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Summary 
 

 

G protein-coupled receptors (GPCRs) are 7-transmembrane (7-TM) alpha helical membrane 

proteins involved in a myriad of physiological functions and have implications in many 

diseases. GPCRs are important targets for ~35% of commercial drugs. Activation of GPCRs by 

external signals and through coupling to different G proteins or arrestins, results in cyclic 

adenosine monophosphate (cAMP) response, calcium mobilization, or phosphorylation of 

extracellular regulated protein kinases. Structural studies have provided detailed insight into 

the receptor architecture in active and inactive states of the receptors. However, GPCRs are 

dynamic and have a complex energy landscape as they regulate complex downstream 

signaling processes. The thermostable tǳǊƪŜȅ ʲ1-adrenergƛŎ ǊŜŎŜǇǘƻǊ όǘʲ1AR) is a prototypical 

class A GPCR widely used in structural studies and is activated by catecholamine ligands, 

adrenaline, and noradrenaline. Although Ƴŀƴȅ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ǘʲ1AR are published, 

there is little known about the intracellular loop 3 (ICL3) ς connecting transmembrane helices 

5 and 6. It is usually truncated in crystallographic studies as it interferes with the lattice 

formation and is replaced with T4 lysozyme to enhance crystal contacts. In some active state 

crystal structures (3SN6, 3POG) of GPCRs, the ICL3 is present but cannot be resolved using X-

ray diffraction because of its highly dynamic nature. Thus, a more suitable technique such as 

nuclear magnetic resonance (NMR) spectroscopy is needed to study the dynamic nature of 

ǘƘƛǎ ƭƻǿ ŎƻƳǇƭŜȄƛǘȅ ǊŜƎƛƻƴ ƛƴ ǘƘŜǎŜ ǊŜŎŜǇǘƻǊǎΦ Lƴ ǘƘƛǎ ǘƘŜǎƛǎΣ L ƘŀǾŜ ƛƴǾŜǎǘƛƎŀǘŜŘ ʲ1AR 

ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŘȅƴŀƳƛŎǎ ōȅ ŎǊŜŀǘƛƴƎ ŀ ŎƘƛƳŜǊŀ ƻŦ ǘʲ1AR transmembrane domain with the 

flexible I/[о ŦǊƻƳ ƘǳƳŀƴ ʲ1AR (hICL3). The position of ICL3 is close to the G protein binding 

site and hypothesized to have a role in binding specificity of the receptor with intracellular 

binding partners. This thesis provides a comprehensive analysis for characterization of the 

ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŘȅƴŀƳƛŎǎ ƻŦ ʲ1ARhICL3 chimera in response to a range of ligands and 

intracellular binding partners such as G protein mimetic nanobodies, miniG protein, and 
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endophilin SH3 domains using NMR and biophysical techniques. In Chapter 3, successful 

cloning, expression in insect cells and puriŦƛŎŀǘƛƻƴ ƻŦ ʲ1ARhICL3 chimera in detergent micelles 

together with expression and purification of intracellular binding partners such as endophilin 

SH3 domains is discussed. Optimisation of buffer conditions and preliminary NMR 

experiments were carried out to determine protein quality and stability. In Chapter 4, 

extensive NMR studies carried out using 19F NMR and 13C NMR are described. The 

characterization of ligand bound and ternary states with different binding partners suggests 

that the hICL3 imparts a mƻǊŜ ŀŎǘƛǾŜ ŎƘŀǊŀŎǘŜǊ ǘƻ ʲ1!wƘL/[о ŎƘƛƳŜǊŀ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘʲ1AR. 

Intermediate conformation states can be observed indicating changes in exchange processes 

depending on the type of ligand bound to the receptor which indicates that the hICL3 

modulates the receptor activity and interacts with the ICL2. Furthermore, distinct 

ŎƻƴŦƻǊƳŀǘƛƻƴǎ ƻŦ ƛƴŀŎǘƛǾŜ ʲ1ARhICL3 bound to antagonist and inactivating nanobody, active 

state bound to agonist and active-state nanobody, a second active state bound to miniG, and 

a SH3 domain bound state are observed. Chapter 5 discusses the biophysical characterisation 

ƻŦ ǘƘŜ ʲ1ARhICL3 where the dissociation constant, Kd for Nb6B9, miniG and SH3 domain using 

microscale thermophoresis was obtained with all binding partners showing nanomolar 

affinities. The cAMP response in presence of a range of ligands was recorded using cellular 

ŀǎǎŀȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ŎƘƛƳŜǊŀ ʲ1!wƘL/[о ǿƛǘƘ ǘʲ1AR.  

 

In conclusion, the 1̡ARhICL3 construct due to the presence of hICL3 shows a more dynamic 

ōŜƘŀǾƛƻǳǊ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ǘʲ1AR construct. This suggests that tƘŜ ʲ1ARhICL3 construct 

dynamics represents ǘƘŜ ǿƛƭŘǘȅǇŜ ʲ1AR more closely as the flexible loop imparts more 

plasticity to the receptor at the intracellular side. The 1̡ARhICL3 shows a smoother 

conformational landscape, allowing the receptor to adopt various intermediate 

conformations tending towards the active state. 
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Introduction 
1.1 G protein-coupled receptors  

 

G protein-coupled receptors (GPCRs) are cell surface receptors with 7 alpha helical segments 

that span the membrane. GPCRs share a common architecture, consisting of a single 

polypeptide with an extracellular N-terminus, an intracellular C-terminus and 7 hydrophobic 

transmembrane domains (TM1-TM7) linked by three extracellular loops (ECL1-ECL3) and 

three intracellular loops (ICL1-L/[оύ ŜȄǇƭŀƛƴƛƴƎ ǿƘȅ Dt/wǎ ŀǊŜ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ǘŜǊƳŜŘ ŀǎ άт¢a 

ǊŜŎŜǇǘƻǊǎέ όCƛƎǳǊŜ 1.1). The C-terminus of GPCRs is folded into an eighth helix which is parallel 

to the phospholipid bilayer and is anchored to the membrane via a palmitoylation site 1. Over 

800 genes encoding GPCRs have been identified in humans making the GPCR family the 

largest and most diverse family of integral membrane proteins 2. 

 

 

 

Figure 1.1: Schematic of secondary structure common to GPCRs. Transmembrane regions marked as TM1-

7, helix 8 as H8, intracellular loops ICL1-3 and extracellular loops ECL1-3 3. 

 

GPCRs are expressed in diverse tissue types and mediate an array of cellular responses 

through extracellular signals such as hormones and neurotransmitters facilitating a wide 

variety of physiological functions. Over half the GPCRs have sensory functions, such as ς 

olfactory, taste, light perception and pheromone signaling 4 while the other half consists of 

non-sensory GPCRs that signal via binding of ligands that range in size from small molecules, 

peptides to large proteins 5. GPCRs are targets for the majority of clinical drugs used in 
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cardiovascular ailments, asthma, migraine, rheumatoid arthritis, cancers and treatment of 

epilepsy to name a few 6,7 8. 

 

1.2 Classification of the GPCR superfamily 
 

One of the most frequently used systems to classify GPCRs is based on sequence homology  

dividing them into classes - A, B, C, D, E, and F, where subclasses are assigned using roman 

number nomenclature 9,10. The AςF system is designed to cover all GPCRs under one umbrella, 

in both vertebrates and invertebrates. The classes represented are as follows: Class 

A (rhodopsin-like), Class B (secretin receptor family), Class C (metabotropic glutamate), Class 

D (fungal mating pheromone receptors), Class E (cyclic AMP receptors) and Class 

F (frizzled/smoothened). Of these, classes D and E are not found in vertebrates. An alternative 

classification scheme "GRAFS" ς Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2, and 

Secretin, categorises vertebrate GPCRs into five classes, overlapping with the A-F 

nomenclature 11ς13. Although the primary and secondary structure between different classes 

of GPCRs consist of considerable variations, they all share a signature architecture of seven 

segments of 25-35 hydrophobic amino acids traversing the membrane as alpha helical 

structures and can interact with heterotrimeric G proteins 2. 

 

The GRAFS system of classification can be elaborated on as follows: 

 

Glutamate family (class C) ς The glutamate family of receptors includes metabotropic 

glutamate receptors, a calcium-sensing receptor and GABAB receptors, as well as three taste 

type 1 receptors and a family of pheromone receptors (V2 receptors) that are found in 

abundance in rodents but are absent in humans 4. 

 

Rhodopsin family (class A) ς The Rhodopsin family is the largest of the five and is the best 

structurally characterised family. The receptors bind to a wide variety of small molecules, 

neurotransmitters, peptides and hormones, together with olfactory receptors, visual 

pigments, taste type 2 receptors and five pheromone receptors (V1 receptors). The 

Rhodopsin family is further subdivided into four classes - h Σ ʲΣ ʴ ŀƴŘ ʵ ōŀǎŜŘ ƻn phylogenetic 

analysis shown in Figure 1.2 2. The GPCRdb categorises the class A receptors based on the 
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types of ligands such as peptide receptors, protein receptors, aminergic receptors, lipid 

receptors, melatonin receptors, nucleotide receptors, steroid receptors, alicarboxylic acid 

receptors, sensory receptors and orphan receptors 14.  

 

 

 

Figure 1.2: Classification of Rhodopsin family into subfamilies for aminergic receptors leading up to ̡ -

adrenergic receptor subtype 

 

Adhesion family ς The adhesion family receptors are phylogenetically related to class B 

receptors, from which they differ by possessing large extracellular N-termini that are cleaved 

by auto-ǇǊƻǘŜƻƭȅǎƛǎ ŦǊƻƳ ǘƘŜƛǊ т¢a ŘƻƳŀƛƴǎ ŀǘ ŀ ŎƻƴǎŜǊǾŜŘ άDt/w ǇǊƻǘŜƻƭȅǎƛǎ ǎƛǘŜϦ όDt{ύ. 

This GPS ƭƛŜǎ ǿƛǘƘƛƴ ŀ ƳǳŎƘ ƭŀǊƎŜǊ όɀонл ǊŜǎƛŘǳŜύ ϦDt/w ŀǳǘƻ-proteolysis-inducing" (GAIN) 

domain which is essential for auto-proteolysis 15. 

 

Frizzled/Taste2 family ς This family consists of 10 Frizzled proteins (FZD (1-10)) and the 

smoothened receptor (SMO). The FZDs are activated by secreted lipo-glycoproteins of the 

WNT family and are implicated in cancers, whereas SMO is indirectly activated by the 

Hedgehog (HH) family of proteins acting on the transmembrane protein Patched (PTCH). 

Frizzled receptors share a large extracellular domain (~200-300 amino acid long) which 

contains nine conserved cysteines to which the WNT ligand binds 16.  

 

Secretin family (class B) - encoded by 15 genes in humans. The ligands for receptors in this 

family are polypeptide hormones of 27-141 amino acid residues. Nine of the mammalian 
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receptors respond to ligands that are structurally related to one another: glucagon, glucagon-

like peptides (GLP-1, GLP-2), glucose-dependent insulinotropic polypeptide (GIP), secretin, 

vasoactive intestinal peptide (VIP), pituitary adenylate cyclase-activating polypeptide (PACAP) 

and growth-hormone-releasing hormone (GHRH) 17. 

 

1.3 GPCR signaling 

 

GPCRs function by detecting an external stimulus and translating the signal through 

association of intracellular binding partners. After ligand binding, GPCRs undergo 

conformational changes, causing the activation of complex cytosolic signaling networks, 

resulting in a cellular response 18. As part of the canonical G protein signaling paradigm, G 

proteins that are located on the plasma membrane's cytoplasmic surface become active when 

an agonist induces a conformational change in GPCRs. The G protein mediated signaling 

system works by ternary complex formation consisting of the receptor, ligand and a 

heterotrimeric G protein (htG protein) which in turn activates an intracellular effector protein. 

This complexity allows for convergence and divergence at the receptor-G protein interface as 

well as at the G protein and effector interface where each component can be regulated 

independently by additional proteins. The htG protein Ŏƻƴǎƛǎǘǎ ƻŦ ŀƴ ʰ-subunit (D )h, a -̡

subunit (D )̡ and a ɹ -subunit (Gɹ ). The Ga subunit binds to the GPCR through the h-helix 5 of 

its Ras domain 19.  Coupling of the activated receptor and the htG, promotes exchange of 

guanosine diphosphate (GDP) with guanosine triphosphate (GTP) on the G protein h -subunit. 

¢ƘŜ ŀŎǘƛǾŀǘŜŘ D¢t ōƻǳƴŘ ʰ-ǎǳōǳƴƛǘ ŘƛǎǎƻŎƛŀǘŜǎ ŦǊƻƳ ǘƘŜ ǊŜŎŜǇǘƻǊ ŀƴŘ ǘƘŜ ʲʴ-complex which 

leads to the binding of the dissociated subunits to downstream signaling effectors such as ς 

enzymes, ion channels or regulatory proteins. The G protein -hsubunit undergoes GTP 

hydrolysis to form GDP by inherent GTPase activity upon which the signaling is terminated.  

The resulting GDP-ōƻǳƴŘ ʰ-ǎǳōǳƴƛǘ ōƛƴŘǎ ǘƻ ǘƘŜ ʲʴ-complex forming the htG protein complex 

ready to enter a new cycle in presence of active receptors 20. A schematic representation of 

the G protein dependent signal transduction cycle is illustrated in Figure 1.3.   
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Figure 1.3: G protein-coupled receptor signal transduction. 

Receptors regulate multiple intracellular signaling cascades including G protein-dependent and G protein-

independent pathways. Agonist binding activates the receptor by inducing conformational changes that 

involve an outward shift of the transmembrane domain (TM6). The activated receptor is able to  bind to a 

variety of intracellular signaling proteins including G proteins (purple, green and magenta), GRKs (orange) 

and arrestins (inactive arrestin-yellow, active arrestin- red). Coupling of heterotrimeric G proteins to the 

ǊŜŎŜǇǘƻǊ ǘǊƛƎƎŜǊǎ ƴǳŎƭŜƻǘƛŘŜ ŜȄŎƘŀƴƎŜ ŦƻƭƭƻǿŜŘ ōȅ ŘƛǎǎƻŎƛŀǘƛƻƴ ƻŦ ǘƘŜ D ǇǊƻǘŜƛƴ ƛƴǘƻ ǘƘŜ Dʰ (purple) and 

Dʲʴ (green, magenta) subunits. GTP-ōƻǳƴŘ Dʰ ǎǳōǳƴƛǘǎ Ŏŀƴ ƳƻŘǳƭŀǘŜ ǘƘŜ ŀŎǘƛǾƛǘȅ ƻŦ ŀŘŜƴylyl cyclase (light 

pinkύΣ ǿƘƛƭŜ Dʲʴ Ŏŀƴ ƛƴǘŜǊŀŎǘ ǿƛǘƘ D ǇǊƻǘŜƛƴ-coupled inwardly rectifying potassium channels (GIRK, 

lavender coloured). G protein-mediated signaling is terminated by hydrolysis of GTP and reassociation of 

Dʰ ǿƛǘƘ Dʲʴ ǘƻ ŦƻǊƳ ǘƘŜ ƛƴŀŎǘƛǾŜ heterotrimer. G protein independent signaling led by activation of the 

receptor followed by phosphorylation by GRKs and subsequent coupling to arrestin. Arrestin coupling to 

the receptor results in desensitization and arrestin-mediated activation of downstream effector proteins 

like mitogen-activated protein kinases (MAPKs) or SRC kinases. Arrestin activation also promotes the 

internalization of the receptor into endosomes followed by degradation or recycling of the receptor to the 

plasma membrane. NL, N lobe of arrestin; CL, C lobe of arrestin. 

Figures were made using Biorender (Biorender.com) based on figure by Hilger et al., 2018 21 
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The htG protein mediated signaling is a versatile signaling system as there are a number of 

different subtypes of G protein h -ǎǳōǳƴƛǘǎ ǘƘŀǘ ŜȄƛǎǘ ƛƴ ŎŜƭƭǎΦ ¢ƘŜ Dʰ-subunits are divided into 

four families based on structural similarity and functional properties as - D shΣ DʰiκDʰo, 

D qhκDʰ11Σ ŀƴŘ Dʰ12κDʰ13Φ Lƴ ǘƻǘŀƭΣ ǘƘŜǊŜ ŀǊŜ мр DʰΣ р Dʲ ŀƴŘ мн Dʴ ǎǳōǳƴƛǘǎ ƛƴ ƘǳƳŀƴǎ 22. 

Most GPCRs activate more than one G protein subtype and therefore activation of a GPCR 

usually results in activation of severaƭ ǎƛƎƴŀƭ ǘǊŀƴǎŘǳŎǘƛƻƴ ŎŀǎŎŀŘŜǎ Ǿƛŀ Dʰ-subunits as well as 

the dissociated G̡ -ɹcomplex (Figure 1.3).  

 

As most receptors can activate more than one type of G protein, the activation pattern of G 

proteins decides the cellular and biological response. Some receptors appear to interact with 

only a specific G protein subtype depending on the cellular system and therefore, leading to 

a defined G protein mediated signaling pathway. However, characteristic patterns of 

receptor-G protein coupling have been described for the majority of receptors. Therefore, it 

is known that some receptors favour interaction with certain G protein subtypes 18. One such 

example is that of the ̡ -adrenergic receptor subtypes - 1̡AR and ̡ 2AR. Both ̡ 1AR and ̡ 2AR 

are stimulated by epinephrine, norepinephrine, and isoproterenol. Both can stimulate the 

activity of protein kinase A (PKA) through the Gs pathway that also involves adenylyl cyclase 

(AC) and cyclic adenosine monophosphate (cAMP). While ̡ 1AR is Gs coupled, ̡2AR couples to 

Gs and Gi proteins 23 24. Therefore, the differential signaling of ̡2AR in comparison to ̡1AR 

can be explained by its ability to couple to Gi proteins. 

 

In addition to the G protein dependent signaling cascades, GPCRs also interact and signal 

ǘƘǊƻǳƎƘ ƻǘƘŜǊ ŜŦŦŜŎǘƻǊ ǇǊƻǘŜƛƴǎ ǎǳŎƘ ŀǎ ʲ-arrestins and GPCR kinases (GRKs). Arrestins and 

GRKs were discovered as a two-component system which switches off the receptor. The 

activated receptor is phosphorylated by kinases on the cytoplasmic C-terminal tail which leads 

to arrestin binding initially to the C-terminal domain and then to the agonist-bound helical 

core of the receptor. This blocks the G protein binding site of the receptor thereby diminishing 

the G protein signaling cascade. This process is described as receptor desensitization 25. GPCR-

arrestin coupling leads to arrestin mediated activation of downstream signaling proteins like 

mitogen-activated protein kinases (MAPKs) or SRC kinases (Figure 1.3). Arrestin binding also 

promotes clathrin mediated receptor internalization into endosomes followed by 

degradation or recycling of the receptor. There are four members of the arrestin family, 
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arrestin-1 and arrestin-4 are mainly found in the eye whereas arrestin-2 and arrestin-3 also 

ƪƴƻǿƴ ŀǎ ʲ-ŀǊǊŜǎǘƛƴм ŀƴŘ ʲ-arrestin2 respectively are ubiquitously expressed 26. 

  

There are seven serine/threonine protein kinases that make up the GRK family. These kinases 

share a common structural architecture consisting of the N-terminal domain (Ḑ185 aa) and a 

variable-length carboxyl-terminal domain (Ḑ105ς230 aa). The N-terminal domain is 

important for receptor recognition and for intracellular membrane anchoring. It further 

consists of an RH domain (regulator of G protein signalling homology). The GRK family can be 

divided into three groups based on sequence homology: rhodopsin kinase or visual GRK 

subfamily (GRK1 and GRK7), the -̡adrenergic receptor kinases subfamily (GRK2/GRK3) and 

the GRK4 subfamily (GRK4, GRK5 and GRK6). GRK1 and GRK7 are expressed in retinal rods and 

cones respectively, GRK2, GRK3, GRK5 and GRK6 are ubiquitously expressed in mammalian 

tissues while GRK4 is present in testis, cerebellum, and kidney 27. 

 

1.4 Ligand binding to GPCRs 
 

 

GPCRs can activate more than one type of G protein, and also signal through G protein 

independent pathways. Therefore, GPCR signaling is complex and dynamic. This complexity 

in GPCR signaling is likely to be indispensable for their physiological functions. Many GPCRs 

show a considerable amount of basal, agonist-independent activity; which means that the 

GPCR can activate its G protein in the absence of an agonist 28. The activity of receptors can 

be either increased or decreased by binding to different classes of ligands 29. Hence, ligands 

for a given GPCR can show different efficacy profiles for coupling to distinct signaling 

pathways. Receptor activity can be regulated by different classes of ligands. Ligands that fully 

ŀŎǘƛǾŀǘŜ ǘƘŜ ǊŜŎŜǇǘƻǊ ŀǊŜ ŎŀƭƭŜŘ άfull ŀƎƻƴƛǎǘǎέΦ [ƛƎŀƴŘǎ ǘƘŀǘ ƛƴŘǳŎŜ ǎǳōƳŀȄƛƳŀƭ ŀŎǘƛǾŀǘƛƻƴ ƻŦ 

ǘƘŜ ǊŜŎŜǇǘƻǊ ŀǘ ǎŀǘǳǊŀǘƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀǊŜ ŎŀƭƭŜŘ άǇŀǊǘƛŀƭ ŀƎƻƴƛǎǘǎέΦ ¢ƘŜ ƭƛƎŀƴŘǎ ǘƘŀǘ ƛƴƘƛōƛǘ 

ǘƘŜ ōŀǎŀƭ ŀŎǘƛǾƛǘȅ ŀǊŜ ŎŀƭƭŜŘ άƛƴǾŜǊǎŜ ŀƎƻƴƛǎǘǎέ ǿƘƛƭŜ άŀƴǘŀƎƻƴƛǎǘǎέ ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ ƭƛƎŀƴŘǎ 

that have no effect on the basal activity but make the receptor cavity competitively 

inaccessible to other ligands (Figure 4). The effect of specific ligand binding can either cause 

an increase or decrease in the receptor activity ς this is defined as ligand efficacy 30.  
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Figure 1.4: Schematic representation of ligand efficacy. The effect of different classes of ligands on a GPCR 

with detectable basal activity. Figure adopted from Wacker et al., 2017 31 

 

 

1.5 ̡ -Adrenergic receptors 

 

-̡ŀŘǊŜƴŜǊƎƛŎ ǊŜŎŜǇǘƻǊǎ όʲ!wύ ŀǊŜ Ŏƭŀǎǎ !Σ wƘƻŘƻǇǎƛƴ ŦŀƳƛƭȅ Dt/wǎ ŀŎǘƛǾŀǘŜŘ ōȅ ŎŀǘŜŎƘƻƭŀƳƛƴŜ 

ligands such as adrenaline and noradrenaline and bind to htG proteins. There are three 

ǎǳōǘȅǇŜǎ ƛƴ ǘƘŜ ƘǳƳŀƴ ƎŜƴƻƳŜΤ ʲ1Σ ʲ2 ŀƴŘ ʲ3 adrenergic receptors which bind to G proteins 

ƛƴ ǘƘŜ ŀŎǘƛǾŀǘŜŘ ǎǘŀǘŜΦ ¢ƘŜ ʲ1 ŀƴŘ ʲ3 ŀŘǊŜƴŜǊƎƛŎ ǊŜŎŜǇǘƻǊǎ ōƛƴŘ ǘƻ Dʰs ǿƘƛƭŜ ʲ2 ōƛƴŘǎ ǘƻ Dʰs and 

D ih in the activated state which interacts with adenylate cyclase thereby increasing the cyclic 

adenosine monophosphate (cAMP) concentration in cells. cAMP activates protein kinase A 

(PKA) which phosphorylates the calcium channel regulatory proteins resulting in efflux of Ca+2 

ions in the cells. Increased levels of Ca+2 ions result in heart muscle contraction. Given that 

the A̡Rs have a key function in regulating the cardiac output, they have been the target of 

extensive drug research against cardiovascular diseases. The reasoning for targeting ̡-

adrenergic receptors was to simply find a compound which competes with and blocks the 

binding of natural agonists, which would reduce heart rate. Many drugs known as blockers  

have been developed to ƛƴƘƛōƛǘ ʲ!w ŦƻǊ ǘǊŜŀǘƳŜƴǘ ƻŦ ŀǊǊƘȅǘƘƳƛŀΣ ƘȅǇŜǊǘŜƴǎƛƻƴ ŀƴŘ ŎŀǊŘƛŀŎ 

dysfunction 32. The ̡ !wǎ ŀǊŜ ƘƛƎƘƭȅ ǎƛƳƛƭŀǊ ƛƴ ǇǊƛƳŀǊȅ ǎŜǉǳŜƴŎŜ ŀƴŘ ǎǘǊǳŎǘǳǊŜ ōŜǘǿŜŜƴ 
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subtypes; the residues surrounding the ligand binding pocket are identical. Despite these 

similarities, the ̡ 1AR selective antagonist - CGP2012A binds the 1̡AR 500-fold stronger than 

the ̡ 2AR. Furthermore, the ̡ 2AR selective antagonist ς ICI 118551 is 550-fold and 661-fold is 

stronger for the ̡ 2AR than for the ̡ 1AR ŀƴŘ ʲ3AR respectively 33.  

 

1.6 Structural ǎǘǳŘƛŜǎ ƻŦ ʲ1AR 
 

Structural biology of GPCRs has been challenging owing to the instability of GPCRs in vitro; 

especially detergent extraction along with difficulties in obtaining sufficiently high receptor 

quantities. Additional difficulty is to find a membrane mimicking environment that is best 

suitable for receptor solubilisation while ensuring functional reconstitution, structural 

integrity of the receptors and potential for activation. The first ever GPCR structure obtained 

was for Rhodopsin which is highly abundant in membrane surfaces of rod cells and stable in 

the dark when coupled to retinal. Rhodopsin could be obtained from natural sources like 

bovine rod outer segment in sufficient quantities for crystallisation using nonyl- -̡D-glucoside 

detergent micelle 34 35. This paved the way forward for crystallisation of GPCRs and has led to 

recognition of over 350 unique receptor-ligand complexes of class A GPCRs alone in the past 

two decades (https://gpcrdb.org/structure/statistics) 36.  

 

16 crystal structures of ̡ 1AR from turkey (Meleagris gallopavo) bound to different ligands, 6 

crystal structures with nanobody bound to the receptor with partial agonists and agonists, as 

well as one structure with formoterol and arrestin bound have been solved (Table 1). The 

1̡AR from turkey has 79҈ ƛŘŜƴǘƛǘȅ ǿƛǘƘ ǘƘŜ ƘǳƳŀƴ ʲ1AR in the transmembrane region and is 

more stable than the human receptor in detergent micelles 37Φ ¢Ƙƛǎ ƳŀƪŜǎ ǘƘŜ ǘǳǊƪŜȅ ʲ1AR 

όǘʲ1AR) a more suitable candidate for crystallographic studies. Even so, to improve the 

stability, structural and conformational heterogeneity and expression levels, some 

modifications were ƛƴǘǊƻŘǳŎŜŘ ǘƻ ǘƘŜ ǘʲ1AR sequence to enable crystallographic studies 38. 

The N terminal residues 3-32, the residues 244-271 and 277-278 in ICL3 were deleted and the 

C-terminal was truncated at residue 368. The truncation of these flexible, disordered regions 

was aimed to help in crystal lattice formation. Another mutation of C116L was found to 

increase the expression levels. Alanine scanning mutagenesis was used to explore the 

feasibility of thermal stabilisation of the receptor. The melting temperature (Tm) of the 

https://gpcrdb.org/structure/statistics
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receptor was monitored while amino acids other than alanine were added to some of the key 

positions in order to retain full functionality and maintain stability of the receptor. The 

mutation Y227A gave a shift of 8 °C and ǎƛƳƛƭŀǊ Ƴǳǘŀǘƛƻƴǎ ǘƘŀǘ ƛƴŎǊŜŀǎŜŘ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ ǘʲ1AR 

were combined (please see Chapter 3.1 for detailed evolution of constructs). In addition to 

the previously mentioned changes to the sequence, further thermostabilising mutations 

R68S, M90V, Y227A, A282L, F327A, and F338M were added ǘƻ ŦƻǊƳ άʲм!w-Ƴноέ ŎƻƴǎǘǊǳŎǘ 

that had an overall Tm of 52.8 °C, compared to 32 °C for the non-thermostabilised receptor. 

An ultra-ǘƘŜǊƳƻǎǘŀōƭŜ ŎƻƴǎǘǊǳŎǘ ǘŜǊƳŜŘ ʲм!w-JM3 was made by further enhancing receptor 

thermostablility by inducing more mutations such as an introduction of a salt bridge 

comparable to the ƻƴŜ ƛƴ ʲ2!wΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜǊƳƻǎǘŀōƛƭƛǎƛƴƎ ƳǳǘŀǘƛƻƴǎΣ ʲм!w-JM3 

contained D200E, D322K, I129V and Y343L which resulted in the Tm being increased to 61.7 

°C 39. The thermostablised constructs were further investigated to ensure the agonist binding 

ability. The antagonist binding affinity is not affected by the introduction of the m23 

mutations but the binding affinity of the agonist isoprenaline is reduced by 650-fold, which 

indicates that the thermostabilisation causes the receptor to be more inactive. Furthermore, 

it was demonstrated that the modified receptor shows low basal activity of about 7% 40. This 

construct was further truncated at the C-terminus which produced a construct referred to as 

ǘʲǘǊǳƴŎ-m23 41. Additionally, the palmitoylation site was mutated from C358A; this was 

necessary because in insect cell expression, palmitoylation is not very efficient and results in 

heterogeneous receptor palmitoylation. This construct was called t 1̡AR36-m23 38. 

 

The extensive modifications ultimately allowed ǘ1̡AR to be crystalized (published in 2008, 

Protein Data Bank (PDB) ID: 2VT4) which could retain the structural and functional attributes 

ƻŦ ǘƘŜ ǿƛƭŘǘȅǇŜ ǘʲ1AR. This was demonstrated by molecular dynamics (MD) simulations by 

ŎƻƳǇŀǊƛƴƎ ǘƘŜ ŎǊȅǎǘŀƭ ŎƻƴǎǘǊǳŎǘ ŀƴŘ ǿƛƭŘǘȅǇŜ ǘʲ1AR 42. The root mean-square deviation 

(RMSD) values computed for Ca atoms of нфс ǊŜǎƛŘǳŜǎ ƻŦ ǘʲ1AR (2VT4) ǿƛǘƘ ǘƘŀǘ ƻŦ ʲ2AR 

(2R4R) indicated highly similar overall topology oŦ ǘƘŜ ǘʲ1!w ǘƻ ʲ2AR. The extracellular loop 2 

of the receptor adopts a helical conformation stabilised by the Na+ ƛƻƴ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǘʲ1AR 

crystal structure 43. The intracellular loop 2 (ICL2) ƻŦ ǘʲ1AR is helical, which has not been 

ƻōǎŜǊǾŜŘ ŦƻǊ ʲ2AR ligand bound structure because of perturbations caused due to stabilising 

entities such as the T4 Lysozyme or the Fab fragment. The residue Y149 from ICL2 was 

observed to interact with the DRY (D1383.49, R1393.50, Y1403.51) motif via a hydrogen bond with 
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D138 όwŜǎƛŘǳŜǎ ŀǊŜ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ .ŀƭƭŜǎǘŜǊƻǎҍ²ŜƛƴǎǘŜƛƴ ƴǳƳōŜǊƛƴƎ ǎŎƘŜƳŜΣ ƛƴ ǿƘƛŎƘ 

the first number refers to the transmembrane helix on which the residue resides 44. 

Furthermore, this structure (2VT4) bound to antagonist cyanopindolol showed no evidence 

ŦƻǊ άƛƻƴƛŎ ƭƻŎƪέ formation between R3.50 (from the DRY motif) and E6.30 as seen in the 

Rhodopsin structure. The ionic lock is proposed to be an essential contact for stabilising 

receptors in the inactive state by connecting TM helices 3 and 6. Upon activation, this ionic 

lock is broken, allowing the TM6 outward movement which is a characteristic of activation. An 

antagonist bound receptor is inactive, but the absence of the ionic lock is surprising. However, 

MD simulations of the receptor show the presence of the ionic lock ŀǎ ǎŜŜƴ ŦƻǊ ʲ2AR crystal 

structures 45. Therefore, it is speculated that the absence of the ionic lock in the inactive crystal 

structure is an artefact of crystal packing. This demonstrates that GPCRs are complex and the 

level of activity of a GPCR does not depend on a single factor. In the past 4 years, many more 

ǎǘǊǳŎǘǳǊŜǎ ƻŦ ʲ1AR bound to ligands and intracellular binding partners have been released. 

These structures provide ƛƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƳŜŎƘŀƴƛǎƳ ƻŦ ǘƘŜ ʲ1AR.  

 

No. PDB ID  Pub. Year  Structure details 

1 2VT4 43 2008  t 1̡AR bound to cyanopindolol  

2 2Y00 46 2011  t 1̡AR bound partial agonist dobutamine  

3 2Y01 46 2011  t 1̡AR bound partial agonist dobutamine  

4 2Y02 46 2011  t 1̡AR bound agonist carmoterol  

5 2Y03 46 2011  t 1̡AR bound agonist isoprenaline  

6 2Y04 46 2011  t 1̡AR bound partial agonist salbutamol  

7 2YCW 47 2011  t 1̡AR bound antagonist carazolol  

8 2YCX 47 2011  t 1̡AR bound antagonist cyanopindolol  

9 2YCY 47 2011  t 1̡AR bound antagonist cyanopindolol  

10 2YCZ 47 2011  t 1̡AR bound antagonist iodocyanopindolol  

11 3ZPQ 48 2013  t 1̡AR 4-(piperazin-1- yl)-1H-indole bound 

(compound 19)  

12 3ZPR 48 2013  t 1̡AR 4-methyl-2-(piperazin-1-yl) quinoline 

bound  

13 4AMI 49 2012  t 1̡AR bound biased agonist bucindolol  

14 4AMJ 49 2012  t 1̡AR bound biased agonist carvedilol  

15 4BVN 50 2014  t 1̡AR cyanopindolol bound  
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16 4GPO 51 2013  Oligomeric t 1̡-Adrenergic Receptor  

17 5F8U 52 2015  t 1̡AR cyanopindolol bound 

18 5A8E 52 2015 t 1̡AR 7-methylcyanopindolol 

19 6H7J 53 2018  t 1̡AR with agonist isoprenaline and nanobody 

Nb80  

20 6IBL 54 2018 t 1̡AR with agonist formoterol and nanobody 

nb80 

21 6H7L 53 2018  t 1̡AR with partial agonist dobutamine and 

nanobody Nb6B9  

22 6H7M 53 2018  t 1̡AR with partial agonist salbutamol and 

nanobody Nb6B9  

23 6H7N 55 2018  t 1̡AR with partial agonist xamoterol and 

nanobody Nb6B9  

24 6H7O 53 2018  t 1̡AR with weak partial agonist cyanopindolol 

and nanobody Nb6B9  

25 6TKO 54 2019 t 1̡AR with agonist formoterol coupled to 

arrestin-2 

26 7BTS 56 2020 IǳƳŀƴ ʲ1AR bound to epinephrine and 

nanobody 6B9 

27 7BU6 56 2020 IǳƳŀƴ ʲ1AR bound to norepinephrine and 

nanobody 6B9 

28 7BU7 56 2020 IǳƳŀƴ ʲ1AR bound to bound to BI-167107 and 

nanobody 6B9 

29 7BVQ 56 2020 IǳƳŀƴ ʲ1AR bound to carazolol 

30 7JJO 57 2020 Heterotrimeric Gs-protein by Isoproterenol-

bound to t 1̡AR 

 

Table 1.1: List of all ̡1AR published structures using crystallography and cryo-EM studies till date. 
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¢ƘŜ ʲ2AR has been used as a model system for studying GPCR activation. The crystal structure 

of the active state ̡ 2AR bound to a G protein indicates that large conformational changes 

occur at the intracellular side which is the intracellular coupling interface of the receptor 

displayed in Figure 1.5. The TM helices 5, 6 and 7 rearrange to accommodate G protein 

binding. TM6 rotates and swings out, away from the helix bundle by 14 ᴠ. TM5 and TM7 

undergo slight inward movements and rotation 58 59. The ligand binding pocket also undergoes 

rearrangement as polar moieties from the ligand form hydrogen bonds with Ser5.42 and Ser5.46, 

pulling the upper portion of TM5 toward TM6 and causing the binding pocket to contract in 

volume. From crystal structure and MD simulation studies, it has been confirmed that 

motions of several key residues categorised as άŎƻƴƴŜŎǘƻǊέ ƻǊ άǘǊŀƴǎƳƛǎǎƛƻƴέ ǊŜƎƛƻƴ based 

on their spatial position on the receptor result in conformational changes in the binding 

pocket coupling them to those at the intracellular coupling interface. This happens in 

response to the inward movement of TM5, the residue Ile3.40 shifts away from its position 

separating from Pro5.50 and Phe6.44 [PIF motif]. This permits the lower half of TM6 to move 

outwards resulting in G protein coupling 60. This confirms that there is an allosteric network 

of residues in TM3, TM5, TM6, and TM7 which serves as a central hub for sensing and 

responding to conformational changes. A review of conformational changes upon activation 

as seen using crystal structures and MD simulations for several receptors has been discussed 

in detail by Latorraca et al.,2017 61 .  
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Figure 1.5: Structural rearrangements defining the hallmark of activation in Class A GPCRs upon ligand 

binding and G protein (or G protein mimetic) coupling. Inactive state structure (light pink, PDB: 2RH1) and 

active state (dark purple, PDB: 3SN6) are overlayed to show differences in helix positions and side-chain 

orientations as highlighted in the three distinct spatial regions ς ligand binding pocket, connector region 

(conserved residues, proline, isoleucine, and phenylalanine form the PIF motif) and the NPxxY motif shown 

at the cytoplasmic side. TM6 helical movement is shown separately highlighting the outward movement 

by 14 Å upon activation as displayed by the arrow. [Modified figure from Latorraca et al.,2017 61]  
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1.7 Strengths and limitations of static structure determination techniques  
 

GPCRs undergo large conformational changes upon intracellular partner coupling together 

with ligands. Several structural studies have indicated that GPCR TM helices can adopt 

multiple conformational states other than the active and inactive states, that are distinct 

causing variable response in downstream signaling 62 63 64. Comparison of crystal structures 

ƻŦ ǘʲ1AR bound to ligands of different efficacy reveals that all structures look remarkably 

similar to each other 43 46 49. The only changes observed are at the residue interactions seen 

in the ligand binding pocket. ¢ƘŜ ƭƛƎŀƴŘ ōƛƴŘƛƴƎ ǇƻŎƪŜǘ ŀǇǇŜŀǊǎ ǘƻ ǳƴŘŜǊƎƻ άŎƻƴǘǊŀŎǘƛƻƴέ ŀǎ 

described in the previous section for higher efficacy ligands such as isoprenaline. This 

contraction of ligand binding pocket is attributed to the formation of hydrogen bonds 

between catecholamine ligands and the residues Ser5.42 and Ser5.46 on TM5 46. The recently 

ǇǳōƭƛǎƘŜŘ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ǘŜǊƴŀǊȅ ŎƻƳǇƭŜȄŜǎ ƻŦ ǘʲ1!w ŀƴŘ ƘǳƳŀƴ ʲ1AR (h 1̡AR) bound to 

ligands and activating nanobody or G protein were reviewed (Figure 1.6). The most obvious 

observation was that the six crystal structures are almost identical, and the efficacy of the 

ligand bound only affected the residues directly in contact with the ligand but had little to no 

effect on the overall structure of the ternary complex receptor.  
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Figure 1.6: Structures of ̡ 1AR in ternary active state conformation. The structures for t1̡AR (dark pink -

6H7N) bound to xamoterol and h̡ 1AR (red - 7BTS) bound to epinephrine show almost identical helical 

arrangement when bound to active state stabilizing nanobody (green) Nb80 and Nb6B9 respectively. 

Similarly, active ternary state t̡1AR structures bound to cyanopindolol (low efficacy) and isoprenaline (high 

efficacy full agonist) identical conformations. Furthermore, t 1̡AR coupled to G protein (pink -7JJO) in 

presence of isoprenaline overlays exactly with epinephrine bound, nanobody coupled h̡1AR (red - 7BTS). 
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A simple clustering of all structures published till date for ̡ARs, bound to various ligands, of 

varying efficacy, and structures bound to intracellular binding partners such as Nb6B9, Nb80, 

miniG, G protein and arrestin was carried out using GPCRdb structure analysis 

(https://gpcrdb.org/structure/). The structures could be classified as either active or inactive 

Figure 1.7a. Furthermore, changing the parameter for clustering GPCRs based on TM6 

distance calculations from the helical core upon ligand and intracellular partner binding 

resulted in broadly two clusters again ς active and inactive. If at all, very minor differences in 

TM6 distance exist for ternary state receptor complexes (Figure 1.7b). 

 

These observations based on structure alignment and GPCRdb clustering are not surprising 

and comparable to previously reviewed crystal structures of ligand bound states of the 

receptors. Even if ligand efficacy influences the receptor dynamics, structural studies with 

crystallography can only access the most energetically favourable conformation. Additionally, 

the ǘŜǊƴŀǊȅ ŎƻƳǇƭŜȄŜǎ ƻŦ ǘƘŜ ʲ1AR ŀƴŘ ʲ2AR showed a RMSD of 0.5 Å, making the ternary 

complexes virtually identical. These observations stress the need for dynamic studies of 

GPCRs using techniques like NMR spectroscopy to investigate ligand related conformational 

changes. 
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Figure 1.7: Clustering of Adrenergic crystal/cryo-EM structures a) based on degree of activation observed. 

Only active or inactive states have been captured regardless of the efficacy of ligands bound b) based on 

%TM6 outward movement ς degree of TM6 outward movement is observed to be variable depending upon 

the ligand and IBP bound. The structures that are only ligand bound seem to show more inactive like state. 

 

 

1.8 LƴǘǊŀŎŜƭƭǳƭŀǊ ōƛƴŘƛƴƎ ǇŀǊǘƴŜǊǎ ŦƻǊ ʲ1AR 

 

The simplistic idea that GPCRs are monomeric proteins that interact mainly with htG proteins 

after agonist binding is outdated. The signalling and trafficking of most GPCRs involves 

receptor interactions with G proteins, GRKs, arrestins and other receptors. In addition to 

these widespread canonical GPCR associations, there are many other types of GPCR-

interacting proteins that can interact with particular receptors to fine-tune receptor activity. 

The diversity of protein networks associated with GPCRs is intricate (see Table 1.2), which 

makes the understanding of the physiology, pharmacology and pathology of GPCRs more 

difficult. However, this diversity and specificity offers the opportunity to discover novel 

ǇƘŀǊƳŀŎƻƭƻƎƛŎŀƭ ǘƻƻƭǎ ŎŀǇŀōƭŜ ƻŦ ΨǎǇŜŎƛŦƛŎŀƭƭȅ ǊŜƎǳƭŀǘƛƴƎΩ ǎƻƳŜ ƻŦ ǘƘŜ Dt/w-intracellular 

binding partner (IBP) interactions. The first cytoplasmic proteins that were found to interact 

ǎŜƭŜŎǘƛǾŜƭȅ ǿƛǘƘ ǘƘŜ ʲ1AR subtype were endophilins 1/2/3 65. The primary effect of this 

interaction is to promote agonist-induced internalization of the receptor and to decrease its 

ŎƻǳǇƭƛƴƎ ǘƻ DǎΦ !ƴƻǘƘŜǊ Ŏƭŀǎǎ ƻŦ ǇǊƻǘŜƛƴǎ ǎŜƭŜŎǘƛǾŜƭȅ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ ǘƘŜ ʲ1AR are proteins 

containing the PDZ (PSD-95/Discs- large/ZO-м ƘƻƳƻƭƻƎȅύ ŘƻƳŀƛƴ ǿƘƛŎƘ ōƛƴŘǎ ǘƻ ǘƘŜ Ψ9{Y±Ω 

motif at the C-ǘŜǊƳƛƴŀƭ ƻŦ ʲ1AR. The following table gives an overview of the studies targeted 

ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ŀƴŘ ƛŘŜƴǘƛŦȅ L.tǎ ŦƻǊ ʲ1AR. 
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Interactor 
Interaction 

site 
Impact Reference 

MAGI2 C-terminal Promotes agonist-ƛƴŘǳŎŜŘ ʲ1AR internalization 66 

PSD95 C-terminal Attenuates agonist-promoted GPCR internalization 67 

CAL C-terminal Ҩ ƳŜƳōǊŀƴŜ expression 68 

GIPC C-terminal Ҩ 9wY ŀŎǘƛǾŀǘƛƻƴΣ ƴƻ ŜŦŦŜŎǘ ƻƴ Ŏ!at ǎƛƎƴŀƭƛƴƎ 69 

MAGI3 C-terminal Ҩ 9wY ŀŎǘƛǾŀǘƛƻƴ 70 

PDZ-GEF C-terminal 
Required for agonist-induced Ras activation via Gs-mediated cAMP 

signaling 
71 

DLG4, SAP90 C-terminal Ҩ ŀƎƻƴƛǎǘ-induced internalization, no effect on cAMP signaling 67 

SAP97 C-terminal ҧ tY!-ƳŜŘƛŀǘŜŘ ǊŜŎŜǇǘƻǊ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴΣ ҧ ǊŜŎȅŎƭƛƴƎ 72 

Endophilin 1/2/3 ICL3 Receptor internalization 65 

 

Table 1.нΥ hǾŜǊǾƛŜǿ ƻŦ ƪƴƻǿƴ ŎȅǘƻǇƭŀǎƳƛŎ ƛƴǘŜǊŀŎǘƛƻƴ ǇŀǊǘƴŜǊǎ ƻŦ ƘǳƳŀƴ ʲ1AR 

 

 

1.9 Endophilin SH3 

 

Endophilin, is a cytoplasmic protein with a C-terminal Src homology 3 (SH3) domain that 

mediates protein interaction and an N-terminal Bin-Amphiphysin-Rvs (BAR)-domain that 

binds to membrane lipids and induces curvature. Endophilins were found in 1977 by screening 

an embryonic mouse complementary DNA (cDNA) expression library with a proline rich 

peptide ligand for SH3 domain 73,74. There are three isoforms of endophilin ς endophilin 1 

(SH3p4), endophilin 2 (SH3p8) and endophilin 3 (SH3p13). Endophilin 1 is expressed in the 

brain, endophilin 2 is expressed in the brain and the testis while endophilin 3 is expressed 

more ubiquitously. The SH3 domains of the endophilins are highly conserved throughout 

different species.  Endophilin dimerises through its N-terminus, and participates at multiple 

stages in clathrin-coated endocytosis, from early membrane invagination to synaptic vesicle 

uncoating 75. Endophilin 1 is known to hetero-dimerize with endophilin 2. Both its C-terminal 

SH3 domain and N-terminal BAR domain are required for endocytosis. Through its SH3 

domain, endophilin binds to proline-rich domains (PRDs) in endocytic proteins such as 

synaptojanin and dynamin. Several G protein ŎƻǳǇƭŜŘ ǊŜŎŜǇǘƻǊǎΣ ǎǳŎƘ ŀǎ ǘƘŜ ʲ1AR contain 

proline rich domains (poly-proline motifs) within their intracellular domains. Such motifs in 

other proteins are known to mediate proteinςprotein interactions such as with SH3 domains 

76. In 1999, Tang et al., idenǘƛŦƛŜŘ ŜƴŘƻǇƘƛƭƛƴ {Iо ŘƻƳŀƛƴǎ ƛƴǘŜǊŀŎǘ ǎŜƭŜŎǘƛǾŜƭȅ ǿƛǘƘ ʲ1AR over 

2̡AR with high-affinity (Kd = 47+/-9 nM), using yeast-two hybrid system and pull down assays 
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confirming their findings by coimmunoprecipitation. A new study used model membranes 

with a membrane density of мплл ǊŜŎŜǇǘƻǊǎ ǇŜǊ ˃Ƴн ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŀ ŎƻǾŀƭŜƴǘƭȅ ŎƻƴƧǳƎŀǘŜŘ 

ICL3 ǊŜƎƛƻƴ ŦǊƻƳ ǘƘŜ ʲ1AR.  

 

It was observed that the ICL3 is able to recruit endophilin to membranes via the SH3 domain 

of endophilin. Most notably, endophilin recruited via ICL3 gets sorted into highly curved 

membrane tubules indicating that the endophilin properties to associate with the membrane 

and to induce membrane curvature can be facilitated by ICL3 interactions 77. 

 

The basic foƭŘ ƻŦ ǘƘŜ {Iо ŘƻƳŀƛƴ Ŏƻƴǎƛǎǘǎ ƻŦ ŀƴ ŀƴǘƛǇŀǊŀƭƭŜƭ ŦƛǾŜ ƻǊ ǎƛȄ ǎǘǊŀƴŘŜŘ ʲ-sandwich 78.  

The domain has a globular shape with a diameter of about 30 Å. The N- and C-termini are 

close in space which explains the ability of these domains to bind to variable positions in 

different proteins. Most of the conserved residues in the SH3 family are found in the elements 

forming the secondary structure. Many of these conserved residues come close in space to 

form a ladder like structure (Figure 1.8); the core is formed by aromatic residues - surrounded 

by the RT- loop and the n-src loop. This core defines the poly-proline sequence motif binding 

pocket of the SH3 domains 79. 

 

 

 

 

Figure 1.8:  Structural representation of SH3 domain depicting poly proline binding site and other features 
 



 23 

SH3 domains are known to have specific preferences for arginine and leucine residues, as 

revealed by combinatorial peptide libraries with the Src and phosphatidylinositol 3-kinase 

(P13K) SH3 domains 80,81. These studies identified two classes of ligands for both SH3 domains: 

class I, with the consensus sequence RXLPPZP (Z = L for Src SH3; Z = R for P13K SH3; X means 

no clear consensus was found), and class II, with the sequence XPPLPXR. The binding modes 

are illustrated in Figure 1.9. 

 

 
 
 
 

Figure 1.9: Structural basis of an SH3 domain binding to a Class I or II peptide. Schematic representation of 
{Iо ŘƻƳŀƛƴ ǊŜŎƻƎƴƛǘƛƻƴ ƻŦ ŀ ǇŜǇǘƛŘŜ ƛƴ ŀ ΨǇƭǳǎΩ ό/ҥbύ όƭŜŦǘύ ƻǊ ΨƳƛƴǳǎΩ όbҦ/ύ ƻǊƛŜƴǘŀǘƛƻƴ όǊƛƎƘǘύ 82. The left-
handed PPII helix of the peptide is shown as circles (residues) connected by sticks (amide bonds). Conserved 
residues found at the ligand-binding site of the SH3 domain are shown in rectangles. a) The beta-PIX SH3 
domain in complex with a peptide derived from AIP-4 (PDB code: 2P4R). The peptide contains the class I 
motif and is bound in the plus orientation. b) The p40phox SH3 domain in complex with a p47phox-derived 
peptide (PDB code: 1W70) 78. 
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1.10 Intracellular loop 3 of ̡1AR 
 

 

 

As discussed in the previous section for structural studies of 1̡AR (1.6) and limitations of static 

structure determination techniques (1.7), we know that the GPCR conformational landscape 

is very complex and not fully captured by X-ray crystallography. In all crystal structure studies 

of GPCRs, the flexible regions such as N-termini, ICL3, and C-termini are truncated. The 

structures of inactive GPCRs reveal high structural conservation (RMSD ~1.5 Å) in the 

intracellular side of the TM regions that are involved in G protein and arrestin coupling leading 

to downstream signaling 1. Among the intracellular domains of GPCRs, ICL3 is highly variable 

in length across GPCR classes. It ranges from 5 residues in length in GPCRs like CXCR4 up to 

hundreds of residues in some other receptors. The variations in sequence motifs and length 

are relatively closely related in receptor subtypes as it is postulated to have a role in receptor 

selectivity of different G proteins 1. The ICL3 regions in crystal structure constructs if present 

are disordered (example PDB ID: 3SN6) or are replaced by a fusion protein. However, there 

are indications that in some GPCRs, the ICL3 has a propensity to form h -helical structures 83. 

This has also been shown for 2̡AR ICL3 by MD simulation studies 84. It is also known from 

active state crystal structures that the TM5 and TM6 undergo extension of the helices by at 

least two to three turns 47. On the contrary, the ̡ 2AR ICL3 has been shown to be susceptible 

for proteolysis demonstrated by hydrogen/deuterium exchange coupled with mass 

spectrometry (HDX-MS)85. Figure 1.10 shows sequence alignment for 1̡AR ICL3 region from 

different species to highlight the variable length and sequence composition. It is evident that 

the regions adjacent to helix 5 and 6 show high conservation in sequence composition. The 

closest related sequences are of human and monkey 1̡AR ICL3 with high sequence length and 

similarity. There is a large discrepancy in the ICL3 sequence length and composition between 

turkey and human receptor. It is not well established if h 1̡AR ICL3 adopts secondary 

structures or how it is involved in molecular interactions with binding partners. This builds a 

strong case to study the ICL3 and its role on ̡1AR structural dynamics.  
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Figure 1.10: Sequence alignment of ̡1AR (verified sequences from UniProt). The sequence alignment 

shows conserved residues in the ICL3 across species are located closer to helix 5 and helix 6 adjoining 

regions. Poly proline rich sequence is present across species but with varying composition. The human and 

monkey sequences are richest in poly prolines and differ in sequence length by only 3 residues.  

 

 

1.11 Exploring complex structural dynamics of ̡ 1AR using NMR and Molecular 
dynamics simulations 
 

Previous studies published from our lab used 13C methionine NMR and 19F NMR to explore 

the conformational landscape of t̡1AR 86 87. The receptor used in this case, had reversed some 

thermostabilising mutations in positions V90M2.53, A227Y5.58 and L282A6.27 leaving fewer 

thermostabilising mutations in the receptor construct. This made the receptor closer to the 

wildtype. For 13C NMR, 5 methionine residues were replaced leaving 7 natural methionine 

residues as NMR probes. 13C methionine labelled, Lauryl maltose neopentyl glycol (LMNG) 

solubilized receptor was then studied by 1H-13C heteronuclear multiple quantum coherence 

(HMQC) NMR. The results of this study revealed several conformational states of t1̡AR in 

solution at physiological temperature. Ligand binding modulates the equilibrium between an 

inactive state (I) and a more active state (A). The A state is more likely to couple intracellular 

binding partners like Gs. The ligand bound state A also showed a strong correlation for ligand 

efficacy. On ternary complex formation however, the ligands modulate a second equilibrium 

between a more active signaling state AG+ and AG- where, AG- represents a pre-coupled state 

of t 1̡AR 86 87.  

 

19F NMR experiments were carried out to explore the local dynamics at helix 6 and helix 7 for 

ligand induced conformational states observed by 13C NMR. The same construct was used for 
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19F NMR, with additional mutations in C163 and C85 positions to be able to label only single 

methionine at position 344 in TM7. Furthermore, to investigate the TM6 dynamics, the C344 

was replaced by serine and a cysteine was introduced at the A282 position. Here, it was shown 

that the C344 probe on TM7 is in a conformational equilibrium between inactive, pre-active 

and signaling active states (Figure 1.11). The ligand bound receptor shows three states: I1, I2, 

and A. I1 state is the more energetically favoured state for the receptor but ligand binding 

with high Gs efficacy results in a conformational change to the I2 and A state. Therefore, the 

I2 and A states were intermediates of activation. The I1/I2 equilibrium is likely governed by 

rotamer toggle of Y3437.53 but the change in equilibrium from I1/I2 to A requires large helical 

displacements. Binding of intracellular partner Gs creates two states as discussed before: AG+ 

and AG-. The relative equilibrium between AG+ and AG- is determined by the Gs efficacy of 

ligands that bind to the receptor. This was proposed to be the basis for partial agonism. 

Furthermore, this suggests that AG- is a higher energy state that relaxes into AG+. The AG+ 

state was shown to be very dynamic with the 19F NMR experiments suggesting that some 

ligands were populating sub-states of AG+ 88.  

 

 

 

Figure 1.11: Model for activation of t̡1AR as proposed in the 19F NMR experiments where P corresponds 

to NMR peak observed in the spectra. Figure adapted with permission from Frei et al, 2020 88 

 

¢ƘŜ ōŀǎƛŎ ǎǘǊǳŎǘǳǊŀƭ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ŀŎǘƛǾŀǘƛƻƴ ǇǊƻŎŜǎǎ ƻŦ ʲ1AR through extracellular 

agonist binding and cytoplasmic G protein recognition are known as derived from static 

structures of the inactive and nanobody bound ternary receptor (PDB: 6HJ, 6H7M structures 

deposited by Warne et al., 2018 55) and from above discussed NMR studies 86,90.  These well 

supported models suggest that there are many conformational equilibria that affect the 

activation process of t̡1AR. However, the molecular details of ligand binding, how the 

activation signal is transmitted to the cytoplasmic side of the receptor and G protein bias in 

signaling are not completely understood. The role of the loops in the receptor ς intracellular 
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binding partner interactions is unclear. Until now it has not been possible to resolve if the 

intracellular loop forms any secondary structures to facilitate the specificity of binding. 

Therefore, NMR is a good approach to study the dynamic intrinsically disordered regions in 

1̡AR as a starting point. This will also give insights into molecular mechanisms of interactions. 

As discussed in the previous sections, the human ICL3 seems to interact with several binding 

partners and contains a polyproline rich region that is known to bind to SH3 domains. Hence, 

in this thesis, I explore the conformational landscape of t1̡AR with human ICL3 chimera as a 

suitable construct. 
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Aim of the thesis 
 

The broader aim of the work presented in this thesis is to obtain deeper insights into the 

structural dynamics of the 1̡AR by using NMR spectroscopy. Previous studies on the 1̡AR 

done in the lab and in other groups use 1̡AR constructs that do not contain the ICL3. As 

discussed in the introduction, this loop is in the proximity of the intracellular protein binding 

site and seems to interact with binding partners. By introducing the ICL3 from the human 

1̡AR, characterisation of a receptor that is closer to wildtype compared to the other 

constructs is possible. It is evident that solution NMR spectroscopy is a powerful tool which 

provides valuable information about the conformation and dynamics of membrane proteins. 

The specific questions this study attempts to answer are:  

¶ What roles does the ICL3 play in receptor basal activity? How does it compare to the 

ǘ1̡AR? 

¶ Can we correlate the flexibility of ICL3 with selective binding of ligands and 

intracellular binding partners? 

¶ Does the ICL3 adopt any secondary structures? 

¶ Is the receptor binding affinity to various intracellular partners affected by presence 

of ICL3? 

¶ What are the differences in conformations when the receptor binds to different IBPs? 

 

Chapter 2 discusses in detail the protocol design and optimisation as well as the experimental 

techniques employed throughout this study. Cloning of the hICL3 and t̡1AR chimera 

construct was my first goal. After introducing the hICL3 fragment, expression, and purification 

of t 1̡ARhICL3 by solubilisation in LMNG was optimised based on previously established 

techniques in the lab which is discussed in Chapter 3. Furthermore, Cloning, expression, and 

purification of endophilin SH3 domain, which require optimisation, are outlined in Chapter 3. 

With this construct, NMR experiments were carried out by labelled expressions and post 

purification labelling protocols to introduce NMR probes. 19F and 13C HMQC NMR experiments 

describing the local and global changes in conformations of the receptor are discussed in 

Chapter 4. Biophysical characterisation of the receptor to understand the signaling output, 

binding affinity with IBPs and structural changes in the hICL3 are discussed in Chapter 5.   
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Chapter 2 
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Methods  
 
All the materials, reagents, chemicals, assay kits, instruments and equipment used in this 
work are listed in the Appendix Table 1. 
 
  

2.1 Site directed mutagenesis  
 
The insertion of human intracellular loop 3 (hICL3) and point mutations were performed using 

New England BioLabs (NEB) Q5 polymerase or PfuUltra II in a 50 ‘L reaction volume following 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ The ingredients of these two polymerase kits are summarized 

in Table 2.1. Specific conditions and primer details are mentioned in the relevant sections in 

Results chapter 3. 

 
 
Primer design 
 

The polymerase chain reaction (PCR) primers were designed using commercially and freely 

available software and online tools. These primers were tested in-silico with the software 

Snapgene and the annealing temperature was optimised with the online tool 

Ψtmcalculator.neb.comΩ. Optimal annealing temperatures were selected such that the 

difference in annealing temperature between forward and reverse primer is not more than 5 

ЈC and both are not higher than 70 ЈC. Characteristics such as secondary structure formation 

and dimerization were checked for using the online ordering tool from Merck (formerly 

Sigma-Aldrich). All primers were purchased from Merck and are listed in Chapter 3 discussing 

cloning of constructs. PCR reaction conditions for reagents used are outlined in table 2.1 and 

step temperature settings for thermocycler are summarised in table 2.2. 
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NEB Q5 polymerase kit PfuUltra II polymerase kit 

Ingredient Volume (‘L) Ingredient Volume (‘L) 

5X Q5 Reaction buffer 10 10x PfuUltra II buffer 5 

10 mM (dNTP) mix 1 10 mM (dNTP) mix 1.25 

мл ˃a ŦƻǊǿŀǊŘ ǇǊƛƳŜǊ 2.5 мл ˃a ŦƻǊǿŀǊŘ ǇǊƛƳŜǊ 1 

мл ˃a ǊŜǾŜǊǎŜ ǇǊƛƳŜǊ 2.5 мл ˃a ǊŜǾŜǊǎŜ ǇǊƛƳŜǊ 1 

Template DNA (1ng) 1 Template DNA (10 ng) 0.72 

Q5 polymerase 0.5 PfuUltra II polymerase 1 

GC enhancer (if used) 10 -  

ddH2O Up to 50 ‘l ddH2O Up to 50 ‘l 
 

Table 2.1: PCR reaction conditions as recommended by the kit manufacturer.  

 

 

1x Initial denaturation 98 ЈC 30 seconds 
30 cycles Denaturation 98 ЈC 8 seconds 

Annealing $ 20 seconds 
Extension 72 ЈC 25 sec/kb 

1x Final extension 72 ЈC 2.5 minutes 

 Cooling  hold  Њ 
 

$The employed annealing temperatures were obtained from NEB Tm calculator from 
https://tmcalculator.neb.com and were specifically designed for each primer set.  
 
 

Table 2.2: Thermocycler settings for PCR reaction step temperatures as recommended by the kit 
manufacturer 
 
 
 

2.2 DpnI digestion of template DNA 
 
The enzyme DpnI (Thermo Fisher Scientific) was used to digest methylated template DNA 

once the polymerase chain reaction was completed. This ensured the presence of only 

desired, mutated t/w ǇǊƻŘǳŎǘ ǿƘƛŎƘ ǿŀǎ ŦǳǊǘƘŜǊ ǇǊƻŎŜǎǎŜŘ ŀƴŘ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴǘƻ 5Iрʰ E. 

coli cells together with transfer plasmid.  

 

DpnI digestion was performed by adding 1 ˃[ ŜƴȊȅƳŜ ǘƻ нр ˃[ t/w ǇǊƻŘǳŎǘ ƳƛȄǘǳǊŜ ŀƴŘ 

incubation at 37 ЈC for 1 hour.  
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2.3 Phosphorylation of PCR products 
 

 
The double-stranded PCR products if directly transformed could lead to inefficient 

transformation. To prevent this, phosphorylation with T4 Polynucleotide Kinase (Thermo 

Fisher Scientific) was performed. T4 DNA Ligase buffer 10x, T4 Polynucleotide Kinase 10 U/˃ [ 

enzyme and 10 mM ATP were each added at 1 ˃ [ ǾƻƭǳƳŜ ǘƻ 7 ˃ [ 5ǇƴL ŘƛƎŜǎǘŜŘ t/w ǇǊƻŘǳŎǘ 

ǘƻ ƳŀƪŜ ŀ Ŧƛƴŀƭ ǊŜŀŎǘƛƻƴ ǾƻƭǳƳŜ ƻŦ мл  ˃[Φ ¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ƛƴŎǳōŀǘŜŘ ŀǘ от ЈC for 30 minutes.  

 

2.4 Ligation of phosphorylated PCR products 
 

 
The phosphorylated PCR products were ligated using T4 DNA Ligase enzyme (Thermo Fisher 

Scientific) to form circular double-stranded DNA. T4 DNA LƛƎŀǎŜ ōǳŦŦŜǊ όм ˃[ύΣ ¢п 5b! Ligase 

ŜƴȊȅƳŜ όн ˃[ύ ŀƴŘ ŘŘI2h όт ˃[ύ ǿere added to the phosphorylated reaction mixǘǳǊŜ όмл ˃[ύ 

to form the 20 ˃[ volume reaction mixture. The reaction was incubated for a minimum of 2 

hours at 37 ЈC. The enzyme was heat inactivated at 65 ЈC for 20 minutes. The ligated product 

ǿŀǎ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴǘƻ 5Iрʰ E. coli cells together with transfer plasmid. The resulting plasmid 

DNA construct was isolated using a commercial Miniprep kit (Qiagen) and used for 

transfection in insect cells. 

Lƴ ŎŀǎŜǎ ǿƘŜǊŜ ǘƘŜ ǇǊƛƳŜǊǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ƛƴ рΩ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ŦƻǊƳ ǘƘŜ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ 

step was omitted.  

 

2.5 Preparation of competent E. coli 5Iрʰ ŎŜƭƭǎ 
 
Ingredients: 
 

Inoue buffer 55 mM Manganese dichloride (MnCl2), 15 mM Calcium chloride 
(CaCl2), 250 mM potassium chloride (KCl), 10 mM piperazine-N,N -
bis(2-ethanesulfonic acid) (PIPES) pH 6.7 

LB Medium 10 g/L tryptone, 5 g/L yeast extract, 10 g/L Sodium chloride (NaCl) 

 

LB Agar 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 17.5 g/L bacterial 
agar 

Super optimal broth 
(SOB) medium 

20 g/L tryptone, 5 g/L yeast extract, 0.6 g/L NaCl, 2.5 mM KCl, 10 

mM MgCl2, 10 mM Magnesium sulfate (MgSO4) 

 
Table 2.3: Ingredients used to make buffers and media used in preparation of competent cells.  
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Protocol: 

1. Non-competent E. coli 5Iрʰ ŎŜƭƭǎ ǿŜǊŜ ǎǇǊŜŀŘ ƻƴ ŀ Luria broth (LB) Agar plate with 

no antibiotics and incubated at 37 ЈC overnight.  

2. A single bacterial colony was picked and was used to inoculate 25 mL LB medium in a 

250 mL Erlenmeyer flask and incubated at 37 ЈC for 6-8 hours.  

3. 10 mL of the starter culture was used to inoculate 250 mL Super Optimal Broth (SOB) 

medium overnight at 20 ЈC in a 1 Litre flask while shaking. At an optical density at 600 

nm (OD600) of 0.55 absorbance units (AU), the flask was placed on ice for 10 minutes.   

4. The cells were harvested by centrifugation (2500 x g, 10 minutes, 4 ЈC) and the 

supernatant was completely and thoroughly removed while maintaining the 

temperature of 4 ЈC (subsequent steps performed at 4 ЈC). 

5. Cells were re-suspended in ice-cold Inoue buffer by swirling and centrifuged as in step 

4.  

6. Cells were re-suspended in 20 mL of ice-cold Inoue buffer with 1.5 mL of Dimethyl 

sulfoxide (DMSO) and mixed by swirling.  

7. The mixture was incubated for 10 minutes on ice and subsequently aliquoted at a 

ǾƻƭǳƳŜ ƻŦ рл ˃[ ŀƭƛǉǳƻǘǎ ƛƴ ǎǘŜǊƛƭŜΣ ǇǊŜ-cooled microfuge tubes.  

8. The tubes containing cell suspension were flash-frozen in liquid nitrogen and stored 

at -80 ЈC until use. 

 
 
 

2.6 Transformation of chemically competent E. coli 
 

 

LB Medium: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl 

LB Agar: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 17.5 g/L bacterial agar 

 
Protocol: 
 

1. Chemically competent or ultracompetent E. coli ŎŜƭƭǎ ƛƴ рл ˃[ ŀƭƛǉǳƻǘǎ ǿŜǊŜ ǘƘŀǿŜŘ 

on ice.  

2. м ˃[ ǇƭŀǎƳƛŘ 5b! όмлл-200 ng) was added to the cells and incubated for 30 minutes 

on ice. 

3. The cells were heat-shocked at exactly 42 ЈC for 45 seconds.  

4. Heat shocked cells were placed on ice and incubated for 2 minutes.  

5. рлл ˃[ ƻŦ [. ƳŜŘƛǳƳ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎŜƭƭǎ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ от ЈC for 40-60 minutes 

with shaking at 250 rpm.  
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6. млл ˃[ ƻŦ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǿŀǎ ǎǇǊŜŀŘ ƻƴǘƻ ŀ [. ŀƎŀǊ ǎŜƭŜŎǘƛƻƴ ǇƭŀǘŜ ǿƛǘƘ ŀǇǇǊƻpriate 

antibiotics and incubated at 37 ЈC overnight.  

 

2.7 Bacterial expression of endophilin A1 SH3 domain in BL21(DE3)-RIL cells  
 

BL21-RIL cells were transformed with the pET28b (+) vectors containing the gene of interest. 

Colonies were picked and inoculated in a 50 mL starter culture supplemented with desired 

antibiotic. The OD600 for the large-scale expression was monitored every 30 minutes. 160 

˃a ƛǎƻǇǊƻǇȅƭ ǘƘƛƻƎŀƭŀŎǘƻǇȅǊŀƴƻǎƛŘŜ όLt¢Dύ ǿŀǎ ŀŘŘŜŘ ǘƻ ƛƴŘǳŎŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ {Iо 

domain once the OD600 value was between 0.6-0.9 AU. The cells were incubated for an 

overnight expression at 18 °C while shaking at 250 rpm. For isotopic labelling expression NH4Cl 

was substituted for ammonium-15N chloride. [Vector map in Figure 2 Appendix] 

 

2.8 Purification of endophilin A1 SH3 domain 
 

Buffers used: 
 
Lysis buffer: 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 50 mM imidazole, 0.5 mM Tris-(2-

carboxyethyl)-phosphin (TCEP) and protease inhibitor cocktail 

Buffer A (wash buffer): 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 50 mM imidazole and 0.5 mM 

TCEP 

Buffer B (elution buffer): 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 250 mM imidazole and 0.5 

mM TCEP 

SEC buffer: 20 mM Tris-HCl pH 8.0,  200 mM NaCl 

 
The bacterial cells from 1 L expression culture were sedimented by centrifugation at 4200 g 

for 15 minutes and resuspended in the lysis buffer to be incubated for 10 minutes at 4 °C. 

After incubation, the cells were lysed using the high-pressure homogenizer Avestin emulsiflex 

C5. The cell debris and unbroken cells were pelleted by centrifugation at 40,000 g for 15 

minutes. The supernatant was loaded onto a HisTrap FF column equilibrated with buffer A for 

nickel affinity chromatography. Elution of the protein was performed by adding buffer B with 

ς 12.5%, 25% followed by 100% creating a step gradient of buffer B.  
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2.9 Gel filtration chromatography of endophilin A1 SH3 domain 
 

The nickel affinity purified fractions of endophilin A1 SH3 domain were concentrated using a 

3 kDa cutoff Amicon concentrator at a volume of 500 ˃ [. The sample was loaded onto a gel 

filtration column equilibrated with the SEC buffer and washed with the same buffer. I 

modified the purification protocol from 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) to Tris-HCl based buffer to purify rat endophilin SH3 domains 91. This modification 

was done so that the purified SH3 domain is in Tris-HCl buffer compatible to be added to the 

receptor NMR samples. The modified buffer composition is outlined in the previous section. 

 
 

2.10 Expression of Nanobodies 
 

 
The expression vectors containing appropriate DNA and the expression protocols were 

obtained from Dr Andras Solt (former PhD student in the lab). Nanobodies Nb60 and Nb6B9 

containing plasmids pET28b (+) and pET26b (+), respectively, were transformed into 

chemically competent BL21 (DE3) cells and grown in LB media supplemented with kanamycin 

ŀǘ ŀ Ŧƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ рл ˃ƎκƳ[Φ 9ȄǇǊŜǎǎƛƻƴ ŎǳƭǘǳǊŜǎ ǿŜǊŜ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ŀ ǎŀǘǳǊŀǘŜŘ 

overnight culture in LB grown at 37 °C to an OD600 density of 0.1 AU and grown to a density 

of 0.8 AU at 37 °C. Induction was achieved with IPTG at a final concentration of 0.5 mM. 

Expression cultures were grown at 25 °C for 16 hours before harvesting by centrifugation 

(3500 g, 20 minutes, 4 °C). 

 

Alternatively, nanobodies were expressed in Superbroth auto-induction media (Formedium), 

where the overnight culture was prepared in LB, and 0.5 mL was used to inoculate the 

expression culture, regardless of overnight OD or culture volume. 

 

Media used: 

LB media: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl 

Superbroth media: 32 g/L tryptone, 20 g/L yeast extract, 5 g/L NaCl 

SOB media: 20 g/L tryptone, 5 g/L yeast extract, 0.6 g/L NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 

mM MgSO4 
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Autoinduction Superbroth was either prepared from a commercial powder or made from the 

following constituents. The base ingredients were dissolved and autoclaved together. Trace 

elements were sterile filtered, and the media were supplemented before use 92,93. 

 

Composition for autoinduction superbroth media 

 

Base ingredients: 35 g/L tryptone, 20 g/L yeast extract, 3.3 g/L Ammonium sulphate 

((NH4)2SO4), 6.8 g/L Monopotassium phosphate (KH2PO4), 7.1 g/L Disodium phosphate 

(Na2HPO4), 0.5 g/L glucose, 2.0 g/L ‌-lactose, 0.15 g/L Magnesium sulfate (MgSO4), 5 g/L 

glycerol 

 

Trace elements:  

 

Ingredient Stock concentration Volume per 500 mL 
Iron trichloride (FeCl3) 5 mM 0.2 mL 

Salt mix 1000x 0.5 mL 

CaCl2 100 mM  0.5 mL 
Ammonium chloride (NH4Cl) 10 % 5 mL (=1g/L) 

Antibiotics 1000x 0.5 mL 

Composition of 1000x salt 
mix 

Zinc sulfate (ZnSO4) 0.1 M 

MnCl2 0.1 M 

Boric acid (H3BO) 0.1 M 
Copper(II) sulfate (CuSO4) 0.1 M 

 

Table 2.4: Trace elements ingredients used to make autoinduction superbrot 

 

 

2.11 Purification of Nanobodies 
 
Buffers used: 

 

Resuspension Buffer: 20 mM Tris-HCl pH 8.0, 150 mM NaCl, protease inhibitor cocktail 

NiNTA Buffer A: 20 mM Tris- HCl pH 8.0, 150 mM NaCl 

NiNTA Buffer B: 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 250 mM imidazole 

CatEx Buffer A: 50 mM Sodium Ascorbate pH 4.8, 75 mM NaCl 

CatEx Buffer B: 50 mM Sodium Ascorbate pH 4.8, 1 M NaCl 

Desalting Buffer: 10 mM Tris- HCl pH 8.0, 150 mM NaCl  
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Cell lysis and nickel affinity chromatography 

¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ƘŀǊǾŜǎǘŜŘ ōȅ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ όрΣлнл Ȅ ƎΣ п ɕ/Σ нл ƳƛƴǳǘŜǎύ ŀƴŘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ 

resuspension buffer. A total of 100 mL of resuspension buffer was used for a culture volume 

of 4 L. The resuspended cell mixture was passed several times through the Avestin emulsiflex 

C-5 to break up cell walls, membranes and chromosomal DNA. 

 

¢ƘŜ ƭȅǎŀǘŜ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ōȅ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ όтрΣслл Ȅ ƎΣ п ɕ/Σ ол ƳƛƴǳǘŜǎύ ƛƴ ŀ .ŜŎƪƳŀƴ W! 

25.50 rotor and subjected to nickel affinity chromatography on Akta Pure (GE Healthcare) at 

п ɕ/Φ ¢ƘŜ ƭȅǎŀǘŜ ǿŀǎ Ǌǳƴ ƻǾŜǊ ŀ р Ƴ[ Iƛǎ¢ǊŀǇ CC ŎǊǳŘŜ ŎƻƭǳƳƴ ŜǉǳƛƭƛōǊŀǘŜŘ ǿƛǘƘ NiNTA buffer 

A with a flowrate of 1 mL/minute. The column was then washed with 60 mL NiNTA buffer A 

and 50 mL with 6% NiNTA buffer B to remove contaminating proteins. Nb6B9 was 

subsequently eluted with 100% buffer NiNTA buffer B. 

 

In preparation for a cation exchange chromatography, Nb6B9 containing fractions were 

pooled and transferred into a dialysis membrane with a 3.5 kDa molecular weight cut-off and 

dialysed against 2 L CatEx buffer A. 

 

Cation exchange chromatography 

 

To remove residual protein contaminants, the dialysed sample was further purified using a 1 

mL cation exchange RESOURCE S column (GE Healthcare). The column was equilibrated with 

CatEx buffer A. The sample was loaded onto the equilibrated column to allow binding. A linear 

gradient from 75 mM NaCl (CatEx buffer A) to 1 M NaCl (CatEx buffer B) was applied to 

gradually elute proteins from the column. The Nb6B9 was identified as the major elution 

peak. 

 

Desalting 

 

Finally, the Nb6B9 preparation was transferred into a buffer suitable for NMR and compatible 

with receptor preparations. A 5 mL HiTrap Desalting column (GE Healthcare) was equilibrated 

with Desalting buffer and the protein, previously concentrated to a sample volume of 0.5 mL, 
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was applied to the column for buffer exchange. The Nb6B9 was concentrated to a 

concentration of around 1 mM for use in receptor binding experiments.   

 

2.12 Saposin-A expression and purification 
 

 

Saposin-A (SapA) was expressed and purified using the protocols established in lab by Henry 

Chih-Ta Chien 94. The SapA plasmid was a kind gift from Dr. Janet Deane to the lab. The 

sequence of the construct is as following: 

 

Human SapA 

MGSLPCDICKDVVTAAGDMLKDNATEEEILVYLEKTCDWLPKPNMSASCKEIVDSYLPVILDIIKGEMS 

RPGEVCSALNLCESLQ 

 

SapA was expressed in E. coli SHuffle® T7 cells grown at 30 °C in LB media supplemented with 

млл ˃ƎκƳ[ ŀƳǇƛŎƛƭƭƛƴ. The growth was monitored for approximately 5 hours until the OD600 

reached value of 0.8. Cells were then induced with 1 mM IPTG, and incubated overnight at 16 

°C. The cells were harvested by centrifugation (5,000 g, 30 min) and cell pellets were 

resuspended in anion-exchange buffer (50 mM Tris-HCl, pH 7.4, 25 mM NaCl) with protease 

inhibitor cocktail (Sigma-Aldrich). Cells were lysed using emulsiFlex-C5 (Avestin) by applying 

three runs. Soluble proteins were separated by centrifugation (40,000 g, 30 min, 4 °C) and the 

supernatant was incubated at 85 °C with gentle mixing for 15 min to denature other proteins. 

The solution becomes cloudy after the heating step as proteins precipitate. Precipitated 

proteins were separated by centrifugation (40,000 g, 30 min, 4 °C) and discarded. The anion 

exchange purification was performed using a 5 mL HiTrap QSepharose column (GE 

Healthcare) equilibrated with anion-exchange buffer. Elution used a 0ς50% linear gradient of 

elution buffer (50 mM Tris-HCl, pH 7.4, 1 M NaCl). Fractions were checked by SDS-PAGE and 

those containing SapA were pooled and concentrated using Amicon Ultra-15 (3,000 MWCO). 

The sample was further purified by size-exclusion chromatography using a HiPrep 16/60 

Sephacryl S-200 (GE Healthcare). The sample was aliquoted, flash frozen and stored in the -

80 °C freezer. 
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2.13 Baculovirus generation 
 
 
The pBacPak8 system for ōŀŎǳƭƻǾƛǊǳǎ ƎŜƴŜǊŀǘƛƻƴ όǘʲ1AR constructs) was used for transfection 

of SF9 insect cells. All steps of the protocol below were performed under sterile conditions 

with sterile reagents in a dedicated laminar airflow hood for insect cell culture. [Vector map 

in Figure 1 Appendix] 

 
Step 1: SF9 insect cells grown in serum free Sf-900 III media (GibcoTM) at mid-log growth phase 

were seeded into a 12-well plate such that each well contained 0.5 mL insect cells with 

0.8x106/mL cell density.  

 

Step 2: The pBacPak8 DNA containing the desired gene was heat-sterilized at 55 ЈC for 1 hour.  

 

Step3: Transfection was performed using the FlashBac Viral DNA kit (Oxford Expression 

Technologies) to generate baculovirus containing the desired constructs. Transfection 

reactions were made into two separate mixes as described below: 

 

Mix A Mix B 

п ˃[  /ŜƭƭŦŜŎǘƛƴ ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύ н ˃[ CƭŀǎƘ.ŀŎ 5b! 

рл ˃[  Sf-900 III media мΦу ˃[ όмллƴƎκ ˃[ύ Ǉ.ŀŎt!Yу ǇƭŀǎƳƛŘ 5b! 

 рл ˃[  {Ŧ-900 III media 
 
Table 2.5: Transfection reaction mixture for baculovirus generation  

 
 

Transfection mixes A and B were mixed and incubated for 30 minutes at room temperature.  

Step 4: The combined reaction mixture was added to the seeded cells and incubated for 3-5 

hours at 27 ЈC under gentle shaking at 60 rpm.  

 

Step 5: After a minimum incubation of 3 hours, the cells were allowed to adhere to the plates 

(no shaking for approximately 1 hour). The medium containing Cellfectin was removed, and 

1 mL of fresh Sf-900 III media was added. (Cellfectin, if left for longer than 5 hours, is toxic for 

insect cells.)  

 

Step 6: The cells were incubated for 5 days at 27 ЈC with shaking at 60 rpm.  
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A positive control was used to verify the success of transfection, using an enhanced green 

fluorescent protein (GFP) construct (Figure 2.1).  

 

Subsequently, viral stock from day 5 was used to generate first passage (P1) virus stock with 

cells at 1 million cells/mL in 10 mL and was incubated for 48 hours under shaking at 27 ЈC. 

млл ˃[ ƻŦ tм ǎǘƻŎƪ ǿŀǎ ǳǎŜŘ ǘƻ ƛƴŦŜŎǘ рл Ƴ[ ƻŦ ŎŜƭƭǎ ŀǘ м Ƴƛƭƭƛƻƴ ŎŜƭƭs/mL and was incubated 

for 48 hours under shaking at 27 ЈC to generate the higher virus titre ς second passage virus 

(P2), followed by third passage virus stock (P3) suitable for protein expression.  

 
 
 

 
 
 

 
Figure 2.1: Schematic representation of GFP gene in pOET1 plasmid. Transgenic GFP (trGFP) gene 
(neon green) is present just after the polyhedron promoter sequence.  
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2.14 Expression of isotopically 13C-‐-ƳŜǘƘƛƻƴƛƴŜ ƭŀōŜƭƭŜŘ ʲ1AR protein (13C-aŜǘ ʲ1AR)  
 

 
CƻǊ ʲ1AR expression, Sf9 or Sf21 cells, grown in serum free SF4 (Bioconcept) media were 

centrifuged (500 g, 10 minutes) and washed with sterile phosphate-buffered saline (PBS) to 

reduce the carry-over of unlabelled methionine. The washed cells were diluted to a density 

of 3 x 106 cells/mL into methionine deficient SF4 media (Bioconcept) or ESF 921 media 

(Expression Systems) at half the intended final culture volume. The culture was then infected 

with 4 mL of high-density viral stock (P3), and incubated for 5 hours, before supplementing 

the culture with 250 mg/L of 13C-methyl methionine and diluting to a final density of 1.5 x 106 

cells/mL. The initial reduction in culture volume ensured optimal aeration in the initial phase 

of the viral infection. Cells were grown ŀǘ нт ꜛ/ ŦƻǊ пуπтн Ƙours and were harvested by 

centrifugation (3500 g, 15 minutes), when viability dropped to 80%. 

 

For non-ƭŀōŜƭƭŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲ1AR the method was identical, except that the cells were 

grown in unlabelled SF4 (Bioconcept) or Insect-XPRESS (Lonza) medium and no methionine 

supplementation took place. 

 

2.15 tǳǊƛŦƛŎŀǘƛƻƴ ƻŦ ʲ1AR 
 

Buffers used: 

 

Solubilisation buffer: 20 mM Tris-HCl pH 8.0, 350 mM NaCl, 3 mM Imidazole, EDTA-free 

complete protease inhibitor Cocktail Roche, 2% LMNG 

Equilibration buffer: 20 mM Tris-HCl pH 8.0, 350 mM NaCl, 3 mM Imidazole, 0.02% LMNG 

Elution buffer: 20 mM Tris-HCl pH 8.0, 350 mM NaCl, 250 mM Imidazole, 0.02% LMNG 

 
The frozen insect cell pellet was thawed with solubilisation buffer consisting of 20 mM 

Tris(Hydroxymethyl)Methylamine-Hydrochloride (Tris-HCl) pH 8.0, 350 mM NaCl, 3 mM 

Imidazole, ethylenediaminetetraacetic acid (EDTA)-free complete protease inhibitor Cocktail 

(Roche), 2% Lauryl Maltose Neopentyl Glycol (LMNG)) and stirred for 1 hour. The solubilised 

cells were clarified by centrifugation (Beckman Optima LE-80K ultracentrifuge at 4 °C, 175,000 

g for 45 minutes) and the soluble fraction was loaded onto a nickel affinity column.  
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The column was washed with equilibration buffer and weakly bound impurities were washed 

out with a 50 mM imidazole wash. The receptor was eluted with the elution buffer 

supplemented with 250 mM imidazole. The final sample was exchanged into 20 mM Tris-HCl 

pH 8.0, 250 mM NaCl, 0.02% LMNG using a HiPrepTM 26/10 Desalting column. 

 
The sequences of receptor constructs used in this study are as outlined in Figure 2.2 below: 
 

1̡AR-Met2D5 
 
MGAELLSQQWEAGLSLLLALVVLLIVAGNVLVIAAIGSTQRLQTLTNLFITSLAVADLVMGLLVVPFGATLVV

RGTWLWGSFLCELWTSLDVLCVTASIWTLCVIAIDRYLAITSPFRYQSLMTRARAKVIILTVWAISALVSFLP

IMLHWWRDEDPQALKCYQDPGCCDFVTNRAYAIASSIISFYIPLLIMIFVYLRVYREAKEQIRKIDRASKRKT

SRVAAMREHKALKTLGIIMGVFTLCWLPFFLVNIVNVFNRDLVPDWLFVAFNWLGYANSAANPIIYCRSPDFR

KAFKRLLAFPRKADRRLHHHHHHHH 

 

1̡AR-Met2D5hICL3 chimera 
 
MGAELLSQQWEAGLSLLLALVVLLIVAGNVLVIAAIGSTQRLQTLTNLFITSLACADLVMGLLVVPFGATLVV

RGTWLWGSFLCELWTSLDVLCVTASIWTLCVIAIDRYLAITSPFRYQSLMTRARAKVIICTVWAISALVSFLP

IMLHWWRDEDPQALKCYQDPGCCDFVTNRAYAIASSIISFYIPLLIMIFVYLRVYREAKEQIRKIDSCERRFL

GGPARPPSPSPSPVPAPAPPPGPPRPAAAAATAPLANGRAGKRRPSRVAAMREHKALKTLGIIMGVFTLCWLP

FFLVNIVNVFNRDLVPDWLFVAFNWLGYANSAANPIIYCRSPDFRKAFKRLLAFPRKADRRLHHHHHHHH* 
 
 
Figure 2.2: Amino ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ ǊŜŎŜǇǘƻǊ ŎƻƴǎǘǊǳŎǘǎ ʲ1AR-Met2Dр ŀƴŘ ʲ1AR-Met2D5hICL3 chimera. In 
the chimeric sequence, the underlined amino acids correspond to hICL3. For further details please refer to 
Chapter 3 section 3.2. 

 
 

2.16 [ŀōŜƭƭƛƴƎ ƻŦ ǘƘŜ ʲ1AR with 2,2,2-Trifluoroethanethiol (TET) for 19F NMR  
 

Buffer used: 

 

Buffer GF350: 20 mM Tris-HCl at pH 8, 350 mM NaCl, 0.02 % LMNG 

 

¢ƘŜ ʲ1AR was expressed and purified as described above. After nickel affinity purification, the 

ǊŜŎŜǇǘƻǊ ǿŀǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻ мл ˃a ŀǘ рлл ˃[Φ hȄƛŘƛǎŜŘ DƭǳǘŀǘƘƛƻƴŜ όD{{Dύ ƛƴ ŀ ŦƛǾŜŦƻƭŘ 

molar excess was added (= рл ˃aύ ǘƻ ǇǊƻǘŜŎǘ ǘƘŜ ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ŘƛǎǳƭǇƘƛŘŜ ōƻƴŘǎ ƛƴ ǘƘŜ ʲ1AR 

and 4-пΩ- dithiodipyridine (sold as Aldrithiol-4TM, Sigma-Aldrich) was added in a tenfold molar 

excess (= млл ˃aύ ǘƻ ŀŎǘƛǾŀǘŜ ǎƻƭǾŜƴǘ ŜȄǇƻǎŜŘ ŎȅǎǘŜƛƴŜ ǊŜǎƛŘǳŜǎΦ ¢ƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƛƴŎǳōŀǘŜŘ 

for 10 minutes at 4 °C with gentle stirring. After incubation, Aldrithiol-4TM and GSSG were 

removed by buffer exchange into buffer GF350 at 500 ˃[Φ CƻƭƭƻǿƛƴƎ ōǳŦŦŜǊ ŜȄŎƘŀƴƎŜΣ рл ˃a 
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D{{D ŀƴŘ млл ˃a нΣнΣн-Trifluoroethanethiol were added, and the solution was incubated for 

30 minutes at 4 °C with gentle stirring. Figure 2.3 outlines the schematic representation for 

the reaction mechanism involved in cysteine labelling for 19F NMR using TET.  

 

The labelling reagents were subsequently removed by buffer exchange into buffer GF350, and 

the protein was further purified by alprenolol affinity chromatography and eluted with either 

atenolol or alprenolol.  

  
 

Figure 2.3: Schematic representation of cysteine side chain labelling in a two-step reaction with Aldrithiol 
activation followed by disulphide exchanged TET binding. 
 
 
 

2.17 !ƭǇǊŜƴƻƭƻƭ ǊŜǎƛƴ ŀŦŦƛƴƛǘȅ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ ƻŦ ʲ1AR 
 

Buffer used: 

 

Buffer GF350: 20 mM Tris-HCl at pH 8, 350 mM NaCl, 0.02 % LMNG 

Buffer W1: 20 mM Tris pH 8, 1 M NaCl 

Buffer W2: ethanol 20 % 

 
tǳǊƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ʲ1AR with alprenolol resin yields a highly pure and functional receptor. The 

ŘŜǎŀƭǘŜŘ ʲ1AR was diluted with cold GF350 to a total volume of 20-25 mL. The alprenolol 

column was washed with buffers W1 and W2 to remove any residually bound proteins and 

ligands from previous runs.  The column was then equilibrated with buffer GF350 and the 

ƭŀōŜƭƭŜŘ ʲ1AR was bound to the column by running the sample three to four times over the 

column bed at a flowrate of 0.2 mL/minute. 

 

Column washing step was performed with 25 m[ ōǳŦŦŜǊ DCорл ŀƴŘ ǘƘŜ ʲ1AR was eluted with 

either 0.1 mM alprenolol or 1 mM atenolol in GF350. Especially in the case of the low affinity 
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antagonist atenolol, extensive incubation times (between 12-16 hours) in the presence of the 

ligand were necessary to fully elute the receptor from the column. 

 
 

2.18 LƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ʲ1AR into Saposin A-LMNG picodiscs 
 

 

Buffer used: 20 mM Tris-HCl, pH 7.4, 250 mM NaCl 
 

1̡AR solubilised in 0.02% LMNG at a concentration of approx. 50 ˃ a was mixed with Saposin 

A (SapA) ŀǘ ŀ {ŀǇ!Υ[abDΥʲ1AR ratio of 4:45:1. The assembly mixture was topped up with 

buffer (20 mM Tris-HCl, pH 7.4, 250 mM NaCl) to 500 ˃ L and incubated at room temperature 

for 10 minutes. Excess LMNG was removed by addition of 80% w/v Amberlite XAD2 beads 

(Sigma-Aldrich) incubated at 35 °C for 45 minutes under shaking at 600 rpm. Beads were 

removed by centrifugation (2,000 g, 10 minutes). The sample was analysed for homogeneity 

by analytical size-exclusion chromatography (SEC) using a Superdex 200 Increase 10/300 (GE 

Healthcare). 
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2.19 SDS-PAGE and Western Blots 
 
The following recipe was used to cast sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels. First, 12% resolving gel was made and cast, followed by the 

6% stacking gel, of which the ingredients are outlined below. 

 
 
12% Acrylamide Resolving Gel 

 Final concentration 2 Gels 4 Gels 

Water - 4.92 mL 8.2 mL 

30% Acrylamide/Bis-Acryl 37.5:1 12% 6 mL 10 mL 
1.5 M tris pH 8.8  375 mM 3.75 mL 6.25 mL 

10% sodium dodecylsulfate (SDS) 0.1% мрл ˃[ нрл ˃[ 

10% ammonium persulfate (APS) 0.1% мрл ˃[ нрл ˃[ 

Tetramethylethylenediamine (TEMED) - мр ˃[ нр ˃[ 
TOTAL VOLUME - 15 mL 25 mL 

 
6% Acrylamide Resolving Gel 
 Final concentration 2 Gels 4 Gels 

Water - 2.73 mL 4.75 mL 

30% Acrylamide/Bis-Acryl 37.5:1 6% 1 mL 1.8 mL 
0.5 M tris pH 6.8 125 mM 1.25 mL 2.25 mL 

10% SDS 0.1% рл ˃[ фл ˃[ 

10% APS 0.1% рл ˃[ фл ˃[ 

TEMED - у ˃[  мр ˃[ 
TOTAL VOLUME - 5 mL 9 mL 

 
Table 2.6: Ingredients for SDS-PAGE gel preparation  
 
 

Purified protein samples were prepared with 1x final concentration of lithium dodecyl 

sulphate (LDS) loading buffer (Invitrogen). Gels were run in NuPAGE MES buffer (Life 

technologies), or in equivalent custom-made 2-(N-morpholino) ethane sulfonic acid (MES) 

running buffer (50 mM MES, 50 mM Tris base, 1 mM EDTA, 0.1% SDS) at 200 V for 30 minutes. 

The gels were stained with InstantBlue (Expedeon). PageRuler pre-stained protein ladder 

26616 (ThermoScientific) was used alongside samples.   

 

For western blot analysis, ǘƘŜ ǊŜǎƻƭǾŜŘ ƎŜƭǎ ǿŜǊŜ ǘǊŀƴǎŦŜǊǊŜŘ ƻƴǘƻ ŀ лΦпр ˃Ƴ ǇƻǊŜ ǎƛȊŜ 

methanol activated polyvinylidene difluoride (PVDF) membrane (Millipore) in 1x NuPAGE 

Transfer buffer (25 mM bicine, 25 mM bis-tris pH 7.2, 1 mM EDTA, 0.05 mM chlorobutanol, 

10% methanol) at 30 V for 1 hour. After transfer, membrane was blocked in 4% Bovine serum 
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albumin (BSA) in Tris-buffered saline (TBS)-0.05% Tween20 (TBST) for 1 hour and 

subsequently washed with TBST for 5 minutes, repeated 3 times. The membrane was probed 

with nickel conjugated horseradish peroxidase (HRP) in a 1:5000 dilution in TBST as instructed 

in the SuperSignal West HisProbe Kit (Thermo Scientific). The probed membrane was washed 

extensively with TBST and incubated with 2 mL SuperSignal West Pico Luminol Enhancer and 

2 mL Stable Peroxide for 1 minute. Probe binding was visualised on a Fuji RX X-ray film. 

 
 

2.20 Calibration of size exclusion columns 
 

Calibration was done using the Gel filtration Molecular Weight Calibration Kit (Sigma, 

#MWGF200). The void volume was measured using blue dextran dissolved in 50 mM Tris-HCl 

pH 8, 150 mM KCl, to a final concentration of 2 mg/mL. Blue dextran has an approximate mass 

of 2000 kDa and therefore elutes in the void volume.  

 

The following proteins were dissolved in 1 mL of 50 mM Tris-HCl pH 8, 150 mM KCl to the 

indicated concentrations. 

 
Marker Molecular Mass/kDa Concentration/(mg/mL) 

Cytochrome C 12.4 2 

Carbonic Anhydrase 29 3 

Albumin 66 10 
Alcohol Dehydrogenase 150 5 

‍-Amylase 200 4 
 
 

Table 2.7: Calibration markers used for size exclusion chromatography (SEC) 
 

 

The molecular masses were plotted against the measured retention volumes. The points were 

fitted with an exponential curve. The fitting was done in Excel and Graph Pad Prism. Superdex 

S200 Increase column was calibrated and based on these values, an equation to calculate the 

molecular weight (MW) of an unknowncompound based on its retention volume (x) was 

derived. 
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2.21 Protein concentration determination 
 

Proteins concentration was determined using NanoDrop with absorbance measurements at 

280 nm. The absorbance measurement at 280 nm (A280) wavelength is ideal because 

tryptophan, tyrosine, phenylalanine, and disulphide bonds all have absorbance maximum at 

280 nm. The Nanodrop allows protein concentrations to be measured without dilution with 

protein concentrations up to 400 mg/mL.   

 

This method assumes that protein solution at 1 mg/mL (0.1 %) gives an absorption value of 

1.0 AU with 10 mm path length. The actual absorption of a 0.1 % protein solution varies for 

different proteins depending on the number of absorbing residues present. Therefore, a 

correction factor is needed. Multiplying the measured A280 value by the inverse of the 0.1 % 

absorbance gives the correct protein concentration for the given protein solution in mg/mL.  

 

ὃὦίέὶὦὥὲὧὩ 280 ὲά (0.1% ίέὰόὸὭέὲ) (ὃὟ) =  ὓύ (Ὀὥ) ϳ‐ (ὓ 1 ὧάρ 
 

 

2.22 Circular Dichroism (CD) 
 

Buffer composition: 50 mM Sodium phosphate buffer (NaP) pH 8.0, 50 mM Sodium fluoride 

(NaF), 0.02% LMNG 

 

Protein samples were purified using size exclusion chromatography using above mentioned 

buffer to avoid strong UV absorbance by Tris-HCl and NaCl from the usual buffer. CD spectra 

were recorded at 25 ɕ/ by scanning between 190 nm and 250 nm on an Aviv 410 spectrometer 

ό!ǾƛǾ .ƛƻƳŜŘƛŎŀƭ LƴŎΦύ ǳǎƛƴƎ ŀ м-mm cuvette. Each sample contained 0.17 mg/ml protein in a 

ǾƻƭǳƳŜ ƻŦ плл ˃L. All CD spectra were analysed using CDPro95. CD spectra of the buffer 

solutions were subtracted from the sample spectra and smoothed using a window width of 

11 and a polynomial of degree 2. Spectra were reported as the average of three scans. Data 

for each experimental condition are reported as the average of three independent samples.  

 
Ў‐   —Ⱦρπὰ ὧ ὲ σςωψ 
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Here, — is the observed ellipticity (millidegrees), l the path length (cm), c the protein 

concentration (M) and n the number of peptide bonds. 

 
Molar residue ellipticity (MRE) is calculated as: 
 

— Ў‐  σςωψ 
 
 

The CD spectra were recorded for the Apo receptor (receptor in buffer with no ligands or IBPs 

bound) and receptor with IBPs bound. Since the molar mass of Nb6B9 is 12.9 kDa, miniG is 

26.4 kDa and SH3 domain of endophilin is 9.2 kDa. The intracellular binding partners at 0.1 

mg/mL concentration were added to receptor samples at 0.17 mg/mL. This results in 

concentrations of IBP being much higher than that of the receptors, as they are much smaller 

in size. Therefore, the adding step described ensures a many-fold excess of intracellular 

binding partners. The ligands were not added in this case as they would interfere with the UV 

absorbance.  

 
 

2.23 Microscale thermophoresis 
 
 

1̡AR protein samples purified by nickel purification were used to further prepare samples for 

labelling with Monolith NTϰ Protein Labelling Kit RED ς MALEIMIDE (Cat Nr: L004). The ̡ 1AR 

buffer used during this process was GF350, taking care that no imidazole or reducing agents 

were present in the sample as it could impact the quality of protein labelling.  

 

¢ƘŜ ʲ1AR constructs used here, already had reactive cysteines present in the hICL3 region.  

1̡AR protein used for labelling was kept in a concentration range of 2  ‘M to 20 ‘M at 100 

‘L volume. For calculation of the molarity of the sample, the following equation was used: 

 
c(Protein) [Mol/L] = c(Protein) [mg/mL] / MW (Protein) [Da] 

 
30 ‘L of DMSO was added to the solid fluorescent dye yielding 470 ‘M stock solution.  100 

‘L of dye solution (in GF350 Buffer) with a concentration 2 to о ǘƛƳŜǎ ƭŀǊƎŜǊ ǘƘŀƴ ʲ1AR was 

prepared. The protein sample and dye were added in a 1:1 volume ratio (200 ‘L final volume) 

and incubated for 30 minutes at 4 ɕ/ in the dark. 
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To remove unreacted dye the gravity flow columns provided in the kit were used. The elution 

fractions containing only the labelled protein were used to determine labelling efficiency 

spectroscopically by measuring absorption at 280 nm and using a correction factor of 0.027 

for protein adsorption at 280 nm with typical labelling efficiency being more than 95%.  

 

The labelled proteins were stored at -80 ɕ/ in PCR tubes and flash frozen until further use to 

measure thermophoresis on a Monolith NT.115 Instrument (NanoTemper). 

 
 

2.24 cAMP-GloTM Assay 
 

 

Sf9 insect cells grown in Sf-900 III media in their mid-log phase at 1.5 million cells/mL cell 

density were usŜŘ ǘƻ ŜȄǇǊŜǎǎ ǘƘŜ ŘŜǎƛǊŜŘ ʲ1AR receptor constructs in unlabelled form. Insect 

cells were incubated at 27 ɕ/ for approximately 48 hours while monitoring the cell growth 

and viability. Sf9 insect cells with a viability of > 90 % and cell density no less than 1.3 million 

cells/mL were used. The cAMP-Gloϰ Assay (Promega) was performed on cells in suspension. 

The cells were centrifuged at 500 g for 2 minutes and resuspended in PBS buffer to ensure a 

serum-free environment for conducting the assay.  

 

Sf9 insect cells were aliquoted in Greiner microtron lumitrac-200 96-well plates at 20,000 cells 

per well at 10 ‘L volume as recommended in the assay protocol brochure. The cells were then 

treated with the desired ligand at 1 mM ligand concentration along with the induction buffer 

for 30 minutes. 20 ‘L lysis buffer was added to each well followed by 15 minutes incubation 

with shaking at room temperature. The cAMP detection solution was prepared by combining 

and mixing of 2.5 ‘L protein kinase A per 1 mL of cAMP-GloTM reaction buffer. 40 ‘L cAMP 

Detection solution per well was added and mixed by shaking for 30-60 seconds. This mixture 

was incubated for 20 minutes at room temperature. 80 ‘L of room-temperature Kinase-Glö́  

Reagent was added to each chamber and mixed for 30-60 seconds. The mixture was 

incubated for 10 minutes at room temperature without shaking and the luminescence 

measured using a plate-reading luminometer. Regular sf9 cells (cells that were unexposed to 

baculovirus) were used as control. 
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2.25 NMR spectroscopy 
 

 

1H 1D experiments 

 

NMR experiments were recorded on a Bruker Avance AVIII 800 spectrometer (1H 800 MHz) 

equipped with a 5 mm TXI HCN/z cryoprobe. 1H-1D spin echo experiments were recorded 

with 8 scans and an acquisition time of 0.0512 seconds, recording 1024 data points. Water 

suppression was achieved with a 3-9-19 180Ј Watergate sequence. 

 

 

2D [1H, 13C] Heteronuclear Multiple Quantum Coherence (HMQC) experiments  

 

2D 13C spectra were recorded at 308 K using a XL-ALSOFAST 1H,13C HMQC experiment96 with 

the back-transfer C-H refocusing step shortened for optimal sensitivity in combination with 

the delayed onset of 13C decoupling during 1H detection. With the non-13C-attached 1H spins 

actively returned to the z-axis, the interscan delay could be shortened to 0.5 s, enabling rapid 

pulsing with 98% recovery of equilibrium magnetization between scans.  100 complex pairs 

were recorded in the 13C dimension resulting in a evolution period of 25 ms (spectral width 

4,000 Hz) and the direct (1H) dimension was acquired with 10,000 Hz spectral width, 1024 

points (51 ms)97.  

 

Spectra were recorded with 32 to 512 scans, depending on the stability of the sample and the 

required signal-to-noise ratio. Where higher sensitivity was required, multiple experiments 

were typically recorded and added (i.e. 512 scans were recorded as two experiments of 256 

scans). Spectra were reconstructed using the Azara processing package (W. Boucher, 

Cambridge; unpublished). The data were analysed using CCPN Analysis v298. 
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1D 19F pulse acquire experiments 

 

All one-dimensional 19F NMR experiments were recorded using a pulse acquire sequence at 

308 K on a Bruker Avance III AV600 NMR spectrometer equipped with a 5 mm HFCN/z cryo 

probe.  

 

Depending on the protein concentration of the sample 5,000 to 30,000 scans were recorded. 

All spectra were multiplied with a 20 Hz line broadening and Fourier transformed. 
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Chapter 3 
  



 53 

Construct design, expression, and purification of proteins for NMR experiments ƻƴ ʲ1-
ŀŘǊŜƴŜǊƎƛŎ ǊŜŎŜǇǘƻǊ όʲ1AR) 
 
 
The aim of the experiments detailed in this Chapter is to successfully design suitable 

expression constructs and to optimise expression and purification of the proteins for the 

solution state NMR studies described in Chapter 4. As discussed in Chapter 1, most studies of 

Class A GPCRs use highly modified expression constructs where flexible regions such as N- and 

C-termini, and the intracellular loop 3 (ICL3) connecting TM helix 5 and 6 have been deleted. 

The impact of the presence of disordered domains such as the ICL3 on receptor activity and 

function is unknown and largely unexplored and shall be the topic of the next Chapters. The 

intention of this study is to explore whether ICL3 is involved in receptor binding to intracellular 

effector proteins. The choice of the ̡ 1AR construct to be used in this study was made based 

on a previƻǳǎ ǘǳǊƪŜȅ ʲ1AR ŎƻƴǎǘǊǳŎǘ ŎŀƭƭŜŘ ά1̡AR-aŜǘнҟрέ that recently had been 

comprehensively characterised using NMR in the lab. The construct was modified from a 

1̡AR-ʲпп-m23 construct received from the Tate group (MRC LMB, Cambridge) through the 

removal of five solvent exposed methionine residues 99 as shown in Figure 3.1. ¢ƘŜ ʲ1AR 

Met2-ɲр ŎƻƴǎǘǊǳŎǘ ŀƭǎƻ ƘŀŘ ŀ ŘŜƭŜǘƛƻƴ ƻŦ ǘƘŜ b-term, C-term and ICL3 regions in addition to 

other mutations (see table 3.1 for details). The position of ICL3 at the cytoplasm is close to 

the G protein binding site where ICL3 is hypothesized to play a role in receptor interaction 

with its intracellular binding partners. The ICL3 from human ̡ 1AR is rich in polyproline amino 

acid sequences and has been shown to interact with SH3 domains via pull down assays 100. 

Since the turkey ̡1AR ICL3 is smaller in sequence length and varies considerably from the 

human ̡ 1AR construct ICL3 in sequence length as well as content (Figure 3.2), it was decided 

that a chimera construct with human ICL3 (hICL3) would be more relevant in this case.  To 

study the effect of human ICL3 on the receptor dynamics and interaction of the receptor with 

ƛƴǘǊŀŎŜƭƭǳƭŀǊ ōƛƴŘƛƴƎ ǇŀǊǘƴŜǊǎΣ ƘǳƳŀƴ L/[о ǿŀǎ ƛƴǎŜǊǘŜŘ ƛƴǘƻ ǘƘŜ ʲ1AR Met2-ɲр ƳŀƪƛƴƎ ǘƘŜ 

ŎƘƛƳŜǊƛŎ άǘʲ1ARMet2-ɲрƘL/[оέ ŎƻƴǎǘǊǳŎǘΦ ¦ǎƛƴƎ experimental protocols that were previously 

ŜǎǘŀōƭƛǎƘŜŘ ƛƴ ǘƘŜ ƭŀō ǎǳŎƘ ŀǎ ƛƴǎŜŎǘ ŎŜƭƭ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲ1AR and solution state NMR studies 

using 13C- -ʁmethionine labelling and 19F labelling, function-ǊŜƭŀǘŜŘ ŘȅƴŀƳƛŎǎ ƻŦ ǘʲ1ARMet2-

ɲрƘL/[о ŎƘƛƳŜǊƛŎ ǊŜŎŜǇǘƻǊ ǇǊƻǘŜƛƴ ŀǘ ƴŜŀǊ ǇƘȅǎƛƻƭƻƎƛŎŀƭ conditions can be explored. 
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Figure 3.1: Snake diagram of 1̡AR Met2-ɲр ŎƻƴǎǘǊǳŎǘ. The diagram is showing truncations/deletions (D), 

native disulphide bridges in yellow and positions corresponding to thermostabilising mutations, reporter 

methionine residues are highlighted in orange and red respectively. 

 
 

 

 

Figure 3.2: Sequence alignment showing comparison for amino acid residues of a) t1̡AR-Met2ҟр and 

t 1̡ARMet2-ɲрƘL/[о ŎƻƴǎǘǊǳŎǘ ŀƭƛƎƴƳŜƴǘΣ ǊŜǎƛŘǳŜǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ L/[о ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǊŜŘΣ ŘƻǘǘŜŘ 

box b) alignment of amino acid residues from turkey and human 1̡AR ICL3 for comparison showing 

variability in sequences. 
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3.1 .ǊƛŜŦ ƘƛǎǘƻǊȅ ƻŦ ʲ1AR constructs and evolution of ̡1AR Met2-ɲрƘL/[о ŎƘƛƳŜǊŀ 
 

Structural and functional studies of GPCRs have used mutagenesis to stabilise the membrane 

proteins such that a combination of point mutations along with deletion of flexible, 

disordered regions leads to higher thermostability and expression yields while insertion of 

fusion proteins help with forming good crystal contacts. While the static structural methods, 

benefit from fusion proteins and truncations of flexible regions; the mutations introduced 

increase the thermal stability of the receptor. Hence, NMR measurements of the 

thermostabilised receptors at near physiological temperatures are made more accessible. 

 

The turkey ̡ 1AR amino acid sequence is 82% identical to tƘŜ ƘǳƳŀƴ ʲ1AR. The human 1̡AR 

has been difficult to purify as compared to the turkey ̡ 1AR as it is unstable in detergent 43 but 

the turkey ̡ 1AR is more stable than human ̡1AR101.  Hence, the mutated turkey receptor 

1̡AR-m23 with enhanced thermostability was first used to obtain the crystal structure in 

presence of antagonist cyanopindolol43. Many variations of this construct have been used in 

x-ray crystallography structural ǎǘǳŘƛŜǎ ƻŦ ʲ1AR, a tabulated history of these is as follows: 

 
 
Construct name Alterations to WT sequence mutations NMR 

probes 

Reference/year 

t t̡runc N-term deletion (2G-19G) 

C-term deletion (425E-483A) 

C116L (to increase yield) 

 

1 NA 43/2008 

A̡R 34-

424/His6 

N term deletion (2G-33A) 

C-term deletion (425E-483A) 

C116L (to increase yield) 

 

1 NA 102/2003 

3̡6-m23 N term deletion (2G-32E) 

C-term deletion (367L-483A) 

C358A ς removal of palmitoylation site 

C116L (to increase yield) 

Deletion of ICL3 (244C-271R & 275R-

278S) 

8 NA 103/2011 
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Stabilising mutations m23:  

R68S, M90V, Y227A, A282L, F327A, 

F338M 

 

ʲпп-m23 ʲос-m23 + (T277 + S278) 

 

8 NA 47/2011 

1̡AR-JM50 ʲпп-m23 + (I129V, D322K, Y343L) 

 

11 NA 50/2014 

4̡4-TS 4̡4-m23 + (I129V, Y343L) E130W ς 

thermostabilising 

 

11 NA 104/2015 

1̡AR-aŜǘнҟр 
 

Thermostabilising: 
R68S, F327A, E130W, F327A 
 
Natural methionine replaced: 
M44L, M48L, M179L, M281A, M338A 
 
Reversed to wildtype: 
V90M, A227Y, L282A (ICL3) 
 
Palmitoylation site:  
C358A 

4 M90, 
M153,  
M178,  
M223, 
M283, 
M296 
 
 

86/2017 

t 1̡ARMet2-

ɲрƘL/[о 

Thermostabilising: 
R68S, F327A, E130W, F327A 
 
Natural methionine replaced: 
M44L, M48L, M179L, M281A, M338A 
 
Reversed to wildtype: 
V90M, A227Y, L282A (ICL3) 
 
Palmitoylation site:  
C358A 

Insertion of hICL3 (243S-290G) 

4 M90, 
M153,  
M178,  
M223, 
M283, 
M296 
 

#hICL3(L

249M) 

This study/2018 

 

 

Table 3.1Υ [ƛǎǘ ƻŦ ǘʲ1AR constructs leading up to the chimeric t1̡AR + hICL3 construct formation. Residues 

for human ICL3 were renumbered as 244S= residue 1 and so on to unambiguously number the NMR probe 

in the hICL3 ς hence leucine 249 from hICL3 was mutated to methionine {hICL3(L249M)}. Natural 

methionine M44, M48, M179, M281 were mutated to Leucine or Alanine to reduce spectral crowding in 

13C methionine studies.  

# residue 249 in the hICL3 mutated from L to M to have a new methionine probe directly reporting the 

dynamics of hICL3 
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3.2 Cloning of human intracellular loop 3 into baculovirus vector 
 

¢ƘŜ ʲ1AR constructs used in this project were in baculoviral transfer vectors pBacPAK8 

(ClonTech) and pOET1 όhȄŦƻǊŘ ŜȄǇǊŜǎǎƛƻƴ ǘŜŎƘƴƻƭƻƎƛŜǎύΦ ¢ƘŜ ʲ1AR-Met2ҟ5 construct was 

made by Andras Solt by reversing thermostabilising mutations such as  V90M, A227Y, L282A 

and introducing five methionine replacement mutations to reduce spectral crowding86. The 

wildtype methionine residues selected for mutations were the solvent exposed M44L, M48L, 

M179L, M281A, M388A and the remaining seven native methionine residues M1, M90, M153, 

M178, M223, M283 and M296 were used as NMR probes for 13C-e-methionine labelling.  

 

¢ƘŜ ǘʲ1ARMet2-ɲрƘL/[о ŎƻƴǎǘǊǳŎǘ ǿŀǎ ƳŀŘŜ using 1̡AR-aŜǘнҟр ŀǎ ǘƘŜ receptor scaffold by 

inserting the human ICL3 residues between residue 242 of helix 5 and 280 of helix 6 (as shown 

in the sequence alignment Figure 3.2) using HiFi cloning. The two plasmids containing the 

ƘL/[о ƎǊŀŦǘ ƎŜƴŜ ŀƴŘ ǘƘŜ ʲ1AR-Met2ҟ5 construct respectively were kindly provided by Dr 

Andras Solt. Primers were designed for both genes to be linearized, with the hICL3 gene 

containing 20 bp overlaps and overhangs on both 5Ω ŜƴŘ ŀƴŘ оΩ ŜƴŘ ǿƛǘƘ ǘƘŜ ʲ1AR-aŜǘнҟр 

construct (Figure 3.1). The linear amplification of both plasmids was performed using Phusion 

polymerase as described in the cloning part of Chapter 2. Once the linear fragments were 

obtained, they were DpnI digested to ensure that the PCR product is free of template DNA. 

The quality of the PCR products was determined by running DNA agarose gel electrophoresis. 

Figure 3.4 shows the PCR reaction products on a DNA gel. The linearised PCR products were 

used in the ratio 1:н ƻŦ ǾŜŎǘƻǊ όʲ1AR-Met2ҟ5) : insert (hICL3) to make a reaction mixture for 

HiFi DNA assembly. The NEB HiFi ligation calculator was used to determine the accurate 

quantities of DNA to be used in the reaction mixture and the protocol provided by the kit 

manufŀŎǘǳǊŜǊ ǿŀǎ ŦƻƭƭƻǿŜŘΦ ¢ƘŜ ƭƛƎŀǘŜŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴǘƻ 5Iрʰ E. coli cells. The 

transformed plasmid DNA was purified using a commercial Miniprep kit (Qiagen) and sent for 

DNA sequencing to confirm successful insertion of hICL3. This construct was called 

ǘ1̡ARMet2-ɲрƘL/[о and is represented in a snake diagram format in figure 3.5. The detailed 

summary for HiFi cloning performed is schematically shown in Figure 3.3. 
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Figure 3.3: Schematic representation of hICL3 insertion mutagenesis. a) SnapGene mutagenesis simulation 

process for insertion of hICL3 using HiFi cloning for the pBacPAK8 plasmid - pASO14-Met2ҟ5 vector for 

baculoviral expression b) Overlapping annealing primer fragments highlighted in pink.  
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PCR primer sequences used:  

±ŜŎǘƻǊ ǎŜǉǳŜƴŎŜ ώʲ1AR-aŜǘнҟрϐ primers: 

Reverse: GTCGATCTTCCTGATCTGCTCCTTGGC 

Forward: GTCGCCGCCATGAGGGAACACAAAG 

Insert sequence [hICL3] primers: 

Reverse: CCTCATGGCGGCGACgcgcgagggccgccgct  

Forward: AAGATCGACagctgcga  

 

 

 

Figure 3.4: PCR primer sequences used for HiFi cloning and DNA agarose gel electrophoresis for plasmid 

ƭƛƴŜŀǊƛǎŀǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ ʲ1AR-aŜǘнҟр being the DNA vector plasmid which was 6427 bp in length and hICL3 

(DNA insert) 202 bp. Lane 1 contains DNA marker, lanes 3 and 4 contain linearised vector plasmid DNA, 

lane 5 contains insert fragment DNA. DNA fragments of vector and insert are highlighted in red boxes. 
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Figure 3.5: Snake diagram representation of t̡1ARMet2-ɲрƘL/[о ŎƻƴǎǘǊǳŎǘ ǿƛǘƘ ƳŜǘƘƛƻƴƛƴŜ ǇǊƻōŜǎΦ 

Positions corresponding to deletions, insertions, mutations, reporters, and native disulphide bridges are 

highlighted. Residues coloured light pink are hICL3 residues inserted in between helix 5 and helix 6 of 

t 1̡ARMet2-ɲрΦ The hICL3 secondary structure is not known although the polyproline region is postulated 

to form a helical structure upon SH3 domain binding. Helix 5 and helix 6 also undergo extension by about 

two turns upon activation by active state stabilizing nanobody or a G protein. 

 

 

The methionine reporter residues (except methionine M1) are located in key positions of the 

receptor that can report on conformational changes: M90 is in transmembrane helix 2, 

adjacent to the ligand binding site and near the PIF motif [P5.50,I3.40,F6.44]. M153 is in the 

intracellular loop 2 (ICL2) connecting helix 3 and 4. M178 is at the extracellular tip of helix 4 

and start of extracellular loop 2 (ECL2) connecting helix 4 to helix 5. M223 is in helix 5 on the 

cytoplasmic side of the helix bundle below the ligand binding site and is facing towards helix 

6. M283 is at the cytoplasmic tip of helix 6 close to the intracellular loop 3 which connects 

helix 5 to helix 6. This region of helix 6 is known to move outwards of the helix bundle upon 

receptor activation, to accommodate for G protein binding. M296 is also located on helix 6 

closer to the ligand binding site, facing helix 5. As the inserted hICL3 (52 residues) region does 

not contain any methionine residues, the reporter methionine residues available for NMR are 
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the same as in the published study by Solt et al, 2017.  The fortuituous proximity of most of 

these methionine residues to regions of the receptor that are involved in its allosteric 

activation, allows their use to obtain insight into changes in receptor conformation and 

dynamics upon addition of a range of ligands and intracellular binding partners. Accordingly, 

NMR chemical shift changes and variations in the shape and intensity of signals can be used 

to inform on changes in receptor dynamics that are related to the presence of different 

ligands and intracellular binding partners. The latter allow to conclude on the presence of 

different receptor activation states. 

 

For a better assessment of the impact of the presence of hICL3 on receptor behaviour, an 

additional methionine residue was incorporated into the hICL3 where leucine 249 (for current 

numbering scheme of hICL3 see Figure 3.2 a) was mutated to methionine (Figure 3.5).  This 

additional methionine probe should improve our ability by NMR to monitor directly any 

conformational changes in the hICL3 loop region that are related to receptor activation upon 

addition of ligands and other protein binding partners. Peak assignments were performed by 

mutating single reporter methionine residues to serine, leucine or alanine, with the 

constructs named ǘ1̡ARMet2-(x)hICL3, where x refers to the methionine removed. 

 

As a complementary method to methionine labelled NMR, 19F NMR was used to provide 

insights for local dynamics observed for the 19F NMR probe through attachment of TET to a 

cysteine sidechain thiol group. With cysteine sidechain labelling by TET, accessible cysteines 

are easily tagged, and it is difficult to discriminate between the cysteine positions tagged. 

Therefore, it was best to remove all exposed cysteines leaving only one cysteine of interest 

available for labelling. The wildtype cysteine in helix 7 was used as a 19F TET labelling site to 

study helix 7 dynamics in presence of hICL3 (Figure 3.6). Additionally, using a second 

construct, cysteine 244 from the hICL3 was 19F labelled with TET while the native helix 7 

cysteine was mutated to serine (Figure 3.6). 
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Figure 3.6Υ {ƴŀƪŜ ŘƛŀƎǊŀƳ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǘʲ1ARMet2-ɲрƘL/[о ŎƻƴǎǘǊǳŎǘ ǿƛǘƘ ǘƘŜ ƳŜǘƘƛƻƴƛƴŜ ǇǊƻōŜ 

in hICL3 introduced at position M249 [will be discussed in Chapter 4]. The two Cysteine labelling sites for 

19F NMR are also highlighted. Positions corresponding to deletions, insertions, mutations, reporters, and 

native disulphide bridges are highlighted according to the colour legend in the figure.  

 

 

3.3 Introducing point mutations for peak assignment and additional NMR probes 
 

To obtain unambiguous peak assignments, mutagenesis is a desired approach used in NMR 

experiments. The construct used in this case has identical set of NMR probes in the 

transmembrane region to that of its ancestral construct t̡1ARMet2-ɲр. The additional 

methionine introduced in the hICL3 ς L249M contributes as a direct reporter in hICL3. It would 

be ideal to introduce other mutations for introducing cysteine residues for 19F NMR probes 

and methionine for 13C-NMR studies.  

 

The PCR primers used for site directed mutagenesis had the single-codon mutation ΨNNNΩ to 

ΨTGCΩ for cysteine residue ƻǊ ΨbbbΩ ǘƻ ΨATGΩ for methionine residue (which is the optimal 

codon for the expression in S. frugiperda). The desired positions for mutagenesis were on 

TM6 (for cysteine probe) and in ECL2, TM5 and TM6 for peak assignments for 13C-NMR probes 

which were unsuccessful. Several attempts were made to design different types of primers 
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ǳǎƛƴƎ άƳǳǘŀǘƛƻƴ ōǳōōƭŜ ǘŜŎƘƴƛǉǳŜέ, by making variations in PCR conditions and variation in 

polymerase kits used. Most of these attempts resulted in daisy chaining and strong primer 

dimers or multiple-priming conditions due to very high GC content (86% GC) of the hICL3 DNA 

sequence. In few cases where the mutagenesis was successful, long errors due to daisy 

chaining were introduced or a large fragment after the site of mutagenesis would be deleted. 

This was a repetitive pattern observed for mutagenesis in hICL3 chimera construct.  

 

However, mutagenesis attempts for position 153 from methionine to alanine, hICL3 residues 

244 cysteine to serine (for 19F NMR) and hICL3 leucine to methionine at position 249 were 

successful without any errors or deletions. These constructs were further used for baculovirus 

transfection. 

 

3.4 Baculovirus transfection 
 

Baculoviruses were generated for each construct in monolayer Sf9 cell cultures as described 

in Chapter 2. The Baculovirus stocks P3 were stably stored at 4 °C and these could be stored 

for extended periods of time. The stocks for P0, P1 and P2 were stored at -20 °C for extended 

times to prevent degradation.  Should the P3 stocks become infected or degraded, viruses 

can be reamplified from P1 or P2 stocks.  

 

P3 vƛǊŀƭ ǎǘƻŎƪǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŦƻǊ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎƻƴǎǘǊǳŎǘǎΥ ʲ1AR-aŜǘнҟрΣ ǘʲ1ARMet2-

ɲрƘL/[оΣ ǘʲ1ARMet2-(x)hICL3, constructs. Sf9 insect cells were transfected with the desired 

bacmid to generate P0 viral stock. A positive control of a late phase promoter construct 

containing GFP gene was used to monitor the rate of transfection. Comparison of a bright 

field microscopy image of the cultures with a GFP excitation image permitted to establish  the 

ratio of GFP producing cells that have taken up the bacmid DNA and started producing GFP, 

versus non-transfected cells (Figure 3.7). 
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Figure 3.7: Sf9 transfection with GFP control plasmid. Sf9 cells were transfected with bacmid DNA, 

containing a GFP construct as a positive control. The bright field image was superimposed to a UV excitation 

image, which causes GFP fluorescence. Transfection cultures (P0) were seeded in suspension and in 

monolayers. Image taken five days after transfection. 

 

 

The cells were transfected in monolayer culture at 0.4x106 cells/mL density over 5 days. In 

monolayer cultures the proportion of transfected (green fluorescent) to non-transfected cells 

(dark appearance) was much lower (Figure 3.7). This could be because the cells which have 

not produced the virus continue to multiply and produce a dense carpet of cells in a 

monolayer culture. On the other hand, cells in suspension culture are lower in density and 

the ratio of virus produced was much higher at the end of 48 hours. The suspension culture 

cells need to be passaged every 48 hours.  A large proportion of the cells die on exposure to 

baculovirus, potentially due to viral lysis and stop growing earlier in suspension culture. Such 

cell lysis releases further virus particles, hence, it is likely that the viral titre is much higher in 

the suspension culture than in the monolayer culture. The P0 viral stocks are used to infect 

cells in suspension, to generate a P1 stock, which is in turn used to make P2 and consequently 

P3. P3 virus generation is used for protein expression from large scale cell culture (> 1 litre).  

 

3.5 Baculovirus expression 
 

SF9 insect cells were grown in Insect Xpress media with the viral stock supplemented with 1% 

penicillin/streptomycin for 48 hours with cell viability, density and diameter monitored. Cells 

were harvested by centrifugation at 500 g for 15 minutes. For every 1 litre volume of cell 
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culture, 4 mL viral stock was added. The supernant was discarded and the pellet was frozen 

at -20 °C.  

 

To establish if the P3 stocks used were suitable for expression, the insect cell culture at 1 L 

volume with dilution of 1x106 cells/mL infected with 4 mL P3 was monitored. Figure 3.8 shows 

that over the course of 48 hours the cell viability dropped from 95% to 60-70% and a marked 

3-4 ˃Ƴ ƛƴŎǊŜŀǎŜ ƛƴ ŎŜƭƭǳƭŀǊ ŘƛŀƳŜǘŜǊ ǿŀǎ ƻōǎŜǊǾŜŘ (Figure 3.8). These are the signature 

features of Baculovirus infection. Hence, the P3 stocks were ready for expression. It is not 

uncommon for cells to keep dividing for the initial 24 hours after the infection.  

 

 

 

 

 

Figure 3.8:  Sf9 cells infection by P3 baculoviral stocks 

The effect of the infection on cell viability (blue) and cell size (red) determined by diameter is seen over 48-

hour time. The viability for ̡ 1AR-aŜǘнҟр (dotted blue line) and for ǘ1̡ARMet2-ɲрƘL/[о(solid blue line) is 

seen to be decreasing over 48-hour time. On the other hand, the cell diameter increases over time for both 

constructs - for 1̡AR-aŜǘнҟр (dotted red line) and for ǘ1̡ARMet2-ɲрƘL/[о (solid red line). 

 
 

3.6 tǳǊƛŦƛŎŀǘƛƻƴ ƻŦ ʲ1AR constructs 
 

 
The purification strategy for the ̡ 1AR variants has been well established in the lab by Andras 

Solt (PhD thesis, Cambridge, 2018) and Niclas Frei (PhD thesis, Cambridge, 2019). It can be 

summarised as follows: 
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1̡AR nickel affinity 

chromatography 

Solubilisation buffer: 20 mM Tris-HCl pH 8.0, 350 mM NaCl, 

3 mM Imidazole, 1.5% LMNG and protease inhibitor cocktail 

HisTrap FF 

Buffer A: 20 mM Tris-HCl pH 8.0, 350 mM NaCl, 3 mM 

Imidazole and 0.02% LMNG 

Buffer B: 20 mM Tris-HCl pH 8.0, 350 mM NaCl, 250 mM 

Imidazole and 0.02% LMNG 

1̡AR size exclusion 

chromatography 

Superdex S200 (10/300) column 

Buffer SEC: 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 0.02% 

LMNG 

 

Table 3.2: Buffers used in ̡1AR purification for nickel affinity and size exclusion chromatography 

 

After expression SF9 insect cells were frozen at -20 °C until further use and were briefly 

thawed before adding the solubilisation buffer. On addition of the solubilisation buffer, the 

cells were stirred on ice for one hour to disrupt the cell membrane. After one hour of 

solubilisation, the solution was sedimented at 25,000 g for 45 minutes at 4 °C. The resulting 

soluble fraction was retained for nickel affinity purification.  

 

The thawed and disrupted cell fraction in 1.5 % LMNG containing solubilisation buffer was 

sonicated to disrupt the host nucleic acids to reduce the viscosity of the lysate. This is an 

important step to avoid high column pressure while loading the lysate onto the HisTrap FF 

crude column. The solubilised membrane fraction was loaded onto a 5 mL HisTrap FF nickel 

affinity column (GE Healthcare) equilibrated with Buffer A at a rate of 0.5 mL/minute. The 

column was washed with Buffer A until a stable UV 280 nm baseline was attained. Two step 

gradient washes were employed where the column was washed initially with 20% Buffer B 

followed by 100% Buffer B to elute the 8-His tagged protein (Figure 3.9). 
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Figure 3.9: Nickel affinity purification of ǘ1̡ARMet2-ɲрƘL/[о  
a) Nickel affinity chromatography trace for ǘ1̡ARMet2-ɲрƘL/[о with two-step elution, 20% Buffer B 
removes contaminants with poly His domains (peak marked as E2-6), 100 % Buffer B step results in elution 
of ǘ1̡ARMet2-ɲрƘL/[о which is 8xHis tagged (peak marked as E8-12) and flowthrough marked as FT  
b) SDS-t!D9 ƎŜƭ ŦƻǊ ǘʲ1ARMet2-ɲрƘL/[о ŎƻƴǎǘǊǳŎǘ showing the marker in lane 1, flowthrough in lane 2, 
elution fraction E2 in lane 3, elution with 100 % Buffer B E9 and E10 in lanes 4 and 5 respectively. E9 and 
E10 fractions contain 8xHis tagged receptor which runs in between the 34 kDa and 43 kDa PageRuler 
protein ladder bands as it is 40.42 kDa in size. The band corresponding to the ǘ1̡ARMet2-ɲрƘL/[о  
receptor construct is marked with the red arrow.  
 
 

To ensure that the preparations resulted in sufficiently homogeneous and pure samples for 

NMR spectroscopy, the proteins were purified using size exclusion chromatography. The 

buffers used to prepare the final NMR samples were optimised by changing the NaCl 

concentration used. For the 1̡AR constructs previously used in the lab, the concentration of 

NaCl in the final sample buffer was 150 mM. This concentration for the ǘ1̡ARMet2-ɲрƘL/[о 

construct however proved to be detrimental as it caused receptor aggregation and 

degradation as shown in the SEC trace in Figure 3.10a. However, the highest concentration of 

NaCl in buffer at 350 mM also seemed to cause non-specific aggregates at relatively high 

protein concentration (>100 mM) in 500 ‘L volume. To improve the stability of the receptor 

in solution and to prevent protein precipitation, the NaCl concentration was increased to 250 

mM which was found to be optimal. The human ICL3 contains a single cysteine residue at 

position 244 which is solvent accessible and is not known to form any disulphide bridges 

leaving the sidechain thiol group free. This could be the reason for non-specific dimer or 

oligomer formation so 0.5 mM TCEP was added to the 350 mM NaCl buffer and size exclusion 

chromatography trace was obtained showing the free cysteine in the hICL3 causes dimer 

formation at higher receptor (>90 ‘M) concentration in solution. This cysteine is further used 

as a labelling site for 19F NMR. 
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Figure 3.10:  Size exclusion chromatography traces of t1̡ARMet2-ɲрƘL/[о ŎƻƴǎǘǊǳŎǘΦ 
Panel a refers to the SEC traces corresponding to varying concentrations of NaCl in the buffer (20 mM Tris, 
350/250/150 mM NaCl, 0.02% LMNG) on Superdex S200 (10/300) column. b) SEC traces for t̡1ARMet2-
ɲрƘL/[о ŎƻƴǎǘǊǳŎǘ in 350 mM NaCl with and without TCEP in the buffer. The peak eluting at 14 mL volume 
correspond to monomeric t 1̡ARMet2-ɲрƘL/[оΦ 
 

 

To be able to use gel filtration as a means of estimating molecular mass and oligomeric 

composition, the void volume (V0) and the retention volume of known molecular mass 

standards had to be established. The void volume was measured using blue dextran dissolved 

in 50 mM Tris-HCl pH 8, 150 mM KCl, to a final concentration of 2 mg/mL. Blue dextran has 

an approximate mass of 2000 kDa and therefore elutes in the void volume. The molecular 

masses were plotted against the measured retention volumes (Figure 3.11). The points were 

fitted with an exponential curve. The fitting was done in Excel and Graph Pad Prism. Superdex 

S200 Increase column was calibrated in this way and the resulting standard curve is shown 

below. 
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Figure 3.11:  Graph showing molecular weight against retention volume for standard proteins 

 

Based on these values, an equation to calculate the molecular weight (MW) of an unknown 

compound based on its retention volume (x) was derived.  

 
Void volume: 8.17 mL 
 
Molecular weight: MW = φπςττὩͮ σȢωτφ ὠὩȾψȢρχ 
Ve in mL and MW in kDa 
 
Elution volume: ὠὩ   ψȢρχȾσȢωτφ  ÌÎ ὓύȾφπςττ 
 
 

3.7 Cloning of Endophilin SH3 
 

As discussed in the introduction, the endophilin protein plays a key role in endocytosis, 

receptor trafficking and recycling 105. The BAR domain of endophilins attach to the membrane 

and induce curvature while the SH3 domain binds to the receptors either directly or via 

adapter proteins. Here, we look at the human endophilin A1 SH3 domain construct cloning, 

expression and purification. The donor vectors pDONR21 for human endophilin A1, A2 and 

A3 SH3 domains were kindly provided by kindly provided by Adeline Colussi from the 

McMahon Lab (MRC LMB). These were amplified by PCR to linearize the SH3 fragment. Using 

HiFi cloning the fragments were assembled in pET28b (+) vectors. 
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3.8 Bacterial expression in BL21(DE3)-RIL cells  
 

 
BL21-RIL cells were transformed with the pET28b (+) vectors containing the gene of interest. 

Colonies were picked and inoculated in a 50 mL starter culture supplemented with kanamycin. 

For large-scale expression the optical density at 600 nm (OD600) was monitored every 30 

minutes and мсл ˃a Lt¢D ǿŀǎ ŀŘŘŜŘ ǘƻ ƛƴŘǳŎŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ {Iо ŘƻƳŀƛƴ ƻƴŎŜ ǘƘŜ h5600 

value was between 0.6-0.9. The cells were incubated for an overnight expression at 18 °C 

shaking at 250 rpm. 

 

 

3.9 Endophilin SH3 domain expression  
 

The C-terminal octahistidine tagged endophilin SH3 domain was cloned into a pET28b (+) 

vector with a kanamycin resistance gene and was transformed into BL21-RIL cells on Luria 

broth (LB) agar. After an overnight incubation at 37 °C, the colonies were picked for 

inoculation of a 50 mL overnight culture in LB media supplemented with kanamycin and 

subsequent incubation at 37 °C overnight. Measuring the optical density at 600 nm (OD600) 

over time is a common method for estimating bacterial concentration in a culture. The OD600 

of the overnight 50 mL culture was measured in a 1:20 dilution and the inoculum size for the 

large scale (1 Litre) expression starter culture with an OD600 0.1 was determined using the 

following equation: 

 

 

Ὥὲέὧόὰόά ίὭᾀὩ
 ὨὩίὭὶὩὨ ὕὈ  ὺὥὰόὩ Ὢέὶ ίὸὥὶὸὩὶ ὧόὰὸόὶὩ

ὕὈ  ὺὥὰόὩ έὪ έὺὩὶὲὭὫὬὸ ὧόὰὸόὶὩ
 zὨὩίὭὶὩὨ ὺέὰόάὩ  

 

 

An inoculum size of 26.3 mL was used to inoculate 1 Litre volume supplemented with 

kanamycin. The bacterial growth was monitored every hour to achieve an OD600 value in the 

range of 0.6-0.9 which indicated that the cells had past the mid-log phase of growth (Figure 

3.12). This was a suitable growth phase for induction of gene expression using IPTG overnight 

at 18 °C. Figure 3.12 illustrates the bacterial growth curve observed by measuring the OD600 

values over 2 hours.  
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Figure 3.12: The bacterial growth curve over a period of 2 hours as estimated by measuring the optical 
density at 600 nm. 
 
 

 

3.10 Purification of Endophilin A1 SH3 domain 
 

 

 
Figure 3.13: Schematic workflow for SH3 domain purification using nickel affinity purification followed by 
size exclusion chromatography 

 

 

The bacterial cells from 1 L expression culture were sedimented by centrifugation at 4200 g 

for 15 minutes and resuspended in the lysis buffer to be incubated for 10 minutes at 4 °C. 

After incubation, the cells were lysed using emulsiflex-5c. The cell debris and unbroken cells 
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were pelleted by centrifugation at 40,000 g for 15 minutes. The supernatant was loaded onto 

a HisTrap FF column for nickel affinity purification. Elution of the protein was performed by 

three step gradients ς 12.5%, 25% followed by 100% of buffer B. The workflow for purification 

was as shown in Figure 3.13. Figure 3.14.a shows the absorbance trace at 280 nm of the nickel 

affinity chromatography in form of three consecutive elution peaks corresponding to the 

percentage content in buffer B. The SDS PAGE gel in Figure 3.14.b suggests that the second 

and third peak fractions show clear and strong bands with a molecular weight slightly above 

10 kDa while the fractions corresponding to the first peak show higher molecular weight 

contaminants of the order of 70 kDa. 

 

 
 
 
 

Figure 3.14: Endophilin A1 SH3 domain purification using nickel affinity chromatography followed by gel 
filtration chromatography. a) UV 280 absorbance chromatogram with three step increasing %-gradient of 
buffer B. elution fractions for each peak shown on the figure b) SDS PAGE gel with lanes denoted as: marker 
for protein ladder; FT flow through; Elution fractions marked as E4, E5, E15, E25 and E26. Fractions E11-
E28 were pooled together as they show only SH3 domain corresponding band on the gel c) UV 280 
absorbance chromatogram of the gel filtration Superdex 200 Increase 10/300 column with fractions 
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denoted on the trace and d) SDS PAGE gel of purified fractions F15 and F16 showing the bands for SH3 
domain alongside Western blot of the FT: flow through and fractions E6 and E15 eluted from nickel affinity 
purification 

 

 

3.11 Gel filtration of Endophilin A1 SH3 domain 
 
 

The elution fractions E11-22 and E23-E28 obtained from the nickel affinity purification (figure 

3.14.a) ǿŜǊŜ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻ рлл ˃ƭ and loaded onto a Superdex S200 10/300 column, 

equilibrated with gel filtration buffer. Alternatively, the eluted peaks from the nickel affinity 

column were buffer exchanged over a HiPrep Desalting 26/10 column into buffer containing 

20 mM Tris-HCl pH 8.0, 50 mM NaCl and 0.5 mM TCEP. 

Figure 3.14.c shows a gel filtration trace of the SH3 purification with a single main peak that 

eluted around 19 ml.  Figure 3.14.d shows the SDS PAGE gel and western blot for the collected 

elution fractions suggesting a pure band of SH3 domain slightly above 10 kDa as seen in E15, 

E25 and E26 (Figure 3.14.b). The unusually higher bands on the SDS PAGE in fractions E15-E26 

(Figure 3.14.b) and gel filtration fractions (figure 3.14.d) suggest that the protein runs slower 

than the expected molecular weight of 9.7 kDa. The SH3 domain sequence is followed by a 

pectate lysate B (pelB) leader sequence in the pET28b (+) vector which facilitates periplasmic 

expression of proteins in pET vectors and is normally cleaved off by signal peptidase in the 

periplasm as a post translational truncation. The SDS PAGE band raised the suspicion that the 

pelB sequence was not cleaved and instead was translated along with the endophilin SH3 

domain as an additional tag. This prompted towards verification of the exact sequence of the 

SH3 domain protein being expressed and purified. Hence the protein sample was sent for 

liquid chromatography mass spectrometry (LC-MS) analysis. 

 

 

3.12 Protein quality analysis using liquid chromatography-mass spectrometry 
 

To confirm the identity of the purified protein and to verify whether the unwanted pelB 

sequence was expressed along with the purified protein, mass spectrometric analysis was 

used. The trypsin digested protein was analysed by LC-MS as any sample below 20 kDa is not 

suitable for MALDI Mass Fingerprinting Analysis. The LC-MS analysis was performed by Dr 
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Mike Deery at the Cambridge Centre for proteomics. The submitted band thought to be as 

SH3 shown in the Figure 3.15 was trypsin digested and resolved by liquid chromatography.  

 

 

 

 

Figure 3.15: Schematic representation of the purified protein suspecting the pelB sequence tag along with 
the endophilin SH3 domain, Rev TEV tag and 8-His tag. The molecular weights of the corresponding 
sequences also mentioned suggesting that a total of 11.97 kDa fragment is seen on SDS PAGE gel in figure 
3.14.b. 

 

Only one peptide fragment was detected by LC-MS (Figure3.16). A theoretical digest of the 

protein sample using trypsin did not result in many potential peptides and out of the possible 

five peptides two were too big and one too small to be detected by mass spectrometry as 

shown in Figure 3.16. Based on a protein score of 79% probability to a match in the MASCOT 

database the protein was identified to be an endophilin SH3 domain. While this confirmed 

the presence of the endophilin SH3 sequence it could not confirm the presence or absence of 

the pelB sequence.  

 

 

 

Figure 3.16: MASCOT database sequence coverage hit highlighted in red from the LC-MS analysis 
performed by the proteomics centre.  
 

 

3.13 Optimised purification protocol of endophilin A1 SH3 domain  
 

 

With the pelB leader sequence removed, a pET28b(+) vector with the endophilin A1 SH3 

domain was transformed into BL21-RIL cells and as described previously used to generate a 

50 mL overnight culture supplemented by kanamycin which in turn would be used to make a 

1 Litre culture for expression induced by IPTG. The expression was monitored by measuring 
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OD600 values for the 1 Litre culture every 30 minutes and IPTG was added once the OD600 

reached the values in the range of 0.7-0.9. The expressed cells were sedimented by 

centrifugation, resuspended in lysis buffer and lysed by using emulsiflex. The supernatant 

obtained after sedimentation of the cell debris was loaded onto the HisTrap FF column for 

nickel affinity chromatography. The purification strategy was changed from before by 

implementing a 2-step purification. Initial washing of the load with 95 mL of 12.5% buffer B 

to ensure the removal of impurities was followed by elution with 100% buffer B (Figure 3.17.a) 

to achieve a narrow elution peak. The purified fractions from the nickel affinity column were 

analysed by SDS PAGE as shown in Figure 3.17.b. All the elution fractions showed a clear band 

which appeared to run just slightly above the 10 kDa marker. In any case, the removal of the 

pelB sequence seems a sensible approach to ensure the production of highly pure protein for 

the NMR studies. In addition to the ~10 kDa band another band of ~20 kDa band is seen in all 

fractions, pointing towards possibility of dimer formation. 

 

 

 

 

Figure 3.17: Nickel affinity purification of the endophilin A1 SH3 domain without the pelB sequence. a) UV 
280 absorbance trace shows elution of the peaks marked as E2-E14 for 12.5% buffer B wash and E15-19 
for 100% buffer B. The peak of interest has the maximum absorbnce value of 1300 mAU. b) SDS PAGE gel 
of elution fractions. M- protein ladder, FT ς flow through, elution fractions ς E5, E16, E17 and E18 where 
red line denotes the bands of fractions pooled. 
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3.14 Assessing homogeneity of endophilin A1 SH3 domain 
 

The endophilin SH3 domain purified by nickel affinity chromatography showed traces of 

dimerization, as explained previously. To ensure the purity and homogeneity of the protein 

sample, further purification using gel filtration was carried out. The fractions obtained from 

the nickel affinity purification were pooled and concentrated to 2 mL volume. Two samples 

ƻŦ олл ˃ƭ ŜŀŎƘ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ лΦр Ƴa ¢/9t ŀƴŘ н Ƴa ¢/9t ǊŜǎǇŜŎǘƛǾŜƭȅ ƻǾŜǊ ŀ ǇŜǊƛƻŘ 

of 1 week to ensure that the sample is intact over long periods such that it would survive long 

NMR experiments. After the incubation period, the samples were analysed by gel filtration. 

The gel filtration traces of both of these samples showed similar UV 280 absorbance 

chromatogram as  shown in Figure 3.18.a. The SDS PAGE gel shows a single band of ~10 kDa 

as seen in Figure 3.18.b supporting the conclusions from the chromatogram that the sample 

was pure. However, this indicates that the SH3 domain has tendency to dimerize which can 

be reversed through addition of TCEP. Since higher and lower concentration of TCEP gave the 

same result showing monomeric SH3, 0.5 mM concentration of TCEP should be sufficient. 

TCEP is stable over longer periods of time, so a small excess was sufficient for the purpose of 

NMR experiments that were carried out. Thus, it is safe to conclude that the protein sample 

was pure, free of proteases and stable over long period of time. Hence, the endophilin SH3 

protein sample was used for further studies using NMR. 
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Figure 3.18: Gel filtration chromatography purification of the endophilin A1 SH3 domain samples incubated 
with 0.5 mM TCEP (blue line/A) and 2 mM TCEP (red line/B), respectively. a) UV 280 nm chromatogram 
where the main peak corresponds to fractions 14-19. b) SDS PAGE gel ς M: protein ladder, fractions from 
0.5 mM TCEP are labelled A15 and A19 while fractions from 2 mM TCEP are B15 and B19.  
 

 

3.15 Endophilin A1 SH3 domain characterisation using NMR spectroscopy 
 
SH3 domains are known to recognize and bind to poly-proline stretches present in receptors 

ƻǊ ŀŘŀǇǘŜǊ ǇǊƻǘŜƛƴǎΦ ¢ƘŜ ƘǳƳŀƴ ʲ1AR contains a long poly-proline stretch in its intracellular 

loop 3 which was identified as a possible binding partner using pull-down assays by Tang et al 

65Φ ¢ƻ ǎǘǳŘȅ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ {Iо ŘƻƳŀƛƴ ōƛƴŘƛƴƎ ǘƻ ǘʲ1ARMet2-ɲрƘL/[оΣ ƛǘ ǿŀǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ŦƛǊǎǘ 

confirm the structural integrity of the protein and also to assess the impact of the buffer 

conditions imposed by the receptor samples on the stability of the SH3 domain over 

prolonged periods of time (15-18 hours). Of particular interest was the impact of the presence 

of up to 2 % LMNG detergent required to solubilize the 1̡AR. To this extent, 15N isotopically 

labelled human endophilin SH3 domain protein was expressed and purified (see Chapter 2, 

section 2.7 and 2.8). 1D 1H NMR spectra and 2D 1H 15N sofast-TROSY spectra were recorded 

(Figures 3.19 and 3.20).  

 
The overall appearance of the 1D NMR spectrum is typical for a folded protein displaying a 

ƭŀǊƎŜ ʲ-strand content as can be seen by the excellent peak dispersion in the amide region of 

the spectrum (Figure 3.19). The protein contains one tryptophan residue and the signal at ~10 

ppm corresponds to the indole position of the latter.  
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Figure 3.19: 1D 1H NMR spectrum of the endophilin A SH3 domain (4.5 mM) recorded at 800 MHz (1H 
frequency) and 298 K.  

 
 

The 2D 1H-15N TROSY spectra were recorded at 800 MHz on a 32 ˃ M uniformly 15N labelled 

SH3 sample. The buffer conditions used for SH3 domain NMR sample was kept at similar salt 

and pH concentrations as that for the receptor samples. This was done to determine if the 

receptor buffer conditions were detrimental to SH3 domain. The buffer composition used 

was: 20 mM Tris pH 8.0 and 200 mM NaCl.  

 

 



 79 

 

 

Figure 3.20: 2D 15N 1H TROSY baw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ŜƴŘƻǇƘƛƭƛƴ ! {Iо ŘƻƳŀƛƴ όон ˃a ύ ǊŜŎƻǊŘŜŘ ŀǘ улл 
MHz (1H ŦǊŜǉǳŜƴŎȅύ ŀƴŘ нфу YΦ ŀύ {ǇŜŎǘǊŀƭ ŘƛǎǇŜǊǎƛƻƴ ŀǎ ǎŜŜƴ ŦƻǊ ŀ ǘȅǇƛŎŀƭ ʲ-structure protein with 
chemical shifts ranging from ~10 ppm to 7 ppm. b) 15N 1H TROSY NMR spectrum blue (0.5% LMNG in 
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buffer), red (1% LMNG in buffer) and cyan (2% LMNG in buffer). The peaks from cyan coloured spectra 
are most affected ς marked with arrows as the protein precipitation is higher in higher %LMNG buffer. 

 

The overall appearance of the spectra confirmed the presence of a ̡-sheet protein as shown 

in Figure 3.20.a. While the observable peaks showed good dispersion it was noted that only 

44 peaks could be accounted for i.e., only about half of the expected signals. It was also 

noticeable that there were substantial variations in the intensity of the signals unlike what 

would be expected for a compact and well-structured globular protein domain such as an 

SH3. This indicated that there is a possibility for aggregation so further experiments with 

lower concentration of SH3 were conducted. Additionally, the loss of signal intensity for some 

peaks could be due to the buffer conditions for SH3 domain resulting in amide-water 

exchange. The exchange rate is slower when the amide is buried in the core of the protein or 

when it is involved in a hydrogen bond and its faster when amide groups are exposed to 

solvent. Attempts to desalt the SH3 domain into PBS pH 6.0 buffer resulted in precipitation. 

Similarly, desalting SH3 domain into Acetate buffer at pH 4.8 led to precipitation. However, 

desalting SH3 domain in PBS buffer pH 7.4 worked well but showed similar peak dispersion as 

seen for Tris pH 8.0 buffer (spectra at pH 7.4 not shown). This spectral dispersion was 

compared to NMR spectra from the PhD thesis of Dr Adeline Colousi 91; indicating very high 

similarity in dispersion. Therefore, we think that the peak dispersion for SH3 domain appears 

to be affected by the amide-water exchange seen at neutral pH ranges which results in 

reduction of the intensity of many of the peaks.  

 

The SH3 domain would be used to record NMR experiments in presence of detergent, LMNG 

which is necessary for stability of ̡1AR. Hence, further NMR experiments to estimate the 

impact of detergent presence on SH3 domain stability were performed by using LMNG 

titrations. LMNG was successively added at 0.5%, 1% and 2% LMNG to the 15N labelled SH3 

NMR sample. LMNG seems to interact with the SH3 domain even at lower concentration 

resulting in gradual precipitation of SH3 domain over long experiment times, starting from 12 

hours to up to 48 hours. The 12-hour long experiments saw approximately over 25% loss in 

NMR sample. The shorter (6 hours) experiments (Figure 3.20.b) in presence of increasing 

concentration of LMNG indicated that the main detrimental effect to the stability of the SH3 

was the addition of increasing amounts of LMNG.  This could be due to the low CMC value of 
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LMNG ~11 nM, leading to stronger binding of LMNG molecules to the hydrophobic parts of 

SH3 domain which could lead to protein unfolding and degradation. Hence, to study SH3 

interactions with ̡ 1AR, further improvements to NMR buffer conditions were necessary.   

 

 

As a preventative measure to avoid issues with TCEP hydrolysis over long experimental times, 

iodoacetamide was used to replace the TCEP from SH3 buffers.  Iodoacetamide forms a 

covalent bond with thiol sidechains of cysteine residues. This resulted in the modification of 

SH3 nickel affinity purification buffer as outlined in the table below.  

 

20 mM Tris pH 8.0  1 mL 

200 mM NaCl     2 mL 

5 mM imidazole  62.5 ˃ l 

1x EDTA-free protease inhibitors 1 mL 

Iodoacetamide 2mg/mL 100 mg 

 

Table 3.3:  Modified components of the solubilisation buffer used in the SH3 nickel affinity purification 
protocol. 

 

Similar degradation of the miniG protein due to longer exposure to LMNG has been previously 

observed in the lab, by members working with miniG. This was addressed by incorporating 

1̡AR in SapA picodiscs thereby leaving the buffers devoid of free-LMNG molecules. The 

experimental details for incorporation of ̡1AR in SapA picodisc and further NMR experiments 

are discussed in the next chapters.  
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Chapter 4 
  



 83 

NMR based conformational characterization of ̡ 1AR humanICL3 constructs  
 

 
Structures of GPCRs bound to a variety of ligands, G protein mimetic nanobodies, G proteins, 

arrestin and GRKs have been solved in the past years 43 53 54 106 107. These contributions have 

led to an evolved understanding of GPCR function and that GPCRs are not ON/OFF switches 

but highly dynamic proteins that populate a complex conformational landscape. Although 

GPCR crystallography and cryo-EM has provided insight into fully active and ligand bound 

states of these receptors, very little is known about their wider conformational ensemble. The 

structure determination techniques use non-physiological temperatures, fusion proteins, 

truncation of terminal and flexible loop regions, ultra-thermostabilizing mutations to obtain 

a snapshot of a receptor structure bound to a ligand and IBPs. Although these techniques 

have made significant strides in helping us understand more about the activation mechanism 

of GPCRs, their limitation lies in the inability to report on the intermediate states of the 

receptors 108.  

 

The various intermediate conformational states of GPCRs, and the implications of flexible 

regions on the receptor dynamics remain largely unexplored. NMR spectroscopy has proven 

to be an excellent tool to probe the dynamics of GPCRs in solution at near physiological 

temperatures with no need to use fusion proteins108 109. Previous members of the lab and 

other groups have successfully established techniques for 13C-‐-methionine labelling during 

expression (Andras Solt 86) and post purification 19F-TET labelling 89. This provides a good 

foundation to employ these techniques to understand the dynamics of ̡1AR humanICL3 

chimeric constructs. Landmark NMR studies of class A GPCRs investigated till date are 

summarised in the table below:  
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GPCR studied Solubilization system NMR probes used Publication 

Rhodopsin DDM 19F Klein-Seetharaman et al, 1999 
110 

2̡AR  LMNG 13C Met Kofuku et al, 2012 111 

2̡AR DDM/CHS 19F Liu et al, 2012b 112 

1̡AR DM 15N-Val Isogai et al, 2016 90 

1̡AR LMNG 13C Met Solt et al, 2017 86 

A2aAR DDM 15N NMR {ǳǑŀŎ et al, 2018 113 

2̡AR POPC/POPG nanodisc 13C Met & 15N Shiraishi et al, 2018 114 

1̡AR LMNG 19F Frei et al, 2020 89 

1̡AR DDM 13C Met Rößler et al, 2020b 115 

A2aAR POPC/POPG nanodisc 13C Met Mizumura et al, 2020 116 

 
 

Table 4.1: Landmark solution NMR studies of GPCRs 

 

The aim of this work was to understand the role of ICL3 in the functioning of 1̡AR as 

investigated by human ICL3 chimera and by evaluating receptor activation using small 

molecule catecholamine ligands and IBPs. As IBPs, we used the G protein mimicking 

nanobodies Nb6B9 and Nb60, the engineered mini-G protein and the endophilin SH3 domain.  

Using NMR, I characterized the conformational dynamics of ̡1AR humanICL3 chimera using 

probes located at specific receptor positions: at the cytoplasmic ends of helix 6 and 7, and in 

the hICL3 using 19F NMR probes, and using 13C-‐-methionine NMR probes that covered wider 

areas of the receptor. Both types of probes were used to investigate the impact the presence 

of hICL3 had on the t 1̡AR. Two types of nanobody proteins were used in this study: while 

Nb6B9 was used to stabilize the receptor in an active-like conformation, the purpose of Nb60 

docking was to capture the receptor in an inactive state conformation 58 64 117.  
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4.1 Selecting NMR probes for 19F NMR spectroscopy 
 

!ƭƭ ŎƻƴǎǘǊǳŎǘǎ ƻŦ ǘʲ1AR in ǘƘƛǎ ǎǘǳŘȅ ǿŜǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ ǘʲ1AR-Met2ɲрΦ ¢ƘŜ ǘ1̡AR-aŜǘɲр 

construct (i.e. the construct containing only a minimal linker between TM5 and TM6) had 

been published by the Nietlispach lab in an NMR spectroscopic study of conformational 

ŜǉǳƛƭƛōǊƛŀ ƛƴ ǘƘŜ ǘʲм!w ǳǎƛƴƎ 13C-‐-methionine 86 and 19F TET labelled cysteine residues 89; for 

a review of these studies please refer to Chapter 1 of this thesis. The choice of this base 

construct and use of the same NMR probe positions for the current work was deliberate as to 

enable a direct comparison of my work with the results of these recently published studies.  

¢ƘŜ ǘʲ1AR-Met2ɲр ŎƻƴǎǘǊǳŎǘ evolution from wildtype is documented in Chapter 3, Table 3.1. 

 

In line with the previous work done in the lab on the ǘ1̡AR-Met2ɲр construct lacking an 

intracellular loop 3, we used our base construct ǘ1̡ARMet2-ɲрƘL/[о to 19F TET label the native 

cysteine residues in hICL3 and in TM7 (Figure 4.1.a), and a further cysteine residue introduced 

through mutagenesis at position of  alanine 2826.27 in TM6 (Figure 4.1.c). Using these three 

specific 19F probes located at key sites of ǘ1̡ARMet2-ɲрƘL/[о the receptor dynamics proximal 

to the probes could be investigated and compared with t1̡AR-Met2ɲр. The native cysteine 

residue at TM7 3447.54 was the first choice to be used due to its proximity to the NPxxY motif 

and the G protein binding region (Figure 4.1.b). The 19F tag directly reports on the changes in 

the chemical environment at this position. The NPxxY motif is highly conserved in GPCRs and 

is involved in receptor activation and undergoes conformational rearrangement upon 

activation. Following a conformational rearrangement, residue Y7.53 of the NPxxY motif acts 

as an active state lock via formation of a water molecule mediated hydrogen bond to Y5.58.  

 

Next, the natural cysteine residue in the hICL3 positioned between helix 5 and helix 6 would 

be directly able to report on changes in ICL3. The probe on TM6 would report on the 

conformational changes of TM6 upon activation, including the large-amplitude displacements 

observed in the static structures compared to inactive receptor forms. As far as we know this 

is the first time that a full-length ICL3 has been used in a GPCR construct to gain insight into 

the receptor behaviour in the presence of such a flexible region connecting helix 5 and 6 using 

NMR spectroscopy.  
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Figure 4.1: ǘ1̡ARMet2-ɲрƘL/[о ŎƻƴǎǘǊǳŎǘs with TET labelling sites. The helices are shown in rainbow 
colouring starting from helix 1 to helix 8. The structure used here is a modelled structure of the construct 
to incorporate the hICL3 based on crystal structure PDB: 4BVN. a) Construct containing hICL3 with natural 
cysteine residues at position 244 (hICL3) and 344 (TM7) b) Construct containing only the cysteine residue 
344 in TM7 c) Construct containing cysteine residues at position 244 and 344 replaced with alanine and 
serine respectively while alanine at position 282 (TM6) mutated to cysteine. 

 

Since several different constructs were generated and used throughout this study, here is an 

outline of the nomenclature used in this chapter. The ǘ1̡!waŜǘнɲр used in previous 13C 
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labelled methionine 86 and 19F NMR 89 study to investigate conformational equilibria of the 

receptor is called t̡1AR from now on. In the 19F labelling experiments, the hICL3 inserted 

construct chimera ǘ1̡ARMet2-ɲрƘL/[о is called ς ά̡1ARhICL3έΦ The ̡ 1ARhICL3 consists of 

both natural cysteine residues at position 244 (hICL3) and 344 (TM7) as shown in Figure 4.1.a. 

To generate the άTM7-hICL3έ construct shown in Figure 4.1.b, the cysteine residue from hICL3 

was mutated to alanine and to generate άTM6-hICL3έ construct shown in Figure 4.1.c, both 

cysteines at positions 244 and 344 were mutated to alanine and serine residues respectively, 

while the alanine residue at position 282 was mutated to a cysteine residue. The 19F NMR 

probe constructs ƻŦ ǘʲ1ARMet2-ɲрƘL/[о where cysteine residues in hICL3, TM6 and TM7 were 

labelled are described in table 4.2 below. 

 

 

Construct name Mutations 19F NMR probes  

1̡ARhICL3  - C244 TET, C344 TET 

TM7-hICL3  C244A C344 TET 

TM6-hICL3  C244A, A282C, C344S C282 TET 

 
 

Table 4.2: Construct nomenclature describing corresponding mutations (if introduced) and cysteine 
residues to be used as NMR probes for 19F NMR. Alanine to cysteine mutation for position 282 in TM6 is 
underlined.  

 
 

4.2 19F-labelling and ligand affinity purification of ̡ 1AR 
 

The introduction of a CF3 group through tagging of the sulfhydryl group of cysteine residues 

with TET had been previously established 89 and the details of method are described in 

Chapter 2. A brief overview of the tagging methodology is shown in Figure 4.2.b. The labelling 

of ̡ 1ARhICL3 constructs with TET takes place as a two-step process. The sulfhydryl group of a 

ŎȅǎǘŜƛƴŜ ǊŜǎƛŘǳŜ ƛǎ ƛƴƛǘƛŀƭƭȅ ŀŎǘƛǾŀǘŜŘ ǘƘǊƻǳƎƘ ǊŜŀŎǘƛƻƴ ǿƛǘƘ пΣпΩ-dipyridyl-disulphide (also 

known as Aldrithiol). After removal of the unreacted Aldrithiol, TET was added and bound to 

the activated sulfhydryl group forming a trifluoro methyl-disulphide group. The C-19F3 in TET 

is reasonably close to the cysteine sidechain as it only adds a small functional group which 

minimizes the chance to interfere with a protein as it is not bulky compared to other popular 

19F labels used in NMR such as 3-bromo-1,1,1-trifluoroacetone (BTFA) and 2-bromo-N-[4-

(trifluoromethyl)phenyl]acetamide (BTFMA). 
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To reliably measure and interpret the 19F NMR spectra recorded using TET-labelled receptor 

it is important to ensure that the receptor structure and function is unaltered due to the 

presence of a labelling tag. To test if the TET labelled 1̡ARhICL3 is functional, a ligand affinity 

chromatography purification step was performed using alprenolol ligand resin. Alprenolol is 

an antagonist of ̡1AR. Only a fully functional and folded receptor can bind to the alprenolol 

resin. Therefore, this step is significant for the functional validation of the receptor as the 

highly specific purification step selects for functional 1̡AR ensuring the elimination of 

contaminants resulting in a pure NMR sample as shown in Figure 4.2.a. Hence, this step was 

preparatively used to purify TET labelled ̡1AR constructs. 

 

 

 

Figure 4.2: SDS PAGE analysis for TET labelled 1̡ARhICL3   
a) SDS PAGE gel of TET labelled and ligand affinity purified receptor showing lane 1 and 2 containing 
labelled, functional ̡ 1ARhICL3 b) Schematic representation of TET labelling showing cysteine sulphide 
bond activation step induced by adding Aldrithiol to the receptor containing solution followed by 
disulphide exchange step by addition of TET reagent. 
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4.3 19F NMR spectroscopy of ̡ 1AR constructs 
 

 

Ligand affinity purified receptor samples were obtained and analysed by 1D 19F NMR 

spectroscopy. Previous experiments in the lab were typically run at 308K 89. However, here 

the first experiment was recorded at 298K in order to assess the stability of the sample in 

view of the added tag and additional hICL3 loop region. The resulting spectrum for 1̡ARhICL3 

(C244TET, C344TET) in Apo (unliganded state) is shown in Figure 4.3.a in comparison with t̡1AR 

(C344 TET). Based on the peak assignments from previous experiments done in the lab on t̡ 1AR 

(C344TET), peak P1 at -65.67 ppm in the blue spectra was assigned corresponding to the signal 

from C344TET ǊŜǎƛŘǳŜΦ tŜŀƪ tмΩ ŀǘ -65.85 ppm in the blue spectra was also noted and 

suspected to be corresponding to the C244TET. The distance between the chemical shifts for 

P1 (-65.64 ǇǇƳύ ŀƴŘ tмΩ ό-65.85 ppm) was measured for 1̡ARhICL3 (C244TET, C344TET) Apo 

receptor, which was 105 Hz at 298K (Figure 4.3.a) and 85 Hz at 308K to analyse the changes 

in peak broadening. 
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Figure 4.3: Comparison of 19F NMR spectra between t̡1AR (C344TET) and ̡ 1ARhICL3 (C244TET,C344 TET) 
constructs. All spectra were obtained at 600 MHz (19F) and with concentrations of receptor ranging in 
between 25-ол ˃aΦ a) {ǇŜŎǘǊŀ ŀǊŜ ǎƘƻǿƴ ŦƻǊ ǊŜŎŜǇǘƻǊ ʲ1ARhICL3 (C244TET,C344 TET) in Apo state (blue) and 
ǘ1̡AR (C344TET) Apo state (yellow) at 298 K with line width marked in red and peak distances in Hz b) Spectra 
are shown for receptor ̡1ARhICL3 (C244TET,C344 TET) in Apo state (blue), bound to Isoprenaline (pink) and 
t 1̡AR (C344TET) Apo state (yellow) at 308 K. Isoprenaline was added in saturating ligand concentration (1 
mM). 

 

 

There is a substantial difference in the chemical shift positions observed for 1̡ARhICL3 and 

t 1̡AR. This could be due to change in size and conformation of the receptor construct due to 

addition of hICL3 which is readily picked up by the 19F probe as it is very sensitive to its 

chemical environment. The linewidth for the ǘ1̡AR was 69.36 Hz and for ̡1ARhICL3 was 48.02 

Hz (Figure 4.3.a). The linewidth for the orange peak is higher than that of the blue peak 
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suggesting that the ǘ1̡AR P1 undergoes some additional broadening due to an exchange 

process taking place on an unfavourable timescale. However, P1 does not suffer from that. 

Hence, either introduction of hICL3 has changed the timescale of exchange such that the 

process of exchange is now more rapid and does not affect the linewidth anymore. 

Alternatively, the sharper ǇŜŀƪ tмΩ is another indication that there is another position that is 

labelled. This sharp peak represents a more dynamic conformation as maybe expected for the 

hICL3 position that is labelled because of the disordered nature of hICL3. Taking into 

consideration both factors of chemical shift positions and linewidth, we know that the 

1̡ARhICL3 C344TET label position needs to be confirmed. Therefore, the TM7-hICL3 construct 

was overlaid and the peak position for C344TET was confirmed thereby correctly attributing 

the peaks. Additionally, the protein was found to be stable at 308K and so further 

measurements were carried out at 308K. 

 

To investigate the response of ̡1ARhICL3 receptor to the addition of agonist, NMR spectra 

were recorded by adding saturating concentrations (1 mM) of isoprenaline to the sample at 

308K (Figure 4.3.b). The pink spectrum in Figure 4.3.b shows that the peak P1 has moved 

slightly up field to -65.49 ppm and has a reduced signal intensity. However, the distance 

ōŜǘǿŜŜƴ ǇŜŀƪ tм ŀƴŘ tмΩ ƛǎ ƴƻǿ ƛƴŎǊŜŀǎŜŘ ǘƻ фн IȊ ŦǊƻƳ ур IȊ ƛƴ ǘƘŜ !Ǉƻ ǊŜŎŜǇǘƻǊΦ The 

linewidth for the isoprenaline bound receptor peak is broadened to 63.12 Hz compared to 

Apo receptor 48.02 Hz which explains the drop in signal intensity.  This falls in line with the 

previous observations for other constructs where on ligand binding, such an effect has been 

recorded 88. 

 

To assess the functionality of TET labelled receptors further, it is essential that the agonist-

bound receptor can bind to intracellular partners such as Nb6B9 that stabilize the receptor in 

an active-like conformation. At the same time the receptor was also investigated towards its 

propensity to interact with the SH3 domain from endophilin. To test this, the TET labelled 

receptor was incubated together with a saturating concentration of isoprenaline (1 mM) and 

a two-fold molar excess of the respective binding partner over receptor for 30-60 minutes. 

The incubated co-complex mixture was subjected to size exclusion chromatography (SEC). 

Binding of intracellular partners such as Nb6B9 (15 kDa) and SH3 (9 kDa) would add to the 

molecular weight of the receptor (40 kDa) in the complex, resulting in a left shift of the elution 
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peak. TET labelled ̡1ARhICL3 receptor incubated with IBPs was loaded onto a Superdex 200 

Increase 10/300 column and the traces were obtained as shown in (Figure 4.4.a). The size 

exclusion chromatogram shows that the traces for SH3 (orange) and Nb6B9 (purple) bound 

receptor complexes show a smaller elution volume compared to the Apo receptor (blue) 

resulting in the left shift of both the peaks. This confirmed that the SH3 domain and Nb6B9 

bind to the ̡ 1ARhICL3 receptor. This was complemented by a SDS-PAGE (Figure 4.4.b) and 

Western blot evaluation of the elution peaks corresponding to co-complexes (Figure 4.4.c). 

The SEC traces and the gels show small amounts of aggregates and probable receptor dimers 

are formed.  
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Figure 4.4 : Binding of Nb6B9 and SH3 domain to the TET labelled receptor evaluated by SEC and SDS-PAGE. 

a) Size exclusion chromatography traces of TET labelled receptor construct ̡1ARhICL3 (C244TET, C344 TET) 

post ligand affinity purification. Receptor in Apo form (blue trace), receptor bound to SH3 domain (orange 

trace) and Nb6B9 bound (purple trace) b) SDS-PAGE gel showing protein ladder and lanes 1 and 2 

containing unbound receptor, lanes 3, 4 and 5 containing receptor coupled to SH3 domain, the fine red 

lines show the bands corresponding to ̡1ARhICL3 and SH3 domain c) Western blot gel showing protein 

ladder, unbound/apo receptor in lane 1, receptor coupled to Nb6B9 in lanes 2 and 3 while lane 4 is shown 

containing only Nb6B9. The fine red line shows bands in each lane corresponding to the 1̡ARhICL3 and 

Nb6B9. 
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Once the peaks corresponding to ̡ 1ARhICL3 (C244TET, C344TET) were identified, further 

experiments were carried out to investigate the effect of ligand activation and Nb6B9 bound 

ternary state activation and a comparison was drawn with the previous work done in the lab. 

All 19F NMR spectra were recorded in buffer containing 20 mM Tris pH 8.0, 250 mM NaCl, 1 

to 2% LMNG, 7% D2O and 2% TFA at 308 K. 19F NMR spectra for t̡1AR(C344TET) and ̡ 1ARhICL3 

(C244TET, C344TET) receptors in the apo state, isoprenaline bound and with agonist in the 

presence of a two-fold molar excess of Nb6B9 and SH3 domain, respectively, are shown in 

Figure 4.5. The t̡ 1AR(C344TET) spectra (Figure 4.5 a) showed prominent peaks as observed in 

the previous work by Dr Niclas Frei (PhD thesis, Cambridge).  

 

 

 

Figure 4.5: 19F baw ǎǇŜŎǘǊŀ ŎƻƳǇŀǊƛƴƎ ǘʲ1AR (C344TETύ ŀƴŘ ʲ1ARhICL3 (C244TET, C344 TET) constructs in the 

presence of binding partners Apo receptors in blue, receptor bound to isoprenaline in red, isoprenaline 

bound receptor with SH3 domain in pink and Isoprenaline+Nb6B9 bound receptor in green a) ǘ1̡AR 

(C344TET) showing peaks P1 corresponds to C344 TET, P2 is an unknown peak, peak 5 is peak for nanobody 
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and ligand bound ternary state peak and b) ̡ 1ARhICL3 (C244TET, C344 TET) where peak P1 corresponds to 

C344 TET and ǇŜŀƪ tмΩ could be attributed to the presence of hICL3, peak P4 is SH3 and ligand bound ternary 

peak and peak P6 is unbound receptor peak. 

 

As shown in Figure 4.5.b, an intense peak P1 was observed at -65.48 ppm which corresponds 

to C344TET. On addition of a saturating concentration of isoprenaline a slight peak shift to -

65.5 ppm and broadening of the peak was observed along with a reduction of the signal 

intensity. An additional peak P2 was observed in both apo and isoprenaline bound spectra. 

This signal had not been observed previously. Adding Nb6B9 to the isoprenaline bound 

receptor resulted in significant peak broadening and peak P1 shift to -64.7 ppm as seen in the 

green spectra. Previously, the downfield shift of the main peak for t1̡AR(C344TET) has been 

attributed to the formation of a receptor conformation characteristic of the active state 

(Figure 4.5.a). As the position of P2 in t̡1AR(C344TET) overlapped with the signal of the Nb6B9 

bound ternary peak, it remained unclear whether P2 was affected by addition of nanobody. 

Addition of the SH3 domain to isoprenaline bound t1̡AR(C344TET) resulted in strong 

broadening of P1 but no visible peak shift. At the same time P2 was also broadened, 

suggesting that both signals related to receptor interacting with SH3. The small peak at -67.9 

ppm in the SH3 bound spectrum indicated the presence of degradation products ς this could 

be removed by buffer exchange before addition into the 1̡ARhICL3 (C244TET, C344TET) The 

peak at -66.2 ppm corresponds to TET due to dissociation of the tag from the receptor at 

308K. 

 

NMR spectra for ̡ 1ARhICL3 (C244TET, C344TET) were recorded in a similar way as for 

ǘ1̡AR(C344TET). Again, the intense peak P1 was assigned to C344TET from TM7 and the smaller 

peak PмΩ at -65.5 ppm was attributed to C244TET from hICL3. To confirm this assignment, C244 

would be mutated to alanine. The unassigned peak at P2 was seen to a lesser extent for this 

construct and was undetectable in the SH3 bound spectra. Its presence could not be 

confirmed in the Nb6B9 bound spectra due to the overlap with P5 as seen for t1̡AR(C344TET). 

Therefore, based on the overall similarity of the spectra we can conclude that 1̡ARhICL3 

(C244TET, C344TET) formed an active state bound to Nb6B9 in a similar fashion to t1̡AR. 

However, more of the unbound peak P1 remained for the 1̡ARhICL3 construct which is 

labelled as P6. The PмΩ intensity is very low compared to P1 which was hard to pin down as it 
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could be because hICL3 is in an unfavourable conformation. Conversely to the SH3 bound 

spectra discussed for t̡1AR(C344TET), the ̡ 1ARhICL3 resulted in strong broadening of the peak 

with a small shift in peak position to P4 at -65.46 ppm (Figure 4.5.b) similar to the t 1̡AR. This 

peak shift could be attributed to the interaction of hICL3 with the SH3 domain. In addition, 

peak P6 at -65.5 ppm was attributed to Nb6B9 bound receptor C244TET.  However, it is not 

clear at this point what exactly contributes to the massive difference seen in peak intensity 

for P3 and why signal at C244TET is smaller in comparison to C344TET for 1̡ARhICL3. Also, the 

origin for P6 intensity need to be corroborated. Therefore, we think it is best to consider the 

interpretations made here as possible scenario.  

 

 

Furthermore, it was interesting to investigate for the ̡1ARhICL3 construct, if the Nb6B9 

binding increases over time as the peak P6 was observed in the NMR spectra 2 hours after 

adding the nanobody. This was assessed by recording NMR spectra for Nb6B9 and 

isoprenaline bound receptor over a time windows from 2 hours to 18 hours. Comparing the 

total area under the peaks P5 and P6, it appears that the area under peak P5 increases over 

time upon ternary active-state formation. Based on this, it could be said that the hICL3 

conformation at P6 (reported by C244TET) binds over time to Nb6B9. This could also suggest 

that this reporter produces unfavourable conformations of hICL3 and is unreliable. Therefore, 

further investigations with C244 TET only construct would give direct evidence of hICL3 binding 

to Nb6B9 (Figure 4.6.a). 
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Figure 4.6 : 19F baw ǎǇŜŎǘǊŀ ŎƻƳǇŀǊƛƴƎ ʲ1ARhICL3 (C244TET,C344 TET) constructs in the presence of binding 
partners and ligands. a) isoprenaline (Iso) was added in saturating ligand concentration (1mM), Nb6B9 was 
added in two-fold molar excess. The spectra overlay shows time course measurements at 2 hours, 12 hours 
and 18 hours. b) titration of SH3 domain in ratios of 1:1 molar to 1:3 molar was performed to ensure 
saturation of receptor by SH3 domain binding. 

 

In the absence of reliable affinity data the amount of SH3 to be added was determined in 

order to get full saturation of the receptor. Although, peptide binding studies from McMahon 

lab give an estimate of about 47 nM binding affinity 91, the affinity data for full length receptor 

binding to SH3 domain is unknown. Based on the data from McMahon lab, set of SH3 titration 

experiment were recorded by adding 1:1, 1:2. 1:3 receptor to SH3 molar concentration (Figure 

4.6.b). The peak intensity at P4 was seen to reduce significantly on addition of two-fold excess 

of SH3 while three-fold excess only led to a small change in intensity reduction. Therefore, 

more than two-fold excess of SH3 domain was deemed suitable for saturation of 1̡ARhICL3 

construct.  

 

It is important to note that the 19F probe is highly sensitive to changes in its environment 

which means that a probe is able to reveal most subtle changes in the sample conditions 

through changes in chemical shift.  In order to separate changes related to conformational 

variation of the receptor from changes related to variations in the sample conditions, all 

spectra were therefore referenced against trifluoroacetic acid (TFA) as an internal standard 

(Figure 4.7).  The latter was chosen based on a previous 19F NMR study on ̡2 adrenergic 

receptor 118 and added at a low concentration of 2 ‘M to all the 19F NMR samples.  
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Figure 4.7 : 19C baw ǎǇŜŎǘǊŀ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ʲ1ARhICL3 (C244TET,C344 TET) construct in the apo state and 

bound to isoprenaline. The inset figure zooms in on the TFA signal at -75.2 ppm. As can be seen the signal 

is affected by addition of isoprenaline to the NMR sample leading to an up field shift by 4.3 Hz in the red 

spectrum. Using this peak as a reference, removes any chemical shift changes related to the addition of 

ligands and other additives. 

 

As described in Chapter 1 Introduction section 1.10, the flexible region of ICL3 is seen to be 

of variable sequence length and sequence composition across different species and classes of 

GPCRs but tends to converge depending on receptor subtypes. The ICL3 for 1̡AR varies in 

sequence length across species however, the poly proline stretches remain similar (Figure 

1.10 from Chapter 1). The ICL3 is known to contain various low-complexity regions such as 

poly-proline, poly-serine, other sequence motifs and sites for phosphorylation by GRKs across 

GPCR classes. This suggests that the ICL3 must be involved in regulating movements of the 

GPCR TM helix bundle such that it alters the receptor behaviour based on the ligand and IBP 

bound.  

 

Previous 19F NMR study carried out in the lab focused on C344TET on helix 7 as NMR probe to 

detect dynamics at the cytoplasmic end of t1̡AR. This prompted to use the C344TET- only 

containing construct TM7-hICL3 as a direct comparison looking into further NMR studies of 
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the chimeric construct. Hence, to unambiguously investigate the effect of presence of hICL3 

on the TM7 (C344TET) dynamics of ̡ 1ARhICL3 construct, I introduced a mutation at C244 

position replacing the cysteine with serine. This construct is called ς ά¢aт-ƘL/[оέΦ  

 

The TM7-hICL3 construct with C344TET was expressed and purified as explained earlier. To 

ensure good sample homogeneity and purity, ligand affinity purification post TET labelling 

was performed. A series of ligands (Table 4.3) together with nanobody Nb6B9 were tested for 

binding to the TM7-hICL3 construct and corresponding NMR spectra were recorded at 308 K 

with receptor concentration ranging from 30-55 ‘M. The ligands were added at saturating 

concentration of 1 mM and then Nb6B9 was added at two-fold molar concentration. The idea 

was to investigate the TM7 C344TET conformational dynamics in the presence of hICL3 and to 

compare the results with the t̡ 1AR receptor without hICL3 studied previously in the lab using 

an identical 19F probe location.  

 

Ligand Structure Gs efficacy 
(%Iso) ϟ 

classification 

Adrenaline  
 

110 2 Natural Agonist 

Isoprenaline  
 

100 Full agonist 

Xamoterol  

 
61 7 Partial agonist 

Cyanopindolol  39 1 Weak partial 
agonist 

 

Table 4.3: List of ligands used to investigate TM7 conformational dynamics. Ligand properties such as 

structure, Gs efficacy (%Iso) and classification is outlined. The Gs efficacy values are obtained from Baker 

et al 2010 119. 
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Further spectra with TM7-hICL3 were then recorded in presence of a range of ligands that 

varied in efficacy (Figure 4.8.a). The spectrum recorded on the ligand-free apo state of TM7-

hICL3 showed a single, intense peak at -65.45 ppm. This peak showed identical chemical shift 

position and same linewidth as the t 1̡AR peak observed for the 19F probe in the equivalent 

position (Figure 4.8.b). Figure 4.8 shows all the comparative spectra recorded for TM7-hICL3 

construct and t 1̡AR. The spectra for t 1̡AR shown here were recorded by Niclas Frei 88. In the 

case of TM7-hICL3, upon addition of isoprenaline, a small up field shift and reduction of signal 

intensity was seen as was observed for t 1̡AR. On addition of Nb6B9 to isoprenaline bound 

receptor, a significant down field shift to -64.78 ppm and significant line broadening was 

observed, also as seen for t 1̡AR. This was similar in behaviour to the 1̡ARhICL3 construct and 

overall comparable also to the t̡1AR. This meant that the activation of receptor by Nb6B9 

despite the presence of hICL3 is very similar when isoprenaline pre-activates the receptor 

however upon inspecting the linewidths, it is evident that the TM7-hICL3 construct generally 

shows smaller linewidth in comparison to the t 1̡AR. We think this is due to the presence of 

hICL3, that the dynamics at TM7 C344TET is faster, therefore the linewidth is less impacted.  
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Figure 4.8: Comparison of 19F NMR spectra for ligand and Nb6B9 bound receptors. Panel a) shows spectra 

for TM7-hICL3 (C344TET) receptor construct and b) shows spectra for t1̡AR (C344TET). Ligand bound spectra 

are shown for isoprenaline - red, xamoterol- purple, cyanopindolol ς orange and ternary spectra with 

Nb6B9 and ligand are shown in green. 

 

 

Binding of the partial agonist xamoterol to TM7-hICL3 (Figure 4.8.a) resulted in a small 

reduction of the signal intensity concomitant with a slight broadening of the peak however, 

for the t 1̡AR, the drop in signal intensity was more in comparison reflecting in more 

broadening as well. Addition of Nb6B9 caused a further reduction in intensity for the peak at 

-65.45 ppm and the appearance of a broad signal shifted downfield to -64.48 ppm. The peak 

intensity for the ternary state with xamoterol bound TM7-hICL3 was smaller in comparison to 

the isoprenaline bound receptor. A similar pattern was seen for the t1̡AR (Figure 4.8.b) 

however, the ternary state peak intensity was seen to be higher and the peak intensity of the 
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ligand-bound receptor at -65.45 ppm was lower with more peak broadening when compared 

to the TM7-hICL3. Hence, both ligands isoprenaline as well as xamoterol lead to broader signal 

in the absence of hICL3 while the amount of ternary complex formed seems to be reduced 

for the partial agonist xamoterol in the presence of hICL3. Almost as if hICL3 is partially 

blocking Nb6B9 binding.  On addition of cyanopindolol, TM7-hICL3 showed surprising results 

(Figure 4.8.a). The peak at -65.45 ppm was marginally smaller in intensity and a further 

marginal reduction in intensity was observed on addition of Nb6B9. The ternary state peak 

observed at -64.48 ppm appears to be absent in case of cyanopindolol bound TM7-hICL3. This 

contrasted with the behaviour observed for TM7 C344TET of t 1̡AR where, a less intense but 

broader peak was observed. However, on inspecting the linewidths for cyanopindolol bound 

and cyanopindolol bound Nb6B9 complex, the linewidth was seen to be unchanged this 

indicates that there must be also a ternary signal but that it is probably buried in the noise. 

To ascertain this observation, further NMR experiments were performed following a longer 4 

hour incubation of the TM7-hICL3 receptor with cyanopindolol and Nb6B9. As can be seen in  

Figure 4.9 b, the increased incubation time of 4 hours; if at all, led to a marginal increase in 

signal at the position where the ternary complex would be expected. Therefore, to resolve 

the ternary complex for cyanopindolol bound Nb6B9 spectra, longer experiment times or 

much more concentrated samples would be required.  

 

 

 

Figure 4.9: 19F NMR spectra for TM7-hICL3 adrenaline bound receptor ternary complex a) Apo receptor 

shown in blue, adrenaline bound receptor shown in brown and ternary state structure bound to adrenaline 

and Nb6B9 (Nb) in green b) Apo receptor shown in blue, cyanopindolol bound receptor in Orange, ternary 
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state receptor bound to cyanopindolol and Nb6B9 (Nb) in green, ternary state spectra after 4 hours is 

shown in purple. The ternary state peak with cyanopindolol is nearly undetectable post 4 hours in 19F NMR. 

 

 

A further set of experiments for TM7-hICL3 was recorded, this time in presence of the natural 

agonist, adrenaline (Figure 4.9.a). A significant drop in signal intensity combined with an 

increase in linewidth was observed on addition of adrenaline together with an up field shift 

of the signal to -65.5 ppm. On addition of Nb6B9, a further drop in intensity was observed at 

-65.5 ppm and a broad, intense peak at -64.78 ppm was observed. This suggests that the pre-

active receptor state sampled when bound to adrenaline enables the formation of a ternary 

state similar to when bound to the full agonist isoprenaline. The amount of ternary state 

formed is strongly reduced when dealing with ligands that are not full agonists for TM7-hICL3 

construct. 

 

This is interesting as it could be argued that the presence of hICL3 would lend the receptor 

more flexibility and adaptability that would increase the propensity of the nanobody binding.  

However, this does not seem to be happening. On the contrary, it appears that the hICL3 acts 

as a resistor to activation upon binding to ligands that are not full agonists. Therefore, the 

striking differences observed for partial agonist and antagonist ligands for TM7-hICL3 suggest 

that hICL3 could potentially acts as a rheostat that regulates the activation of the receptor. In 

antagonist bound state, the hICL3 potentially interferes with the Nb6B9 binding. This 

observation could be because of the nanobody rather than the influence of hICL3 as the 

nanobody was designed for stabilizing ̡2AR which has a shorter ICL3. This needs to be verified 

by looking at G protein coupling in presence of cyanopindolol.  

  

The 19F NMR probe is highly sensitive to changes in the local chemical environment. Aromatic 

residues proximal to the 19F probe contribute significantly to the chemical shift changes 

through their ring current shifts and changes in hydrophobic/hydrophilic environment. The 

19F probe is particularly sensitive to the level of water accessibility. As the TM7-hICL3 probe 

at C3447.54 position is critically close to the NPxxY motif ƻŦ ʲ1AR, and to hICL3, nearby aromatic 

residues from the crystal structures should be able to provide us with key insight as to which 

residues might be influential. To this purpose, the crystal structures of t 1̡AR bound to the 
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ligands  cyanopindolol and isoprenaline, respectively, the ternary structure of t1̡AR bound to 

Isoprenaline and Nb80 (PDB ID: 6H7J), and the ternary structure of human ̡1AR bound to the 

natural agonist adrenaline and Nb6B9 (PDB ID: 7BTS) were assessed (Figure 4.10).   

 

Focussing on the cytoplasmic side of the ligand-only bound receptor it is remarkable that the 

structures are nearly identical (Figure 4.10.a). The TM7 residue Y3437.53 from the NPxxY motif 

that is adjacent to the 19F probe attached to C344 is seen interacting with the TM6 residue 

I2956.40 in the cyanopindolol bound state where it is forming a hydrogen bond. This bond 

distance is slightly longer in the isoprenaline bound state however the structures are largely 

similar for both states. The slight changes in the positions of aromatic residues closer to C344 

can be observed in the liganded NMR spectra through chemical shift changes and broadening. 

The cyanopindolol bound structure overlaid with the ternary state structure of t 1̡AR bound 

to isoprenaline and Nb80 shows that the C344 rotamer position changes upon docking of the 

nanobody loop into the space vacated by TM6 after its outward movement (Figure 4.10.b). 

The hydrogen bond between TM6 and TM7 is broken and Y7.53 occupies the position of TM6 

instead of I6.40. A similar pattern is observed for the human 1̡AR bound to adrenaline and 

Nb6B9 however the C344 probe is seen to be in a slightly different position. These changes 

seen in chemical shift positions correlate to the positions for C344 probe bound to various 

ligand bound nanobody coupled complex structures. For full activation, the TM6 helix moves 

outwards and TM7 rotates inwards to accommodate for coupling to the nanobody (Figure 

4.10.c). For full agonists bound TM7-hICL3, these effects are more pronounced in the NMR 

spectra however the weak partial agonist cyanopindolol bound ternary spectra do not show 

a big effect to nanobody binding (Figure 4.10.d). The crystal structures do not provide an 

understanding of this differential behaviour as they lack the ICL3 and can readily 

accommodate Nb6B9 but result in almost identical structures. Perhaps, Gs coupling would 

result in more pronounced effect on the ternary state as partial agonists also show some Gs 

efficacy. Therefore, this could mean that the effect of activation by nanobody is not 

observable for partial agonists using local probes such as 19F NMR when hICL3 is present. This 

will be explored in the upcoming parts of this thesis. 
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Figure 4.10 : Overlay of crystal structures of turkey and human 1̡AR bound to various ligands and ternary 

state bound NMR spectra are shown. a) Structure of t1̡AR bound to Isoprenaline in red (PDB ID 2Y03) 

aligned to cyanopindolol bound in orange (PDB ID 2YCY). Distance between TM6 residue I295 and TM7 

residue Y343 from NPxxY motif is displayed for 2YCY. 19F cysteine (shown as a ball).  b) Structure of t̡ 1AR - 

cyanopindolol bound in orange (PDB ID 2YCY) aligned to Isoprenaline and Nb80 bound active state in green 

(PDB ID 6H7J). Upon activation, TM6 outward movement is seen, as the Nb80 loop docks in place of TM6 

of the ligand bound state. C344 experiences changes in its surroundings due to helical rearrangement. C) 

human ̡ 1AR bound to adrenaline (PDB ID 7BTS) and Nb6B9 in lavender is aligned to Cyanopindolol bound 

structure. Again, docking of Nb6B9 loop in place of TM6 is observed while the TM6 in active state moved 

outwards. However, the distance between TM6 I295 and TM7 Y343 is larger in Adrenaline bound state 

suggesting larger movement of TM6. d) 19F NMR spectra recorded for TM7-hICL3 bound to Isoprenaline, 

Xamoterol and Cyanopindolol and Nb6B9 bound respectively. The peak P3 attributed as activation is not 

observable in the Cyanopindolol bound spectra.  

 

 












































































































































































