 2010; Gogala et al. 
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2014).  MDFF incorporates forces proportional to the density gradient map to the MD 

force field (Qi et al. 2017; Trabuco et al. 2008; Trabuco et al. 2009).  Despite 

providing atomic details, three-dimensional proteins built from density maps display 

atomic assemblies where atoms are fitted into a single position based on the density 

map.  However, proteins are in constant movement and the position of atoms are 

constantly changing.  Since high density area represent energy minima, the map 

potential drives the atoms into the map density while MD potential preserves physical 

parameters of the model (Qi et al. 2017; Trabuco et al. 2008; Trabuco et al. 2009).  In 

this way, sidechains and flexible areas were able to move and find a favourable 

position based on the MD potential while forces from the density map maintain the 

gross structure of the receptor. 

 

 

4.2.3.1.   System building 

 

Models were orientated with respect to the membrane using OPM database 

(Lomize et al. 2012).  Models were fitted into density maps using ‘Colores’ program 

from Situs package (Wriggers 2012; Wriggers and Birmanns 2001).  The active model 

was fitted into 6B3J density map (Liang et al. 2018) and the inactive model into 5YQZ 

density map (Zhang et al. 2018).  The CCP4i software (McNicholas et al. 2011; 

Potterton et al. 2003) was used to convert the density map of 5YQZ format DSN6 into 

ccp4 format.  Files containing oriented models in the membrane and models fitted into 

density maps were submitted into CHARMM-GUI server (Jo et al. 2008) where 

MDFF Utilizer (Qi et al. 2017) was used to generate the input files for simulation.  

GLP-1R disulphide bonds were first defined and each model was embedded into a 90 

x 90 Å2 heterogeneous lipid membrane (Cholesterol 25%, POPC 26%, POPE 20%, 

POPS 5%, POPI 5%, PSM 19%) before adding neutralizing ions (0.15 M NaCl) and 

a water/solvent box (TIP3P).  Simulations were set at 303.15 K temperature and 1 atm 

pressure, using Langevin dynamics with a damping coefficient of 1-ps to control the 

temperature and a Nose-Hoover Langevin piston to control the pressure. 
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4.2.4. System simulation 
 

Each system underwent equilibration for 70 ns and a total of 350 ns production 

using all-atoms molecular dynamics flexible fitting (MDFF) method (Trabuco et al. 

2008; Trabuco et al. 2009).  Simulations were done using CHARMM36 force-field 

(Huang and MacKerell 2013) and NAMD software (Bernardi et al. 2016) at a 2 fs 

timestep, using Particle Mesh Ewald to account for long-range electrostatics. 

In both trajectories, harmonic restraints obtained from the density map 

potential were applied to all Ca atoms.  Such restraints guided Ca atoms towards 

high-density regions and allow backbone and sidechains to be fitted into the map.  

During the first 100 ns, restraints on Ca atom were steadily removed from TMD and 

the ligand.  The following 200 ns restraints were only applied to Ca atoms of the NTD 

but TMD and ligand were simulated without restraints. 

 

 

4.2.5. Trajectory analysis 
 

The resulting trajectories were analysed using WORDOM (Caflisch et al. 

2007) and VMD (Humphrey, Dalke, and Schulten 1996).  From the total output 

trajectory for the active and inactive models the segment between 150 to 350 ns was 

in detail analysed. 

 

 

 

4.3. Results  
 

4.3.1. Trajectory analysis 
 

Both models were built using high quality structures as templates.  Despite 

mutation of residues and change in the ligand, the simulation of both models quickly 

reached stability.  In the segment analysed, 150-350 ns, the average RMSD of the 

active model was 1.02 Å and of the inactive model 1.48 Å (Figure 4.3).  After 60 ns 

of simulation restraints from Ca atoms of the TMD in the active and inactive models 
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were removed.  Restraints on the ligand were removed after 100 ns in the active and 

inactive model.  Visual inspection of the structure did not show major changes in the 

gross structure.  Since the inactive model was built using the homologous glucagon 

receptor, it had an expected higher change in the RMSD compared with the active 

model built directly from a GLP-1R structure.  Despite changes in the RMSD, 

restrained and unrestrained trajectories fell into acceptable values for simulations 

(Theoretical and Computational Biophysics Group. 2016  ; Humphrey, Dalke, and 

Schulten 1996) and show the stability of both models. 

 
 

 
Figure 4. 3. RMSD values of GLP-1R simulated using MDFF 

 

 

GPCRs are in constant movement in the search for a favourable conformation, 

with some conformations being more favourable than others (Bockenhauer et al. 

2011) and this can be observed during the simulation.   

Despite changes in RMSD in both models when restraints were removed, RMSD 

value remained stable with minor changes, meaning that the models achieved stability 

in their conformational state. 
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The main difference between the inactive and active conformations in the 

characteristic outward movement of TM6 which creates a cavity for G-protein binding 

(Rasmussen, Choi, et al. 2011a).  The active model was simulated with the a5-helix 

of the G protein, which remain in the cavity interacting with the receptor through the 

simulation; in the inactive model TM6 remains in the closed conformation.  

Throughout the simulations, and even when restraints were removed from the TMD, 

the distance between Ca atoms of residues Arg1762.46b (TM2) and Arg3486.37b (TM6) 

was maintained; on average 23.75 Å in the active model and 11.84 Å in the inactive 

(Figure 4.4). 
 

 
Figure 4. 4. Distance between TM2 and TM6 - GLP-1R 

 

Even though activation is not seen in the simulation, differences in the inactive 

and active models are consistent with reported structures as well with previous 

simulation (Chapter 3).  In the active state TM1 moves towards TM7, the extracellular 

half of TM7 bends towards TM6 and TM6 intracellular end moves outwards.  It can 

also be seen TM6 extracellular half bending towards the membrane and the outward 

movement of the intracellular end of TM3 and TM5. 
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4.3.2. Inside the inactive receptor  
 

In the simulation of the inactive model, three networks are seen: i) an 

extracellular polar network, ii) a hydrophobic transmembrane network and iii) an 

intracellular network or ionic lock.  It is important to identify the characteristics and 

interactions in the inactive state to determine the order of events leading to activation. 

At the extracellular end of the receptor two polar clusters are found delimiting 

the binding cavity.  The first polar cluster is formed by Asn2403.43b - Arg1902.60b- 

Tyr1521.47b; and the second polar cluster is formed by Tyr2413.44b- Glu-3646.53- 

Thr3917.44b.  These two polar clusters may be connected via Thr3917.44b linking TM1, 

TM2, TM3, TM6 and TM7 (Dods and Donnelly 2015); (Table 4.1).  It is interesting 

to note that the interaction of the main chains in the middle region of  TM3 during the 

inactive state is more flexible or less helical (Table 4.1), conferring flexibility to the 

binding pocket, while still maintaining the receptor in the inactive state (Wootten, 

Reynolds, Koole, et al. 2016; Wootten, Simms, et al. 2013).  In contrast, in the active 

state, the middle region of TM3 increase the hydrogen bonds between the main chain 

becoming more stable (hydrogen bonds between Tyr2413.44b -Val2373.40b  93% active, 

50% inactive; Tyr2413.44b -Leu2453.48b 78% active, 28% inactive).  In the active 

simulations and as previously described, Thr3917.44b links both polar clusters forming 

hydrogen bonds with Arg1902.60b (48%) and Glu3646.53b (88%) (Dods and Donnelly 

2015); (Table 4.1).  Binding of the ligand N-terminal rearranges extracellular residues 

(Dods and Donnelly 2015). 
Table 4. 1 Hydrogen bond occupancy of polar residues at the extracellular side in the active and inactive state of 
GLP-1R model  
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Figure 4. 5. Comparison between active-inactive extracellular contacts 

 
 
 

In the core of the receptor residues from Leu1832.53b, Leu2443.46b, Leu3566.45b, 

Leu3606.549b and Val3987.53b form a hydrophobic network.  During activation, nearby 

polar residues Asn3205.50b and Asn2403.43b will affect the rotamers of these residues 

and trigger further changes.  However, in the inactive conformation, the side chains 

of these hydrophobic residues are pointing towards the core of the receptor, closing 

the core of the receptor and “locking” TM6 in the inactive conformation (Figure 4.6). 
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Figure 4. 6. Hydrophobic residues in the core of inactive GLP-1R model 
 

 

 
Table 4. 2. Hydrogen bond occupancy of residues belonging to the hydrophobic transmembrane 

network in the active and inactive state of GLP-1R model 

 
In concordance with previous data, at the intracellular side of the receptor 

residues His1802.50b, Glu2473.50b, Thr3536.42b and Tyr4027.57b form a polar network, in 

the so-called ionic lock (Figure 4.7 and Table 4.3), keeping the receptor in a closed 

conformation characteristic of the inactive state (reviewed in  Wootten, Simms, et al. 

2013).  However, the function of these residues is not limited to keep the receptor in 

the inactive state but also are involved in activation and interaction with the G protein 

as mutagenesis show that removal of the charges when mutated to alanine reduces 

GLP-1 efficacy (Wootten, Simms, et al. 2013). 
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Figure 4. 7. Extracellular view of the ionic lock in the inactive conformation 

 

 
Table 4. 3. Hydrogen bond occupancy of residues belonging to the intracellular polar network in the active and 
inactive state of GLP-1R model 

 
 

4.3.3. Ligand binding in the active conformation 
 

Binding of the ligand disrupts interactions at the extracellular side of the 

receptor, leading to changes at the extracellular end of TM1 and TM7.  Although 

binding of the ligand is a process not seen during these simulations, comparison of 

resulting structures, active and inactive, shows different interactions between TM1 

and TM2. It appears that the hydrophobic and bulky Phe12*, shifts the extracellular 

end of TM1 towards TM7, breaking Tyr1481.43b – Lys1972.67b interaction (hydrogen 

bond occupancy 53% inactive, 1% active) to allow them to interact with the ligand.  
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TM1 clockwise movement towards TM7 appear to be facilitate by residues at the 

middle region of TM1 and TM7, Gly1511.46b - Ser1551.50b -Ser3927.47b, acting as a 

pivot (Fig 4.8 and 4.9.B), while at the extracellular end TM1 and TM7, aromatic 

residues Phe1431.38b and Phe3857.40b stabilise the transmembrane end of the receptor 

in the active state as spatial restraints avoid the movement of TM7 back to the inactive 

coordinates (Figure 4.8). 

 

 

 
Figure 4. 8. Extracellular view of TM2-TM1 in complex with ligand 

 
 
 

The position of the ligand in the inactive model places Ala8* interacting with 

Glu3877.42b (hydrogen bond occupancy of 98% during inactive state, 49% active 

state).  Although Ala8*- Glu3877.42b interaction is seen in the active state, this 

interaction decreases as TM7 extracellular end bends towards TM6.  The shift of TM7 

rearranges residues Glu3877.42b, Phe3907.43b, Thr3917.44b, Gln3947.49b in TM7 (Figure 

4.9 C-D and Table 4.4).  As TM7 bends towards TM6 and in the presence of the 

ligand, the rotamer change in the Thr3917.44b side chain allows the formation of a 
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hydrogen bond with Glu3646.53b (hydrogen bond occupancy 88% active, 0% inactive) 

forcing Gln3947.49b movement towards the intracellular side where it forms a 

hydrogen bond with Pro3586.47b main chain stabilising the kink formation in TM6 

(hydrogen bond occupancy 84% active, 0% inactive; Table 4.4), while being in 

binding distance from His3636.53b. The possible π-stacking effect of Phe3907.43b over 

His3636.52b may shift TM6 and with it His3636.52b into the core within binding distance 

of Gln3947.49b adding stability to TM6 kink formation (Figure 4.9 C-D).  Comparison 

of the inactive and active models show a small outward movement of the intracellular 

end of TM5 along with TM6.  Most residues at the extracellular end of TM5 are 

involved in cAMP stimulation (Mathi et al. 1997; Takhar et al. 1996). 

In the middle region of TM5 Asn3205.50b forms hydrogen bonds with 

Leu2443.47b and the main chain of Leu3606.49b that is exposed with TM6 outward 

movement and kink formation (figure 4.9, Table 4.2 and 4.4).  Also, in TM5, 

Phe3245.54b aromatic ring moves pointing towards the core of the receptor, possible 

aiding the kink formation and determining the extension of TM6 outward movement 

affecting the size of the intracellular cavity for G protein. 
 

 

 
Table 4. 4. Hydrogen bond occupancy of residues surrounding TM6 kink in the active and inactive state 
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Figure 4. 9. Comparison of inactive and active interactions in GLP-1R 
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 Binding of the ligand triggers conformational changes through the receptor.  

Although activation mechanisms are not seen in our simulation, comparison of the 

models in the active and inactive state show structural differences. 

At the extracellular side, binding of the ligand rearranges the extracellular 

polar network, allowing the rotation of TM7 and its movement towards TM6.  

Comparison of the ligand in the inactive model with the active position show His7, 

and Ala8* as the first residues to interact with the polar network. In the inactive state 

His7* forms  hydrogen bonds with Glu3877.42b (38% occupancy) and Ala8* (98% 

occupancy) shifting the extracellular end of TM7 towards TM6 to accommodate 

His7* and Ala8* via Glu3877.42b (Figure 4.10), mutagenesis data show Glu387A 

mutation reduces GLP-1 affinity (Dods and Donnelly 2015) but not G387D, 

suggesting the sidechains’ role to ‘catch’ the ligand for TM7 rearrangement.  

However, comparison with the active state, show the decrease in hydrogen bonds in 

the active state between His7* - Glu3877.42b (38% occupancy), and Ala8* - 

Glu3877.42b (49% occupancy)  suggest the movement of the ligand into the binding 

pocket. 

 

 
Figure 4. 10. Extracellular view of GLP-1R TM6-TM7 interaction with GLP-1 
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As the ligand moves forwards into the binding pocket, Glu9* disrupts the 

extracellular polar network by forming hydrogen bonds with Tyr1521.47b and 

Arg1902.60b (Table 4.5). The presence of the ligand shifts the Arg1902.60b side chain 

to the intracellular side strengthening Arg1902.60b-Asn2403.43b hydrogen bond.  In 

contrast with the previous hybrid model (Chapter 3), there was no interaction between 

Arg1902.60b-Gln3947.49b  in the inactive state.  During the active model simulation, 

Pro3586.47b forms a hydrogen bond with Gln3947.49b stabilising TM6 kink.  Pro3586.47b 

is part of the highly conserved class B P6.47xxG6.50 (P6.47LLG6.50 in GLP-1R) motif 

involved in coordinating large conformational changes [reviewed in (Liang et al. 

2018).  The low helical propensity of Pro-586.47b (Pace and Scholtz 1998) allows the 

exposed backbone to interact with Gln3947.49b (85% occupancy) and stabilise the TM6 

kink.  The flexibility of the region is key for TM6 outward movement.  Mutagenesis 

data show that double mutation N240A/Q394A affects GLP-1R activation (DLog tc 

= 0.70) (Wootten, Reynolds, Koole, et al. 2016).  A reason for this decrease in 

activation may be due to the difficulty of spatial restraints removal by Asn2403.43b 

easing spatial restraints removal and the lack of pivot found in Gln3947.49b by TM6 

indirectly affecting residues that stabilise TM6 kink (Figure 4.9 and 4.11). 

 
Table 4. 5. Hydrogen bonds between GLP-1 and residues in the TMD of GLP-1R in the active and inactive state 

 
 

 

 

In this same region, a second interaction between TM3-TM2 is seen as a 

hydrogen bond between Asn2403.43b- Ser1862.56b (Figure 4.4.).  The importance of 

these interactions appears to be that Asn2403.43b acts as a fulcrum reducing distance 

between TM2-TM3 and removing any possible spatial restraint from the core of the 
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receptor by shifting Phe1872.57b out of the core (Figure 4.11), as these residues are 

opposite to the TM6 kink.  Binding of the ligand Glu9* with Arg1902.60b in the active 

state shift Arg1902.60b towards the intracellular side.  At the same time hydrogen bonds 

interaction between, Arg1902.60b – Ser1862.56b  and Asn2403.43b – Ser1862.56b  increase 

in the active state (Table 4.5) resulting in the packing of the middle region of TM2 

and TM3 as consequence of the ligand binding.  The role of Arg1902.60b in ligand 

binding is well known as mutagenesis show.  If Arg1902.60b is mutated to GLP-1 

efficacy decreases (DLog tc = 0.53 Wootten et al. 2011), suggesting the need of a 

charged sidechain to bind with the negative charge of Glu9* (or Glu3* in Ex4).  

Similarly, Y152A mutation reduce GLP-1 and (exendin4) potency and affinity 

(Coopman et al. 2011) suggesting the role of this residue in and the inward movement 

of TM1 to close the binding pocket.  Mutagenesis data show N240Q had no effect on 

GLP-1R (Wootten et al. 2016b) as Gln polar side chain replace Asn allowing 

Arg1902.60b-Asn2403.43b interaction, but not N240A, as it affects GLP-1R activation 

(DLog tc = 0.67 Wootten et al. 2016b) hampering TM3 movement towards TM2 

(Figure 4.11). 

Although the order of events is not seen in our simulations, comparison of active 

and inactive states show rotamer changes of hydrophobic residues contributing to 

TM6 kink formation.  Movement of the Leu2443.47b sidechain towards TM2 creates a 

small void in the centre of the receptor and removes spatial restraints allowing the 

rotation of Leu3606.49b, and TM6, in direction to TM5 (Figure 4.12).  The low helical 

propensity of TM6 at PxxG motif facilitate the exposure of Leu3606.49b main chain 

which only in the active state forms a hydrogen bond with Asn3205.50b sidechain (35% 

hydrogen bond occupancy) contributing to stabilise TM6 kink at TM5-TM6 interface 

(Figure 4.12, 4.13). 

TM6 kink is located at the middle region of TM6 involving the conserved class 

B P6.47xxG6.50 motif (reviewed in Liang et al. 2018).  In the active model, the hydrogen 

bond between Pro3586.47b and Gln3947.49b side chain (hydrogen bond occupancy 84% 

only present in the active state) contributes to the stabilisation of the kink at TM6-

TM7 interface (Figure 4.12). 
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Figure 4. 11. Helix 6 formation in GLP-1R 
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Figure 4. 12. Comparison between hydrophobic residues in active-inactive GLP-1R 

 

 

 

 
Figure 4. 13. Lateral view of TM6 kink formation 
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4.4. Discussion 
 

There were structural improvements from the previous hybrid models since 

the active model was based on a biased agonist-bound human GLP-1R -Gs 

complex,(PDB 6B3J) and the inactive model was based on a full-length glucagon 

receptor in complex with an agonist (PDB 5YQZ) giving information about the 

interactions between the ligand and the receptor. The density gradient improved the 

models by driving the structures to high density areas while maintaining the flexibility 

of structures reported by low density gradient, since the receptor is composed of 

different domains with different degrees of freedom, thus preventing overfitting and 

providing better results. 

Comparison between the inactive and active models show that in the active 

state hydrophobic residues from the ligand, specially Phe12*, disrupt TM1-TM2, 

facilitating the movement of TM1 towards TM7.  Recently a GLP-1R-GLP-1(9-36) 

and a PAM (LSN3160440) was able to fully activate the GLP-1R by binding of the 

PAM in the TM1-TM2 interface, allowing access of the ligand (Bueno et al. 2020).  

This shows the importance of the hydrophobic interactions between the ligand and 

TM1-TM2 to facilitate the entrance of the ligand into the binding pocket but also 

relying in residues His7* and Ala8* at the N-terminal of the ligand to stabilise the 

binding (Bueno et al. 2020).  In GLP-1(9-36) the absence of His7* and Ala8* result 

in different rotamers of Phe12* which might be the reason for a lower affinity of GLP-

1(9-36) (Bueno et al. 2020).  The shift of TM1 over TM7 followed by TM7 movement 

over TM6 improves ligand binding by shrinking the binding pocket.  In addition, a 

difference observed in this MDFF simulation was the lack of interaction between 

His7* and Glu3646.53b (as seen in Chapter 3) or with any other residues in the 

extracellular end of TM5 or TM6.  This is surprising since residues Arg3105.40b and 

Glu3646.53b are involved in GLP-1 efficacy (Dods and Donnelly 2015; Wootten et al. 

2016a; Wootten et al. 2016b) and a direct interaction with the ligand could be 

expected.  Instead His7* interacts with Glu3877.42b as it shifts TM7 extracellular end 

towards TM6.  This suggests a greater role of Glu3877.42b and TM7 in activation as in 

might improve the stability of the ligand.  Indeed, Glu3877.42b is required for GLP-1 

efficacy (Dods and Donnelly 2015) and mutation of residues at the extracellular end 

of TM7 had no effect in ExP5 but affected GLP-1R signalling (Liang et al. 2018).  It 

is important to consider that this model was based in a GLP-1R in complex with a 
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ExP5, a G protein-biased agonist that is two residues longer than GLP-1.  The ligand 

His7* interaction with Glu3877.42b, might be at the early stages of activation, as the 

ligand enters the binding pocket, and will shift TM7 shrinking the pocket and guiding 

His7* sidechains towards TM5-TM6 extracellular. 

 In TM2 is the characteristic Arg1902.60b – Glu9*.  This interaction is not only 

present in other class B GPCRs, but its mutation affects receptor-endogenous ligand 

efficacy (Donnelly 2012; Unson, Gurzenda, and Merrifield 1989; Gardella and 

Jüppner 2001; Hinke et al. 2001; Rivier, Rivier, and Vale 1984; Solano et al. 2001; 

Wootten et al. 2018).  Comparison between state show conformational changes after 

binding in the helical segment below Arg1902.60b  to the central hydrophobic network 

where rotamer changes allows the creation of a small cavity allowing TM6 rotation 

and kink formation. 

 

 

 

4.5 Conclusions 
 

Binding of the ligand shrinks the binding space and increases the packing of the 

helices at the extracellular side.  Disruption of TM1-TM2 interface triggers further 

changes: i) shift of TM1 towards TM7 and TM7 towards TM6 with the objective to 

guide the ligand’s N-terminus towards TM5-TM6.  ii) Interaction between Glu9*-

Arg1902.60b, binds and accommodates the ligand and in addition to the movement of 

TM2 towards TM3 pack the core of TM2-TM3 creating a cavity that will allow TM6 

kink formation.  iii) Previous reported interaction between Arg3807.34b -Asp15* 

(reviewed in  de Graaf et al. 2016) was not present. 
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Chapter 5:. Targeted Molecular Dynamics of GPCRs 
 

5.1. Introduction 
 

While the simulations described in Chapters 3 and 4 enable an understanding 

of ligand-receptor interactions in one conformational state, larger and more complex 

conformational transitions, such activation events. are not accessible via this approach 

since they occur over longer time scales (picoseconds to seconds).  Despite the 

constant grown in computational power, it is still almost impossible to simulate such 

events using classic MD at temperatures inside physiological ranges. Targeted 

molecular dynamics is an alternative method that can be used to induce 

conformational changes to a known target by applying time-dependent constraints at 

physiological temperature (Schlitter, Engels, and Kruger 1994).  Target molecular 

dynamics guides a group of atoms towards the final ‘target’. 

In order to understand GLP-1R activation by its endogenous ligand, high-

quality GLP-1R models embedded in a realistic heterogeneous membrane were 

simulated using MDFF method to allow the ligand, sidechains and missing residues 

to accommodate and find a favourable conformation in the active and inactive state 

(Chapter 4).  In this chapter, these resulting receptor-ligand complexes were used as 

the input for targeted MD simulations, in order to define the GLP-1R activation 

mechanism, the order of events, and the identification of important residues involved 

in the process.  This method requires an initial structure, for which we used the final 

state from MDFF simulation in the inactive state of GLP-1R, while for the final or 

‘target’ state the final state from MDFF simulation of the GLP-1R active state was 

used (Chapter 4).  Going from the inactive to the active state allowed us to simulate 

activation of the receptor.  From earlier use of targeted MD in the study of the 

unfolding of the a-helical portion of insulin and searching of pathways of 

conformational transitions (Schlitter, Engels, and Kruger 1994), targeted MD has 

been successfully used for the identification and validation of biologically relevant 

drug molecules (sirtuins) (Rumpf et al. 2015; Jones et al. 1997; Kiviranta et al. 2008), 

protein unfolding (Ferrara, Apostolakis, and Caflisch 2000), and conformational 

changes that participate in the closure of ligand-gated ion channels (Rovšnik et al. 

2021) and identification of allosteric mechanisms of calmodulin (Liang, Pang, et al. 
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2017) and identification of active site in aldehyde dehydrogenases and cofactor flip 

(Rahuel-Clermont et al. 2019). 

To validate these targeted MD simulations for GLP-1R, the b2 adrenergic 

receptor (b2AR) was used as a test case since its activation mechanisms has been 

extensively studied (Bang and Choi 2015; Benovic et al. 1987; Chan, Filipek, and 

Yuan 2016; Dror et al. 2011; Laporte et al. 1999; Liu, Horst, et al. 2012; Lohse et al. 

1990; Luttrell et al. 1999; Manglik et al. 2015; Manna et al. 2016; Noda et al. 1994; 

Rasmussen et al. 2007; Rasmussen, Choi, et al. 2011b; Rasmussen, DeVree, et al. 

2011; Samama et al. 1993b; Shi et al. 2002; Strader, Sigal, and Dixon 1989; Yao and 

Kobilka 2005).  b2AR is a Class A GPCR with an activation mechanism which 

involves conformational changes required to accommodate catecholamines and 

enable G protein activation and signalling.  Ionic and hydrogen bond interactions 

between Asp1133.32, Asn3127.39 (superscripts in Ballesteros-Weinstein numbering, 

(Ballesteros and Weinstein 1995) with the ligand are important for the binding 

affinity, while hydrophobic residues Val1143.33, Phe1935.32, and Phe2906.52 enclose 

the agonist into the orthosteric binding pocket (Rosenbaum et al. 2007).  At the 

catechol end of the ligand, hydrogen bonds between Ser2035.42 and Ser2075.46 with 

the agonist phenoxy moieties results in a tightening of the binding pocket with a shift 

of TM5 towards TM6.  As the result, Pro2115.50 moves into the space occupied by 

Ile1213.40 in the inactive structure, forcing the Ile1213.40 rotamer to change and shift 

towards TM6 into the space occupied by Phe2826.44 in the inactive state.  Phe2826.44 

and TM6 move away from TM3, tilting the intracellular end of TM6 away from TM3, 

creating an intracellular cavity for G protein binding. 

 

 

5.2. Methods 
 

5.2.1. b2 Adrenergic Receptor 
 

5.2.1.1 Model Building 

 

Molecular model building manipulations and alignments were carried out 

using the tools embedded within PyMOL (Schrödinger 2015) unless otherwise stated. 
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5.2.1.1.1. Inactive model 

 

The structure of the turkey  b1 adrenergic receptor bound to agonist 

isoprenaline, PDB 2y03 (Warne et al. 2011) was used to build the inactive model of 

a human b2AR.  (i) Residues not belonging to the receptor were removed.  (ii) The 

receptor was mutated to the human b2AR (UniProt P07550) using the homology 

modelling web server SWISS-MODEL (Waterhouse, Bertoni, et al. 2018).  (iii) 

Residues were renumbered according to b2AR.  (iv) Isoprenaline was in silico mutated 

to adrenaline and added to the model based on 2Y03 coordinates.  (v) b2AR-

adrenaline complex was subjected to energy minimisation through steepest descent 

method (50 steps), followed by Newton Raphson methods (50 steps) to optimise 

minor steric clashes or poor geometries using NAMD (Bernardi et al. 2016). 

 

 

5.2.1.1.2. Active model 

 

The structure of b2 adrenoceptor bound to adrenaline and an engineered 

nanobody (Nb80), PDB 4LDO (Ring et al. 2013), was used to build the active state.  

(i) Residues not belonging to the receptor were removed, while ICL3 region from 

2Y03 was used to build missing residues.  (ii) The receptor was used as a template to 

build a model of human b2AR using the homology modelling web server SWISS-

MODEL (Waterhouse, Bertoni, et al. 2018).  (iv) Adrenaline and nanobody were 

added to the model based on 4LDO coordinates, since the nanobody stabilises a 

physiologically relevant state (Rasmussen, Choi, et al. 2011a).  (v) b2AR-adrenaline-

Nb complex was subjected to energy minimisation through steepest descent method 

(50 steps), followed by Newton Raphson methods (50 steps) to optimise minor steric 

clashes or poor geometries using NAMD (Bernardi et al. 2016). 
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5.2.1.2. Molecular Dynamics Flexible Fitting  
 

5.2.1.2.1. Building the system 

 

Models were fitted into density maps using the ‘Colores’ program from Situs 

package (Wriggers and Birmanns 2001; Wriggers and Chacón 2001).  Active and 

inactive models were fitted into 4LDO (Ring et al. 2013) and 2Y03 density maps 

(Warne et al. 2011) respectively.  MDFF Utilizer using CCP4i Software (McNicholas 

et al. 2011; Potterton et al. 2003) was used to convert the density map from the DSN6 

format into ccp4.  Models were orientated with respect to the hydrocarbon core of the 

lipid bilayer utilising OPM database and server (Lomize et al. 2012).  Files containing 

oriented models in the membrane and fitted into density maps were submitted into 

CHARMM-GUI server (Jo et al. 2008; Jo et al. 2009; Lee et al. 2016) where MDFF 

Utilizer (Qi et al. 2017) was used to generate the input files for the first stage of the 

simulation.  Disulphide bonds were first assigned, and each model was independently 

embedded into a 90 x 90 Å2 heterogeneous lipid membrane (Cholesterol 25%, POPC 

26%, POPE 20%, POPS 5%, POPI 5%, PSM 19%) before adding neutralizing ions 

(0.15 M NaCl) and a water/solvent box (TIP3P).  Simulations were set at 303.15 K 

temperature and 1 atm pressure, using Langevin dynamics with a damping coefficient 

of 1-ps to control the temperature and a Nose-Hoover Langevin piston to control the 

pressure using NAMD (Bernardi et al. 2016). 

 

 

5.2.1.2.2. System simulation 

 

Each system underwent equilibration for 70 ns and a total of 350 ns production 

using all-atoms molecular dynamics flexible fitting (MDFF) method (Trabuco et al. 

2008; Trabuco et al. 2009).  Simulations were done using CHARMM36 force-field 

(Huang and MacKerell 2013) and NAMD software (Bernardi et al. 2016) at a 2 fs 

timestep, using Particle Mesh Ewald to account for long-range electrostatics. 

In both trajectories, harmonic restraints obtained from the density map 

potential were applied to all Ca atoms.  Such restraints guided Ca atoms towards 

high-density regions and allow backbone and sidechains to be fitted into the map.  

During the first 100 ns, restraints on Ca atom were steadily removed from TMD and 
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ligand.  The following 200 ns restraints were only applied to Ca atoms of the NTD 

but TMD and ligand were simulated without restraints. 

 

 

5.2.1.3. Targeted Molecular Dynamics  

 

5.2.1.3.1. Building the system 

 

Structures obtained from the final frame of MDFF simulation of active and 

inactive b2AR were used for targeted MDs as ‘target’ and ‘initial’ structures 

respectively.  Since this method requires the same number of atoms, the nanobody 

was added to the inactive file but was manually moved towards the intracellular space 

away from the receptor.  The inactive or ‘initial’ structure was orientated with respect 

to the lipid bilayer utilising OPM database and server (Lomize et al. 2012) and 

submitted into CHARMM-GUI server (Jo et al. 2008; Jo et al. 2009; Lee et al. 2016) 

where membrane builder option was used to generate the input for targeted MD with 

NAMD (Jo, Kim, and Im 2007; Jo et al. 2009; Wu, Cheng, et al. 2014; Schlitter, 

Engels, and Kruger 1994).  Disulphide bonds were first assigned, and the model was 

embedded into a 90 x 90 Å2 heterogeneous lipid membrane (Cholesterol 25%, POPC 

26%, POPE 20%, POPS 5%, POPI 5%, PSM 19%) before adding neutralizing ions 

(0.15 M NaCl) and a water/solvent box (TIP3P).  The active structure obtained from 

the final frame of MDFF was set as the ‘target’ structure. 

 

 

5.2.1.3.2. System simulation 

 

Targeted MD Simulations were performed using CHARMM36 force-field 

(Huang and MacKerell 2013).  The system underwent equilibration for 70 ns and was 

set for a total of 150 ns production using all-atoms targeted MDs.  Steering forces 

guiding the initial inactive structure towards the final ‘target’ active structure were 

only applied to Ca atoms using an elastic constant for targeted MD of 200 

kcal/mol/Å2 (Schlitter, Engels, and Kruger 1994).  Simulations were set at 303.15 K 

temperature and 1 atm pressure, using Langevin dynamics with a damping coefficient 

of 1-ps to control the temperature and a Nose-Hoover Langevin piston to control the 
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pressure.  Simulations were performed using NAMD software (Bernardi et al. 2016) 

at a 2 fs timestep, using Particle Mesh Ewald to account for long-range electrostatics. 

 

 

5.2.2. GLP-1R from inactive to active state 
 

5.2.2.1. System building 

 

Structures obtained from the final frame of MDFF simulation of active and 

inactive MDFF of GLP-1R (Chapter 4) were used for targeted MDs as ‘target’ and 

‘initial’ structures respectively.  Since this method requires the same number of atoms 

in each file, therefore, to match the number of atoms in the active state the G protein 

a5-helix was added to the inactive structure file but manually moved towards the 

intracellular space away from the receptor.  This file was orientated with respect to 

the lipid bilayer utilising OPM database and server (Lomize et al. 2012) and submitted 

into the CHARMM-GUI server (Jo et al. 2008; Jo et al. 2009; Lee et al. 2016) where 

membrane builder option was used to generate the input for targeted MD simulation 

with NAMD (Jo, Kim, and Im 2007; Jo et al. 2009; Wu, Cheng, et al. 2014; Schlitter, 

Engels, and Kruger 1994). 

 

 

5.2.2.2. Targeted molecular dynamics simulation 

 

Simulations were performed using CHARMM36 force-field (Huang and 

MacKerell 2013) and NAMD software (Bernardi et al. 2016) at a 2 fs timestep, using 

Particle Mesh Ewald to account for long-range electrostatics.  The system underwent 

equilibration for 70 ns and was set for a total of 150 ns production using all-atoms 

targeted MDs.  Steering forces guiding the initial inactive structure towards the final 

‘target’ active structure were only applied to Ca atoms using an elastic constant for 

targeted MD of 200 kcal/mol/Å2 (Schlitter, Engels, and Kruger 1994) was only 

applied to Ca atoms.  To study activation, the inactive state was set as the starting 

structure and the active state set as the ‘target’ structure. 
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5.3. Trajectory analysis 
 

The resulting full trajectory obtained from targeted MD simulation of b2AR and 

GLP-1R complexes were analysed using WORDOM (Caflisch et al. 2007), VMD 

(Humphrey, Dalke, and Schulten 1996), and Bio3D module in R to calculate rotamer 

states (Grant et al. 2006; Skjærven et al. 2014).  To facilitate the analysis of the 

trajectories in a chronological order, the resulting trajectories were divided according 

to RMSD values, resulting segments of varied length, resulting in segment with a 

plateau RMSD and segments with changes in RMSD.  For each segment hydrogen 

bonds and rotameric angles were analysed.  Hydrogen bonds were obtained as 

previously described (Section 2.3.2) and rotamer angles were obtained using 

torsion.pdb Bio3D package from R (Grant et al. 2006).  In order to get rotameric 

angles, water and lipid bilayer atoms were removed from the trajectory, then the 

trajectory was converted into PDB files using WORDOM (Caflisch et al. 2007), and 

alanine and Glycine residues were removed from the file.  Then, using torsion.pdb 

Bio3D package from R (Grant et al. 2006), each frame was analysed and rotameric 

angles were saved into a txt file.  Since the frames were analysed in chronological 

order, it was possible to identify segments with changes in rotameric angles.  Special 

attention was paid to residues with a solvent accessible surface area with a 20 percent 

difference between the inactive and active state.  SASA for each residue in each state 

was first calculated using “Accessible surface area and accessibility calculation for 

protein” version 1.2 web server from the Centre for Informational Biology, 

Ochanomizu University (Center for Informational Biology 2012).  If there was a 20% 

difference in the SASA value of a residue in the inactive – active state, then the 

rotamer angles for this residue was analysed.  Then these residues were separated into 

‘layers’ according to their position in the receptor, resulting in three categories: 

extracellular, middle, intracellular and two subcategories: extracellular-middle and 

middle-intracellular. 
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5.3. Results  
 

5.3.1. b2 Adrenergic Receptor 

 

5.3.1.1. Molecular dynamics flexible fitting  trajectory analysis 

 

Models of the inactive b2AR and active b2AR in complex with adrenaline 

were built and simulated for a total  70 ns using MDFF method (Figure 5.1); during 

that time the receptor remained stable.  Expected interactions between the active state 

receptor and the ligand were found: i)  Asn3127.39 and Asp1133.32  are interacting with 

the amino group of the ligand; ii)  Asn3127.39 forms a hydrogen bond with the 

hydroxyl group of the ligand, iii) residues aSer2035.42 and Ser2075.46 in TM5 and iv) 

Asn2936.55 in TM6 form hydrogen bonds with the phenoxyl-groups of the ligand; v) 

at the extracellular side, hydrophobic Phe193ECL2 and Phe2896.51 surround the binding 

pocket (Deupi and Kobilka 2007; Rasmussen, DeVree, et al. 2011; Rosenbaum et al. 

2007) (Figure 5.2). 

 
Figure 5. 1. RMSD of B2AR
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Figure 5. 2. Extracellular interactions between B2AR and adrenaline 

 

 

5.3.1.2. Targeted molecular dynamics trajectory analysis 

 

Targeted MD guided the receptor from a state (inactive) towards another 

(target active), therefore, changes in RMSD are expected.  The total trajectory (150ns) 

was divided into seven segments, (A-G) of different length based on changes in 

RMSD; where there are segments with increases on RMSD reflecting major changes 

in the backbone more stable RMSD values reflecting minor changes in the backbone.  

Throughout the trajectory there were changes in the sidechains (Figure 5.3). 

During targeted MD, the conformational changes typical of GPCR activation 

were seen.  In b2AR, there is a polar network at the extracellular side, located on TM3 

TM7, TM6 and TM5, that is directly involved in binding the agonist and transducing 

the subsequent conformational changes.  Residues Asp1133.32 and Asn3127.39 have a 

key role in agonist binding (reviewed in Chan, Filipek, and Yuan 2016).  Across the 

simulation Asp1133.32 and Asn3127.39 interact with the ligand, adrenaline, through 

ionic interactions and hydrogen bonds (average 93% and 63% respectively; Table 5.1 

and 5.2).  In addition, a hydrogen bond between Tyr3167.43 and Asp1133.32 remains 

constant through the simulation and contributes to the shrinking of the binding pocket 
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and forms the roof of an inner cavity around TM7-TM1-TM2 interface and affecting 

Met822.53 shifts (Figure 5.4 and Table 5.1). 

 

 

 

 
Figure 5. 3. B2AR Targeted MD simulation 

 

A. 
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Figure 5. 4. Lateral view of extracellular interactions in B2AR 

 

 

 The effect of the movement of TM7 over TM6 rearranges TM6 via hydrogen 

bonds between Tyr3087.35-Asn2936.55 and Asn3127.39-adrenaline ligand that ‘push’ 

Phe2896.51, and TM6 extracellular end, counter-clock propagating changes in 

Trp2866.48 (equivalent to Glu364 in GLP-1R) contributing to TM6 rotation (Figure 

5.5 and 5.6).  As consequence of helices 6 and 7 movement, mainly on Asn2936.55 

interaction with the ligand, residues Ser2035.42 and Ser2075.46 in helix 5 interact with 

ligand phenoxy moieties (Chan, Filipek, and Yuan 2016; Strader et al. 1989). 

 Changes from the extracellular side are reflected in the middle region of the 

receptor as rotamer changes that affect intracellular residues.  As such, in consequence 

of the interaction between the ligand and Asp1133.32 (Table 5.2) there is the inward 

movement of TM3 reducing the binding pocket forcing a rotamer change in Val1173.36 

which due to spatial restraints force the rotamer change in Ser1203.39.  The inward 

movement of TM5 due to Ser2075.46 -ligand interaction shifts Pro2113.40 into the space 

previously occupied by Ile1213.40 (Figure 5.7). 
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Figure 5. 5. TM6 kink formation in B2AR 

 

 

During activation, TM7 rotates resulting in rotational changes of the side 

chains of residues in the helix, and rotamer changes as  Asn3187.45 pushes  Ser3197.46 

inward.  The role of Asn3187.45 is to maintain the outward movement of helix 6 in the 

active state by avoiding its movement back to the inactive position by restraining 

Phe2826.44.   While Ser3197.46 forms a hydrogen bond with Asp792.50 (rotamer change 

of neighbouring Ser1203.39 allows the inward movement of Asp792.50 removal of 

physical restraints from sidechains and creating a small void enough for the later 

rotamer change in Ile1213.40 and Phe2826.44) reducing the space inside the core (Table 

5.2, 5.3).  In addition to TM7 movement, rotamer change of Ser1203.39 disrupts 

Asp792.50 and Tyr3267.53 hydrogen bond.  The now free Tyr3267.53 forms a hydrogen 

bond with the conserved Tyr2195.58 (Probst et al. 1992; Table 5.1), critical for 

stabilising and maintaining the active state in the b2-AR (Dror et al. 2011; Gabilondo, 

Krasel, and Lohse 1996) and enabling the foramtion of the G protein bindin site 

(Fleetwood et al. 2019).  It is well known that Tyr2195.58 favours TM6 outward 

movement and contribute to class A activation efficacy (Venkatakrishnan et al. 2016; 

Ragnarsson et al. 2019).  Mutagenesis of either NPxxY7.53 and Tyr5.58 stabilises b2-

AR inactive state decreasing cAMP signalling and agonist affinity (Ragnarsson et al. 

2019; Gabilondo, Krasel, and Lohse 1996), while and T326A (TM7) mutation  
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impairs G protein-coupling and internalisation (Gabilondo, Krasel, and Lohse 1996).  

It is suggested that the water mediating hydrogen bond between Tyr2195.58 and 

Tyr3267.53 is the equivalent opposite to the ionic lock, as Tyr2195.58 - Tyr3267.53 

interaction is needed to stabilise the active state (Schneider et al. 2010). 

During activation, the rotamer change of Ile1213.40 side chain produce its 

inward movement towards TM6 to the space previously occupied by Phe2826.44 in the 

inactive state.  As a consequence of Ile1213.40 inward movement, Phe2826.44 is 

displaced away from TM3, tilting the intracellular end of TM6 away from TM3, 

breaking DRY ionic lock and creating an intracellular cavity for G protein binding 

(Dror et al. 2011) (Figure 5.7 and 5.8). 

 

 

 
Figure 5. 6. Lateral view of B2AR extracellular residues interacting with adrenaline 
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Figure 5. 7. TM6 kink formation in B2AR - lateral view 

 
 
Table 5. 1. Hydrogen bond occupancy through B2AR targeted MD 
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Figure 5. 8. Extracellular view of B2AR TM5-TM6 

 
 

Although during the simulation hydrogen bonds occupancy varies.  It is 

noticeable that hydrogen bonds at the extracellular end decrease during segments: C, 

in which RMSD values decrease, suggesting stabilisation of the receptor before TM6 

outward movement; and segment D, in which RMSD achieve the lowest values but 

the distance between TM6-TM2 starts to increase, suggesting the formation of the 

intracellular cavity and activation. 

Since targeted MDs only guide Ca atoms, gross changes in the structure are 

expected, as such the outward movement of TM6, however, during the simulation 

complementary changes in the sidechains associated to activation are seen. 
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Table 5. 2 Chis angles through B2AR targeted MD 
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5.3.2. GLP-1R Targeted Molecular dynamics simulation 
 

The inactive structure was guided towards the active state by applying 

restraints in Ca atoms over 150 ns.  To facilitate the analysis of the trajectory in a 

chronological order, the resulting trajectory was divided in base of RMSD values of 

varied length into seven segments (A-G); segments with stable RMSD values were 

separated from segments with increase or changes in RMSD.  Then each segment was 

analysed.  Segments with rapid increases on RMSD reflect changes in the main chain 

while stable segments reflect mainly changes in sidechains (Figure 5.9). 

 

 

 
Figure 5. 9. Targeted MD of GLP-1R 

 

 

 

 Binding of the ligand activates the receptor through conformational changes 

that translate to the intracellular side to activate intracellular proteins and produce a 

biological response.  Simulation of the GLP-1 induced GLP-1R activation process 

started form the inactive state and was guided towards the active state, with both 

structures coming from MDFF simulation of models based on high resolution 

structures (Chapter4).  
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The starting structure show a GLP-1R in the inactive state in complex with 

GLP-1, providing information about the relative orientation, position, and interactions 

of the ligand prior to activation.  At the extracellular side of the TMD the interaction 

between residues Arg1902.60b, Asn2403.43b, Arg3105.40b, Glu3646.53b, Gln3947.49b and 

Thr3917.44b in the inactive state close the binding pocket, maintaining the receptor a 

closed conformation (Chapter4).  However, during binding, residues at the N-terminal 

of the ligand interact with residues of the extracellular side of the TMD triggering 

further conformational changes needed for activation. 

At the extracellular side is Glu1381.33b, guiding the ligand into the binding 

pocket via an interaction with Lys26* at the C-terminal end of the ligand through first 

a salt bridge (maintained until segment C) and a hydrogen bond (until segment D).  

This interaction between the ligand and the receptor, strengthened by Gln23* and 

Glu1381.33b, appears to facilitate the ligand to enter via TM1-TM2 interface and to 

position the ligand’s N-terminus towards TM5-TM6.  In addition, the steric effect of 

the ligand itself through the trajectory to the binding pocket acts as a disruptor of the 

TM1-TM2 interface as Thr13* disrupts Tyr1481.43b - Lys1972.67 /Asp1982.628b 

hydrogen bond allowing Thr13* to interact with the now free Lys1972.67 , which 

provides an anchor to the ligand by directing the N-terminus towards TM5-TM6 

interface at the opposite side.  Meanwhile, hydrophobic residues Tyr19* and Leu20* 

contribute to the disruption of TM1-TM2 interface allowing the movement of the 

ligand into the binding pocket resulting in TM1 shift towards TM7 (Figure 5.10, Table 

5.4). 

As the ligand accommodates in the binding pocket, Ala8* interact with 

Glu3877.42b at the extracellular end of helix 7 acting as an anchor facilitating the 

counter clock rotation of helix 7, and rotation of residues at the extracellular end of 

TMD7 in the direction of TM6.  The TM7 rotation results in the sidechain of 

Lys3837.37b forming a hydrogen bond with Asp372ECL3 which acts as a hinge that 

maintains the active position but also limits the outward movement of TM6 (Figure 

5.11, Table 5.4). 
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Figure 5. 10. Lateral view overlaying inactive - active GLP-1R 
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Figure 5. 11. Lateral view overlaying GLP-1R active- inactive 

 

As the ligand moves into the binding pocket, the N-terminus faces the TM6-

TM7 interface.  In early stages His7* forms a hydrogen bond with Glu3877.42b 

facilitating helix 7 shift towards helix 6.  Later, once the ligand has accommodated 

into the binding pocket, His7* disrupts Arg3105.40b – Glu3646.53b interaction by itself 

forming a hydrogen bond with Glu3646.53b, strengthening  Arg3105.40b – Glu3646.53b 

interaction while ‘opening’ TM5-TM6 interface in the extracellular half to 

accommodate the ligand but also allowing TM6 flexibility and rearrangement of 

residues needed for kink formation.  By disrupting Arg3105.40b – Glu3646.53b, His7* 

grants some flexibility to the TM6, facilitating clockwise rotation, triggering further 

conformational changes in helices 5 and 6, and the extracellular polar network.  

Although there is no direct interaction with the ligand, as the ligand’s N-terminus 

accommodates at TM5-TM6 interface, it disrupts the hydrogen bond between 

Asn302ECL2 – Glu373ECL3 which is found holding the extracellular end of TM5 and 
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TM6 in the close conformation, however, disruption of this interaction and free TM6 

extracellular end. 

In helix 2 Arg1902.60b forms a hydrogen bond with Glu9*, this interaction is 

necessary for affinity and efficacy, as mutation of the positive charged residue 

Arg1902.60b in GLP-1R decreases GLP-1 efficacy (Δ Logτc = 0.53; Wootten, Simms, 

et al. 2013).  Therefore, Arg1902.60b - Glu9*  i) contributes to anchor the ligand into 

the binding pocket, ii) shrinks the binding pocket and iii) as a result of the mass effect 

of the ligand into the binding pocket shifts helix 3 in direction to TM2, improving the 

tightening of TM2-TM3 interface via interaction between residues Ser1862.56b- 

Asn2403.43b (segments B, C, D) (Figure 5.12, Table 5.4).  As a result, Asn2403.43b 

rearranges nearby hydrophobic residues. 

 
Figure 5. 12. Lateral view of active GLP-1R in complex with GLP-1 
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Table 5. 3. Hydrogen occupancy in targeted MD of GLP-1R 

 

 

In the middle region of the receptor, below the extracellular polar network, 

residues Leu1832.53b, Leu2443.47b, Leu3566.45b, Leu3606.49b, Val3987.53b form a 

hydrophobic network.  In the inactive state, sidechains of these hydrophobic residues 

maintain the packing of the receptor core, but during activation these residues 

coordinate conformational changes between the extracellular polar network to the 

intracellular side allowing the rotation, outward moving and kink formation of TM6, 

while maintaining the packing of the core.  Tightening of TM2-TM3 at the middle 

region of the core via Ser1862.56b- Asn2403.43b facilitate Leu2443.47b rotamer pushing 

Leu3606.49b from the core of the receptor in the inactive state in direction to TM7 (table 

5.5).  Due to Leu2443.47b sidechain movement removes spatial restraints from 

Leu1832.53b as Leu2443.47b discreetly shift Leu1832.53b into helix  2.  This allows i) the 

formation of a small cavity for Leu3566.45b and Leu3606.49b TM6 rotation and kink 

formation (segment D), ii) the stabilisation of helix 5 outward movement by forming 

a hydrogen bond with Asn3205.50b sidechain (segments F and G) and iii) shifting of 

Leu3606.49b which destabilises TM6, promoting TM6 kink formation and outward 

movement.  Without restraints in the interior of the receptor and as consequence of 

the destabilisation of TM5, TM6 and TM7 initiated at their extracellular end with the 

binding of the ligand, the middle region of helix 6 formed forms a kink that allows 
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the outward movement of TM6’s intracellular half.  The formation of the kink is 

allowed by Gly3616.50b, part of the conserved PxxG motif (Pro3586.47b, Leu3596.48b, 

Leu3606.49b, Gly3616.50b) and located a helical turn below Glu3646.53b.  As Leu2443.47b 

shifts Leu3606.49b, which rotates clockwise due to Gly3616.50b low helical propensity.  

The TM6 kink resulting from TM6 outward movement is stabilised by the 

rearrangement of hydrophobic residues Leu1832.53b, Leu2443.47b, Leu3606.49b and 

Val3987.53b in the core of the receptor and by a shifting hydrogen bond between 

Gln3947.49b – His3636.52b during the first half of the simulation, and stabilised after the 

TM6 outward movement by a hydrogen bond between Leu3596.48b main chain and 

Gln3947.49b (Figure 5.13, Table 5.4). 

In the intracellular side the polar ionic lock His1805.50b, Glu2473.50b, 

Thr3536.42b and Tyr4027.57b, corresponding to HETx motif in class B and resembling 

DRY in class A maintains the receptor in the inactive state.  During activation, as 

consequence of the rearrangement of residues in TM3 and in the intracellular side, 

and TM6 outward movement disrupt His1805.50b- Glu2473.50b interaction (segment E 

to G), allowing receptor - G protein interaction.  In the final stages of the simulation 

(segment F and G) residues Glu2473.50b, Thr3536.42b and Tyr4027.57b are found 

interacting with residues of the G protein (Figure 5.14). 
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Table 5. 4. Chis angles of residues in GLP-1R targeted MD 
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Figure 5. 13. Lateral view of intracellular residues in GLP-1R 
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Figure 5. 14. Intracellular region in GLP-1R 
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5.4. Discussion 
 

The aim of this simulation was to identify the conformational changes as well 

the interactions leading to activation, therefore, starting with an inactive model and 

guiding it to an active state. 

The first noticeable interaction within the movement of the ligand into the 

binding pocket is Glu1381.33b and Lys26*, as a salt bridge followed by a hydrogen 

bond.  This interaction binds the C-terminus of the ligand to the NTD of the receptor, 

in accordance with the first step of the two-steps model.  It appears that disruption of 

interactions between TM1-TM2 improves the binding of the ligand facilitating, as 

recently the binding of a PAM between TM1-TM2 interface allowed the full 

activation of a GLP-1R by GLP-1R(9-36) (Bueno et al. 2020), and might not be only 

related to allow the access of the ligand into the orthosteric pocket, but also highlights 

the importance of TM1 shift over TM7 and TM7 shift over TM6 resulting in the 

rearrangement of interactions that hold TM6 in the inactive state. 

Once Glu9*-Arg1902.60b and Ala8* - Glu3877.42b provide some stability to the 

N-terminus of the ligand, His7* disrupts Arg3105.40b – Glu3646.53b  allowing TM6 

flexibility for rotation and outward movement by removing the restraints that holds 

the extracellular end in a close conformation, parallel to TM5. 

It is unclear how TM6 kink is stabilised at TM6-TM7 interface.  A hydrogen 

bond between Gln3947.49b sidechain and Pro3586.47b main chain stabilised TM6 kink 

during the active state of GLP-1R MDFF simulation (Chapter 4).  However, during 

the course of the targeted simulation, interaction by a hydrogen bond between 

His3636.52b and Gln3947.49b is slowly overcome as TM6 rotation and outward 

movement and is stabilised by the now exposed Leu3596.48b main chain and 

Gln3947.49b.  This is interesting as His3636.52b mutation produces a significant 

decrease in efficacy in GLP-1 (Wootten, Reynolds, Koole, et al. 2016), but also affects 

oxyntomodulin and exendin-4  mediated cAMP signalling (Wootten, Simms, et al. 

2013).  Since in glucagon receptor, the extension of TM6 determines the selectivity 

towards the intracellular protein (Qiao et al. 2020), this would be the same for GLP-

1R, and the importance of His3636.52b would rely on its imidazole ring determining 

the extension of TM6 outward movement. 

Hydrophobic residues Leu1832.53b, Leu2443.47b and Leu3606.49b stabilise the 

core in the inactive state; however, during activation Leu2443.47b triggers rotamer 
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changes, creating a small cavity allowing the rotation of TM6 - Leu3596.48b / 

Leu3606.49b.  However, this would not be possible without the Asn2403.43b sidechain 

since this residue packs TM2-TM3 middle region removing spatial restraints allowing 

Leu2443.47b rotamer change.   Indeed, the Asn2403.43b mutation to alanine decreases 

GLP1-R efficacy but not the mutation to glutamine (Wootten et al. 2016b; Wootten, 

Simms, et al. 2013).   Once Asn2403.43b packs TM2-TM3, hydrophobic residues are 

able to be rearranged and the kink is formed and stabilised by Gln3947.49b.  However, 

mutagenesis data show no effects on efficacy when only Gln3947.49b is mutated but 

significatively decreases when Asn2403.43b is mutated and even more with Asn2403.43b 

/ Gln3947.49b  double mutation (Wootten, Reynolds, Smith, et al. 2016).  The absence 

of Asn2403.43b hinders Leu2443.47b rotation and rearrangement of hydrophobic 

residues and therefore TM6 outward movement; but in addition, the lack of 

Asn2403.43b/Gln3947.49b, not only results in an unstable arrangement of hydrophobic 

residues, but also removes Gln3947.49b, a residue that stabilises TM6 kink.  In addition, 

Leu3606.49b in GLP-1R resembles the b2AR residue Ile1213.40, which rotamer change 

induce TM6 outward movement.  

 

 

 

5.5. Conclusion 
 

 Targeted MD simulations were performed for the study of GLP-1R activation.  

Targeted MD simulations in GPCRs were verified using the b2AR as a control, since 

its activation mechanisms that are well characterised.  Targeted MD of the b2AR 

showed the expected conformational changes that accompanied activation.  

Therefore, a targeted MD of the GLP-1R was performed.  The resulting active state 

showed differences in the final conformation, but also confirmed i) the movement of 

the ligand via TM1-TM2 interface; ii) the importance of charged Arg1902.60b -Glu9* 

interaction in binding of the ligand; iii) the importance of TM7 being shift by Ala8* 

during activation; iv) role of hydrophobic residues triggering activation; and v) the 

interaction between the side chain of Gln3947.49b with the main chain of Pro3586.47b 

stabilises the TM6 kink. 
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Chapter 6: PTH1 receptor 
 

6.1. Introduction 
 

The PTH1 receptor is of clinical interest mainly due to its role in calcium 

homeostasis and treatment of osteoporosis.  Currently, two analogue drugs, 

teriparatide (PTH analogue) and abaloparatide (PTHrP analogue), are used for the 

treatment of osteoporosis and both significantly reduce the occurrence of fractures 

compared with other treatments (bisphosphonates, raloxifene, and monoclonal 

antibodies/RANK ligand inhibitors), despite their higher cost and limited usage due 

to subcutaneous administration (Fan et al. 2020; Reginster et al. 2019; Lewiecki 

2006). 

Before 2018 only ECD structures or NTD fragments (PDB codes 1BL1, 

3C4M, 3H3G, 3L2J, 4Z8J were available (Pellegrini et al. 1998; Pioszak and Xu 

2008; Pioszak et al. 2009; Pioszak et al. 2010; Clairfeuille 2015).  In 2018, the 

thermostabilised crystal structure of a full-length PTH1 receptor at 2.5 Å resolution 

PDB code 6FJ3 (Ehrenmann et al. 2018) became available, shortly followed in 2019 

by the cryo-EM structure of a PTH1 in the active state at 3.0, 3.5 and 4.0 Å resolution 

(PDB codes 6NBF, 6NBH and 6NBI;  Zhao et al. 2019).  Both structures display PTH1 

receptors in complex with a peptide agonist ligand, where the C-terminal end of the 

ligand is interacting with the NTD of the receptor and the N-terminal end of the ligand 

with the TMD, confirming PTH1 receptor two-step ligand binding mechanism, 

characteristic of Class B (Bergwitz et al. 1996; Pioszak and Xu 2008). 

Although the thermostabilised 6FJ3 and the cryo-EM structures 6NBF, 6NBH 

and 6NBI represent the PTH1 receptor, there are conformational differences within 

the structures.  The transmembrane region captured in the thermostabilised receptor 

6FJ3 shows a receptor in an intermediate state, where the extracellular region is in 

transition towards activation, while the intracellular region remains in the inactive 

state (Ehrenmann et al. 2018).  It is important to remember that the thermostabilised 

PTH1 receptor was engineered and subject to multiple structural modifications in 

order to enhance thermostability through a combined approach of directed evolution 

in yeast and alanine scanning mutagenesis and the addition of the fusion protein 

Pyrococcus abyssi glycogen synthase (PGS) at the ICL3 (Ehrenmann et al. 2018); in 
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addition, during the process the ECD was separated from the TMD and residues S61-

R104 were removed to prevent proteolytic cleavage (Klenk et al. 2010).  Then, the 

TMD was re-joined with the ECD in complex with a PTH mimetic agonist (ePTH) 

which improved the stabilise the receptor.  The resulting receptor had a slightly 

reduced affinity and potency from than the wild-type PTH(1-34) (Ehrenmann et al. 

2018).  Due to the multiple structural changes and modifications used to improve 

crystallisation the resulting receptor differ from the wild-type, for example the straight 

conformation of TM6 is likely to be the result of the PGS to favour crystallisation 

(Sutkeviciute et al. 2019).  Finally, key interactions between the ligand E4ePTH and 

Tyr1951.47b and Arg2332.60b from the receptor are present but lead to the formation of 

a sparser polar network that fails to switch the receptor to the active state which might 

be the result of the thermostabilising mutations and the PGS insertion in the ICL3 

(reviewed in Sutkeviciute et al. 2019).  Therefore, the interactions found in this 

structure need to be carefully consider. 

In contrast, cryo-EM PTH1 receptor (PDB codes 6NBF, 6NBH and 6NBI) 

display a human PTH1 receptor in complex with a long-acting PTH analogue (LA-

PTH) and a Gs protein stabilised in the active state (Zhao et al. 2019).  These structures 

show different positions of the ECD relative to the TMD, (Figure 6.1) resulting also 

in different position of the C-terminal of the ligand LA-PTH but similar interactions 

between the ligand LA-PTH N-terminal and the receptor’s TMD (Zhao et al. 2019) 

showing the flexibility and dynamic of the ECD. 

These structures confirm that the PTH1 receptor shares Class B architecture 

while providing atomic information of the interaction between PTH1 receptor and 

peptide agonist in different conformational states, increasing the knowledge of ligand 

binding mechanism and the understanding of Class B conserved mechanisms critical 

for activation.  Similar to the recent oral GLP-1R agonist treatment for diabetes, opens 

the possibility of an orally available treatment for osteoporosis.  Even more, these 

structures can be used for the further study of PTH2 since there are no available 

structures but PTH1 and PTH2 receptors share almost 50% sequence identity  PTH2 

receptor is endogenous activated by the tuberoinfundibular peptide of 39 residues 

(TIP39) and in vitro by PTH but not by PTHrP despite being able to bind PTH2 

receptor (Mann, Wigglesworth, and Donnelly 2008; Weaver et al. 2017; Usdin, 

Gruber, and Bonner 1995; Abou-Samra et al. 1992; Hoare, Gardella, and Usdin 2001; 

Sato et al. 2016b).  Residue 5 from the ligand is the responsible, PTH Ile5* is able to 
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adopt different rotamers and bind in the region involving Leu2893.37b and Ile3635.39b 

in PTH1 receptor as well Ile2443.37b and Tyr3185.39b from PTH2 receptor, however, 

His5* in PTHrP is unable to bind, therefore resulting in the difference in activation.  

Since PTH2 receptor is found in the central nervous system where it has been 

suggested to modulate affective behaviour and post-traumatic anxiety (Lee, Stephens, 

and Kuhn 2018; Kaouane et al. 2012) and in the skin where it may influence 

keratinocyte function (Sato et al. 2016a).  Medical relevance for the treatment of post-

traumatic anxiety (Kaouane et al. 2012) or skin disorders (Sato et al. 2016a). 

 

 

6.1.1. Rationale for building and simulating cryo-EM based PTH1 
receptor models 
 

At the time of this project, the crystal structure 6FJ3 and cryo-EM structure 

6NBF were the better representation of a full-length human PTH1 receptor in the 

inactive and active state respectively.  Both structures show the ECD conformation 

similar to previous reported ECD and their respectively ligands adopt a helical 

conformation across the ECD and TMD, similar to other class B peptides (Ehrenmann 

et al. 2018; Liang et al. 2018; Liang et al. 2017; Zhang et al. 2017; Zhang et al. 2018; 

Zhao et al. 2019).  No ECL1 was solved in either of the structures suggesting that the 

position of the ECD relative to TMD is defined by the ligand. 

Although crystal and cryo-EM structures provided valuable information of 

PTH1 receptor and engagement with agonist ligands, there are also differences with 

the wild-type receptor and endogenous ligand.  To obtain the crystal structure 6FJ3, 

Ehrenmann et al. separated the ECD and TMD and individually subjected them to 

structural modifications to enhance their thermostability and overcome crystallisation 

issues before joining the ECD with the TMD.  Residues belonging to the native signal 

peptide (Met1-Tyr23) and unstructured residues (Ser61-Arg104) were removed from 

the ECD to avoid proteolytic cleavage (Klenk et al. 2010).  Then, the resulting ECD 

consisting of residues 24-177 was joined to the TMD, formed by residues 178-Ala480.  

In the same construct the previously reported PGS domain (Yin et al. 2015) was fused 

into the ICL between Lys388 ICL3 and Asp398ICL3.  Finally, the construct was C-

terminally truncated (at residue A480) before the final crystallisation construct.  

A PTH mimetic agonist, ePTH, was engineered to improve the stability of the 

receptor, although this agonist had less affinity and potency than wild-type PTH(1-
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34), it adopts a similar a-helical conformation connecting ECD and TMD, and 

therefore positioning the ECD relative to TMD similar to GLP-1 and glucagon ligands 

(Ehrenmann et al. 2018; Liang et al. 2018; Zhang, Qiao, et al. 2017; Zhang et al. 

2018).  Residues 1-14 from the ligand are found in binding pocket, parallel to TM2 

and interacting with TM1-TM3, TM5, ECL2 and ECL3 (Ehrenmann et al. 2018).  The 

ionic interaction between Arg20* and Asp137ECD, essential for binding and activation 

and ligand C-terminal -ECD hydrophobic interactions (Weaver, Wigglesworth, and 

Donnelly 2014) are seen in the 6FJ3 structure.  At the central polar network, agonist 

Glu4* forms a hydrogen bond with Arg2332.60b, similar to equivalent residues in GLP-

1R-GLP-1 (Glu9*-Arg190.60b); and facilitates Arg2332.60b  direct contact with 

Gln4517.49 .  It is important to remember that this structure is found in a metastable 

state where the Arg190.60b- Gln3947.49b interaction with Pro3586.47b  is suspected to 

improve TM6 kink stability (Ehrenmann et al. 2018; Zhang et al. 2017).  Unlike the 

glucagon receptor, no stalk is observed, although the B factors of the region 

corresponding to Thr1751.27b-Arg1791.31b suggest higher flexibility and no interaction 

between the ligand and this region are seen (Ehrenmann et al. 2018).  Unlike GLP-1R 

and GCGR where ECL1 stabilises ligand-bound ECD (Liang et al. 2018; Zhang, Qiao, 

et al. 2017; Zhang et al. 2018; Jazayeri et al. 2017), PTH1 receptor long ECL1 is not 

resolved and might have no effect in ligand-ECD stability or activation (Ehrenmann 

et al. 2018; Yang et al. 2015b; Zhang, Qiao, et al. 2017).  However, due to the 

thermostabilising process, point mutations, and the presence of the PGS in the ICL3, 

the interactions found in this structure need to be consider with caution.  

The cryo-EM structure displays a human PTH1 receptor in the active state in 

complex with LA-PTH ligand, Gs protein and a stabilising nanobody Nb35 (Zhao et 

al. 2019; Rasmussen, Choi, et al. 2011a).  LA-PTH ligand is more potent than the 

endogenous peptide, and it is able to stabilise PTH1 receptor either G protein free or 

bound states (Maeda et al. 2013; Hattersley et al. 2016; Shimizu et al. 2016).  With 

cryo-EM data suggesting multiple simultaneous conformations these were subdivided 

into three different subclasses according to the position of the ECD relative to the 

TMD, (Figure 6.1) resulting in different position of ECD and LA-PTH C-terminal but 

not LA-PTH N-terminal as the interaction with the receptor’s TMD is similar in the 

three structures (Zhao et al. 2019).  Two conformations show a similar rearrangement 

of the ECD and LA-PTH C-terminal rotated 15º against each other, however, in the 

third one LA-PTH C-terminal is bent losing interaction with the ECD and with less 
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resolved density map; the three structures were solved at different resolutions (3.0, 

3.5 and 4.0 Å; Figure 6.11 ) (Zhao et al. 2019).  

The PTH1 receptor structures, both crystal and cryo-EM, show the position of the 

ECD relative to the TMD as being slightly different to GLP-1R.  In the human PTH1 

receptor, ECL1 is not solved,  while in GLP-1R ECL1 adopts a helical conformation 

within distance of the GLP-1 C-terminal possible affecting the ligand and its binding 

(Jazayeri et al. 2017; Zhang et al. 2017; Zhao et al. 2019). Similarly, in Class B 

GPCRs active receptors a kink around PxxG motif in TM6 is seen allowing, with TM6 

outward movement, the formation of an intracellular cavity for G protein binding. 

 
Figure 6. 1. Comparison between active PTH1 receptor structures 

 
 

 

6.1.2. Aims and objectives 
 

Although having different physiological effect, Class B receptors share an 

architecture and possible similar activation mechanisms.  In order to identify 

conserved interactions in the active and inactive state, as well to understand activation 

mechanisms in Class B GPCRs, models of an active and inactive human PTH1 

receptor model in complex with human PTH(1-34) ligand (and Gs protein in the active 

model) were built and simulated using electron density maps; then, the resulting 
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structures were used to investigate conformational changes leading to activation using 

targeted MD.   

 

 

 

6.2. Methods 
 

Model building manipulations, alignments and in silico mutations were done 

using  tools from PyMOL software (Schrödinger 2015) unless otherwise stated.   

 

6.2.1. Homology modelling  
 

 

6.2.1.1. Building inactive PTH1 
 

Cryo-EM structure 6FJ3 was used as a template to build the inactive state of 

human PTH1 receptor (Ehrenmann et al. 2018).  The structure represented in 6FJ3 

represents a thermostabilised structure in an intermediate state, however its 

intracellular TMD is in the inactive conformation, and since the structure was solved 

in complex with a peptide agonist ligand (ePTH) it provides valuable information 

about early ligand-receptor interactions.   

The 6FJ3 structure was used to build the model of the PTH1 receptor in the 

inactive state.  Since this receptor lacks the ECL1, the ECL1 segment of the glucagon 

5YQZ structure was used to build the missing residues of the ECL1.  (i) All residues 

not belonging to the receptor were removed from 6FJ3 structure and only the receptor 

(ii) The glucagon receptor PDB 5YQZ was aligned to the PTH1 receptor.  

Homologous residues from the ECL1 of 5YQZ were used to build PTH1 receptor 

ECL1; 5YQZ segment including R201-K205 and V221-D208 corresponding to PTH1 

receptor G247-D251 and Y278-A265 respectively (Figure 6.2).  The merged 

segments were renumbered according to PTH1 receptor sequence (iii) SWISS-

MODEL homology modelling server (Waterhouse et al. 2018) was used to build the 

human PTH1 receptor using the construct model and PTH1 receptor sequence (UniProt 

Q03431).  During the process, missing residues from ECL1 (E252-I264), ICL3 

(A394-T399) and missing side chains were built (iv) the resulting receptor was saved 

into a new file. (v) ePTH was in silico mutated to PTH(1-34) (Table 6.1) (vi) The 
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inactive state receptor model was aligned to the receptor, while PTH(1-34) was 

aligned using ePTH coordinates in 6FJ3 structure.  (vii) PTH(1-34) and PTH1 receptor 

complex was saved into a single file (ix) the model was subjected energy minimisation 

through steepest descent method (50 steps), followed by Newton Raphson methods 

(50 steps) to optimise minor steric clashes and poor bond/torsion geometries using 

NAMD (Bernardi et al. 2016). 

 

 
Figure 6. 2. Building of inactive PTH1 receptor 

 

 

6.2.1.2. Building active PTH1 
 

Crystal structure 6NBF was used as a template to build the active state of 

human PTH1 receptor (Zhao et al. 2019).  (i) All residues not belonging to the receptor 

were removed from 6NBF structure and was saved into a file. (ii) ECL1 from the 

inactive PTH1 receptor was used to build missing ECL1 in 6NBF.  (iii) SWISS-

MODEL homology modelling server (Waterhouse et al. 2018) was used to model 

human PTH1 receptor in the active state and human PTH1 receptor sequence (UniProt 

Q03431). During the process missing residues and side chains were built (iv) the 
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resulting receptor was saved into a new file. (v) LA-PTH was in silico mutated to 

PTH(1-34) (Table 6.1 ).  Because LA-PTH is shorter than PTH(1-34) missing first 

and last residues were added using PTH(1-34) ligand found in the inactive model.  

PTH(1-34) ligand from the inactive model was aligned to mutated LA-PTH and only 

first and last residues were added.  The new PTH(1-34) ligand was renumbered (vi) 

the active model was aligned to the receptor, PTH(1-34) was aligned to LA-PTH 

coordinates and a-helical Gs protein was added according to 6NBF structure (vii) 

PTH(1-34), PTH1 receptor and G protein complex was saved into a single file (ix) the 

model was subjected to energy minimisation through steepest descent method (50 

steps), followed by Newton Raphson methods (50 steps) to optimise minor steric 

clashes and poor bond/torsion geometries using NAMD (Bernardi et al. 2016). 

 
Table 6. 1 Comparison of PTH agonists and GLP-1 

 
 

 

 

 

6.2.2. Molecular Dynamics Flexible Fitting 

 

6.2.2.1. System building 
 

Models were orientated with respect to the membrane using OPM database 

(Lomize et al. 2012).   Models were fitted into density maps using ‘Colores’ program 

from ‘Situs’ package (Wriggers 2012; Wriggers and Birmanns 2001).  The active 

model was fitted into 6NBF density map (Zhao et al. 2019) and the inactive model 

into 6FJ3 density map (Ehrenmann et al. 2018).  Previously, MDFF Utilizer using 

CCP4i Software (McNicholas et al. 2011; Potterton et al. 2003) was used to convert 

6FJ3 DSN6 format into ccp4. Files containing oriented models in the membrane and 

models fitted into density maps were submitted into CHARMM-GUI server (Jo et al. 

2008) where MDFF Utilizer (Qi et al. 2017) was used to generate the input files for 
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simulation.  Disulphide bonds were defined, and each model was embedded into a 90 

x 90 Å2 heterogeneous lipid membrane (Cholesterol 25%, POPC 26%, POPE 20%, 

POPS 5%, POPI 5%, PSM 19%) before adding neutralizing ions (0.15 M NaCl) and 

a water/solvent box (TIP3P).  Simulations were set at 303.15 K temperature and 1 atm 

pressure, using Langevin dynamics with a damping coefficient of 1-ps to control the 

temperature and a Nose-Hoover Langevin piston to control the pressure. 

 

 

6.2.2.2. System simulation 
 

Each system underwent equilibration for 70 ns and a total of 350 ns production 

using all-atoms molecular dynamics flexible fitting (MDFF) method (Trabuco et al. 

2008; Trabuco et al. 2009).  Simulations were done using CHARMM36 force-field 

(Huang and MacKerell 2013) and NAMD software (Bernardi et al. 2016) at a 2 fs 

timestep, using Particle Mesh Ewald to account for long-range electrostatics. In both 

trajectories, harmonic restraints obtained from the density map potential were applied 

to all Ca atoms.  Restraints where steadily removed from the TMD and ligand during 

the first 100 ns.  After 60 ns of simulation restraints from Ca atoms of the TMD in 

the active and inactive models were removed.  Restraints on the ligand were removed 

after 100 ns in the active and inactive model.  During the following 250 ns, 

corresponding to the segment of 150-350 ns from the total trajectory, restraints were 

only applied to Ca atoms of the NTD but TMD and ligand were simulated without 

restraints. 

 

 

6.2.2.3. Trajectory analysis 

 

The resulting trajectories were analysed using WORDOM (Caflisch et al. 2007) 

and VMD (Humphrey, Dalke, and Schulten 1996).  From the total output trajectory 

for the active and inactive models the segment between 150 to 350 ns was in detail 

analysed.  VMD was used to estimate the fraction of time in which all residue-residue 

hydrogen bonds were formed defined as heavy atom distance of 3.5 Å or less, with an 

angle of 25° or less. 
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6.2.3. Targeted Molecular Dynamics  
 

6.2.3.1. System building 
 

To study activation, the inactive state was set as the starting structure and the 

active state set as the ‘target’ structure.  Structures obtained from the final frame of 

MDFF simulation of active and inactive MDFF of PTH1 receptor were used for 

targeted MDs as ‘target’ and ‘initial’ structures respectively.  Since this method 

requires the same number of atoms, G protein a5-helix was added to the inactive file 

but was manually moved towards the intracellular space away from the receptor.  

Therefore, the new file contain contains PTH1 receptor in the inactive state in complex 

with PTH(1-34) and the newly added G protein a5-helix. 

The inactive file was orientated with respect to the lipid bilayer utilising OPM 

database and server (Lomize et al. 2012) and submitted into CHARMM-GUI server 

(Jo et al. 2008; Jo et al. 2009; Lee et al. 2016) where membrane builder option was 

used to generate the input for targeted MD simulation with NAMD (Jo, Kim, and Im 

2007; Jo et al. 2009; Wu, Cheng, et al. 2014; Schlitter, Engels, and Kruger 1994).  The 

active structure was set as ‘target’ for targeted molecular dynamics simulation. 

 

 

6.2.3.2. Targeted molecular dynamics simulation 

 
To study activation, the inactive state was set as the starting structure and the 

active state set as the ‘target’ structure.  The simulation was performed using 

CHARMM36 force-field (Huang and MacKerell 2013) and NAMD software 

(Bernardi et al. 2016) at a 2 fs timestep, using Particle Mesh Ewald to account for 

long-range electrostatics.  The system underwent equilibration for 70 ns and was set 

for a total of 150 ns production using targeted MDs.  Steering forces guiding the initial 

inactive structure towards the final ‘target’ active structure were only applied to Ca 

atoms using an elastic constant for targeted MD of 200 kcal/mol/Å2 (Schlitter, Engels, 

and Kruger 1994). 
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6.2.3.3. Trajectory analysis  
 

The resulting trajectory was analysed using WORDOM (Caflisch et al. 2007) 

and VMD hydrogen bonds plugin (Luo 2007) and Bio3D module in R to calculate 

rotamer states (Grant et al. 2006; Skjærven et al. 2014).  The trajectories were divided 

into segments according to values in RMSD to analyse rotamer changes and hydrogen 

bonds. 

VMD hydrogen bonds plugin (Luo 2007) was used to estimate the fraction of 

time in which all residue-residue hydrogen bonds were formed defined as heavy atom 

distance of 3.5 Å or less, with an angle of 25° or less. 

Rotameric angles were obtained using torsion.pdb Bio3D package from R.  In 

order to get rotameric angles, first, water and lipid bilayer were removed from the 

trajectory, then the trajectory was converted into PDB, files using WORDOM and 

alanine and Glycine residues were removed from the file.  Then, using torsion.pdb 

Bio3D package from R (Grant et al. 2006), each frame was analysed and rotameric 

angles were saved into a txt file.  Since the frames were analysed in chronological 

order, it was possible to identify segments with changes in rotameric angles.  Special 

attention was paid to residues with a solvent accessible surface area (SASA) with a 

20 percent difference between the inactive and active state. 

SASA for each residue in each state was first calculated using “Accessible 

surface area and accessibility calculation for protein” version 1.2 web server from the 

Centre for Informational Biology, Ochanomizu University (Center for Informational 

Biology 2012).  If there was a 20% difference in the SASA value of a residue in the 

inactive – active state, then the rotamer angles for this residue was analysed. 

 Residues with a difference of 20 percent in SASA were analysed.  The 

trajectories were divided into segments according to values in RMSD to analyse 

rotamer changes and hydrogen bonds. 
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6.2. Results and Discussion 
 

6.3.1. Molecular Dynamics Flexible Fitting 
 

6.3.1.1. Trajectory analysis 

 

RMSD values of the transmembrane domain in both models simulated with 

restraints and unrestrained fall in acceptable values for simulations (Theoretical and 

Computational Biophysics Group. 2016 ; Humphrey, Dalke, and Schulten 1996).  On 

average the RMSD value of the TMD relative to starting models in the segment 

analysed, 150-350 ns, was 1.11 Å in the active model and 0.94 Å in the inactive model 

(Figure 6.3). 

Active GPCRs are characterised by the outward movement of the intracellular 

half of TM6 which creates an intracellular cavity allowing the binding of G protein 

(Rasmussen et al. 2011).  Superposition of simulated inactive and active models 

shows conformational differences. The most characteristic, TM6 outward movement 

in the active model is maintained through the simulation of the active model; as such 

the distance between Ca atoms of Arg2192.46b TM2 and Lys4056.37b TM6 is 

maintained at an average of 23.08 Å, at the same time the a5-helix of G protein 

remains in the intracellular cavity.  In contrast, in the inactive model TM6 remained 

parallel to other helices with the receptor in a close conformation; the average distance 

between Ca atoms of Arg2192.46b and Lys4056.37b  was 11.75 Å (Figure 6.3).   Besides 

TM6 outward movement there are other structural differences between inactive and 

active receptor. 
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Figure 6. 3. Targeted MD of PTH1 receptor 

 

Superposition of active and inactive PTH1 receptor models show differences 

between states.  Unlike GLP-1R where ECL1 engages with the C-terminus end of the 

ligand or GCGR where ECL1 has a critical role in ligand binding (Zhang et al. 2018) 

in PTH1 receptor this function appears to be dependent of hydrophobic residues at 

TM2 and TM1 extracellular tips.  Comparison of the active PTH1 receptor model with 

the inactive state show the movement of TM2 extracellular end towards the core of 

the receptor while hydrophobic interactions between receptor Leu2442.68b –Leu11* 

and Leu2442.68b –Leu15*, position the ligand into the binding pocket (Figure 6.4).  

Experimental data show that by introducing bigger side-chains at position 11 the 

potency of shorter PTH analogue PTH(1-11) was enhanced (Shimizu et al. 2001), 

suggesting that the function of this area, either ligand position 11 or extracellular end 

of TM2, would be to position the ligand into the binding pocket.  In this way shorter 

ligands with extended side chains in position 11* wouldn’t need to rely on NTD for 

fully positioning the ligand (Figure 6.4).  At the same time, the extended side chain 

of residue 11 of the ligand avoids the movement back of the extracellular end of TM1 
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parallel to TM2, as in the inactive state; facilitating TM1 extracellular movement 

towards TM7 by spatially restraining the interaction, such as Leu11* and Phe1841.36b. 

 
Figure 6. 4. PTH1 receptor - PTH ligand interactions -TM2-TM3 

 

 

 

 

 

 



 170 

6.3.1.2. Inactive PTH1 receptor 
 

At the extracellular end of the inactive receptor conserved residues form two 

polar clusters surrounding the binding pocket, unlike the inactive GLP-1R where 

extracellular polar residues form a single polar cluster ‘closing’ the binding pocket 

(Dods and Donnelly 2015); (Chapter 4).  The first cluster connecting TM3-TM2-

TM1-TM7 is formed by hydrogen bonds between Asn2953.43b, Arg2332.60b, 

Gln4517.49b and Tyr1951.47b; the second cluster linking TM5-TM6 is formed by the 

hydrogen bond between Gln3645.40b - Tyr4216.53b (Table 6.2 and Figure 6.5) 

maintaining the extracellular portion of the helices in a close state.  Since the inactive 

PTH1 receptor model was built based on a PTH1 receptor captured in a transitional 

state, and the rearrangement of the extracellular polar network is necessary for 

activation the lack of connection between clusters would be the earlier signs of 

activation, as well suggesting that changes at the extracellular polar network would 

be the consequence of changes in the NTD and not only by the direct interaction of 

the ligand into the binding pocket. 

 
Table 6. 2. Hydrogen bonds between PTH1 receptor inactive-active state 
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Figure 6. 5. Inactive state of PTH1 receptor 

 

 

 

In the centre of the transmembrane region sidechains of hydrophobic residues 

Leu2262.53b, Phe2302.57b, Ile2993.47b, Leu4136.45b, Phe4176.49b and Val4557.53b close the 

core of the receptor (Figure 6.6).  A similar arrangement of homologous hydrophobic 

residues is seen in the inactive GLP-1R simulation (Chapter 4).  Two asparagine 

residues, Asn2953.43b and Asn3745.50b, and Gln4517.49b connect hydrophobic residues 

with the extracellular polar network.  When comparing active and inactive states, 

rotamer changes in these asparagine residues appear to facilitate the translation of 

conformational changes from the extracellular side towards the centre as both residues 

join the extracellular polar network with hydrophobic residues. 
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Figure 6. 6. Hydrophobic interactions in the core of inactive PTH1 receptor 

 

 Similar to Class A, interaction of polar residues at the intracellular side of the 

inactive PTH1 receptor maintain a close conformation.  Class A well-known E/DRY 

motif from TM3 and TM6 form the cytoplasmic “ionic lock” and strengthen by the 

salt-bridge interaction with the neighbouring arginine residue in helix 3 (Rasmussen 

et al. 2007).  In the intracellular side of the inactive PTH1 receptor, polar residues 

His2232.50b, Glu3023.50b, Thr4106.42b and Tyr4597.57b constitute class B ionic lock 

HETx, similar to E/DRY.  In the same way, this polar cluster is strengthened by 

Arg2192.46b and Ser4096.41b.  In addition to the ionic lock, hydrogen bonds between 

Arg214ICL1  – Glu4657.63b– Lys4057.36b  may contribute to maintain TM6 in the close 

conformation in the inactive state and later interact with the intracellular protein in 

the active state (Figure 6.7 and Table 6.3). 
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Figure 6. 7. Ionic lock in the inactive PTH1 receptor 

 
Table 6.3. Comparison betwen hydrogen bonds between active - inactive PTH1 receptor 

 
 

 

 

 

6.3.1.3. Active PTH1 receptor 

 

Although activation is not seen in our simulation, the presence of the ligand in 

the active state disrupts polar networks causing differences between inactive and 

active state.  Comparison of PTH1 receptor–PTH complex with GLP-1R-GLP-1 

simulation (Chapter 4) show some similarities between Class B. 
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The extracellular polar cluster formed by Asn2953.43b - Arg2332.60b - 

Gln4517.49b - Tyr2963.44b in the inactive state (Figure 6.5) is modified as Glu4* 

disrupts Arg2332.60b - Gln4517.49b interaction to form a hydrogen bond with 

Arg2332.60b, triggering further changes.  The hydrogen bond between ligand Glu4* 

and Arg2332.60b and the effect of the ligand into the binding pocket in the active state 

displace Arg2332.60b sidechain in direction to the intracellular/core of the receptor 

(Figure 6.8A, 6.8B).  This triggers: i) the rotamer change of conserved  Asn2953.43b, 

which its new position affects hydrophobic residues bellow (Figure 6.6, 6.8, and 6.9) 

favouring rotamer changes of their side chains; ii) ease restraints on TM7, favouring 

TM7 extracellular end movement towards TM6. The now released Gln4517.49b will be 

able to form a hydrogen bond with Pro4156.47b  to stabilise TM6 kink in the active 

state (Figure 6.8).  Similar changes are seen in GLP-1R-GLP-1.  Residue Glu4* from 

PTH(1-34) is highly conserved in class B ligands and a similar interaction is seen 

between homologous residues in GLP-1R-GLP-1: Glu9*, and GLP-1R Arg1902.60b 

highlighting the importance of Glu9* (Wootten et al. 2016a; Wootten et al. 2016b); 

(Chapter 3).  Furthermore, homologous residues to Arg1902.60b, Asn2403.43b and 

Gln3947.49b in GLP-1R have been identify in altering GLP-1R signalling (Wootten, 

Simms, et al. 2013), suggesting a role of these residues in G protein signalling. 

The second polar cluster form by a hydrogen bond between Gln3645.40b  and 

Tyr4216.53b, also found in GLP-1R between homologous residues R3105.40b and 

Glu3646.53b, is seen during the inactive state stabilising the extracellular tips of TM5 

and TM6 until the N-terminus residue of the ligand breaks this interaction.  Within 

binding of the ligand, the ligand’s N-terminus S1* forms a hydrogen bond with 

Gln3645.40b, and the now released Tyr4216.53b forms a hydrogen bond with the also 

released Gln4517.49b contributing to stabilise the TM6 kink (Figure 6.8 and Table 6.4). 
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Figure 6. 8. Interaction between Glu4* and PTH1 receptor 

 

 



 176 

 
Table 6. 4. Hydrogen bonds comparison in PTH1 receptor 

 

 

There are differences in the sidechains of hydrophobic residues in the active 

and inactive state (Figure 6.9 and Table 6.5).  Although not seen during the simulation, 

activation involves the binding of the ligand in the orthosteric binding pocket at the 

extracellular end while creating an intracellular cavity to accommodate the G protein.  

In order to “create” two cavities, hydrophobic residues at the core of the receptor work 

as a gear by changing sidechains rotamers to translate changes from the extracellular 

end into the intracellular end while maintaining the core stability of the receptor.  This 

is possible due to conserved Asn2953.43b, Asn3745.50b and Gln4517.49b which translate 

the signal from the extracellular to the intracellular side in what appear to be 

checkpoints/switches for activation; while the bulkier sidechains of hydrophobic 

residues contribute to the changes and stability of the receptor while at the same time 

of rotating, they remove steric restraints in the middle region of the receptor and PxxG 

motif allowing the kink formation.  The expected order of events would be binding of 

ligand E4* to Arg2332.60b and movement towards the intracellular side (Figure 6.8), 

these residues displace Asn2953.43b towards the intracellular, reducing the space at the 

core of the receptor and forcing Ile2993.47b rotamer change, which removes spatial 

restraints and allows Phe4176.49b - part of the PxxG motif, rotation.  Mutagenesis data 

show the importance of conserved Asn2953.43b; mutation of its homologue residue in 

GLP-1R decreases receptor activation (Wootten, Simms, et al. 2013).  Together 

Asn2953.43b  and Gln4517.49b contribute to TM6 kink formation by restraining the 

space at the centre of the receptor to favour rotamer changes at the side chain of 



 177 

hydrophobic residues and the formation of a hydrogen bond between Gln4517.49b and 

Pro4156.47b.  Mutagenesis data show that simultaneously mutation of Asn2403.43b and 

Gln3947.49b, homologue residues in GLP-1R, has a bigger effect in activation than the 

solely mutation of Asn2403.43b (Wootten, Simms, et al. 2013). 

 
Figure 6. 9. Changes in the hydrophobic residues in PTH1 receptor 
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Table 6. 5 Hydrogen bonds in PTH1 receptor 

 
At the intracellular end of the active receptor disruption the polar interaction 

involving His2232.50b, Glu3023.50b, Thr4106.42b, Tyr4597.57b, Arg2192.46b and 

Ser4096.41b allows TM6 outward movement and further interaction with the 

intracellular G protein (Figure 6.7, 6.10; Table 3). 

 

 
Figure 6. 10. Disruption of the intracellular ionic lock in PTH1 receptor 
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Comparison of the inactive with the active state show that within changes in 

the extracellular polar network during activation and the bulky movement of 

hydrophobic residues reflected in rotamer changes that translate conformational 

changes from the extracellular to the intracellular side at the same time as they 

stabilise/lock the position of polar residues at the extracellular end in the active 

conformation favouring G protein binding.  The shift of TM7 over TM6 and 

rearrangement of residues in helix 7, plus rotation of hydrophobic residues side chains 

towards the intracellular side, specially Val4557.53b, disrupts the ionic lock formed by 

Thr4106.42b -Tyr4597.57b - Glu3023.50b.  As the now free Tyr4597.57b forms a hydrogen 

bond with Val4126.44 from helix 6, maintaining the correct size of the cavity for G 

protein binding or determining receptor specificity towards intracellular protein. 

(Figure 6.11).   

 

 

 
Figure 6. 11. Residues from intracellular ionic lock in the active and inactive state of PTH1 receptor 
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In the same way, Glu4*- Arg2332.60b  interaction in the active state (Table 6.4) 

and comparison between inactive and active structures (Figure 6.8 and 6.12) shows 

the shift of Arg2332.60b in the direction of the intracellular side, while maintaining 

Arg2332.60b- Asn2953.43b  hydrogen bond (Table 6.4).  Comparison of inactive and 

active models show Asn2953.43b rotamer change (Figure 6.9 and 6.12).  The difference 

in Asn2953.43b jeopardize the space at the core of the receptor and in order to avoid 

spatial restraints the change of  Asn2953.43b acts as a switch translating changes from 

the extracellular polar network to the core of the receptor, where it forces Ile2993.47b 

rotamer change.  In the active state, the rotamer adopted by Ile2993.47b removes spatial 

restrains from the sidechain creating a small cavity in the core allowing residues in 

the middle of TM6 movement. 

 

 

 
Figure 6. 12. Lateral view showing ligand binding and differences within states 
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6.3.2. Targeted Molecular Dynamics 
 

6.3.2.1. Trajectory analysis 
 

Starting inactive and the active ‘target’ structure were obtained from the inactive 

and active MDFF simulation respectively.  The inactive complex was guided towards 

the active state by applying restraints in Ca atoms for over 150 ns.  To facilitate the 

analysis of the trajectory in a chronological order, the resulting trajectory was divided 

in base of RMSD values resulting into eight segments (A to H) of varied length; 

segments with stable RMSD values were separated from segments with increase or 

changes in RMSD.  Then each segment was analysed.  (Figure 6.13). 

 

 

 
Figure 6. 13 Targeted MD of PTH1 receptor 
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6.3.3. Results  
 

Simulation of the receptor activation using targeted MD showed 

conformational changes as expected during activation. 

At the extracellular side Asp137ECD guides the ligand into the binding pocket 

via an interaction with Arg20* through first a salt bridge (maintained until segment 

C) and then by a hydrogen bond until the end of the simulation.  This interaction is 

essential for full affinity (Weaver, Wigglesworth, and Donnelly 2014) and showing 

that the ligand remained bound into the receptor during activation as movement of the 

N-terminus end of the ligand towards the binding pocket is seen during the simulation.  

This interaction resembles GLP-1R K26*-Glu138ECD (Chapter 5) which also anchors 

the ligand’s middle region directing it to the binding pocket and facilitating the second 

step in class B ligand binding. 

Binding of the ligand into the binding pocket rearranges the extracellular polar 

clusters Arg2332.60b, Tyr1951.47b, Asn2953.43b, Gln4517.49b; Gln3645.40b- Tyr4216.53, 

seen in the inactive conformation.  As the ligand moves into the binding pocket via 

TM1-TM2, hydrophobic residues Leu11* and Leu15* separate TM1 and TM2 

extracellular ends as Glu4* temporarily disrupts the Tyr1911.43 - Lys2402.67b 

interaction (segment B).  Then, as the ligand goes deeper into the binding pocket, 

Glu4* forms hydrogen bonds with Arg2332.60b, Tyr1911.43b, Tyr1951.47b.  These 

interactions resemble the disruption of Tyr1481.43b – Lys1972.67b in GLP-1R and 

Glu9* Arg1902.60b interaction suggesting Class B ligand enters via the TM1-TM2 

interface and rely on positive charged TM2 residue Arg2.60b to anchor the ligand into 

the binding pocket, facilitating the extracellular polar rearrangement and positioning 

the N-terminus towards TM5-TM6 interface (Figure 6.14). 
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Figure 6. 14. Lateral view of interaction between PTH and TM2-TM3 interface 

 
 

 

Following the movement of the ligand into the binding pocket, S3* interacts 

with Glu4447.42b ; similar to  homologous residues Glu3877.42b and Ala8GLP-1 in GLP-

1R.  Mutagenesis of Glu3877.42b impairs GLP-1R efficacy (Dods and Donnelly 2015).  

This suggest that Class B ligand interaction with the extracellular portion of TM7 shift 

TM7 towards TM6, contributing to TM6 rearrangement and positioning the ligand’s 

N-terminal towards the TM5-TM6 interface.  In the inactive state, TM5-TM6 

extracellular end remain parallel via Gln3645.40b and Tyr4216.53interaction.  Once the 

ligand’s N-terminus is facing TM5-TM6, S1* joins Gln3645.40b - Tyr4216.53 

interaction (Figure 6.15) during the first stages of targeted MD simulation (segments 

A to B) and remains within binding distance for the rest of the simulation.  Residues 

Gln3645.40b - Tyr4216.53 and S1* resemble GLP-1R Arg3105.40b and Glu3646.53b  

interaction with His7GLP-1.  However, in GLP-1R Arg3105.40b - Glu3646.53b has bigger 

role in activation as mutation of these residues impairs GLP-1R efficacy (Dods and 

Donnelly 2015; Wootten, Reynolds, Koole, et al. 2016). 
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Figure 6. 15 Extracellular view of interactions of PTH N-terminus and receptor 

 
 

 

 

Comparison of PTH1 and PTH2 receptors show that the movement of the 

ligand’s N-terminus into PTH1 receptor binding pocket is possible in the absence of 

physical restraints.  PTH1 receptor residues Leu2893.37b  and Ile3635.39b sidechains are 

able to change their rotamers allowing Ile5PTH(1-34) or His5PTHrP to accommodate, in 

contrast Ile2443.37b and Tyr3185.39b in PTH2 receptor ‘block’ the movement of the 

ligand into the binding pocket acting as a selectivity mechanism during the second-

step (Weaver et al. 2017; Figure 6.16). 
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Figure 6. 16. Extracellular view of selective mechanisms between PTH1 and PTH2 receptor 

 
 

 

 

Binding of the ligand, movement of TM7 over TM6 and disruption of TM5-

TM6 facilitate rotamer changes at the core of the receptor: i) the mass effect of 

ligand’s N-terminus shifts the now free Tyr4216.53towards the core of the receptor ii) 

this shifts Tyr2963.44b  towards the core iii) triggering Ile2993.47b rotamer change, 

which removes restraints from the core of the receptor and iv) pushes Phe4176.49b 

towards the lipid bilayer facilitating TM6 outward movement.  

Interaction between the ligand’s Glu4* and Arg2332.60b anchors the ligand to 

the receptor, and as the ligands moves deeper into the binding pocket Arg2332.60b 

sidechain subtly moves into the core driving Asn2953.43b sidechain towards TM3 and 

removing any possible constraints from the centre of the receptor.  Unlike MDFF, the 

resulting active state and interactions stabilising the kink are different.  For example, 

after TM6 rotation and outward movement, Gln4517.49b forms a hydrogen bond with 

Arg2332.60b stabilising the core of the receptor (Figure 6.17; Table 6.6). 
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Figure 6. 17. Extracellular view of binding of GLu4* to PTH1 receptor 

 
 

 

 
Table 6. 6. Hydrogen bonds through Targeted MD of PTH1 receptor 
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Table 6. 7 Rotamer changes in PTH1 receptor through targeted MD 
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At the intracellular side, the ionic lock is broken as result of TM6 outward 

movement, specially by direct action of Met4146.46b which disrupts Thr4106.42b- 

Glu3023.50b, and Glu3023.50b – Tyr4597.57b interaction  resulting in an intracellular 

cavity for G protein binding.  

 
Figure 6. 18 Comparison of residues involved in the disruption of the ionic lock in PTH1 receptor 

 
 

 

 

6.4. Discussion 
 

Recently full-length PTH1 receptor structures became available showing the 

interactions between the peptide ligand and the receptor (Ehrenmann et al. 2018; Zhao 

et al. 2019).   Despite differences in size, peptides used in the resolution of the 

receptors (ePTH, LA-PTH) and PTH used in the simulations, the peptide- PTH1 

receptor appear in a similar orientation as the peptide in GLP-1R in agreement with 

the two-steps activation model.  Comparison between PTH1 receptor inactive and 

active state and with GLP-1R show common activation mechanisms in Class B 

GPCRs.  For instance, the ionic interaction between ligand Arg20* and extracellular 

residue Asp137ECD, essential for full affinity (Weaver, Wigglesworth, and Donnelly 

2014) look like GLP-1R K26*-Glu138ECD (Chapter 5) and suggesting similar 

orientation and activation mechanisms, even when activated by peptide agonists 

(Ehrenmann et al. 2018). 
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Binding of the ligand into the orthosteric binding pocket involved the 

interaction between Glu4* and charged Arg2332.60b.  This interaction, characteristic 

in Class B receptor-ligand interactions resembling Glu9* - Arg1902.60b in GLP-1 

GLP-1R complex, appear to improve the stability of the ligand and help to 

accommodate the ligand’s N-terminus towards TM6 (Zhao et al. 2019). 

Comparison of PTH1 and PTH2 receptors show residues Leu2893.37b and 

Ile3635.39b sidechains in PTH1 receptor are able to change their rotamers.  Therefore, 

able to accommodate Ile5PTH(1-34) or His5PTHrP. In contrast, Ile2443.37b and Tyr3185.39b 

in PTH2 receptor are unable to perform such rotamer changes, blocking the binding 

of the N-terminus and activation (Weaver et al. 2017). 

The simulations showed interaction between the N-terminus of the ligand with 

residues in TM6, allowing the extracellular outward movement of helix 6, as well in 

PTH1 receptor the  unwinding TM6 extracellular end trigger by the N-terminus (Zhao 

et al. 2019)  However, after TM6 outward movement there are differences in the 

contacts stabilising the kink.  For instance, in the active PTH1 receptor 6NBF the kink 

is stabilised by His4206.52b – Gln4516.47b (Zhao et al. 2019), but in the targeted MD 

Gln4517.49b forms a hydrogen bond with Arg2332.60b and TM6 outward movement 

appears to be stabilised by Phe4176.49b.  In the GLP-1R targeted MD TM6 outward 

movement is triggered by the shift of Leu3606.49b towards the lipid bilayer.  This 

would suggest different activation states, since this model was built using an agonist, 

would be that the extension of TM6 outward movement determines the intracellular 

selectivity.  Like in glucagon receptor, in which the extension of TM6 determines the 

selectivity towards the intracellular protein (Qiao et al. 2020). 

 

 

 

6.5. Conclusion 
 

The study of PTH1 receptor show conserved residues and a common activation 

mechanism in Class B GPCRs.  There are differences between the resulting final states 

between MDFF and targeted MD.  However, overall the movement of the 

extracellular end of TM7 over TM6, a highly conserved extracellular polar network, 

the role of hydrophobic residues to stabilise inactive and active conformation and the 

role of asparagine residues and glutamine as switches translating changes in the 



 192 

extracellular region to the intracellular polar network and residues Leu2893.37b and 

Ile3635.39b at the extracellular end of TM3 and TM5 physically regulating selectivity 

between ligands after first step from Class B ligand binding. 

  



 193 

Chapter 7: General Discussion 
 

 

GPCRs mediate a wide and important range of physiological functions making 

them therapeutic targets.  Although a relatively small subset of all GPCRs, Class B 

GPCRs are involved in validated therapeutic approaches to treating diseases such 

T2DM, obesity, migraine and osteoporosis, as well having potential in 

neurodegenerative diseases, cardiovascular disease, NASH and mood disorders like 

anxiety and depression.  However, their peptide nature hinders the development of 

orally-administrated peptide agonists; until recently when an orally available 

semaglutide (Rybelsus®) became the first approved GLP-1R agonist for oral use 

(Bucheit et al. 2020). 

Due to Class B biological relevance and therapeutic potential, in the last years 

the number of solved receptor structures have dramatically increased.  Receptor 

mutations and ligands have been used to stabilise Class B receptors in diverse states 

and overcome the challenges derived from the native membrane environment to 

obtain high quality structural data and provide valuable receptor contacts and ligand-

receptor interaction useful for understanding Class B activation.  Knowledge and 

understanding of Class B receptor ligand binding and agonist-mediated activation 

may allow the development of synthetic or peptide agonists to target specific 

signalling pathways and treat a wide range of endocrinological diseases with greater 

efficacy, reduced side effects and more convenient administration and storage. 

The aim of this PhD project was to build a reliable Class B GPCR-agonist 

complexes in the active and inactive state and identify key interactions characterising 

each state. After defining these interactions, the second aim was to identify the 

changes that lead to activation.  Class B share structural characteristics and many 

ligands also for similar helical conformations, hence there is a possible shared 

activation mechanism. Hence the project compared two  different Class B GPCRs, 

GLP-1R and PTH1.   
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7.1 GLP-1R and PTH1 receptor  
 

The NTD has a critical role in peptide binding and receptor activation, as this 

dynamic structure facilitates and guides the movement of the peptide ligand into the 

orthosteric binding pocket, agreeing with the two-domain-binding mechanism.  

Indeed, inactive full-length receptors in the absecene of the peptide ligand, (PDB 

5XF1;  Zhang, Qiao, et al. 2017) are incompatible with the two-steps activation 

model.  Differences in the position of the NTD relative to the TMD, due to the 

dynamism of the NTD, were found suggesting different states during binding. Still 

NTD-ligand interactions were found during the simulations.  In GLP-1 and PTH1 

receptors models, a persistent interaction seen first as a salt bridge and continued as a 

hydrogen bond between ligand’s residues, Lys26* in GLP-1 and Arg20* in PTH, and 

charged residues from the NTD, Glu1381.36b in GLP-1R and Asp137NTD in PTH1 

receptor was seen in agreement with the two-steps activation model and guiding the 

ligand into the binding pocket.  Indeed, Arg20*- Asp137NTD interaction is essential 

for affinity (Weaver, Wigglesworth, and Donnelly 2014) and since Class B homology 

and shared activation mechanisms an analogous interaction would be expected for 

GLP-1R.  It is important to remember that Class B peptide ligands are largely 

disordered structures in aqueous solution but adopt an a-helical conformation when 

binding to the receptor (Runge et al. 2008; Underwood et al. 2010; Parthier et al. 2009; 

Sun et al. 2007; Pioszak and Xu 2008; Grace et al. 2010; Inooka et al. 2001).  This 

early analogous salt bridge interaction could promote the ligand to adopt an a-helical 

conformation while guiding the rest of the ligand towards the orthosteric binding 

pocket. 

The two-steps model suggests that once the ligand’s C-terminus has bound to the 

receptor NTD, the N-terminus of the ligand needs to interact with the TMD of the 

receptor.  Available full-length Class B receptors in complex with  peptide ligands 

(PDB code 5NX2, 5VAI, 6NBF, 6NBH, 6NBI, 5UZ7, 6X18, 5YQZ, 6M1I, 6WPW, 

6PB1, 6P9X, 6P9Y, 6WZG, 6LML, 6LMK, 7CZ5;  Ehrenmann et al. 2018; Jazayeri 

et al. 2017; Zhang, Qiao, et al. 2017; Zhang et al. 2017; Dong et al. 2020; Qiao et al. 

2020; Wang et al. 2020; Ma, Shen, et al. 2020; Hilger, Kumar, Hu, Pedersen, O’Brien, 

Giehm, Jennings, Eskici, Inoue, Lerch, et al. 2020; Liang et al. 2020; Zhou et al. 2020)  

show the ligand with the N-terminus towards the orthosteric binding pocket and the 

C-terminus between TM1-TM2 interface; still unclear if the first interactions are with 
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residues at the TM5-TM6 and orthosteric binding pocket or residues in TM1-TM2.  

In the targeted MD simulation, early interactions were found between GLP-1 T13* - 

GPL-1R Tyr1481.43b – Lys1972.67b and PTH Glu4* - PTH1 receptor Tyr1911.43 - 

Lys2402.67b as hydrophobic residues from the ligand (Tyr19* and Leu20* in GLP-1, 

and Leu11* and Leu15* PTH1 receptor) disrupt TM1-TM2 facilitating the entrance 

of the ligand into the binding pocket, accommodating and stabilising the ligand 

towards TM5-TM6.  In GLP-1R, mutation of Lys1972.67b to alanine reduced GLP-1 

affinity (Xiao, Jeng, and Wheeler 2000; Coopman et al. 2011), while hydrophobic 

interactions would increase the helicity of the peptide ligand.  Recently a GLP-1R-

GLP-1(9-36) and a PAM (LSN3160440) was able to fully activate the GLP-1R by 

binding of the PAM in the TM1-TM2 interface, allowing access of the ligand (Bueno 

et al. 2020).  This shows the movement of the ligand through TM1-TM2 and the 

importance of the hydrophobic environment to facilitate the entrance of the ligand 

into the binding pocket, as well to stabilise the N-terminus of the ligand for later 

interaction with TM5-TM6, as a ‘shorter’ ligand would adopt multiple rotamers 

before interacting with TM5-TM6  (Bueno et al. 2020).  Since peptide ligand 

structures are medium-dependent, hydrophobic interactions would encourage an a-

helical conformation of the ligand (Andersen et al. 2002). 

Following the interactions of GLP-1R and PTH1 receptor in complex with their 

respectively ligand, the targeted MD simulations suggested two constant interactions 

with residues Arg2.60b and Glu7.42b: Arg1902.60b - Glu9* and Glu3877.42b - Ala8* 

interaction in GLP-1R-GLP-1, and Arg1332.60b - Glu4*, and Glu4447.42b - Ser3* in 

PTH1 receptor-PTH.  Mutagenesis data show that removal of the positive charged 

residue Arg1902.60b in GLP-1R decreases efficacy (Wootten, Simms, et al. 2013) since 

arginine mutation to lysine had no effect in efficacy (Yang et al. 2016) but mutation 

to alanine significatively decrease GLP-1 efficacy (Δlogτc = 0.53) (Wootten, Simms, 

et al. 2013).  In the same way mutation of Glu3877.42b to alanine decrease GLP-1 

efficacy (Δlogτc = 0.52) (Dods and Donnelly 2015) but mutation to aspartic acid had 

no effect (Yang et al. 2016), supporting the importance of electrostatic interactions.  

Arg2.60b and Glu7.42b are located in TM2 and TM7 respectively, opposite to each other, 

interacting with the ligand to stabilise it.  In addition, targeted MD shows that binding 

of the ligand with Arg2.60b and Glu7.42b translate further conformational changes, 

specially Arg2.60b to Asn3.43b. 
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Comparison between active and inactive models shows that TM3-TM2 region 

becomes more stable in the active state compared to the flexible or less helical nature 

in the inactive state.  It has been reported in the GCGR Asn2383.43b stabilises the 

inactive conformation via interactions with the extracellular polar network (Mattedi 

et al. 2020), therefore disruption of the extracellular polar network frees Asn2383.43b.  

However, it is still unclear how changes from the extracellular polar network translate 

to the intracellular side of the receptor.  The simulation of the PAC1 receptor shows 

that the Asn3.43b distance relative to R2.60b increases during activation and decreases 

during inactive state (Liao et al. 2021).  However, the opposite happened during the 

simulation of GLP-1R and PTH1 receptor, as the distance between R2.60b and Asn3.43 

decreased during activation and residues in the area become more packed.  The 

packing of TM3-TM2 removes spatial restraints from TM3 residue side chains from 

the core towards TM2 resulting in a small cavity in the core of the receptor.  As the 

result of TM3-TM2 packing and Asn2403.43, the Leu2443.47b rotamer change shifts 

Leu3606.49b and neighbouring hydrophobic residues Leu1832.53b, Leu3566.45b, 

Leu3606.49b, Val3987.53b, stabilising the new conformation. The subsequent TM6 

outward movement is produced as a consequence of the Leu2443.47b rotamer change 

shifting Leu3606.49b, in addition to the low helical propensity allowed by Gly3616.50b, 

part of the conserved PxxG motif (Pro3586.47b, Leu3596.48b, Leu3606.49b, Gly3616.50b).  

Although packing of TM3-TM2 by the ligand (Glu9*- Arg1902.60b - Asn2403.43) 

disagrees with PAC1 receptor (Liao et al. 2021) the Leu2443.47b shifting of  

Leu3606.49b in GLP-1R resembles the well characterised rotamer change of Ile1213.40 

in b2AR which shifts towards TM6 into the space occupied by Phe2826.44. 

At the opposite side, the interaction between the ligand Ala8* - GLP-1 and 

Ser3* PTH with Glu7.42b contributes to the movement of TM7 towards TM6 and 

facilitates the interaction between Gln3947.49b – and the Leu3596.48b main chain, that 

stabilises TM6 kink.  The shift of TM7 towards TM6 contributes to the rearrangement 

of TM6 residues resulting in TM6 flexibility.  Interaction between the ligand N-

terminus and Class B TM5-TM6, (His7* GLP-1 or modify GLP-1R Arg3105.40b-

Glu3646.53b or Ser1* PTH Gln3645.40b – Tyr4216.53b PTH1 receptor)  provides 

flexibility to TM6 for the outward movement.  Arg3105.40b in GLP-1R is crucial for 

GLP-1 but also for ExP5 to promote Gas signalling; Arg3105.40b mutation to alanine 

abolished cAMP accumulation (Dods and Donnelly 2015) showing the role of TM5 

in GLP-1R cAMP-mediated signalling, and the role of the ligand acting as a bridge 
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between TM5 and TM6 allowing TM6 flexibility and outward movement but linking 

it to TM5 and maintaining the stability of the receptor.  Indeed, in the 5NX2 structure 

(Jazayeri et al. 2017) the peptide agonist shift TM7 in direction to TM6, allowing the 

outward movement of TM6 creating an intracellular cavity but fails to interact with 

residues at TM6 extracellular end, resulting in an inner continuous cavity (Chapter 3). 

 

 

7.2 Strengths and Limitations 
 

Without doubts homology modelling and MD simulations have become 

valuable tools to obtain detailed information about GPCR conformation, interaction 

with the ligand and signalling pathways with applications to drug discovery.  

However, like any other method, homology modelling and MD simulations have 

strengths and limitations. 

The main limitation of homology modelling is that the resulting model directly 

depends on the quality of the template.  Errors in sidechains, loops or secondary 

structures need to be considered.  However, the models used during this project were 

constructed using high quality structures at atomic resolution, incorporating all 

available experimental data and using the best available data at the time, resulting in 

high quality models.  The available experimental data was carefully considered when 

building missing sidechain or segments.  In most cases, the original GPCR structure 

underwent mutations or structural modifications to facilitate the structure 

determination, therefore, the structures in which the models were based were different 

from the human wild-type receptor or have missing segments.  Homology modelling 

and available mutagenesis and experimentally data was used to change the sequences 

to the human wild-type and to build the missing segments.  To avoid steric clashes 

resulting from homology modelling, all models underwent energy minimization.  

Then the resulting models used in this project where simulated and the resulting 

structures revealed important interactions previously shown by mutagenesis, 

experimental data and in agreement the new structures that followed. 

GPCR are dynamic structures unlike the static representation form the 

reported experimentally determined structure in the PDB or model.  To overcome this 

issue, the receptor was simulated using different MD methods under force fields 

parameters that have been validated on experimentally obtained data from proteins 
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and lipids molecules.  All-atoms classic MD simulation was used for the simulation 

of GLP-1R presented in Chapter 3, and then a variation of all-atoms MD, MDFF, 

simulation was used for simulations of GLP-1R, b2AR and PTH1 receptor (Chapters 

4, 5 and 6).  All-atoms MD and MDFF method enables the study at atomic detail of 

GPCR, allowing the receptor to find a stable state.  In Chapters 4 to 6, MDFF method 

was used to improve the simulation and results.  MDFF methods adds the information 

contained in density map as external forces proportionally to the gradient of the 

density map to a molecular dynamic simulation.  This allows to add as much 

experimentally obtained data, even to segments with poor resolution, and avoids the 

use of reduced representations or a single PDB structure improving the simulations 

allowing to add more experimental data.  In this way, high resolution areas drive 

atoms into high-density regions, low resolution area allows the flexibility of the 

structure while since MDFF fitting is performed locally, while MD force fields and 

harmonic restraints avoid structural distortion keeping the integrity of the structure.  

However, an important limitation is that during MD simulations, classic all-atoms, 

MDFF or Targeted MD, covalent bonds are not form or broken.  

GPCRs are membrane receptors, the models were embedded into a lipid 

environment to simulate membrane composition.  Most MD simulations of GPCR use 

a POPC homogeneous lipid bilayer.  The first simulation of GLP-1R presented in 

Chapter 3 used a homogeneous POPC membrane.  However, lipids have a 

physiological role in the function, dynamics, and integrity of the membrane as well 

of the receptor function.  I consider that a strength of the following simulations, 

presented in Chapter 4 to 6, was the use of a heterogeneous membrane with an 

asymmetrical lipid distribution similar to the mammalian membranes.  The 

heterogeneous membrane composition considers the physiological effect of the 

different lipids in the activation of GPCRs. 

One of the main limitations of MD simulations used during this project was 

the timescales.  Most relevant conformational changes and activation of GPCRs occur 

in milliseconds, or higher timescales, which despite the increasing computational 

power still timescales represent one of the major limitations in the study of GPCRs 

where large conformational changes and activation become impossible to observe in 

classic all-atoms MD.  To overcome the timescale limitation, Targeted MD simulation 

method was used to study activation of GLP-1R, b2AR and PTH1 receptor (Chapters 

5 and 6).  Since the activation mechanism of b2AR has been widely studied, this 
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receptor was used as a control to verify the accuracy of Targeted MD, the results were 

in accordance to known data.  Targeted MD is not often used for the study of GPCRs, 

however, this method proved to be reliable to study GPCR activation and to overcome 

the timescale limitation.  Targeted MD calculates the transition pathways between 

two known structures, guiding a subset of atoms, in this case the main chain, towards 

the final structure without affecting the mobility of other atoms or sidechains but 

instead allowing enough flexibility to explore plausible pathways and accommodate.   

 

 

7.3 Similarities and differences to other studies 
 

The growing number of experimentally determined GPCR structures have 

increased the understanding of GPCRs.  Previously, the accuracy of models built 

using homology modelling method was limited by the low homology percentage 

between the available templates and the sequence identity, however, the growing 

number of high-quality experimentally determined GPCRs structures has improve the 

quality and accuracy of the models (reviewed in Bender, Marlow and Meiler, 2020).  

In addition, MD simulations have been successfully used to obtain GPCR structural 

information and the different conformational ensembles that could be impossible to 

obtain by experimental methods (Dror et al. 2011; Hauser et al. 2017; Sabbadin and 

Moro, 2014).  This project relied on the new experimentally obtained GLP-1R 

structures.  The best available data at the time was used during this project, and as 

new experimentally determined GLP-1R structures became available there were 

improvements in the models.  Classical all-atoms MD, MDFF and targeted MD 

simulations methods were used with the aim to incorporate as much experimentally 

obtained data to the simulations.  After being simulated, the resulting complexes 

showed stable receptor structures interacting with their respectively ligands.  

However, there is the possibility that the resulting structures are not found at the 

global minimum energy conformation due to the time-step limitation, or the existence 

of more than one stable structure; still the resulting structures provide information of 

GLP-1R activation mechanisms and order of events that would be useful for the 

design of novel drugs and the reduction of side effects. 

In the first simulation described in Chapter 3, a homogeneous POPC 

membrane was used.  MD simulations in the literature have use homogeneous POPC 
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lipid bilayers as these matches well with experimental data (reviewed in Zhuang et al. 

2014; Wootten et al. 2016).  However, one of the main differences in this project was 

the membrane composition used in the simulations described in Chapters 4 to 6.  In 

these simulations a heterogeneous lipid bilayer was built to increase the realism of the 

mammalian membrane and to account for the effect of the lipids in the receptor.  

During the simulation no detection of lipid penetration was found.   

A second difference were the MD methods used.  Most of simulations of 

proteins are performed using all-atoms or coarse-grain MD.  The coarse grain model 

method has been used to describe GPCR dynamics (reviewed in Periole, 2017).  This 

method allows longer timescales, however, the main limitation is that in some cases 

the model can be too rough to identify certain interactions.  Unlike the coarse grain 

method, all-atoms MD simulation can better identify detailed protein-protein 

interactions, however, the length of the simulation is limited (reviewed in Periole 

2017).  To get a better look at the interactions the all-atoms MD method and variations 

of this mehtod were used during this project.  One of the variations was the use of the 

MDFF method that incorporates the electron density into the simulation, adding 

experimentally obtained data into the simulation.  The use of MDFF simualtions, 

described in Chapters 4 to 6, was a difference between this study and published GLP-

1R simulations at the time..  Although cryo-EM is used to determine GPCR structures, 

until 2020 there were no GLP-1R – GLP-1 complex simulated using MDFF.  The 

density gradient obtained from experimentally determined structures is used to drive 

the model structures to high density areas while maintaining the flexibility of 

structures reported by low density gradiente.  In this way, it is possible to incorporate 

as much experimentally obtained data into the simulation.  MDFF method was used 

for the study of class B GPCRs because of two main reasons: 1) to incorporate the 

density gradient into the simulations and 2) to avoid the ‘bending’ of the NTD parallel 

to the lipid bilayer in longer simulations (data not shown), which hindered the study 

of ligand-receptor interactions.  Therefore, GLP-1R – GLP-1 complex in the active 

and inactive states were simulated using MDFF; the density gradient was applied and 

later removed from the TMD and ligands.  The resulting active and inactive models 

showed some differences with previously classic all-atoms simulated models and 

provided information about peptide agonists engagement with GLP-1R.  In 

concordance with available data, the MDFF simulated models showed 1) the 

importance of the hydrophobic interactions between GLP-1 and TMD1-TMD2, 2) the 
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disruption of TMD1-TMD2 interface facilitates the entrance of the ligand into the 

bidning pocket (Bueno et al. 2020), and 3) triggers further conformational changes as 

the presence of the ligand between TMD1-TMD2 facilitates the the shift of TMD1 

over TMD7, and then the movement of TMD7 over TMD6 which improves the 

binding of the ligand and closing the binding pocket; the characteristic interaction 

between class B GPCR TMD2 residue, Arg1902.60b, and the ligand Glu9* promotes 

rotamer changes in the middle region of TMD2 below Arg1902.60b which creates a 

small cavity allowing TMD6 rotation and kink formation.  Unlike previously 

observed in the active all-atoms classic MD, where the N-terminal residue His7* 

interacts with Glu3646.53b, in the active MDFF simulation His7* interacts with 

Glu3877.42b contributing to the shift of TMD7 extracellular end towards TMD6 and 

showing how Glu3877.42b contributes to GLP-1 ligand binding by interacting with 

His7*.  Indeed, Glu3877.42b is necessary for GLP-1 efficacy (Dods and Donnelly, 

2015), but not for ExP5 (Liang et al. 2018).  Another variation of the all-atoms MD 

simulations that was used during this project was Targeted MD.  Despite the advances 

in computational power, spontaneous conformational changes such activation occur 

in in greater timescales that could be almost impossible to observe using classic all-

atoms MD.  Targeted MD guide atoms from an initial conformation to the targeted 

one (Schlitter, Engels and Kruger 1994).  For these reasons Targeted MD was used to 

study GLP-1R activation.  In addition the last frames obtained from the MDFF 

simulation of the active and inactive states where used as these represented high 

quality models of the GLP-1R in complex with GLP-1, simulated using the density 

gradiente and after the removal of the restraints from the TMD and ligand, the 

structures remained stable.  At the time Targeted MD had been successfully used for 

the study of protein unfolding, the search of pathways of conformational 

transitions,identification of biologically relevant drug molecules, allosteric 

mechanisms of calmodulin (Schlitter, Engels and Kruger 1994; Ferrara, Apostolakis 

and Caflisch, 2000; Rumpf et al 2015; Jones et al. 1997; Liang et al. 2017; ), but not 

larger systems, such GLP-1R.  To validate the use of targeted MD simulations for 

GLP-1R, the b2AR was used since its activation mechanism are well known.  The 

resulting simulation confirmed the movemnt of the ligand via TMD1-TMD2 

interface, the importance of Arg1902.60b – Glu9* interaction, the packing of TMD2 

towareds TMD3 creating a small inner cavity allowing the formation of TMD6 kink, 
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the movment of TMD7 towards TMD6 during activation and the role of Gln3947.49b 

stabilising TMD6 kink. 

Despite the number of class B GPCR structures available and studies, there is 

not a concensus about the position of the NTD in the active and inactive states.  Zhang 

et. al investigated conformational transition of the ECD using MD and Markov state 

model (Zhang et al. 2019) in the bound and apo GLP-1R state for a period of 1.6 µs 

finding that while in the bound state, GLP-1R and GLP-1 binds closely to the ECD, 

avoiding the movement of the ECD, in the apo-state ECL1 and ECL2 lock the binding 

pocket keeping the ECD away (Zhang et al. 2019).  However, their approach differs 

from the ones used during this project as they rely on the Markov state model, which 

sample and divide conformational space into states showing the transfer rate between 

conformations.  One of the main limitations of the Markov models time, as Markov 

models is inappropriate for short lengths of time as the individual displacement are 

determined on time.  Although Markov methods can be very effective, all-atom 

simulation provide more accurate and realistic information (reviewed in  He, Paul, 

and Roux 2021).  Class B the position of the NTD depends on the ligand; different 

position of the NTD relative to the TMD are observed in GLP-1R thermostabilised 

5NX2, cryo-EM 5VAI and 6B3J or in PTH1 receptor thermostabilised 6FJ3, and cryo-

EM 6NBH, 6NBF, 6NBI.  To overcome the ‘falling’ from the NTD and study NTD-

ligand interactions, the NTD was restraint to the density map, allowing the study of 

the ligand movement into the binding pocket, but maintain receptor-ligand 

interactions.  Still differences in individual residues and interactions were found.  

When simulated the GLP-1-GLP-1R bound receptor, similar to the reported Markov 

model simulation, the ligand remained bound to the receptor but different contacts 

were found.  Zhang et al found that residues Val30NTD, Leu32NTD, TRP39NTD 

maintained the interaction with residues in the C-terminal of GLP-1 Ala24*, Lys26*, 

Phe28* and Leu32* (Zhang et al. 2019), in concordance with the two-steps model and 

these interactions can’t be ignored as may represent a different state of GLP-1R - 

GLP-1.  However, in the targeted MD GLP-1R simulation Lys26* was found 

interacting with the extracellular end of TM1.  Overlay and comparison from the result 

of active state MDFF simulation and active from targeted MD with GLP-1R in 

complex with ExP5 (PDB 6B3J) or GLP-1 (PDB 5VAI) show differences in the 

position of the TM1, the extracellular end of TM7, the outward movement of TM6 

and the outward movement of the intracellular half of TM6.  All structures, simulated 
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and experimentally show the shift of TM1 over TM7, followed by TM7 movement 

towards TM6.  From these structures, 6B3J showed the largest movement, with the 

N-terminal pointing towards TM6.  TM6-ECL3-TM7 region is involved in biased 

agonism, and changes in the region are determinant for G protein-biased signalling. 

(Liang et al. 2018; Dods and Donnelly 2015; Wootten and Miller 2020; Wootten et 

al. 2016; Wootten et al. 2016a; Wootten et al. 2016b).  Targeted MD showed His7* 

interacting with Glu3646.53b which simultaneously interact with Arg3105.40b allowing 

TM6 extracellular end outward movement.  ExP5-GLP-1R, E1* interaction with 

Arg3105.40b is crucial for cAMP accumulation, (Liang et al. 2018).  In addition, 

recently improvement of 5VAI modelling and MD simulation show His7* interaction 

with Arg3105.40b, Gn2343.37b, Val2373.40b, Trp3065.36b and Ile3135.43b and, through 

structural water with TM5 (Zhang, Qiao, et al. 2017; Zhang et al. 2020b). 

 

 

7.4 Summary 
 

The aim of this project was to gain an understanding GLP-1R’s molecular 

mechanism of action and the key interactions leading to agonist-mediated activation. 

At the start of this project (February 2017) there were no experimentally determined 

GLP-1R structures available, and hence the initial approach was to use experimentally 

determined structures of other family B GPCRs for homology modelling of GLP-1R.  

However, soon after, GLP-1R structures in active and TMD of inactive state became 

available (Jazayeri et al. 2017; Zhang et al. 2017; Song et al. 2017).  These high-

quality structures, and the ones that followed, provided valuable information about 

GLP-1R interactions with peptide agonists, but not with the endogenous human GLP-

1 peptide.  Therefore GLP-1R-GLP-1 complex models in the active and inactive state 

were built and simulated using MD simulations with the aim of studying active and 

inactive state as well understanding GLP-1R activation.  After defining active and 

inactive state, a second class B GPCRs, the human PTH1 receptor in complex with 

PTH model in the active and inactive state was built to compare characteristics of 

active and inactive state in Class as well activation mechanisms.  

 Simulation of GLP-1R and PTH1 receptor in complex with their respectively 

ligands show that the ligands disrupt TM1-TM2 interface, relying in hydrophobic 

residues to facilitate the movement into the binding pocket and charged residues 
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Lys2.67b.  At the extracellular end of TM7, the movement of the ligand into the binding 

pocket shift TM7 towards TM6 contributing to the rearrangement of TM6.  In 

addition, interaction between the ligand’s charged residue in the N-terminal (His7* in 

GLP-1, Ser1* PTH).  Charged residues in helix 2, Arg2.60b, - contribute to the binding 

and stabilisation of the ligand as well to translate conformational changes in the 

middle region of TM3-TM2, where Asn3.43b remove spatial restraints from the core of 

the receptor.  The removal of spatial restrains is seen as a packing of TM3-TM2 that 

allows Leu3.47b rotamer change.  Rotamer change in hydrophobic residue in helix 3 

(GLP-1R Leu2443.47b / PTH1 receptor ) push hydrophobic residue in helix 6 (GLP-1R 

Leu3606.49b / Phe4176.49b PTH1 receptor) to produce TM6 outward movement.  In 

consequence, surrounding hydrophobic residues (Leu2.53b, Leu6.48b, Leu6.45b, Val7.53b) 

change rotamers to stabilise the core of the receptor in the active conformation.  In 

the extracellular end of TM5-TM6, the charged residue of the ligand’s N-terminal 

(His7* in GLP-1, Ser1* PTH) modify GLP-1R Arg3105.40b-Glu3646.53b or Ser1* PTH 

Gln3645.40b – Tyr4216.53b PTH1 receptor allowing TM6 flexibility and outward 

movement while maintaining the stability of the receptor.  
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