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Abstract 

Protein is essential for human physiological processes and signalling pathways. Mass 

spectrometry (MS) is an important tool for ligand identification against protein target. 

This project aims to establish an MS-based ligand identification method towards 

neurodegenerative disease-related protein targets, including cytosolic LRRK2 protein, 

adenosine A2A receptor (A2AR), and α2-adrenergic receptor (α2AR). The LRRK2 

subdomains (Roc/GTPase, COR, and MAPKKK/kinase) and GPCRs (A2AR, A2AR-GFP, 

and α2AR) were cloned, sequenced, expressed and purified for MS assay. The proteins 

were solubilised in different types of detergents (such as Triton X-100 and n-dodecyl-β-

D-maltoside). Moreover, the A2AR, A2AR-GFP, and α2AR were reconstituted into self-

assembled phospholipid bilayers (or nanodisc) to improve the solubility and stability. 

 

Because LRRK2 subdomains and α2AR had solubility and yield problems that would limit 

the MS analysis, the A2AR nanodisc was consequently demonstrated as a suitable protein 

target for MS method development. Two MS methods, native ESI MS and ultrafiltration-

based affinity LC/MS, were attempted for ligand identification against A2AR nanodisc. 

The ultrafiltration-based affinity LC/MS was successfully developed to assay the 

interactions (binding affinities) between A2AR nanodiscs and 15-ligand mixture (eight 

known ligands with seven unrelated negative ligands). The ultrafiltration-based affinity 

LC/MS allowed identification of ligands to a relatively stable unliganded/apo GPCR in 

nanodisc environment.  
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1 

Chapter 1 LRRK2 and A2AR are Parkinson’s disease-related proteins 

Parkinson’s disease (PD) is the second most common neurodegenerative disease with a 

prevalence of more than 1% after 60 years of age 1. Globally, it is estimated that 6.9 

million people suffer from PD and the number will double to 14.2 million by 2040 2. In 

Australia, there are more than 70,000 people living with PD in 2015 3. Males are more 

often affected by PD than females at a ratio of 3:2 4. The clinical symptoms of PD were 

first characterised by James Parkinson in 1817 as resting tremor, bradykinesia, muscular 

rigidity, and postural instability 5. The pathological hallmark is the selective death of 

dopaminergic neuron in substantia nigra pars compacta (SNpc) of midbrain, which 

causes neurotransmission to be disordered 6. The other neuropathological symptoms 

include ubiquitin-proteasome protein degradation, mitochondrial dysfunction, oxidative 

stress, Lewy bodies (LBs) in the cytoplasm of dopaminergic neurons, fewer neuronal 

projections towards ganglia and synapses in nigrostriatal pathway 6-10. The average rate 

of dopaminergic neuron loss in SNpc is 0.1 – 0.2% per year, but PD patient has an 

accelerated rate of neuron loss for more than 70% – 80% per year 11. 

 
PD is widely recognised as a multifactorial disease. The epidemiology and etiology 

studies suggest that PD is caused by a complex interplay between genetic and 

environmental factors 12-14. Ageing, gender, ethnicity, pesticide exposure, cumulative 

oxidative stress, impaired mitochondrial function, genetic mutations, protein misfolding, 

neuroinflammation are the risk factors of PD 4,15,16. Specifically, PD is reported to 

correlate with genetic mutations and aberrant protein expressions of PARK1 to PARK20, 

nuclear factor erythroid 2-related factor 2 (Nrf2), adenosine A2A receptor (A2AR), 

serotonin receptors (5-HT receptors), postsynaptic mGluR5 receptor, dopaminergic D2 

receptor (Table 1.1). The detailed biological mechanisms of LRRK2 and A2AR will be 

introduced in section 1.1 and 1.2. 
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There is no cure for PD currently, except for some alleviation treatments such as 

administering Laevodihydroxyphenylalanine (L-dopa) and dopamine agonists. Recently, 

deep brain stimulation surgeries have also been used to rehabilitate electrical signal 

problems in neural circuits of PD patients 17. 

 
Table 1.1: Examples of PD risk factors. 

Genes Descriptions 

PARK1 (SNCA 

or α-synuclein) 

A single base pair substitution at position 53 (A53T) in the long arm of 

chromosome 4 (4q21-4q22) promotes α-synuclein aggregation in Lewy 

bodies (LBs) and cause autosomal dominant early-onset PD 18. 

PARK2 (parkin) 
One or more deletions in the long arm of chromosome 6 (6q25.2-q27) are 

associated with autosomal recessive early-onset PD 19. 

PARK5 (UCH-

L1) 

A missense mutation of I93M in the fourth exon (4q14) contributes to 

protein aggregation in neurons 20. 

PARK8 (LRRK2) 
Missense mutations in MAPKKK/kinase domain of LRRK2 (chr12p 11.2-

q13.1) are associated with autosomal dominant late-onset PD 21. 

Nrf2 
Nrf2-mediated antioxidant insufficiency contributes to oxidative stress and 

correlate with PD onset 22. 

A2AR 
Overexpressed A2AR protein inhibits glutamate receptor activity and causes 

decreased level of nigrostriatal dopamine 23,24.  

Dopaminergic D2 

receptor 

Loss of dopaminergic D2 receptor reduces the midbrain dopamine level and 

impairs the corticostriatal synaptic transmission 25. 

Serotonin 5-HT 

receptors 

5-HT receptors facilitate dopaminergic release in the dopamine-depleted 

parkinsonian brain 26. 

Glutamate 

mGluR5 receptor 

Postsynaptic glutamate mGluR5 receptor regulates dopaminergic 

transmitter release in PD patient 27. 
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1.1 Cytosolic LRRK2 protein 

The LRRK2 gene (GenBank accession number: AAV63975) contains 51 exons that span 

144 kb of the chromosomal region. The mRNA transcript of LRRK2 is 9 kb, which 

translates into a 286 kDa multi-domain protein with 2,527 amino acids. The LRRK2 

protein is expressed in various tissues including blood, kidneys, lungs, spleen and brain 

and critical for metabolism and immunity 28-35. Marín (2006) confirms that the LRRK2 

has a general structure of LRR-Roc-COR-MAPKKK 36. The N-terminus and C-terminus 

of LRRK2 are important for its stability and functions 37,38. 

 
The genetic segregation phenomenon of LRRK2 indicates that the missense mutations in 

LRRK2 are a causative factor of PD 28,29,39,40. In contrast to the mutations of parkin 19, DJ-

1 41 and PINK1 42 that contribute to early-onset PD 28, LRRK2 mutations account for late-

onset autosomal-dominant and sporadic PD, with a mutation frequency from 2% to 40% 

in different populations, countries, and ethnicities 43-47. Because LRRK2 is responsible 

for late-onset PD, it indicates that LRRK2 may affect late neuronal development 

progressively. The LRRK2 mutations were first discovered in a Sagamihara PD family 

and several European PD families in 2004 21,28. However, the pathological symptoms 

were polymorphic for these families. The Sagamihara PD family with inherited I2020T 

mutation showed nigral degeneration without LB formation, dementia, cognitive 

dysfunction, or depression 48. However, the European PD families with inherited Y1699C 

or R1441C mutation demonstrated pathologic features of dementia, progressive 

supranuclear palsy (PSP), ubiquitin-positive neuronal inclusions or nigral degeneration 

29. Therefore, patients with different LRRK2 mutations may present varied symptom 

combinations, including tauopathies (microtubule-associated tau protein aggregation), α-

synucleinopathies (α-synuclein aggregation), ubiquitin deposits, and nigral neuronal loss 

in the SNpc 49. 
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Some common LRRK2 mutations, including R1441C/G/H (4321C>T/G or 4322G>A), 

Y1699C (5096A>G), G2019S (6055G>A), and I2020T (6059T>C), are located within 

the LRR-Roc-COR-MAPKKK construct 50-52 (Figure 1.1). The R1441C/G/H mutations 

are at the same position at the end of α3 helix of GTPase/Roc domain, while the G2019S 

and I2020T mutations are located in the Mg2+-binding loop of MAPKKK/kinase domain. 

These mutations (R1441C/G/H, Y1699C, G2019S and I2020T) are proposed to influence 

substrate accessibility and affinity to MAPKKK/kinase and Roc/GTPase domains 53. In 

PD patients, G2019S substitution is reported as the most common LRRK2 mutation, 

accounting for 2.4% of familial PD cases and 0.3% of sporadic PD cases in Australia 44. 

Furthermore, the penetrance of G2019S mutation is age-dependent, increasing from 17% 

at age of 50 to 85% at age of 70 54. Functional studies suggest that the G2019S mutation 

increases the LRRK2 phosphorylation activity for around three folds comparing to the 

wild-type LRRK2 36,55-57. Some LRRK2 mutations cause downstream protein (such as α-

synuclein and tau) hyperphosphorylation, misfolding and aggregation 28,29,58. The 

overexpression of LRRK2 protein with G2019S mutation in neuronal cells causes a 

dramatic reduction in neurite length, mitochondria dysfunction, increased apoptosis, and 

enhanced oxidative stress 59-61. In mouse model, G2019S mutation leads to the 

degenerations of nigral dopaminergic neurons and primary cortical neurons 58,62,63. Some 

studies proposed that the structural LRR, COR, and WD40 domains possibly act as a 

hinge for LRRK2 dimerisation, which may activate and phosphorylate the downstream 

PD-related proteins 32,37. However, the direct evidence on LRRK2 regulatory mechnism 

is still missing. 
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Figure 1.1: A representation of LRRK2 domains and genetic variations.LRRK2 protein 

has 2527 amino acids, encoded by 51 exons. It contains domains of armadillo (ARM), 

ankyrin repeat (ANK), leucine-rich repeat (LRR), Ras of complex protein (Roc), C-

terminal of Roc (COR), mitogen-activated kinase kinase kinase (MAPKKK), and WD40. 

The boundaries of domains are indicated by the numbers below the protein sequence. The 

reported common PD pathogenic mutations are indicated by the numbers on the top of 

gene sequence. This figure is modified from Li, Tan & Yu, 2014.  

 

 
 
 
Phylogenetic analysis shows that the human LRRK1 and LRRK2 fall into the Roco family 

with a characteristic LRR-Roc-COR-MAPKKK domains in the structure 36. The 

Roc/GTPase and MAPKKK/kinase domains are important for regulating cellular 

processes, signal transduction, protein-protein interaction, and membrane trafficking 64-

66. The Roc domain of LRRK1 controls the activity of its own MAPKKK domain and 

subsequently regulate downstream MAP kinase (MAPK) activity 67. Hence, the presence 

of both Roc and MAPKKK domains in LRRK2 raises the possibility of a combination of 

intermolecular and intramolecular controlling systems, which the LRRK2 Roc/GTPase 

domain can directly regulate the LRRK2 MAPKKK/kinase activity. 
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1.1.1 LRRK2 enzymatic domains of MAPKKK/kinase and Roc/GTPase 

Phylogenetic analysis (SI 1 in Appendix) shows that the human LRRK1 and LRRK2 are 

the only homologous kinase proteins that belong to receptor-interacting protein kinase 

(RIPK) and the mixed lineage kinase (MLK) families, with serine/threonine and tyrosine 

kinase activities. The kinases from the TKL and the RIPK families are known to activate 

the mitogen-activated protein kinase (MAPK) signalling cascade and subsequently 

regulate the signal transduction, cell cycles, cytoskeletal rearrangement, cell apoptosis, 

and differentiation 68-70. The MAPKKK/kinase domain of LRRK2 consists of several 

conserved features, including ATP-binding cleft, catalytic loop, Mg2+ binding loop, and 

activation loop (Figure 1.2 (A)). 

 
Since the X-ray structure of LRRK2 MAPKKK domain is not solved to date, its 

homology model of extracellular signal-regulated kinase 2 (ERK2) is used to gain insight 

of the LRRK2 MAPKKK structure 71-74 (Figure 1.2 (B)). This homology model shows 

that the ATP-binding cleft (residue 1800 – 2016) at N-terminus contains a glycine-rich 

loop (residues 1885 – 1982) and a catalytic loop (residues 1989 – 2002), which can 

stabilise the phosphate group of ATP and transfer the phosphate group from ATP to a 

substrate 75. The MAPKKK domain retains the kinase activity through the residue of 

aspartate (D1994) that is after a conserved arginine (R1993) residue in the catalytic loop. 

The activation loop (residue 2017 – 2045) is located in the centre of MAPKKK and after 

the ATP-binding cleft. The activation loop contains a flexible Mg2+ binding loop 

(including a conserved DYG tripeptide motif), P loop and P+1 loop (including a 

conserved APE tripeptide motif). The MAPKKK activity is controlled by the 

phosphorylation of activation loop. The DYG motif rotates out of the hydrophobic 

activation loop and occupies the ATP-binding cleft in the inactive state of MAPKKK 

(inactive DYG-out form). Once the activation loop is phosphorylated, the activation loop 

will move towards to solvent and the ATP-binding cleft become exposed and activated 
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(active DYG-in form). It is found that the D2017F/Y mutations change the active DYG-

in form to inactive DYG-out form, while the G2019S and I2020T mutations stabilise the 

active DYG-in form and increase the LRRK2 kinase activity 75-77. 

 

 

Figure 1.2: Primary amino acid sequences and tertiary structures of MAPKKK domain 

(residues 1800 - 2138).(A) The amino acid sequences of MAPKKK domain. The 

conserved regions (bold letters and grey boxes) include catalytic loop (between β6 and 

β7), Mg2+ binding loop (between β8 and β9), activation loop (P loop and P+1 loop), 

R1993, catalytic core of D1994, DYG and APE tripeptide motifs. (B) The homologous 

ERK2 protein model of active DYG-in MAPKKK (PDB ID: 5U6I) with conserved ATP-

binding cleft (yellow), activation loop (red), catalytic loop (cyan), and G2019/I2020 

(magenta) between ATP-binding cleft and activation loop.  
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Roc is a small GTPase domain with a molecular mass of 20 - 25 kDa. It is the only human 

LRRK2 subdomain with a solved X-ray structure (Figure 1.3). Roc/GTPase forms a dimer 

when expressed in vitro 32. The Roc dimer includes a GTPase catalytic core region, and 

a guanine nucleotide phosphate-binding loop (i.e. activation loop or P loop) that is 

common for ATP- or GTP-binding proteins 78. The P loop stabilises the binding with 

GDP (inactive form) or GTP (active form). 

 

 

 

Figure 1.3: The X-ray crystal structure of human Roc/GTPase dimer (PDB ID: 

2ZEJ).Two individual Roc monomers are shown separately by green and red ribbon 

representations. Each Roc domain consists of five α-helices (α1 - α5) and six β strands 

(β1 - β6). The binding ligands of GDP-Mg2+ are shown as ball-and-stick representations 

(yellow sticks of GDP and blue balls of Mg2+). The activation loop (or P loop) that binds 

to GDP/GTP is between the α1 helix and β1 strand. This figure is modified from Deng et 

al. 2008.  
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The Roc/GTPase domain plays an important role in intracellular signalling transduction 

66,79-81. An upstream signal can stimulate the GDP dissociation from the GDP-bound 

inactive Roc domain, which is followed by the GTP binding (Figure 1.4 (A)). This step 

is stimulated by the guanine nucleotide exchange factor (GEF) and leads to 

conformational changes. The GTPase activating protein (GAP) helps to convert the GTP-

bound active form to the GDP-bound inactive form. This cycling elicits the downstream 

effects and regulates the cellular processes. 

 

 

Figure 1.4: Intracellular signals generated by GTPase cycling (A) and the proposed GTP-

dependent signalling pathway of LRRK2 (B).  
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It is known that Roc/GTPase domain can regulate MAPKKK/kinase activity in the human 

LRRK1 protein, which is homologous to LRRK2 67. Similarly, a GTP-dependent LRRK2 

reciprocal feedback model (Figure 1.4 (B)) is proposed in which GTP binds to the Roc 

domain and regulates the phosphorylation activity of MAPKKK domain 67,81,82. The 

evidence includes that the K1347A and T1348N mutations in Roc/GTPase domain 

prevent the GTP accessibility to the activation loop and subsequently abolish the kinase 

activity in neuronal cells 66,81,83,84. Additionally, the T2031A and S2032A mutations in 

the Roc activation loop diminish 80 - 90% of the autophosphorylation activity of 

MAPKKK/kinase domain and form a kinase-dead LRRK2 variant 56. 

 
This reciprocal feedback loop (Figure 1.5) may be important for functions of tubulins, 

microtubules, protein trafficking, and neurite outgrowth 85-88. Numerous downstream 

effectors and interaction partners of LRRK2 have been identified, but it is still lack of the 

understanding of endogenous signalling pathway, direct physiological substrates, and 

LRRK2 mechanisms in the PD pathogenesis. 

 

 

Figure 1.5: Hypothetical LRRK2 regulation pathway in the dopaminergic neuron. 
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1.1.2 Ligands targeting the G2019S mutation of LRRK2 

Nowadays, the LRRK2-associated PD can be readily diagnosed by genome sequencing 

and intervened by neuroprotective drugs 89,90. The dopamine deficiency in PD patients is 

currently treated and relieved by administering dopamine precursors, such as 

laevodihydroxyphenylalanine (L-dopa). Nevertheless, this treatment causes many side 

effects such as long-term central gastrointestinal and cardiovascular complications and 

progressive drug efficacy loss 91. Many PD therapeutic drugs also target the kinase 

domain, because phosphorylation is an important regulatory mechanism in cells 92. The 

characterisation of downstream signalling molecules of LRRK2 MAPKKK/kinase 

domain delineates the LRRK2 regulatory mechanism in the neurons 69. As the G2019S 

mutant of LRRK2 has an increased kinase activity and substrate specificity, inhibitors 

against LRRK2 kinase domain activity have been developed. The inhibition of kinase 

activity shows a relief from the neurotoxicity in PD models of Caenorhabditis elegans 

and Drosophila with G2019S mutation 93. In consequence, the kinase inhibitors targeting 

the G2019S mutant of LRRK2 may elicit neuroprotective activities against PD 94,95. 

 
There are three types of LRRK2 kinase inhibitors, namely type I, type II, and type III 

kinase inhibitors. Most LRRK2 kinase inhibitors are known as type I kinase inhibitors 

that directly compete with ATP in the ATP-binding site during its active state. More than 

40 type I kinase inhibitors have been discovered against LRRK2 wild-type and G2019S 

mutant by 2014 (SI 4 in Appendix). However, the ATP-binding site is highly conserved 

across the human kinome (around 519 kinases) and the physiological concentration of 

ATP in the human body is maintained at a high and constant level (1 - 5 mM in 

concentration) 68,96,97. As a result, type I kinase inhibitors usually have a high dosage (IC50) 

and less specificity. The type II inhibitors bind to both the ATP-binding site and an 

adjacent allosteric region of the kinase. Besides targeting the ATP-binding site of LRRK2 

by type I and II kinase inhibitors, the Roc/GTPase domain and protein-protein interaction 
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domains (ARM, LRR, COR, and WD40) can also be used for developing kinase inhibitors 

(Figure 1.6). These domains are reported to be responsible for dimerisation, allosteric 

activation, downstream signalling pathway, and protein localisation 32,37,50,98-102. These 

type of inhibitors, binding exclusively to the adjacent allosteric pocket around the ATP-

binding site, are called type III kinase inhibitors 103. The type II and III kinase inhibitors 

may disrupt the hydrophobic interaction and LRRK2 dimerisation and subsequently 

reduce neuronal toxicity 50. Since the allosteric sites are not so highly conserved as the 

ATP binding site, the type II and III kinase inhibitors are more specific with lower off-

target effects than type I kinase inhibitors. For example, a bidentate-binding dual inhibitor 

(SR9444), binding to the allosteric pocket outside of ATP binding sites of LRRK2-

G2019S mutant, can improve mitochondrial functions in neuronal cells with a reasonable 

selectivity and potency 104. 

 

 

Figure 1.6: Strategies for developing LRRK2 binding ligands.This figure is modified 

from Ho et al., 2014.  

 
 

 

As the direct downstream substrate of LRRK2 MAPKKK/kinase is not known, many 

functional studies use LRRK2 autophosphorylation, generic kinase substrates (myelin 

basic protein (MBP) and myosin light chain (MLC)), and putative kinase substrates (such 
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as moesin, ezrin, radixin, eukaryotic translation initiation factor 4E-binding protein (4E-

BP), tubulin-β-2C, MAPKK, synthesised peptides of LRRKtide and Nictide) to estimate 

the kinase activity 37,58,105-108. It is important to note that the kinase activity measured by 

generic, synthetic substrate or autophosphorylation may not directly correlate with the 

real kinase activity in vivo. Another challenge is the lack of structural information of the 

human LRRK2 MAPKKK domain. The structure-based drug design for LRRK2 

MAPKKK domain is based on the homologous kinases from Dictyostelium discoideum 

(PDB ID: 4F0F) and ERK2 protein (PDB ID: 5U6I) 71-74. The elucidation of LRRK2 

enzymatic activities, downstream substrate and protein-protein interaction will facilitate 

a better understanding of the relationship between LRRK2 and PD pathogenesis. 

 
1.2 A class of pharmaceutically relevant membrane proteins – G-protein coupled 

receptors (GPCRs) 

Cells, as the primary structural and functional units of human, are responsible for 

communicating with the extracellular environment and neighbour cells via a cell 

membrane barrier. Membrane proteins (MPs) are critical players in processing foreign 

signals (such as taste, light, odour, hormones, lipids and chemicals), regulating chemical 

transportation, and maintaining cellular homoeostasis. G-protein coupled receptors 

(GPCRs) are the largest and one of the most influential MPs in humans. There are 826 

GPCRs in the human genome, which comprise 3% of the proteins in the human proteome 

109. GPCRs are pleiotropic membrane proteins mediating the transduction of diverse 

arrays of extracellular stimuli into the cells. In human, the signalling molecules range 

from small chemicals (hormones, neurotransmitters, metabolites, odorants, tastants, and 

lipids) to larger peptides (chemokines and incretins). The signalling molecules exert 

specific downstream effects through GPCRs and subsequently regulate immune response, 

hormone secretion, neurotransmitter release, smooth muscle relaxation/contraction, cell 

apoptosis, chemotaxis, cell aggregation, nociception, neuroplasticity, sleep-wakefulness 
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cycles, food intake, learning, memory, and behaviour 109-112. It is estimated that around 

80% signals of hormones, neurotransmitters, neuromodulators, autocrines and paracrines 

transmit across the cell membrane through GPCRs 113. 

 
GPCRs are one of the most important pharmaceutical targets and there are 33% of 

marketed drugs target GPCRs 114. These receptors are related to embryonic development, 

stem cell maintenance 115, and disease progressions including cardiovascular diseases 

(CVDs) 116-118, inflammation 119-121, analgesia 122-124, cancer 125-128, metabolism disorders 

(type II diabetes and obesity) 129-131, and neurologic disorders (multiple sclerosis, 

Parkinson’s disease and Alzheimer’s disease) 132-136. GPCRs are non-uniformly expressed 

in various tissues, organs and cell types and provide tissue-selective functions 137. For 

instance, the rhodopsin-like receptors are expressed in the sensory system to mediate 

physiological functions of vision, gustatory, odorant detections, and renin-angiotensin-

aldosterone system 138,139. The chemokine receptors are expressed in the immune system 

119,140,141, while the aminergic receptors (including adrenergic, dopaminergic, muscarinic, 

histaminergic and serotoninergic receptors) are expressed in the central/peripheral 

nervous system 142-144. Additionally, the secretin receptor of glucagon-like peptide-1 

receptor (GLP1R) in the pancreas is necessary for maintaining blood glucose level 145,146, 

while the cannabinoid type 1 receptor (CB1) in the CNS is essential for inhibiting 

glutamate release during neurotransmission 147-150. 

 
The human GPCRs are divided into five major families according to the GRAFS acronym 

classification system that are rhodopsin-like family (719 members), secretin family (16 

members), glutamate family (22 members), adhesion family (33 members) and 

frizzled/taste2 family (36 members) 151. Besides the human GPCR families, another two 

GPCR families are the fungal mating pheromone receptor family in fungus and the cyclic 

AMP receptor family in Dictyostelium discoideum (amoeba). To date, the crystal 
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structures of 36 rhodopsin-like receptors, four secretin receptors, two glutamate receptors, 

and one frizzled receptors have been published (Figure 1.7). Among the 826 GPCRs, the 

endogenous ligands of around 140 orphan GPCRs have not yet been identified 114. 

 

 

Figure 1.7: The phylogenetic tree of human GPCR superfamily.The receptors with 

asterisks are the GPCRs with solved structures to date. The figure is adapted from Lv et 

al., 2016 and updates until March/2018.  
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1.2.1 GPCR intracellular signalling pathway 

Ligands include ions, hormones, chemokines, organic compounds, odorants, biogenic 

amines (neurotransmitters), peptides, proteins, lipids, nucleotides and photons 151. The 

endogenous ligands are the common signalling molecules for GPCRs in the human body. 

GPCR ligands can bind to the extracellular domain, within the cavity of the helix bundle 

in the outer half transmembrane region, the orthosteric binding pocket or an allosteric site 

surrounding the binding pocket 152. The small-molecule ligands (i.e. compounds) bind 

deeper in the transmembrane domain crevice than the larger ligands (i.e. peptides) 153. 

The GPCR ligands are important in drug discovery and tools for understanding 

neurotransmission, enzymatic catalysis, signal transduction, and immune response. 

 
In the absence of ligand interaction, GPCRs usually appear as a heterogeneous population 

with a mixture of different states and conformations. At the apo/unliganded state, the 

GPCR physiological activity is called constitutive or basal activity. The inactive and 

active GPCR conformations are in constant equilibrium 154,155. The apo GPCR shows 

different structural arrangements and functions in response to different types of ligands. 

The general terms to describe GPCR ligands encompass strong/full agonist, partial 

agonist, neutral competitive antagonist, inverse agonist, and partial inverse agonist 

(Figure 1.8). Different types of ligands have different selectivity and elicit different 

biological activities. An agonist will increase the receptor activity and downstream G-

protein response. A strong/full agonist binds preferentially to the active conformation of 

GPCR and drives the equilibrium to the fully active state, such as fully activated β1 

adrenergic receptor by noradrenaline. A partial agonist still has a higher affinity for active 

conformation over inactive form, but elicit a partial response and less selectivity when 

compared to a strong (full) agonist. The ligand, binding selectively to the inactive 

conformation and dampening the receptor activity below the basal/constitutive level, is 

called a strong inverse agonist. The strong inverse agonist of GPCR drives the equilibrium 
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towards an inactive state, resulting in a decreased GPCR activity. A partial inverse agonist 

has a higher affinity to the inactive form of GPCR than the active form, but less selectivity 

than the strong inverse agonist. A neutral competitive antagonist blocks/inhibits the 

agonist or inverse agonist binding to the receptor (avoiding their pharmacological 

functions) and maintains the receptor at basal activity. The neutral antagonist has an equal 

affinity to both active and inactive conformations so it does not alter the equilibrium 156,157. 

Based on the sources, the GPCR ligands are also divided into two different categories, i.e. 

endogenous ligands and exogenous ligands. The endogenous ligands are natural ligands 

that originate from the physiological system, while exogenous ligands are added to a 

physiological system as drug or external chemicals by researchers. 

 

 

Figure 1.8: Examples of GPCR responses for five different types of ligands. 

 

Upon ligand binding, GPCRs can make a conformational change at the cytoplasmic side 

and cause the accessibility changes to the downstream effectors, including canonical 

heterotrimeric G-protein, non-canonical β-arrestin, or other messengers (Figure 1.9). The 

heterotrimeric G-proteins belong to the GTPase family. They can undergo GTPase 

cycling and transduce the signalling to the downstream effectors (Figure 1.4 (A)). Gα is 

one of the subunits of heterotrimeric G-protein, which interacts with GDP at an inactive 

state or GTP at an active state. In the absence of extracellular signal or at apo/unliganded 
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state, Gα forms an inactive complex with GDP and Gβγ (inactive GPCR/Gα/GDP/Gβγ 

complex). Upon receptor activation, the receptor undergoes a conformational change and 

the GDP is exchanged to GTP 158. The Gα dissociates from GPCR and Gβγ, and forms an 

active complex with GTP (active Gα/GTP complex) (Figure 1.9). Two subunits of 

Gα/GTP and Gβγ remain within the cell membrane and diffuse laterally. These subunits 

will subsequently interact with other downstream messengers 159. The activated Gα/GTP 

proteins relay different signals to the downstream messengers depending on four different 

Gα families, i.e. Gi/o, Gs, Gq and G12/13 160. These four Gα families can stimulate or inhibit 

the activity of downstream messengers including adenylyl cyclase (AC) and 

phospholipase C (PLC). The AC and PLC are enzymes that associate with the 

intracellular side of cell membrane and catalyse the reactions in the cytoplasm. The 

signalling networks in the cytoplasm recruit various intracellular messengers, such as 

protein kinase C (PKC), protein kinase A (PKA), cyclic AMP (cAMP), 1,2-diacylglycerol 

(DAG), 1,4,5-trisphosphate (IP3) and intracellular Ca2+ 110. For example, the activated Gα 

initiates the catalysis of ATP to cAMP by AC enzyme and phosphorylation of 

phosphatidylinositol (PI) to DAG and IP3 by PLC enzyme 161. These signalling networks 

are critical for a variety of body processes, such as blood clotting by thrombin receptor in 

platelets, inflammation-induced airway contraction by β2AR, and exocrine secretion by a 

purinergic P2Y11 receptor on pancreatic duct epithelial cells 162-164. After GTP is 

hydrolysed to GDP, the heterotrimeric G-protein reassociates with the GPCR again. By 

this activation/deactivation cycle, GPCRs act as a fine-tuning switch on the cell surface 

and initiate a broad range of physiological responses. The downstream messengers are 

considered as a biomarker for GPCR activity and can be used for screening assays. 

 
Alternatively, the GPCRs can also undergo phosphorylation at the carboxyl terminus by 

GPCR kinase (GRK) 165,166. The phosphorylated GPCR will recruit a multifunctional 

adaptor protein of β-arrestin. The β-arrestin blocks G-protein coupling with GPCR 
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through a steric hindrance mechanism. This process is referred as desensitisation (Figure 

1.9). The β-arrestin signalling pathway mediates clathrin-dependent endocytosis as well 

as several independent downstream effectors, such as β-arrestins scaffold mitogen-

activated protein kinases (MAPKs), extracellular signal-regulated kinase (ERK), c-Jun 

N-terminal kinase (JNK), tyrosine kinases and E3 ubiquitin ligases 167-170. The G-protein 

signalling pathway and β-arresting signalling pathway are important for sensations, 

hormone production, and neurotransmission. 

 

Figure 1.9: A schematic diagram of GPCR signalling pathways in human. G-protein 

signalling pathway: Ligand binding induces a GPCR conformational change and 

activate downstream signalling pathway. The activated GPCR, coupling to heterotrimeric 

G-protein (Gα/Gβγ) and GTPase, is dissociated. The activated G-protein signalling 

transduces the signal to second messengers including cAMP (levels can increase or 

decrease in response to different GPCR activation signals), IP3, DAG and Ca2+. β-

arrestin signalling pathway: The phosphorylated GPCR recruits β-arrestin and blocks 

G-protein signalling pathway (desensitisation). The β-arrestin mediates endocytosis of 

activated GPCRs and transduces β-arrestin signalling to the downstream messengers, 

including MAPKs, tyrosine kinases and E3 ubiquitin ligases.  
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GPCR biased agonism (functional selectivity) was also discovered in the past decades 

171,172. The biased agonism proposes that ligand(s) can activate one or two parallel 

signalling pathways (G-protein or β-arrestin-mediated signalling pathway) to different 

level. As a result, an agonist in one signalling pathway can also play a role as a neutral 

antagonist or inverse agonist in another signalling pathway in different cell types and 

functional status. The biased agonism (functional selectivity) may be resulted from a 

diversity of coupled proteins (G-proteins or β-arrestin), different ligand scaffolds, 

preferred downstream signalling molecules, ligand/receptor oligomerisation, and 

allosteric modulation 173-175. Therefore, the biased agonism theory proposes that a ligand 

is classified explicitly by their individual effect in certain cells, instead of simply being 

classified as an agonist or antagonist. A ligand, initiating GPCR signalling pathway 

through either G-protein or β-arrestin selectively, is named as G-protein-biased ligand or 

β-arrestin-biased ligand correspondingly. The notable examples of biased agonism are 5-

HT2 serotonin receptors, µ-opioid receptors, β1 and β2 adrenergic receptors, V2 

vasopressin receptors, and some dopaminergic receptors 155,176-178. For instance, serotonin 

is the primary endogenous ligand of 5-HT2 receptors (including 5-HT2A, 5-HT2B, and 5-

HT2C receptors). The 5-HT2 receptors are coupled to both phospholipase C (PLC) and 

phospholipase A2 (PLA2) enzymes 179. The 5-HT2 can activate PLC by Gq/11 and lead to 

the stimulation of secondary messengers of DAG, IP3 and Ca2+ (PLC-IP pathway) (Figure 

1.9). The 5-HT2 can also stimulate PLA2 and result in the release of arachidonic acid or 

AA (PLA2-AA pathway) 180,181. 

 
It is found that serotonergic agonists (bufotenin, d-lysergic acid diethylamide (LSD), (−)-

1–2,5-dimethoxy-4-bromophenyl-2-aminopropane (DOB), quipazine, TFMPP, mCPP, 

psilocybin, mescaline, lisuride and ergotamine) can bind 5-HT2 receptor with high 

affinity but activate receptor differentially, which exhibit functional selectivity at 5-HT2 

receptors 178,182-184. For example, DOB and LSD are hallucinogenic drugs, whereas 
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lisuride and ergotamine have no hallucinogenic effects 185,186. Thus, DOB and LSD might 

regulate a different signalling pathway from lisuride and ergotamine in neural cells.  

Furthermore, DOB and LSD show pleiotropic hallucinogenic potential in human 179,187. 

For 5-HT2 receptor-mediated PLC-IP3 signalling pathway, LSD demonstrated little 

stimulation activity (22%) relative to that of DOB (80%) 178,188. Therefore, the activations 

of 5-HT2 receptor by different agonists stimulate the secondary messengers (IP3, DAG, 

AA, Ca2+ and 2-arachidonoylglycerol) differently 189. It is also an explanation why some 

hallucinogenic phenethylamine derivatives of 5-HT2 agonists have psychedelic side 

effects (such as DOB), whereas other serotonergic compounds do not. The biased 

agonism of 5-HT2 receptor or functional selectivity suggests some novel antipsychotic 

drug development approaches towards schizophrenia and depression with no or less side 

effect. 

 
The intracellular secondary messengers of GPCR signalling pathway (Figure 1.9) can be 

used to monitor ligand binding and signalling transduction by technologies of radioactive 

ligand binding assay, calcium (Ca2+) flux assay, GTP/cAMP level modulation, and β-

arrestin recruitment assay. The calcium ion is naturally produced upon activating the 

GPCR coupled Gq — one of the four most important Gα protein families (Figure 1.9). The 

genetic modification allows intracellular Ca2+ coupling to all four Gα protein types, i.e. 

Gi/o, Gs, Gq, and G12/13. Fluorescent Ca2+ can be used to visualise small-molecule binding 

to GPCRs. The Ca2+ flux assay together with fluorescent imaging plate reader (FLPR) 

has been used to identify the endogenous ligand of GPR14 (or urotensin-II receptor), 

which is important for vasoconstriction and cardiovascular homeostasis 190,191. Similarly, 

the cAMP, one of the most important secondary messenger and biomarker in GPCR 

signalling pathways, is coupled with luminescent tags (such as pigment from frog skin 

cell) and used for cell-based high-throughput screenings assay towards small molecules 
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192-196. The Gs/Gq-coupled GPCRs stimulate cAMP production, whereas Gi/Go-coupled 

GPCRs inhibit cAMP production. The intracellular cAMP level can be directly reflected 

by luminescent intensity in different subcellular localisations. It has developed into a 

broadly applicable screening assay based on intracellular cAMP level. 

 
The binding of β-arrestin to activated GPCR causes receptor desensitisation (receptor-

arrestin complex endocytosis) and inhibit the GPCR signalling pathway. During the 

desensitisation, the ligand is removed and the receptor is recycled back to the cell 

membrane (Figure 1.9). β-Arrestin linked with a green fluorescent protein (GFP) tag can 

be used in genetically engineered cell lines. The β-arrestin movement can be monitored 

during the recycling process 197,198. Lastly, another technique of bioluminescence 

resonance energy transfer (BRET) measures changes in light emission based on the 

interaction between an electron donor attached to β-arrestin and an electron acceptor 

expressed with target GPCR 199,200. 

 
GPCR is one of the most heavily investigated protein targets, with an exponentially 

increased number of publications 201,202. The structural determinations of GPCRs allow 

better understandings of GPCR functions. 

 
1.2.2 Structure-based knowledge of GPCRs 

GPCR structures facilitate the structure-based drug discovery towards many diseases and 

contribute better understanding of the underlying physiological roles of GPCRs. Three 

methods currently used for GPCR structural determinations are cryogenic electron 

microscopy (cryo-EM), nuclear magnetic resonance (NMR), and X-ray crystallography. 

The GPCR structural determinations were convoluted and torturous in the early stage. 

The GPCRs are typically heavily post-translationally modified by glycosylation, 

acylation, and phosphorylation, herein these modifications lead to heterogeneous 

receptors on the cell membrane 203. The other difficulties for GPCR structural 
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determination include intrinsic protein instability, low natural abundance, toxicity during 

overexpression, and difficulties in purification and crystallography.  

 
The bacteriorhodopsin, a proton-pumping membrane protein, was used to gain the first 

insight into membrane protein structure by cryo-EM, since it has an organised pattern in 

two-dimensional crystals. The first bR structure gave a resolution of 7 Å in 1975 204. Since 

then, a better resolution closer to 3 Å has been attempted. The first three-dimensional 

atomic resolution structure of purple bacterium Rhodopseudomonas viridis was 

determined in 1985 205. The landmark in the GPCR research was the structure of bovine 

rhodopsin by X-ray crystallography in 2000 at a resolution of 2.8 Å 206. It was the first 

GPCR crystal structure obtained. It took another seven years to develop more advanced 

technologies and systematic methods for human β2 adrenergic receptor (β2AR) structure 

determination in 2007 207,208. It was the first human high-resolution GPCR crystal 

structure with a diffusible bound ligand. This structure showed GPCR binding with a 

partial inverse agonist and illustrated how GPCR was activated. 

 
Among the five GPCR classes, rhodopsin-like receptors are the most heavily studied to 

date (Figure 1.10 (A)) and these structures provide a basis for the homology modelling, 

drug design, and functional studies for other classes of GPCRs 202. Despite the fact that 

GPCRs are such important therapeutic targets, only 48 unique GPCR structures (totally 

220 available GPCR structures) from four GPCR families are solved (Figure 1.10 (A)). 

This is a small component of the 741 unique MP structures (totally 1,337 available MP 

structures including GPCR structures) and accounts for only 1% protein structures 

deposited in PDB (totally 137,322 available protein structures) thus far 209-212. The 

challenge is because of the extreme difficulty in obtaining good quality and quantity of 

GPCR crystals from the cell expression systems. 
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Figure 1.10: Advances in GPCR structural determination.(A) The ladder type of 

phylogenetic tree of solved human GPCRs is generated by GPCRdb (http://docs.gpcrdb. 

org). The alignment is based on amino acid sequences of seven transmembrane domains 

(TM1 - TM7). The phylogenetic distance is calculated by neighbour-joining method. The 

branch lengths are even. The annotations of “R”, “L” and “C” on the top of the coloured 

vertical stripes represent “receptor family”, “ligand type” and “class” respectively; (B) 

The total number of published GPCR structures each year since 2000. 
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There has been an exponential growth of solved GPCR crystal structures since 2007 

(Figure 1.10 (B)). This fast growth is due to a number of technological advances since 

2007, such as stabilising mutagenesis 213, protein engineering 214-216, expression hosts 

development, conformation-selective nanobody development, stabilising ligands 

screening, lipidic cubic phase (LCP) crystallisation 217, new mild detergents, X-ray free-

electron laser (XFEL), single particle electron microscopy (EM) analysis and microfocus 

synchrotron beamlines 215. 

 
The amphipathic GPCRs reside in an insulated phospholipid bilayer, and have a 

prominent seven-helical transmembrane (7TM) structure (Figure 1.11 (A)). Even though 

GPCRs may have little sequence similarity, they all have well-conserved 7TM 

architecture 112. The GPCRs contain several conserved motifs that are important in 

receptor structures and functions. For instance, each α-helix or transmembrane (TM) 

region consists of 25 - 35 consecutive hydrophobic residues 218. These seven α-helices 

(TM1 - TM7) form a receptor in a counter-clockwise manner, starting from extracellular 

N-terminus until intracellular C-terminus (Figure 1.11 (A)). The 7TM bundles are 

connected by hydrophilic extracellular and intracellular loops (ECLs or ICLs), i.e. three 

extracellular loops (ECL1 - ECL3), three intracellular loops (ICL1 - ICL3) and followed 

by a short cytosolic helix (eighth helix or H8) resting in parallel to the cell membrane. 

The other conserved GPCR features include a disulphide bond between ECL2 and TM3, 

a D[E]RY motif at the interface of TM3 and ICL2, a hydrogen bond (or ionic lock) 

between D[E]RY motif in TM3 and D/E residue in TM6, a CWxP motif in TM6, and a 

NPxxY motif in TM7 219,220. 
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Even though most solved GPCR structures have a similar barrel conformation, the seven 

α-helices of GPCRs tend to have different tilts and rotations to form different binding 

pockets, sizes, ECL shapes, electrostatic forces of bound ligands 202. The loops and 

transmembrane regions are flexible and display different conformations at active and 

inactive states. For example, the superposition of active and inactive A2AR structures in 

Figure 1.11 (B) suggests that the transmembrane helix has a propensity to bend upon 

activation. In general, the distinctions of GPCR structures are noticeable on the 

extracellular domain (ECD) half side (including ECL and extracellular N-terminus), 

intracellular C-terminus, and intracellular loop three (ICL3). These distinctions are not 

only identified across different GPCR families but also within the same GPCR family 221. 

The ECL and ECD regions show pronounced diversities for their secondary structures 

and disulphide crosslinking patterns, which are evolved for different accessibilities to 

different ligands 221,222. On the contrary, the ICL-TM half side of GPCR is more 

conserved than ECL-TM half (except for ICL3). The ICL and ICD regions interact with 

downstream effectors, such as heterotrimeric G-protein, β-arrestin or other downstream 

signalling messengers 151,222. 

 
Except for several ligand-free GPCR structures, 223-227, most solved GPCR structures are 

in complex with diffusible ligands of antagonists, agonists or inverse agonists which are 

important to stabilise the GPCR. The inactive state of the receptor is considered to be 

more stable and less conformationally heterogeneous than receptor at active state 154. 

Therefore GPCR structures are usually solved at the inactive states with antagonists 

binding first, followed by the structures at agonist-bound active states, such as CB1 149,150, 

A2AR 228-231, and β2AR 207,232,233. The structures of both states provide a snapshot of the 

conformational changes between inactive form and active form. 
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Figure 1.11: GPCR architecture.(A) The A2AR crystal structure (PDB ID: 4EIY). It 

depicts conserved GPCR features of extracellular domain (ECD), transmembrane 

domains (TM1 - TM7), intracellular domain (ICD), extracellular loops (ECL1 - ECL3), 

intracellular loops (ICL1 - ICL3), and sequences of D[E]RY, CWxP, and NPxxY; (B) 

The ECL-TM half side of A2AR makes more dramatic movement than ICL-TM half side 

from inactive state (red, PDB ID: 3EML) to active state (grey, PDB ID: 3QAK).  
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The structural study of GPCR provides a solid base to understand GPCR physiological 

mechanisms and behaviours. The information about the subtle differences between these 

closely resembled GPCRs is critical. It helps to understand ligand recognition, receptor 

activation, allosteric modulation and dimerisation of GPCRs. The new GPCR structures 

propel the pharmacological developments for the GPCR-related diseases and reveal the 

overall signalling transduction mechanisms. Class A GPCRs are typically activated by a 

small-molecule ligand, while class B GPCRs usually bind with larger peptide hormones, 

which are used for treating diabetes, bone diseases and obesity. It is imperative to have 

more structure information on non-rhodopsin-like GPCR family. To understand the 

GPCR signalling pathway at cellular level, it is also important to determine the complex 

structure of GPCR coupling with intracellular effectors (such as G-protein and β-arrestin). 

There are only several complex structures available 234-243. Additionally, the structural 

determination of GPCR dimer or oligomer is also important for understanding GPCR 

signaling transduction mechanism and functions. Last but not least, the stabilising ligand 

of GPCRs helps crystallisation, GPCR deorphanisation, and drug discovery. As a result, 

the development of ligand identification methods towards GPCR is an important goal for 

the academic society and pharmaceutical industry. 

 
1.2.3 Two neurological disease-related GPCRs – A2AR and α2AR 

In the human body, the purine nucleoside of adenosine is an important modulator that 

maintains physiological functions in heart 244,245, kidney 246,247, lung 248, bone marrow 249, 

liver 250,251, immune system 252-254, and nervous system 255. Four types of adenosine 

GPCRs are discovered in the mammalians, which are receptors of A1, A2A, A2B and A3 

256. These receptors use adenosine as preferred endogenous agonist. The activation of 

adenosine receptors will transduce the signal through different families of G-proteins (Gs, 

Gi and Golf). The classification of A1, A2 and A3 is based on the effect of inhibiting (Gi) 

or stimulating (Gs) the adenylyl cyclase (AC) release. The A1 and A3 receptors are usually 
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coupled with Gi, while A2 is coupled with Gs and Golf. For secondary messengers (Figure 

1.9), both adenosine A2A receptor (A2AR) and adenosine A2B receptor (A2BR) stimulate 

the cAMP formation and mobilisation of intracellular Ca2+ 257. Among these four 

adenosine receptors, A2AR is the most well-studied receptor, which is widely distributed 

across blood vessels, smooth muscle, endothelium, lymphatics, sympathetic and 

parasympathetic nervous systems 258. It involves in many physiological and 

pathophysiological conditions. For example, it is responsible for immune-mediated 

inflammation diseases 244,248,259-268, Parkinson’s disease 23,24, epilepsies, sleep disorders, 

pain, drug addictions 269-272, and neuroprotections from ischemia, stroke, post-traumatic 

brain injury, and excitotoxicity 247,251,255,273-284. The A2AR knockout mice show slower 

pain stimuli but increased platelet aggregation, heart rate and blood pressure 285. It 

indicates that A2AR is important in regulating glutamate and dopamine release in the brain, 

and responsible for increasing the blood flow to the myocardium by causing the 

vasodilation of coronary arteries 286. Some epidemiological evidences and behaviour 

studies also support a correlation between A2AR and neurodegenerative disease of PD. 

For example, theophylline and caffeine are well-known A2AR antagonists. The tea and 

coffee drinkers show a lower risk of PD 287-290. Additionally, alcoholism is reported to 

increase the risk of PD 291. While A2AR level shows a correlation with alcohol drinking 

behaviour 292. 

 
A2AR is co-expressed with dopamine D2 receptor in striatopallidal neurons or basal 

ganglia where these two receptors form a heterodimeric complex and functionally oppose 

to each other 293,294. For instance, the stimulation of A2AR activity will induce the decrease 

of D2 receptor affinity to dopamine. The primary pathology of PD is known to be the loss 

of nigrostriatal dopamine and lead to the reduction of dopamine D2 receptor activity 

295,296. Hence, A2AR selective antagonist of 8-[(E)-2-(3,4-dimethoxyphenyl)ethenyl]-1,3-

diethyl-7-methyl-purine-2,6-dione (also known as KW-6002 or Istradefylline)  
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inactivating the A2AR activity emerges as a potential non-dopaminergic therapy for PD 

295,297-300. An increasing numbers of A2AR antagonists are also tested on PD animal 

models and even progressed into clinical phase II trials 287,301. 

 
Another GPCR related to neurologic disorder is adrenergic receptors, which include α1, 

α2, β1 and β2 adrenergic receptors 302-304. Based on different human chromosomal 

localisations, α2 adrenergic receptor subdivides into α2A, α2B, and α2C adrenergic receptors, 

which are mostly associated with Gi heterotrimeric G-protein (G-protein signalling 

pathway) or phosphorylated by GRK2 (β-arrestin signalling pathway) 305-308. The α2A 

adrenergic receptor (α2AR) modulates the signalling transduction via cAMP and synaptic 

neurotransmitters (such as catecholamines: dopamine, noradrenaline/norepinephrine and 

epinephrine/adrenaline) in central and peripheral nervous systems 309-312. α2AR is 

important for the proliferation of intestinal epithelial cells 313,314, potassium channel 

activation 315, blood pressure 316, and some cognitive behaviour disorders (such as 

attention-deficit, impaired memory, hyperactivity, depression, stress, analgesia and 

anxiety) 309,317-324. In conclusion, these two GPCRs are therapeutically relevant to 

inflammation, psychiatric disorders and neurodegenerative diseases (Huntington’s 

disease, Alzheimer’s disease, Parkinson’s disease, multiple sclerosis) 325-327 (Figure 1.12). 
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Figure 1.12: A2AR and α2AR distributions and physiological effects in the human body. 

The common implications of both A2AR and α2AR are indicated in the centre.  

 

1.3 Phospholipid environment for GPCR structure and function 

The natural cell membrane is a continuous lamellar bilayer, which serves as a protective 

barrier, regulates molecular trafficking, performs secretion, endocytosis, and signal 

transduction. It is composed of phospholipids, glycolipids, cholesterols, peripheral 

membrane proteins and transmembrane proteins. The traditional cell membrane model is 

called a fluid mosaic model 328. This model is supported by the lateral diffusions of MPs 

within the cell membrane. Phospholipid is an amphipathic molecule with a hydrophilic 

polar head and a hydrophobic acyl chain (Figure 1.13). There are four major classes and 

one minor class of phospholipids in mammalian cell membrane, i.e. phosphatidylcholine 

(PC), phosphatidylethanolamine (PE), sphingomyelin (SPH), phosphatidylserine (PS), 

and phosphatidylinositol (PI, an important signalling molecule such as PIP2 and PIP3) 

329,330. 
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Figure 1.13: Structures and shapes of different phospholipids and cholesterol.CxHy and 

CnHm correspond to acyl chains. (A) Cholesterol and common phospholipids in the cell 

membrane; (B) Positive curvature formed by inverted conical lipids (such as PE and PS); 

(C) Lamellar bilayer formed by cylindrical lipids (such as PC); (D) Negative curvature 

formed by conical lipids (such as oleic acid and cholesterol hemisuccinate); (E) Lamellar 

bilayer formed by inverted conical lipids and conical lipids.  
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The phospholipids are asymmetrically distributed across the membrane bilayer, where 

PC and SPH are located in the outer leaflet, while PE, PS and PI in the inner leaflet 331. 

The PS and PI are anionic lipids and result in a net negative charge on the cytoplasmic 

face of cell membrane 332. On the contrary, PC and SPH are zwitterionic in charge. 

Cholesterols are also dispersed throughout the phospholipid bilayers. The cholesterols 

maintain the integrity, fluidity, rigidity and function of cell membrane and play an 

important role as lipid rafts and signalling molecules 333. 

 
Besides the low cellular expression and intrinsically labile problems, GPCRs are also 

difficult to solubilise after removing from the cell membrane. GPCR is usually solubilised 

by surface-active surfactant or detergent 334. Cells are physically disrupted by hypotonic 

lysis buffer, followed by repeated dounce homogenisation. Then GPCRs are removed 

from their natural phospholipid bilayer by detergent solubilisation. To maintain the 

integrity of GPCR structures, mild detergent is used for solubilisation such as N-dodecyl-

β-D-maltoside (DDM), DM, or LMNG 335. Most GPCRs are labile during the 

solubilisation, and even slight disturbance may lead to structural misfolding, denaturation, 

aggregation, and sometimes degradation by proteases 217. Another major challenge for 

GPCR purification is to maintain the receptor in a functionally active, soluble, 

monodisperse, and homogeneous state. Therefore, other than directly solubilising GPCRs 

in detergent micelle, several techniques to maintain GPCRs at a native-like environment 

such as bicelle, amphipol, liposome, nanodisc, and styrene-maleic acid co-polymer lipid 

particle (SMALP) have been developed. These techniques facilitate the structural and 

functional studies (Table 1.2). 
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Table 1.2: Comparison of micelle, bicelle, liposome, nanodisc and SMALP. 

 Description Advantages Disadvantages 

Detergent 

micelle 

A hydrophobic 

environment 

applied for GPCR 

purification and 

crystallisation 

 Convenient; 

 Easy for use 

 GPCR destabilisation; 

 Need to screen expensive 

detergents; 

 Short storage period; 

 Alter conformation and 

thermodynamic which cause 

GPCR misfolding and 

function loss; 

 Maintain the detergent 

concentration above CMC in 

experiment; 

 Heterogeneous micelles in 

size. 

Liposome 

A sphere-shaped 

lipid vesicle 

containing one or 

more lipid bilayers. 

 More stable than detergent; 

 Non-toxic and flexible 

 Large; 

 Difficult to control size and 

lipid stoichiometry; 

 Heterogeneous diameters (30 

nm - 2.5 μm); 

 Large-size liposomes cause 

undesirable light scattering 

and complicate optical 

spectroscopy 

measurements; 

 Preclude ligand access; 

 Low solubility; 
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 Due to high curvature 

surface, liposomes are prone 

to aggregation when osmosis 

suddenly changes. 

Bicelle 

A mixture of long 

chain and short 

chain lipids with a 

specific ratio. The 

short chain lipids 

contribute high-

curvature. 

 Native-like environment; 

 Small size; 

 Can be used for NMR; 

 Can be used for 

crystallisation 

 Lipid mixture recipe is 

limited in availability; 

 Need to maintain lipid molar 

ratio in experiments; 

 Temperature changes cause 

phase change. 

Amphipol 

A complex of 

amphipathic 

polymer 

 Good stability; 

 Preserve the GPCR 

oligomer; 

 Low critical aggregation 

concentration; 

 Detergent-free 

 Larger than detergent 

micelle; 

 Can’t resemble the lipid 

environment. 

Nanodisc 

A native-like 

phospholipid 

bilayer encircled by 

two scaffold 

proteins (MSPs). 

 Mimic native-like 

phospholipid 

environment; 

 Better stability and 

activity than in liposome 

 Detergent-free 

 Improved GPCR stability; 

 Homogeneous particles 

with controlled sizes; 

 Real cell membrane has an 

asymmetrical charge/lipid 

distribution; 

 Need to optimise the lipids: 

MSP: GPCR ratio; 

 Need to optimise lipid and 

MSP species; 

 MSP (lipoprotein) has higher 

electron density than SMA in 
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 Oligomerization can 

happen; 

 Can be used for NMR, 

EM, SPR, cell-free 

expression, and other 

techniques; 

 Adjustable lipid 

compositions. 

 Ligand access from top 

and bottom; 

 Nanodisc structures are 

already defined. 

EM application; 

 MSP influences the 

functional/structural studies 

from the lateral side of 

GPCRs; 

SMALP 

(lipodisq) 

A complex with 

styrene maleic acid 

co-polymer (SMA) 

and lipid 

 Phospholipid 

environment; 

 Can be used for EM; 

 Homogeneity in particle 

size; 

 Magnesium concentration 

interferes the SMALP 

reconstitution; 

 Lack of structural 

characterisation 

saposin-

lipoprotein 

nanoparticle 

(Salipro) 

A complex of 

saposin scaffold 

protein and lipids 

 Promising in high-

resolution cryo-EM 

studies on membrane 

proteins 

 New technique without 

widely applied yet; 

 The thermostability and 

suitable for applying on MS 

is unknown 

 

Among these models, the nanodisc is an advantageous, well-established and versatile tool 

to maintains GPCR in a native-like phospholipid bilayer environment. Nanodisc not only 

controls the physical size by varying the MSP sizes (macro-environment), but also allows 
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the adjustment of lipid types and stoichiometry (micro-environment) for specific protein. 

Comparing to detergent micelle and liposome, nanodisc is a better and more powerful 

investigation tool for GPCR biochemical and biophysical studies. 

 

1.3.1 Self-assembled nanodisc for GPCRs 

MPs can be denatured or inactivated if it is extracted from the native cell membrane 

directly. In the 2000s, Sligar’s group first developed nanolipoprotein particle (NLP) or 

nanodisc technique in order to study the native architecture of a membrane protein of 

microsomal cytochrome P450 reductase in hepatic endoplasmic reticulum 336-339. The 

prototype of nanodisc is originated from human high-density lipoprotein (HDL) particle, 

which is formed by apolipoprotein A-1 or apoA-I 338,340,341. The HDLs are lipoprotein 

particles with variable sizes and rich in phospholipids, but poor in cholesterols 342-344. In 

human serum, the HDL particles involve in reverse cholesterol transport and highly relate 

to the risks of coronary artery diseases 345. ApoA-I is a 28 kDa protein with 243 amino 

acids, comprising 70% of HDL mass (Figure 1.14 (A)). ApoA-I is released from liver and 

intestine and enters into plasma. It consists of an N-terminal globular domain with 43 

residues and an amphipathic helix with ten tandem repeating units (eight segments of 22-

mer amino acid repeats and two segments of 11-mer repeats). Each repeat is punctuated 

by proline and glycine residues. The long repetitive helical structure in apoA-I is 

suggested to be evolved from internal gene duplication and function in lipid binding 346-

348. Furthermore, the lipid-free crystal structures of C-terminal apoA-I helices (PDB IDs: 

1AV1, 2N5E and 3R2P), full-length apoA-I (PDB: 2A01), and computational studies 

suggest a double belt conformation of apoA-I 349-359. It is also found that the deletion of 

N-terminal globular domain of apoA-I decreases the cholesterol contents in HDL but not 

change the apoA-I spherical structure (Figure 1.14 (B)). The removal of helix-1, 9 or 10 

impedes the HDL functions 360,361. Based on the knowledge of apoA-I, Stephen Sligar and 
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his colleagues developed a genetically engineered membrane scaffold protein (MSP) with 

deleted apoA-I N-terminal domains 338,340,341. 

 
Nanodisc, as its name suggested, is a discoidal self-assembled lipid bilayer and can be 

solubilised in detergent-free aqueous solution. The GPCR is encircled by two 

amphipathic helical MSP proteins (Figure 1.14 (B)). The interior side of MSP interacts 

and encircles the acyl tails of phospholipids and shields them from exterior aqueous 

solution. The MSP length determines the nanodisc circumference and could be adjusted 

by selective addition or truncation of MSP α-helix segment (Table 1.3). The adjustable 

property of MSP is necessary for GPCR oligomerisation. The average diameters of GPCR 

transmembrane domains are around 3 - 5 nm 341,362,363 and the sizes of nanodiscs range 

from 8 - 17 nm in diameter 364-366. Two popular MSP constructs for nanodisc 

reconstitutions are MSP1D1 with 9.5 - 9.7 nm in diameter, and MSP1E3D1 with 12.9 nm 

in diameter 367. The larger size of nanodisc has the potential to accommodate more GPCR 

transmembrane segments during the nanodisc reconstitution, such as rhodopsin and 

mGluR2 dimers in MSP1E3D1-encircled nanodiscs 368-370. The structure and 

compositions of nanodiscs has been successfully studied by gel filtration 371-373, small-

angle X-ray scattering (SAXS) 373-376, atomic force microscopy (AFM) 371, radiolabeled 

lipid titration 367, molecular dynamics simulation 377, and ESI-MS 378. 
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Figure 1.14: The apoA-I and MSP structures.(A) The full-length apoA-I structure (PDB 

ID: 2A01) displays a compact N-terminal four-helix bundle and two C-terminal α-helices; 

(B) The truncated apoA-I structure (Δ1-54, Δ121-142) with lipid-binding acyl tail (PDB 

ID: 2N5EB) forms a two antiparallel double belt. Schematic diagram of side-view (C) 

and top-view (D) of MSP1D1-encircled empty nanodisc.  
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The procedures for nanodisc reconstitution include (1) GPCRs overexpression in insect 

or mammalian cells, (2) solubilisation of cell membrane components in detergent, (3) 

purification of GPCR and MSP (ΔHis6) by immobilised metal ion affinity 

chromatography (IMAC), (4) incubation of membrane proteins (solubilised in detergent), 

phospholipids (solubilised in sodium cholate, SDS, DDM, or CHAPS), and MSPs in a 

stoichiometric-dependent manner, (5) initiation of nanodisc self-assembly by detergent 

removal. The detergent removal methods include dialysis or physical adsorption by 

hydrophobic adsorbents (Bio-Beads SM-2TM or Amberlite XAD hydrophobic beads) at 

optimal temperature, (6) protein and lipid aggregates removal by size exclusion 

chromatography (SEC) coupled to fast protein liquid chromatography (FPLC) system, (7) 

purification of GPCR containing nanodiscs by IMAC. Since hexahistidine (His6) tag is 

only present in GPCR, the empty nanodiscs will be removed in a wash step; (8) 

examination of final GPCR nanodisc yield and purity by NuPAGE gel electrophoresis 

(Figure 1.15 (A)). The homogeneity of final GPCR nanodisc particles can be analysed by 

dynamic light scattering (DLS) (Figure 4.7). The DLS analyses the fluctuations in the 

intensity of scattered light arising from the Brownian motion and diffusion of the particles 

of interest 379. It is a straightforward, non-invasive and rapid technique for characterising 

the particle size (spherical diameter) distributions and particle size variations in small 

quantities. 
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Figure 1.15: Nanodisc reconstitution procedures and membrane protein structures solved 

in nanodiscs.(A) Nanodisc reconstitution procedures; (B) Examples of solved MP 

structures in nanodisc: TRVP1 (PDB ID: 5IRZ) by cryo-EM, OmpX (PDB ID: 2M06) by 

NMR, and bR (PDB ID: 5BR2) by X-ray crystallography.  
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Even though the mechanism by which GPCRs are incorporated into self-assembled 

nanodisc remains elusive, the nanodisc has been successfully applied to many GPCR 

studies. It provides a native-like environment for proper GPCR conformation, function, 

and ligand interaction 380-382. The nanodisc also helps with the study of GPCR 

oligomerisation by adjusting MSP length and GPCR/lipid/MSP stoichiometry. Certain 

GPCRs exist as dimers or higher-order oligomers in living cells, such as rhodopsin, β1AR, 

β2AR, and GABAB 383-385. The stable dimers of β2AR 380,386, rhodopsin 369 and NT1 

receptor 387 have been reconstituted into nanodiscs, even though it is found that the 

oligomeric state of receptors interacted with G-proteins less efficiently than monomers. 

For example, the external stimuli of photons trigger the isomerisation of 11-cis-retinal 

(chromophore) to all-trans-retinal in rhodopsin. This retinal isomerisation induces a 

conformational change of rhodopsin and activates the downstream heterotrimeric G-

protein (Gt). The rhodopsin monomer and dimer are reconstituted into nanodisc separately. 

The stoichiometry for reconstituteing rhodospin dimer is 1:1:90 (rhodopsin: MSP1E3D1: 

phospholipids) with a diameter of 12.8 nm 366,369,388. The studies show that the rhodopsin 

in nanodisc (either rhodopsin monomer or dimer) is phosphorylated by GRK1 and bound 

to β-arrestin in a 1: 1 ratio, thus one rhodopsin is efficient for β-arrestin binding and signal 

transduction 368,389-391. 

 
What is more, the lipid compositions of nanodisc can also be adjusted. Lipid content is 

known to be critical for GPCR functions 392-396. The synthetic, natural and lipid extract 

mixture are available and applied to membrane protein activity studies. For example, the 

activities of MsbA (ABC transporter from E. coli) and proteorhodopsin (microbial proton 

pump) showed a correlation with lipid compositions in nanodisc. The MsbA in nanodiscs 

with different lipids (DMPC, DMPG, DLPC or DOPC) result in different lipid-dependant 

ATPase activities 397. Likewise, the proteorhodopsins in nanodiscs with POPC or DMPC 

show different photoactivities 366. The nanodisc containing long and unsaturated POPC 
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contributes to faster photocycle than nanodisc containing shorter and saturated DMPC. It 

is assumed that the long and unsaturated POPC well encloses the hydrophobic 

transmembrane domain of proteorhodopsin than DMPC. The other studies on CYP3A4-

CPR complex, respiratory complex II, and bacteriorhodopsin also show a lipid-dependant 

activities. For example, the CYP3A4-CPR complex in nanodisc containing anionic lipids 

shows an accelerated proton-coupled electron transfer rate 398-401. The anionic cardiolipin 

lipid is important for respiratory complex II activity 402, and the anionic DOPG/DMPG 

mixutre important for bacteriorhodopsin activity. 

 
Additionally, some studies demonstrate that nanodisc can preserve MP in a native state 

and assist MP refolding. For instance, the MPs can be solubilised and denatured in ionic 

detergent-like SDS buffer. Intriguingly, the denatured MPs are observed to undergo 

refolding in self-assembled nanodisc 334,403,404. Similarly, both folding and native 

unfolding intermediates of bacteriorhodopsin (bR) are observed in DMPC-containing 

nanodiscs by single-molecule atomic force microscopy (AFM) study, which suggests 

nanodisc can promote protein refolding process 405. 

 
Last but not least, nanodisc has a better ligand accessibility than detergent micelle and 

liposome in native-like environment. The scintillation proximity assay (SPA) is a 

sensitive technique to detect the presence of proximal radioligand to the protein target 

attached on scintillant beads within a distance of 8 µm 406,407. The combination of 

nanodisc and SPA technique is used to study the ligand binding affinity to the membrane 

proteins of LeuT and FhuA. The SPA results demonstrate that the LeuT and FhuA have 

higher bioactivities and ligand affinities in nanodiscs than that in detergent micelle 406,408. 
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These studies emphasise the advantages of incorporating membrane proteins or GPCRs 

in native-like and detergent-free nanodisc. Nanodisc is an stable, monodisperse and 

homogeneous biological membrane that contributes to minimal precipitation, degradation, 

aggregation, and structural misfolding under the experimental procedures (including 

buffer wash, buffer exchange, and long-time incubation with ligands) 409-414. Nanodisc 

also does not perturb the ligand accessibility to MP as that in detergent and liposome. 

 
1.3.2 Nanodisc reconstitution by different lipids and MSPs  

The MSP/lipid compositions of nanodiscs can be investigated by LC-MS/MS and 1H 

NMR 415. The hydrophobic side of MSP makes contact with the acyl chain of 

phospholipid, and the hydrophilic side of MSP orients outward to the solvent (Figure 

1.14). The number of lipids per nanodisc (NL) and the number of amino acids in MSP 

(NMSP) has a relationship of NLS = (0.423NMSP - 9.75)2, where S represents the mean 

surface area (measured in Å2) per lipid used to form the nanodisc. The quadratic 

relationship between the number of lipid molecules per nanodisc and the MSP length 

ensure the formation of flat two-dimensional nanodisc particle. The unsaturated POPC 

has a larger surface area than saturated DPPC, thus POPC containing nanodisc is more 

loosely packed than DPPC containing nanodiscs 338,365. In MSP1-encircled nanodisc, it is 

consisted of 130 POPC phospholipid molecules compared to 160 DPPC phospholipid 

molecules 365. The MSP1 and MSP2 are the first two MSP constructs introduced by 

Sligar’s lab 338 and some other MSPs are shown in Table 1.3. 
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Table 1.3: Different membrane scaffold proteins. The MSP diameters are determined by 

size exclusion chromatography and small angle X-ray scattering (SAXS).  

Scaffold 

variant 
Composition 

Molecular 

Weight 

(kDa) 

Diameter 

(Å) 

MSP1 FX-H1-H2-H3-H4-H5-H6-H7-H8-H9-H10 24.6 97 - 98 

MSP2 
FX-H1-H2-H3-H4-H5-H6-H7-H8-H9-H10-GT-H1-H2-

H3-H4-H5-H6-H7-H8-H9-H10 
48 95 

MSP1E1 FX-H1-H2-H3-H4-H4-H5-H6-H7-H8-H9-H10 27.5 104 - 106 

MSP1E2 FX-H1-H2-H3-H4-H5-H4-H5-H6-H7-H8-H9-H10 30 111 - 119 

MSP1E3 FX-H1-H2-H3-H4-H5-H6-H4-H5-H6-H7-H8-H9-H10 32.5 121 - 129 

MSP1D1 TEV-H1D (1-11)-H2-H3-H4-H5-H6-H7-H8-H9-H10 24.6 95 - 97 

MSP1D2 TEV-H2-H3-H4-H5-H6-H7-H8-H9-H10 N/A N/A 

MSP2N1 TEV-H1D (1-11)-H2-H3-H4-H5-H6-H7-H8-H9-H10-

GT-H1D (1-11)-H2-H3-H4-H5-H6-H7-H8-H9-H10 

N/A N/A 

MSP2N2 TEV-H1D (1-11)-H2-H3-H4-H5-H6-H7-H8-H9-H10 

-GT-H2-H3-H4-H5-H6-H7-H8-H9-H10 

45.5 150 - 165 

MSP2N3 TEV-H1D (1-11)-H2-H3-H4-H5-H6-H7-H8-H9-H10-

GT-H1D (1-17)-H2-H3-H4-H5-H6-H7-H8-H9-H10 

46 152 - 170 

MSP1E3

D1 
TEV-H1D (1-11)-H2-H3-H4-H5-H6-H4-H5-H6-H7-

H8-H9-H10 

30 128 

Note: FX denotes the N-terminal sequence of MGHHHHHHIEGR; TEV denotes the N-

terminal sequence of MGHHHHHHHDYDIPTTENLYFQG; H1D (1-11) denotes the 

helix I amino acid followed by deleted amino acid sequence in brackets. 
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The phospholipids used for nanodisc reconstitution include zwitterionic phospholipids 

(e.g. POPC, DMPC, DPPC, and DOPE), anionic phospholipids (e.g. POPS, DOPC, 

POPG, DOPG, DMPA, or DMPG, POPE), a multicomponent phospholipid mixture, 

natural soybean lipid extract, E. coli lipid extract, chicken egg PC lipid extract, and 

porcine polar brain lipid extract (Table 1.4). The considerations for phospholipid 

selection include natural lipid environment for particular MP, phase transition 

temperature, and lipid shapes. Different head groups and acyl chains determine the 

corresponding geometrical shapes (Figure 1.13). The ubiquitous PC lipids with large 

(methylated) headgroups form a cylindrical shape and self-assemble into a lamellar 

bilayer. This feature is similar to the cell membrane structure and maintain nanodisc 

sample optically transparent. However the non-bilayer lipids with much larger or smaller 

headgroups than acyl chains form conical or inverted conical shapes (Figure 1.13). The 

non-bilayer lipids are essential for junction formation, activities, curvature, and at a 

specific region 416,417. The lipid compositions not only influence membrane fluidity and 

surface charge, but also GPCR function and structure. Cell membranes from different 

species have different lipid compositions that are essential for proper protein structures 

and functions. For example, a phospholipid mixture of PE/PG/PC/CL is important for 

maintaining bovine cytochrome c oxidase structure, while only PC is identified to be 

important for paracoccus denitrificans cytochrome c oxidase structure 418. The presence 

of negatively charged lipids in zwitterionic lipids is found to be important for nanodisc 

stability and up to 100% negatively charged lipids have be used in experiments 419-421. 

 
The nanodisc possesses a similar phenomenon of phase transition as native membranes. 

The lipid thermotropic phases describe the lipid dynamics, which include 

ordered/disordered phases and fluid/gel/solid phases. For example, phospholipids are 

organised into ordered gel phase at low temperature, but disordered fluid phase or liquid 

crystalline phase at higher temperature. It is found that the phase transition of nanodisc 
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from gel phase to liquid crystalline phase is similar to that of native cell membrane 376. 

Notably, liquid crystalline phase is important for nanodisc self-assembly. The nanodisc 

reconstitution is essential to perform above lipid phase transition temperature or Tm 409.  

 
 
 
Table 1.4: Properties of some phospholipids used in nanodisc reconstitution. 

Name Charge 
Tm 
(ºC) 

Shape Applications 

POPC 

zwitterionic 

-2.6 cylinder 366,374,422-436 

DMPC 23 cylinder
364,366,405,422,432,434,437-

439 

DPPC 41 cylinder 364,440 

DOPE -16 
inverted 

cone 
364,404,422,436 

POPS 

anionic 

14 
inverted 

cone 
431,432,441-443 

DOPC -17 cylinder 422 

POPG -4 cylinder 364,374,434 

DOPG -18 cylinder 444 

DMPA 52 
inverted 

cone 
445,446 

DMPG 23 cylinder 364,422,432,434,444,446-448 

POPE 25 
inverted 

cone 
436,443 

Soybean polar lipid 
extract 

natural 
extract 

N/A N/A 

449-452 

E. coli lipid extract 422,452-456 

Chicken egg PC 
phospholipids extracts 

452,457,458 

Porcine polar brain 
lipid extract 

459 

 



 

48 

The molar ratio of GPCRs: MSPs: lipids is key to generating reproducible, stable and 

homogenous nanodisc (Figure 1.15 (A)). A high percentage of lipids in MSP/lipid/GPCR 

mixture contributes to an increased lipid aggregation during nanodisc self-assembly 

(Figure 4.4). Therefore, it is necessary to optimise the molar ratio prior to large-scale 

nanodisc reconstitution 338,371. Besides that, if detergent removes too fast during the 

incubation, it also contributes to increased amount of GPCR aggregation. 

 
1.3.3 Recent advances of nanodisc technique 

A wide range of MPs have been investigated in a nanodisc model with different 

topologies and oligomeric states, including cytochrome P450s 336,339,460, cytochrome P450 

reductase (CPY3A4) 337,400, monomeric and trimetric bacteriorhodopsin (bR) 371,374,405,461-

463, OmpA 464, OmpX 462, TRPV1 450,451, SNARE 413,465, and GPCRs of NK1R 362, µ-

opioid receptor 459, NTS1 362,369,380,415,459,466, monomeric and dimeric bovine rhodopsin 

receptor 340,369,389,390,467, monomeric and dimeric mGluR2 370, PTH1R 468, mouse olfactory 

receptor 469, endothelin A receptor, endothelin B receptor 470, β2AR 362,380,466, DRD1 362, 

and CCR5 471. Besides the incorporation of single MP species in nanodisc, an MP 

nanodisc library (MPNL) from bacteria 472, yeast 473 and mammalian cells 474 are also 

incorporated into nanodisc directly. Recent applications on nanodisc have been involved 

in many fields such as cell-free MP expression 422,470,475,476, MS (will be discussed in 

section 1.4.4), EM 413,450,451,465,477-479, AFM 371,405, surface plasmon resonance (SPR) 

397,441,480,481, NMR 445,482-486. The most recent advances are direct crystallisations of 

integral membrane proteins in nanodiscs 444,487. 

 
The structure determination for membrane protein remains to be challenging. Nanodisc 

makes it is possible to observe the MP structure directly by negative staining EM (2D 

image) and single particle cryo-EM (3D image) 477,488-490. The EM is known to have an 

observation difficulty for asymmetrical proteins with MW smaller than 64 kDa in theory 
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and smaller than 100 – 150 kDa in practice 477,491-495. Owing to the resolution revolution 

of cryo-EM in the past decade, some membrane proteins were resolved by cryo-EM after 

reconstitution into nanodisc, such as transient receptor potential cation channel subfamily 

V member 1 (TRPV1) 450,451, soluble NSF attachment protein receptors (SNARE) 

413,465,478, drug discharge outer membrane protein OprM 488, rabbit ryanodine receptor 

(RyR1), pore-forming TcdA1 toxin subunit 489, low resolution of apo mouse 5-HT3 GPCR 

receptor 479. Cryo-EM has been used to determine the atomic structures of GPCR 

complexes in detergents, such as A2AR (in complex with NECA agonist, mini-Gs, Gβγ 

subunits and nanobody Nb35) 240, class B GPCR of GLP-1 receptor (in complex with 

agonists, Gs, Gβγ subunits and nanobody Nb35) 237,241, class B GPCR of calcitonin 

receptor (in complex with peptide ligand Gs, Gβγ subunits) 234, and β2AR complexes at low 

resolutions 242,243. However, the non-routine sample preparation, low-resolution, slow 

data collection, large data size, radiation damage and image motion induced by electron 

beam limit the EM application on structural solving. 

 
Other recent advances include the cell-free expression system used for membrane protein 

structural and functional studies. The MPs are expressed and pre-assembled into 

nanodiscs or co-expressed with nanodisc components 496-500. In comparison with other 

membrane mimetics (detergents micelle, bicelle, and liposome), nanodisc enhances the 

yield, solubility and stability of membrane proteins. The cell-free expression in nanodisc 

decreases the potential cytotoxicity and low MP yield. It also avoids the use of detergent 

for MP solubilisation. The combination of cell-free expression system and nanodisc has 

been applied to receptor tyrosine-protein kinase ErbB3, the voltage-sensing channel of 

KvAP, bR 497, bacterial proton pump proteorhodopsin, multidrug resistance transporters 

of RmrE and SugE, phospho-MurNAc-pentapeptide translocase MraY 422, and human 

endothelin A and B receptors 470. 
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The SPR technique is also applied to ligand identification against MPs in nanodiscs 

441,480,481. The SPR is used to measure the association/dissociation constant (Kon/Koff) and 

binding affinity (Kd) between ligand and protein target. The binding partners (such as 

protein target) is immobilised on the surface of SPR chip and the solubilised ligands in 

solution flow towards the immobilised protein target. The binding event can be inferred 

by determining the refractive index change on the surface of SPR chip. In practice, SPR 

has already been used to measure the Kd of endothelin A and B in nanodisc against b-ET-

1 and b-ET-3 peptide ligands 470. Recently A2AR-GFP nanodisc was also studied by SPR, 

which showed a higher binding activity (i.e. 80% in nanodisc compared to 52% in 

detergent), faster association rate (Kon), and better stability than in detergent 501. These 

results suggest that nanodisc maintains the GPCR in a stable and active state. 

 
In conclusion, the benefits of nanodisc are: (1) the increase of protein solubility and 

stability; (2) protein at native-like state; (3) more biological relevance; (4) control the size 

and composition precisely and better homogeneity; (5) the extracellular and cytoplasmic 

sides of nanodisc remain to be unrestrictedly accessible to surrounding environment and 

ligand binding. These advantages are essential for the physiological, biochemical, 

structural, and ligand identification analysis of membrane protein (including GPCRs). 

 
1.4 Mass spectrometry (MS) 

Ligand can bind to a particular protein target as a "lock and key" model 502. The ligand 

molecules vary in sizes and classes, such as atoms, compounds, ions, nucleic acids, 

carbohydrates, vitamins or other proteins. A specific ligand binding to the active site of 

proteins can induce protein conformational change and regulate protein bioactivity 503. 

Various biophysical and biochemical approaches have been developed to study the 

protein-ligand interactions, including high-throughput screening (HTS), structure-
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activity relationship (SAR), structure-based design (SBD), fragment-based drug design 

(FBDD), nuclear magnetic resonance (NMR) and mass spectrometry (MS) (Table 1.5). 

  
The development of an automation system for HTS makes it possible to screen a large 

number of compounds (more than 100,000 compounds) against a biological target in one 

day 504,505. The ligands can be initially discovered by HTS, and the specific biological 

functions (such as synaptic transmission, enzyme catalysis, signal transduction and 

immune response) can be elucidated later on 506. However, there are several limitations 

for HTS, including fluorescence quenching by inner-filter effect in the 

radiochemical/fluorescence-based screening system, unknown fluorescent compounds, 

buffer composition influence, large compound library required, detection sensitivity 

limitation, mass resolution accuracy and quality of the sample 507-509. Therefore, it is 

recommended to conduct multiple HTS assays to validate the results and overcome the 

limitations 510. 

 
The structure-activity relationship (SAR) statistically analyses the relationship between 

three-dimensional (3D) chemical structures and their biological activities. It can be 

achieved by principal component analysis (PCA), discriminant analysis (DA), or 

correspondence factor analysis (CFA). The analysis of SAR cluster the initial HTS hits 

with similar bioactivity and bioaffinity, and determine the common chemical group 

responsible for the biological activity 511-513. Thus, SAR improves the potency and 

selectivity of drug design. The structure-based design (SBD) is in complementary to HTS, 

FBDD and SAR techniques. SBD relies on the knowledge on protein three-dimensional 

structure and it can work in parallel with other ligand identification methods. SBD 

includes virtual molecular docking by DOCK, Schrödinger or ZINC15 514-518 and 

molecular dynamics (MD) simulation 519,520. 
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Table 1.5: Biophysical (NMR, MS, SPR, thermal shift assay and X-ray crystallography), 

biochemical (HTS, FBDD, and ITC) and in silico SAR modelling methods for protein-

ligand interaction studies. 

Methods Advantages Disadvantages 

HTS 

 Fast and immediate (automation system 

can screen 105 compounds with various 

MWs in one day); 

 Not limited to target types (protein, cells 

or microorganisms) and compound 

information; 

 Highly sensitive detection methods; 

 Biochemical reaction volume and 

sample consumption can be minimized 

(e.g. 1,536-well microtitre plate); 

 Identification of high-affinity 

compounds (Kd in µM range) 

 

 Poor chemical space coverage and very 

diverse compounds; 

 Extensive HTS compound library; 

 Validation of positive target-ligand 

interaction from false positives hits; 

 Expensive automating system; 

 Protocol optimisation for reproducible 

data; 

 Pure and consistent samples (target and 

compounds) each time; 

 Development of analysis software and 

big data size; 

 Fluorescence-based HTS assay with 

better sensitivity than radiochemical-

based assay, but increased interference 
 

FBDD 

 Smaller compound library (thousands) 

and smaller molecular mass (< 300 Da); 

 Better coverage for physicochemical 

properties and chemical space; 

 Major scaffold structure is acquired from 

the common fragment binding 

structures. 

 Only modest to low affinity hits (100 

µM – 1 mM) are identified; 

 Subsequent structural optimisation to 

increase the binding affinity (medicinal 

chemistry); 

 Due to low affinity, medium to large 

quantity of target and fragment used for 

HTS and further confirmation  
 

SAR 

 

 In complementary to HTS; 

 Conclude a large set of chemical hits and 

classify into a smaller group; 

 Predictions based on hits information; 

 Identification of important functional 

groups on the chemicals 

 

 Predictions rely on computational 

model and software programming; 

 Structurally unrelated compound may 

be ruled out from predictions, so 

different classes of the compounds with 
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diverse physicochemical properties are 

required; 

 False correlation may arise from biased 

computational analysis 
 

SBD based on 

X-ray 

crystallography 

 Highly accurate; 

 Determination of structure and 

interaction with ligands at high atomic 

resolution; 

 No molecular weight limit. 

 Some proteins are difficult and time-

consuming for crystallisation; 

 No dynamic information from one 

crystal structure; 

 Need enough crystal sample; 

 Expensive and low speed 
 

Target-based 

nuclear 

magnetic 

resonance 

(NMR) 

spectroscopy 

 Detect biomolecules configuration under 

normal physiological conditions; 

 Observe dynamic information; 

 Non-destructive method. 

 

 Molecular mass limit (<30, 000 Da); 

 Large amount of sample required; 

 Difficult and time-consuming to analyse 

the spectrum; 

 Difficult for insoluble protein 
 

Surface 

plasmon 

resonance 

(SPR) 

 Monitor bindings in real-time; 

 Radio label-free (tagged); 

 Very sensitive; 

 Reusable SPR chip; 

 Automotive injection and measurement. 

 Some buffer composition can influence 

the kinetic analysis; 

 Need stable sample for immobilisation 

(no conformational change or disruption 

during experiments) 

 Heterogeneous surface condition can 

influence the binding and results 
 

Isothermal 

titration 

calorimetry 

(ITC) 

 

 Fast and direct measurement (label-free) 

without immobilisation; 

 Determined thermodynamic binding 

profile (binding enthalpy); 

 Reaction in native buffer system; 

 Non-destructive; 

 Result acquired in single experiment, 

with increased ligand concentration; 

 No MW limit 

 

 Large quantity and high concentration; 

 Non-specific binding also generate 

small binding enthalpy; 

 Slow and not high throughput; 

 Not suitable for low-soluble and 

unstable samples; 

Radiochemical/ 

 

 Real-time monitoring fluorescent 

signals; 

 

 Need reactive functional group in the 

biological sample; 
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fluorescence-

based assay 

(thermal shift 

assay) 

 Simple machine setup (only need 

suitable excitation and emission 

wavelengths); 

 Most dyes are commercially available; 

 Good sensitivity; 

 Can be high throughput (384/1536-well 

plate) 
 

 Interferences from storage buffer 

(DMSO) and fluorescent/coloured 

ligands; 

 Need to avoid light; 

 Safety for radioactive substances; 

 Fitting can be biased (linear relationship 

in certain range). 

ESI-MS 

 

 Fast; 

 Able to detect small amount of sample; 

 Able to observe protein in native state 
 

 Little structure information; 

 Destructive method; 

 Difficult for insoluble proteins. 

 

 

1.4.1 Native MS and affinity LC/MS 

MS is a primary technique for nucleic acid characterisation 521, protein analysis 522 and 

ligand identification 523. MS analysis is usually complementary to the HTS and other 

biophysical methods such as NMR, IR, Raman spectroscopy and analytical 

ultracentrifugation. It can be used to study the covalent or non-covalent interactions 

between protein and ligands. MS instruments are different in detection speed, resolution, 

sensitivity and mass range. Most MS instruments are comprised of five principal 

components: sample inlet, ion source, mass analyser, detector and data system (Figure 

1.16). The sample solution is introduced into the MS and evaporated into a gaseous phase 

through the inlet system either at atmospheric pressure or under vacuum. The gaseous 

droplets are ionised into cations by losing electrons (Figure 1.20 (A)). Different ions are 

separated by accelerating and focusing into a beam. Then this beam of ions is bent by an 

external magnetic field and separated based on the mass-to-charge ratio (m/z) in a mass 

analyser. Finally, they can be propelled towards the detector for measurement and 

analysing on computers. Over the past years, the improvement of ionisation and mass 

analyser techniques were the major driving force for MS development. 
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The assembly and dissociation of non-covalent protein-ligand complex is important for 

accomplishing protein functions in the human body. The non-covalent binding complex 

can be preserved by using a soft ESI source and transferred into various mass analysers 

at native state. These mass analysers seperate ions based on different principles, including 

quadruple electric fields (quadrupole MS), time-of-flight (Q-TOF MS), or selective 

ejection of ions from a three-dimensional trapping field (ion trap or Fourier transform ion 

cyclotron resonance MS) (Figure 1.16) 524. The conventional quadrupole analyser is the 

simplest instrument for mass-to-charge (m/z) determination. There are more analyser 

types with better resolution power are available nowadays, such as magnetic sector, ion 

trap, time-of-flight (ToF) and Fourier transformed ion cyclotron (FT-ICR). Nowadays, 

FT-ICR MS, Q-TOF MS, and Orbitrap MS are the most commonly used mass analyser. 
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Figure 1.16: General features and schematics of principal components in different MS. 

(A) five common components for most MS instruments (B) 12Tesla FT-ICR MS, (C) 

MaXis Q-TOF MS, and (D) Orbitrap MS. 
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There are two complementary MS-based ligand identification methods that are direct 

ligand detection by native ESI MS and indirect ligand detection by affinity LC/MS 

(Figure 1.17). 

 

Figure 1.17: The schematic diagram of direct native ESI MS and ultrafiltration-based 

affinity LC/MS workflow. 

 

The advantage of using direct MS detection method is that it can observe the binding 

event between protein and ligands straightforward. The native MS directly acquire the 

information about protein topology, protein dynamic information and non-covalent 

ligand-protein binding information, such as directly analysing the non-covalent binding 

complex by ESI-FT-ICR MS 525. The native ESI MS determines the protein mass-to-

charge ratio (m/z) rapidly and accurately. The mass and charge information can be 

calculated from the isotopic peaks by formulae: z = 1/ΔM, z is the protein charge, and 

ΔM is the difference between two isotopic m/z peaks (Figure 1.18). Subsequently, the 

molecular mass can be further determined by using average m/z multiplied by the charge. 
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Figure 1.18: An example of MSP1D1 mass spectrum resolved by native MS (ESI-FT-ICR 

MS and ESI-Q-ToF MS).(A) MSP1D1 isotopic peaks at charge state of +10 (ESI-FT-ICR 

MS); (B) at charge state of +20 (ESI-Q-ToF MS). The insert figures are the whole 

MSP1D1 protein spectrum with different charge states.  
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For instrument optimisation, it requires to tune the acceleration voltage and gas pressure 

to give an optimal ion desolvation and preserve the non-covalent complex during 

transmission 526. The protein samples for native ESI MS do not need any treatment or 

immobilisation procedures. The ESI-FT-ICR MS is a high-resolution MS instrument that 

can analyse large biomolecules including proteins, amino acids, and saccharides 527-529. 

Recently, some challenging molecules larger than 150 kDa are also solved by ESI-FT-

ICR MS 378,530. The MS allows the detection of protein-ligand complex in nanomolar or 

micromolar concentration. The non-covalent binding interactions, which include ionic 

bonds, hydrogen bonds, dipole-dipole bonds and van der Waals forces, are usually 

reversible and intrinsically fragile. It is common in biological processes such as 

transportation pathways, metabolism, and cell signalling pathway. Therefore the 

screening of reversible non-covalent binding ligand, which affects the protein bioactivity, 

is essential for drug development 503. The native ESI-MS is able preserve the non-covalent 

interaction within the instrument and detects the binding event. This technique has been 

used for studying the membrane proteins (including GPCRs) in recent years. 

 
However, the major limitation for native ESI-MS is the protein sample preparation and 

buffer selection, which is the key to high-quality mass spectra. The stability and solubility 

of the protein are also critical. As a result, most native ESI MS screenings still focus on 

soluble proteins since the sample homogeneity, solubility, and stability are better than 

MPs. Besides that, some protein storage buffers consist of large amount of non-volatile 

salts (such as NaCl, KCl, and MgCl2), anti-frozen agents, and surfactants. These reagents 

are non-volatile and incompatible with electrospray ionisation (ESI) technique. Thus the 

protein storage buffers are normally exchanged to a volatile ammonium acetate or 

ammonium bicarbonate at physiological pH for native ESI MS. However, these 

procedures highly rely on the stability and solubility of proteins. For unstable proteins, 

they may undergo partial or complete denaturation, unfolding, oligomerisation and 
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aggregation during buffer exchange. Therefore, it is not readily applicable to hydrophobic 

and unstable proteins. Moreover, native MS is still a low throughput screening method 

(several minutes per sample for data acquisition) until the invention of Nanomate® 

(Triversa). Nanomate® can be coupled with ESI MS and allowed for medium throughput 

capability. It allows the screening of 384 compounds or complex daily and consumption 

of only 50 - 200 pmol of proteins. 

 
Instead of measuring the protein-ligand complex by native ESI-MS, another MS-based 

ligand identification method by indirect affinity LC/MS is available (Figure 1.17). The 

affinity LC/MS provides a method to detect the binding ligands in a stable, sensitive and 

high throughput format. It has been successfully applied to ligand screening against 

various soluble protein targets 531,532. 

 

Figure 1.19: Identification of protein-ligand binding by affinity LC/MS from extracted 

ion chromatography (EIC).The binding index (BI) is calculated by integrating 

chromatography from each target versus control.  

 

As shown in Figure 1.19, binding index (BI) is the ratio between MS relative intensity of 

ligand binding to protein target comparing with that binding to negative control. The 

higher BI will indicate a relatively stronger binding affinity. The properties of GPCR 

instability and insolubility limit the screening efficiency and capability of native ESI MS. 

Our studies (in Chapter 5) indicated that affinity LC/MS could be applied to ligand 
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screening against GPCR nanodisc complex. The combination of nanodisc and affinity 

LC/MS techniques makes it possible to screen the ligands against unstable membrane 

proteins in a high-throughput manner. 

1.4.2 Ion source - The electrospray ionisation (ESI) 

The ion source is an essential component of MS where the ionisation (compounds, 

proteins or nucleic acids) occurs. The types of ion sources include thermospray ionisation 

(TSP), fast atom bombardment (FAB) electrospray ionisation (ESI), and matrix-assisted 

laser desorption ionisation (MALDI) 533. The MALDI and ESI are two common ion 

sources and have been used to detect protein-protein interaction and protein-lipid 

interactions. The ESI is an example of atmospheric pressure ionisation (API) source 

which ionises the sample at atmospheric pressure, followed by introducing the ions into 

a mass analyser in vacuum. The invention of ESI enables the production of intact heavy 

molecular ions (larger than 100 kDa) from a liquid phase 534-536. 

 
The highly charged ions are transferred from solution and intermediate highly charged 

droplets to gas phase by the assistance of electrical energy, dry gas flow, and high 

temperature in ESI source (Figure 1.20 (A)). There are three steps involved in ESI source: 

nebulization of sample solution into electrically charged droplets, droplet fission, and 

production of desolvated ions 537-539. In detail, the end of the microcapillary is a small-

diameter needle, which maintains a high electrical potential (typically 2 to 6 kV) between 

capillary and counter-electrode nozzle 534,537,540. A fine spray of highly charged droplets 

with the same polarity is generated from the tip of needle 541. As sample moves towards 

the counter electrode, a countercurrent flow of drying nebulising gas (e.g. N2) is 

introduced to ESI source. The nebulising gas with high temperature makes the solvent of 

charged sample droplets evaporate and makes the droplet sizes reduce. The drying gas 

continuously segregates the large ionic droplets into smaller particles. At a critical point 
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(Rayleigh limit) when the Coulomb repulsive force is greater than the cohesive force, the 

fission (Coulombic explosion) occurs. Lastly, the desolvated and multiple charged 

gaseous ions are produced 539,542. During the electrospray ionization, the positive/negative 

ions ([M+H]+) are formed by the addition of protons (H+), alkali cations (Na+ and K+), 

ammonium cations (NH4+), or proton abstraction ([M-H]-). For example, the molecule 

(M) in positive ion mode undergoes M + nH+ → [M+nH]n+ or M + Na+ → [M+Na]+, 

while the molecule (M) in negative ion mode undergoes M - nH+ → [M-nH]n-. Normally, 

positive mode is used for analysing samples that have function group readily accept 

protons (such as amide and amino groups in protein or peptide), and the negative mode 

is used for analysing samples that have function group readily lose protons (such as 

carboxylic acids and hydroxyls in nucleic acids and saccharides). The continuous stream 

of gaseous ions is transported from the region of atmospheric pressure ionisation source 

through the orifice and further into the higher vacuum chambers (quadrupoles, hexapoles, 

collision cells, and mass analyser) in the MS (Figure 1.20 (B)). From ESI source, a 

distribution of different charged molecular ions is emitted and sampled by a skimmer 

cone. 
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Figure 1.20: The schematic illustration of controlled-current ESI.(A) The mechanism of 

ESI. The figure is adapted from Ho et al., 2003; (B) A view of an electrospray source 

with the interface between the ion source in atmospheric pressure and the mass analyser 

in vacuum. The figure is adapted from de Hoffmann & Stroobant, 2007.  

 

 

ESI source is suitable for determining the protein structural information 543-545 and the 

binding of small molecules 546, protein-protein 547, protein-nucleic acid 548-550, DNA-drug 

539,551,552, antibody-antigen 525,534, protein-metal ion 553, and drug-DNA-protein complexes 

554. For analytical researches, the ESI source brings many benefits. Firstly, ESI part can 
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be readily connected to liquid chromatography (LC) system to separate complex mixtures 

537,555,556. ESI MS can also analyse the samples in solution at nearly physiological 

conditions of pH, concentration, and temperature 534. Due to the softness of ESI technique, 

weak non-covalent interactions can survive when transferring the complex from solution 

to gaseous phase without fragmentation happening 503,525,555,557-561. The observed protein-

ligand binding event in ESI MS is close to actual solution phase in most cases 525. The 

intact non-covalent bound complex may be fragmented when introducing the in-source 

collision energy/voltage. The nonspecific binding or low energetic aggregation can be 

reduced by designing a negative control with nonspecific binding affinity background 

525,562,563. 

 
However, the major limitation of using ESI is the requirement of using desalted samples. 

The ESI source is a constant-current electrochemical cell (Figure 1.20 (B)). During the 

formation of cations in the spray, electrons move from the sample solution to the electrical 

circuit and the ESI source maintains as electrical neutrality. If there are many inorganic 

ions (e.g. Na+ or K+) present in the solution, adducts will be formed due to the 

combination of neutral molecules with ionised inorganic ions other than protons. For 

example: M + iNa+ + jK+ → (M + iNa + jK)(i+j)+ instead of exclusive M + H+→ (M + H)+. 

Therefore, the high concentration of non-volatile salt inhibits the sample forming 

protonated ions and causing the signal suppression and poor signal-noise ratio 564,565. The 

ammonium acetate (NH4Ac) is a type of volatile salts, which produce gaseous forms of 

ammonia (NH3) and acetic acid (HAC) at high temperature. The buffer exchange to 

ammonium acetate will reduce the adduct formation in the capillary and improve the mass 

accuracy 566. Of note, non-volatile salt or surfactant is important for stability and solubility 

of membrane proteins (such as GPCRs). The narrower ESI emitter tips (less than 0.5 µm) 

will better resolve the signals of protein in non-volatile buffer 567,568. The development of 

low solution flow rate ESI sources of “micro electrospray” (nano-ESI ionisation source) 



 

65 

has dramatically improved the sensitivity of MS 523,569,570. The diameter of nano-ESI 

source can be as small as 0.2 µm comparing to normal ESI of 1 µm in diameter. 

 

1.4.3 Mass analysers - Fourier transform ion cyclotron resonance (FT-ICR) and 

time-of-flight (TOF) 

FT-ICR mass analyser determines the mass-to-charge ratio (m/z) of ion based on ion 

cyclotron resonance frequency (ωc) in a fixed magnetic field (B). When charged particles 

pass through a constant magnetic field (B), the particles will be under a magnetic force or 

Lorentz force (FM) perpendicular to the direction of magnetic field and make an circular 

trajectory motion according to the right-hand rule (Figure 1.21 (A and B)). To transform 

the ion cyclotron resonance frequency (ωc) to m/z (Figure 1.21 (D)), the Fourier 

transformation equation is m/z =  571,572. For the same charge state ions, the radius of 

the circular trajectory is inversely proportional to the mass of ion. The heavier ions, the 

less deflected than lighter ions. Thus the ions with different masses can be focused on the 

detector plate with varying the strength of the magnetic field. The ion with a spiral motion 

passes through a series of pumping stages with increasingly vacuum pressures. Finally, 

the ion falls into the ion trap which is known as magnetic field ICR cell (Figure 1.21 (C)). 

There is a trapping plate at the end of the ion trap, which prevents the ions from escaping. 

The ion trap is located inside a spatial uniform static superconducting high field magnet, 

which is cooled by liquid helium. 
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Figure 1.21: The principle of FT-ICR mass analyser and the outline of ESI-FT-ICR MS.(A) 

According to the right-hand rule, when a charged particle passes through a constant 

magnetic field, denoted as B, the particles will be under a magnetic force (FM) 

perpendicular to the direction of magnetic field; (B) The constant magnetic force (FM) in 

ICR cell will deflect the ion motion as a circular trajectory; (C) The ESI-FT-ICR MS is 

equipped with an external ESI ion source, differential pumping stages, ion transfer optics 

and an ICR cell. The ICR cell is located inside the superconducting magnet; (D) The 

detected oscillation frequency is converted to m/z ratio by Fourier transformation (FT). 

The figures are adapted from Gross & Roepstorff, 2011.  
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Time-of-flight (ToF) mass analyser is also extensively used in MS because of their 

convenience of use and calibration. ToF MS determines the mass-to-charge ratio (m/z) by 

measuring the ion’s “time-of-flight” when travel through a field-free ToF tube (Figure 

1.22). The ions are accelerated by an electric field (U) with known voltage after entering. 

The velocity (ν) of an ion is inversely proportional to m/z. For same charge ions, the 

heavier ions, the slower in speed. Therefore the ions with different m/z are separated in 

ToF MS. The ToF mass analyser with an addition of a quadrupole (Q) analyser is called 

Q-ToF mass analyser. The Q-ToF MS permits MS/MS analysis, collision induced 

dissociation (CID) and provides better accuracy for complex molecules. 

 

Figure 1.22: Schematic diagram of Q-ToF MS.It includes an ESI source, multiple 

quadrupoles (collision cell), a field-free flight tube and ion detector. This figure is adapted 

from Silvia & Amadeo, 2006.  
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Resolution and accuracy are important properties in defining the analytical capabilities of 

a mass analyser. The resolution of MS refers to the ability to differentiate two adjacent 

signals. For example, the resolution of two adjacent mass peaks, m and m+Δm, is m/∆m. 

The larger molecule, the greater number of charge states can be found from MS spectrum 

due to the larger molecular surface area. However, the spectrum at higher charge state 

will have a smaller spacing between two adjacent m/z peaks (i.e. Δm/z). In this case, the 

signals of large molecules need to be better resolved by a high-resolution MS 573 or 

dissociation into smaller fragments by collision energy (CID or CAD) in collision cells. 

In another way, buffers can be adjusted to higher pH, which makes proteins at lower 

charge states (z) and larger spacing between adjacent m/z peaks (i.e. Δm/z) 574,575. 

 
FT-ICR MS is one of the most sensitive methods for ion detection with a resolution above 

107 and accuracy as low as 0.1 ppm 571,576-580. The high resolution MS is also important 

for determining the mutation and disulphide bond formation in the protein. For example, 

the high resolution MS can differentiate between Asp and Asn, Leu and Asn, Ile and Asn, 

Glu and Gln, sulfhydryl groups (R-SH) and disulphide bond (R-S-S-R’) in protein 

samples 581. The Q-ToF MS is also a sensitive and high speed acquisition instrument that 

permits accuracy within 5ppm (1% corresponds to 10,000 ppm) 582. 

1.4.4 Recent MS advances 

Nowadays, MS plays a major role in biological research, pharmaceutical discoveries, and 

clinic applications. It provides an accurate and sensitive analysis method to investigate a 

subtle mass change within a complex sample (cell lysate, crude protein samples, protein-

protein complex, protein-ligand complex) during biological processes. Protein is an 

important drug target because it is responsible for modulating biological processes and 

functions in the human body. MS is an ideal technology for studying proteins, including 

protein-ligand identification, protein post-translational modification, and protein 
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quantification. For protein studies, MS is in complementary to nuclear magnetic 

resonance (NMR) spectroscopy, circular dichroism (CD), light scattering, X-ray 

crystallography, and electron microscopy (EM). The advantages and disadvantages of 

these technologies for identifying protein-ligand binding have been discussed and 

compared in Table 1.5. 

 
The most advantageous aspect of MS is less consumption of samples than other 

biophysical techniques due to its high sensitivity. It can recognise the protein molecular 

weight (native MS), regulatory binding sites (tandem MS/MS), complex compositions 

(native MS), stoichiometry, protein topology/folding/conformational changes (HDX MS) 

583,584, protein post-translational modifications (native MS), ligand/drug/cofactor 

identifications (native MS) 525, protein thermostability (denaturing MS), protein-protein 

interactions (native MS) 525 and inter-protein energetics during forming complex (native 

MS) 585 with small amount of sample. The MS revolution not only pushes the determined 

MW of protein over the limit of 150 kDa 378,530, but also study some complicated protein 

complexes. For example, nanodisc complex can contain and stabilise the membrane 

proteins for MS investigation. Nanodisc highlights the possibility of future membrane 

protein studies, such as subunit identification, stoichiometry chemistry, and interactions 

between lipids and MPs. Marty et al. (2012, 2014, 2016) used native ESI-MS to determine 

the molecular weight and polydispersity of intact empty nanodiscs and show that the 

intact ‘empty’ nanodiscs can be preserved in the gas phase 378,586,587. Han and his 

colleagues used direct proxy ligand ESI MS and nanodisc techniques to investigate the 

binding interactions (association constant, Ka) between a glycolipid (the lipid 

reconstituted in empty nanodisc) and a soluble protein called cholera toxin B subunit 

homopentamer (CTB5) 588. 
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The affinity LC/MS is an emerging application on MS methods, especially on drug 

discovery, ligand discovery, and clinical identifications (proteomics and metabolomics). 

The combination of sensitive MS and quantitative assay (affinity LC/MS) makes it 

possible to measure the ligand-protein binding affinity and specificity with low 

abundance of protein samples. The affinity LC/MS quantifies compounds by integrating 

intensities of the peaks in MS spectrum. The protein-ligand complex can be enriched by 

SPE/HLB column or microbeads (immunoprecipitation). The ligand preparation is done 

by methanol evaporation and re-solubilisation in a proper MS-compatible buffer. 

 
1.5 Project proposal 

Proteins are important pharmaceutical targets in biological research. Specifically, LRRK2, 

α2AR, and A2AR are implicated for neurodegenerative diseases, such as Parkinson’s 

disease and Alzheimer’s disease. The studies on these protein structures, functions and 

drug developments require the discovery of their binding ligands. MS is an important 

ligand identification method. However, the MS development for target proteins is limited 

by protein stability and solubility. For example, GPCRs are insoluble in MS-compatible 

salt buffer and require detergent for solubilisation and preservation. Therefore, α2AR and 

A2AR will be stabilised in nanodiscs to further improve their solubility and stability. The 

suitability of these protein targets (LRRK2 subdomains, α2AR nanodisc, and A2AR 

nanodisc) will be evaluated focusing on their stability, solubility, and homogeneity. The 

desired protein target(s) with good stability, solubility, and homogeneity will be applied 

to MS-based ligand identification method development. The ligand discoveries against 

LRRK2 and PD-related GPCRs will help with signalling transduction elucidation, GPCR 

crystallisation, GPCR deorphanisation, and drug development. 
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1.6 Aims 

① To clone, express and purify LRRK2 subdomains (Roc/GTPase, COR, and 

MAPKKK/kinase), A2AR, A2AR-GFP and α2AR (Chapter 2 and 3); 

② To evaluate the solubility, stability, homogeneity and yield of LRRK2 subdomains 

(Roc/GTPase, COR, and MAPKKK/kinase), A2AR, A2AR-GFP and α2AR (Chapter 2 

and 3); 

③ To reconstitute A2AR, A2AR-GFP and α2AR into nanodiscs (Chapter 4); 

④ To evaluate solubility, stability, homogeneity and yield of nanodisc complexes 

(Chapter 4); 

⑤ To develop an MS-based ligand identification assay (native MS or ultrafiltration-

based affinity LC/MS) against soluble and stable protein targets (Chapter 5). 
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Chapter 2 Cloning, expression and purification of LRRK2 subdomains 

(Roc/GTPase, COR and MAPKKK/kinase) 

 
2.1 Abstract 

PD is widely recognised as a multifactorial disease with risk factors of ageing, gender, 

ethnicity, pesticide exposure, protein misfolding, and genetic trait 4,15,16. LRRK2 is an 

important PD-causative factor and a relatively large protein (286 kDa) with multiple 

enzymatic domains. LRRK2 was discovered in 2004 and it is the only known homologous 

protein to LRRK1 in human. LRRK1 is reported to have an intermolecular controlling 

mechanism between the Roc/GTPase domain and the MAPKKK/kinase domain, and 

reported to also regulate the intramolecular protein target 67. LRRK1 and LRRK2 have 

similar protein domain organisations, thus LRRK2 is also proposed to have a similar 

reciprocal feedback loop that is responsible for PD pathogenesis. As there is no direct 

evidence on LRRK2 intracellular signalling pathway and no effective LRRK2-targeting 

drug, we aim to develop a MS-based ligand identification method towards LRRK2 

subdomains (Roc/GTPase, COR and MAPKKK/kinase) and use the ligand tool to 

elucidate LRRK2 signalling pathway and develop potential drug candidates against 

LRRK2-linked PD. In this chapter, we will introduce the cloning, expression and 

purification of three LRRK2 subdomains (Roc/GTPase, COR and MAPKKK/kinase) and 

evaluate the suitability of these LRRK2 subdomains for native MS. 

 
2.2 Results and discussion 

2.2.1 Physicochemical property prediction by bioinformatics 

The full-length human LRRK2 cDNA and protein sequences were obtained from 

GenBank, National Centre for Biotechnology Information (GenBank IDs: BC117180.1 

and NP_940980.3). The boundaries of Roc/GTPase, COR and MAPKKK/kinase domains 
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were defined according to the literature 589-591. The stability, solubility and other 

physicochemical properties of each LRRK2 subdomain were predicted by an online 

bioinformatics tool ProtParam (http://www.expasy.org/tools/protparam.html). Based on 

the LRRK2 amino acid sequence, physicochemical properties of molecular weight, 

isoelectric point (PI), aliphatic index, amino acid percentage, instability index, and grand 

average of hydropathy (GRAVY) were computed by ProtParam. 

 
The instability index and GRAVY value were calculated as important indicators for 

protein stability and solubility. The instability index represents the protein stability in a 

test tube. A stable protein has an instability index smaller than 40, while an unstable 

protein has an instability index above 40 592. The GRAVY value represents the protein 

hydropathy. When pH equals 7, the hydrophilic amino acids include arginine, lysine, 

glycine, asparagine, serine, glutamine and aspartate, while the hydrophobic amino acids 

include phenylalanine, isoleucine, tryptophan, leucine, valine, methionine, tyrosine, 

cysteine and alanine 593. The GRAVY sums hydropathy of all the amino acids at pH 7.0 

and is divided by the number of amino acids 594. More negative GRAVY values indicate 

the proteins are more hydrophilic. Based on instability index and GRAVY value, the 

boundaries of Roc/GTPase, COR and MAPKKK/kinase domains can be further 

optimised (Figure 2.1). 
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Figure 2.1: The instability index and GRAVY values of Roc/GTPase, COR and 

MAPKKK/kinase domains were calculated by ProtParam.The numbers below X-axis 

denotes constructs with different boundaries (start-end). The values next to Y-axis denote 

the instability index or GRAVY value.  

 

As Roc amino acid sequence increased from 1333 – 1500 (168 a.a.) to 1333 – 1878 (545 

a.a.), the protein became less stable and less hydrophilic (Figure 2.1 (A1) and (A2)). The 

Roc construct of 1333 – 1509 was predicted to be more stable than the literature 

recommended sequence of 1333 – 1510 (178 a.a.) 589-591. Both of these two constructs 
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(1333 – 1509 (177 a.a.) and 1333 – 1510 (178 a.a.)) were predicted as hydrophilic proteins. 

Therefore, the Roc sequence of 1333 – 1509 (177 a.a.) was selected as the cloning 

construct which was rich in lysine (10.2%), leucine (9.7%) and alanine (7.0%) but 

contained less cysteine (0.5%), tryptophan (1.6%) and tyrosine (2.2%). 

 
As the COR amino acid sequence increased from 1502 – 1878 (368 a.a.) to 1550 – 1878 

(331 a.a.), these constructs were all predicted to be unstable but hydrophilic (Figure 2.1 

(B1) and (B2)). The increasing amino acid length of COR domain caused the protein to 

be slightly unstable, but did not significantly change the hydrophobicity. The COR 

domain of 1511 – 1878 (368 a.a.) was the most stable construct and this construct was 

consequently chosen for COR expression. The chosen COR construct was rich in leucine 

(14.7%), glutamate (9.3%) and isoleucine (8.0%) but contained less threonine (1.1%), 

tryptophan (1.6%) and cysteine (2.1%). 

 
The MAPKKK/kinase constructs from 1879 – 2091 (213 a.a.) to 1879 – 2149 (271 a.a.) 

were predicted as stable and hydrophilic proteins (Figure 2.1 (C1) and (C2)). The 

increasing length of MAPKKK construct did not dramatically change the instability index 

but slightly affected its hydrophobicity. The MAPKKK sequence of 1879 – 2138 (260 

a.a.) was used for MAPKKK expression. This construct was rich in leucine (13.4%), 

alanine (8.2%) and glycine (6.7%) but contained less tryptophan (0.4%), cysteine (1.9%) 

and methionine (2.2%). 

 
2.2.2 Cloning of Roc/GTPase and MAPKKK/kinase domains using traditional 

restriction enzyme-based digestion and ligation method 

Three boundaries of adjacent LRRK2 subdomains (Roc/GTPase, COR, and 

MAPKKK/kinase) were determined by ProtParam. The plasmid strain of pET-22b(+) 

(Novagen) was used as the expression vector, to express the recombinant proteins of 



 

76 

Roc/GTPase, COR, and MAPKKK/kinase under the control of T7 RNA polymerase 

promoter and lac operon (Figure 2.2). 

 

 

Figure 2.2: Schematic diagram of pET-22b(+) expression vector, PCR products and 

expressed proteins.(A) Some important features of pET-22b(+), including plasmid size, 

restriction sites, lac promoter (lacI), multiple cloning sites (MCS), and ampicillin 

resistance (Ap); (B) The PCR product included a start codon (ATG), NdeI/XhoI 

restriction sites, and 6× His tag. The upstream T72 forward primer and downstream T7 

reverse primer were used for colony PCR and DNA sequencing; (C) The expressed Roc, 

COR and MAPKKK proteins included a lysine linker between protein and 6×His tag. 
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The COR domain was amplified and cloned in pET-22b(+) by Dr Christopher Love (my 

works on COR expression and purification will be covered later). The DNA sequences of 

Roc/GTPase and MAPKKK/kinase were first amplified by polymerase chain reaction 

(PCR) from the full-length human LRRK2 cDNA (MGC: 150789, IMAGE: 40125731). 

The DNA sizes of Roc/GTPase and MAPKKK/kinase domains were shown as 800 bp 

and 580 bp respectively on DNA agarose gel. The PCR conditions, template DNA amount 

and annealing temperature, were optimised according to agarose gel electrophoresis 

results (Figure 2.3). The sharp and intense bands indicated pure and large quantities of 

PCR products amplified in an optimal PCR condition. 

 

 

Figure 2.3: The optimisation of template DNA concentration and annealing 

temperature.(A) The PCR products in different lanes were amplified with different 

amount of template LRRK2 DNA; (B) The lanes were PCR products amplified at different 

optimised annealing temperatures.  

 

 

Figure 2.3 (A) indicated that 5 ng of template DNA amount produced the highest amount 

of PCR product. Additionally, the optimal annealing temperature to amplify Roc/GTPase 

and MAPKKK/kinase ranged from 50 °C to 52 °C (Figure 2.3 (B)). Because higher 

annealing temperature contributes to a higher PCR specificity, the annealing temperature 
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of 52 °C was chosen for PCR amplification. As a result, the Roc/GTPase and 

MAPKKK/kinase were amplified from 5 ng full-length LRRK2 cDNA at an annealing 

temperature of 52 °C. 

 
The amplified PCR products and pET-22b(+) vector were double digested with 

XhoI/NdeI (NEB). The DNA sequence of Roc or MAPKKK was subsequently ligated 

and subcloned into pET-22b(+) vector between XhoI and NdeI restriction sites (Figure 

2.2 (A)). However, NdeI restriction enzyme, which produces only two-base overhang, 

was previously reported to have lower digestion and ligation efficiency than XhoI 595. 

Therefore, the complete digestion of PCR products and pET-22b(+) vector by NdeI would 

increase the ligation success rate and prevent self-ligation. The NdeI digestion time was 

optimised from one to four hours, and sequentially digested by XhoI for another four 

hours (Figure 2.4 (A)). The digested products were separated by agarose gel 

electrophoresis. 
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Figure 2.4: Optimisation of digestion time and PCR product purification.(A) Sequential 

digestion of pET-22b(+) with NdeI followed by XhoI. Lane 1, GeneRulerTM 1 kb DNA 

ladder; Lane 2, 1 µg of undigested pET-22b(+); Lane 3 to lane 6, 1 µg of pET-22b(+) was 

digested by 20 units of NdeI from 1 hr to 4 hrs; Lane 7 to lane 10, after 1 µg of pET-

22b(+) was completely digested by 20 units of NdeI, pET-22b(+) was subsequently 

digested with 20 units of XhoI from another 1 hr to 4 hrs; (B) Lanes 1, 3 and 5 showed 

pET-22b(+), MAPKKK/kinase and Roc PCR products before XhoI/NdeI digestion. Lanes 

2, 4 and 6 were purified pET-22b(+), MAPKKK/kinase and Roc PCR products after 

XhoI/NdeI digestion.  
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The sequential digestion (Figure 2.4 (A)) showed that 20 units of NdeI can completely 

digest 1 µg of pET-22b(+) vector after four hours. The restriction enzyme buffers, PCR 

primers, and polymerase enzymes were removed using Isolate® II PCR purification and 

gel extraction kit (Bioline) prior to the ligation reaction. The quality and quantity of 

purified DNA were checked on agarose gel (Figure 2.4 (B)) and by Nanodrop® (Figure 

2.5). The Nanodrop® measured the ratios of absorbance at 260 and 280 (260/280), which 

was used to assess the purify of DNA sample. The pure DNA typically yields a 260/280 

ratio of 1.8 596. 

 

 

Figure 2.5: The quantity and quality of DNA were checked by Nanodrop.The samples 

included purified pET-22b(+) vector after double digestion, purified PCR products 

(MAPKKK/kinase and Roc/GTPase), purified PCR products after double digestion 

(MAPKKK/kinase and Roc/GTPase).  

 

 

The Roc/GTPase or MAPKKK/kinase was subcloned into pET-22b(+) vector and 

transformed into E. coli DH5αTM competent cells. The bacteria containing recombinant 

plasmids were grown as colonies on agar plates with 100 µg/mL ampicillin and screened 

by colony PCR. 
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2.2.3 Colony PCR and sequencing reaction 

Colony PCR was used to screen the E. coli DH5α colonies that contained the correct 

recombinant plasmids with Roc/GTPase or MAPKKK/kinase DNA sequence. The 

successful insertion of Roc/GTPase or MAPKKK/kinase sequence between XhoI and 

NdeI would generate a colony PCR product of 710 bp or 960 bp respectively. The E. coli 

DH5α colonies containing empty pET-22b(+) vectors would produce a colony PCR 

product of 275 bp. The T72 forward primer and T7 reverse primer were used to amplify 

the DNA sequence between XhoI and NdeI (Figure 2.6). 

 

Figure 2.6: The colony PCR products of MAPKKK/kinase and Roc/GTPase ligated 

products.The ligations were under different pET-22b(+) vector: PCR insert ratios (1: 3, 1: 

1 and 3: 1). The lane 49 (A2) and lane 51 (B2) were the negative controls containing 

empty pET-22b(+) vectors.  
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Most colony PCR products had a size of 275 bp, which was the same as negative controls 

of colony-49 (Figure 2.6 (A2)) and colony-51 (Figure 2.6 (B2)). These colonies contained 

empty pET-22b(+) vectors without Roc/GTPase or MAPKKK/kinase inserts. This result 

indicates a low digestion/ligation efficiency of NdeI that was previously reported 595. The 

colony-21 (vector: insert = 1: 1) produced colony PCR product of 960 bp which was 

consistent with the DNA size of MAPKKK/kinase (Figure 2.6 (A1)). The colony-17 

(vector: insert = 1: 3), colony-38 (vector: insert = 1: 1), and colony-48 (vector: insert =1: 

1) generated colony PCR fragment sizes of 710 bp, 600 bp and 300 bp respectively 

(Figure 2.6 (B1) and (B2)). The size of PCR product from colony-17 was consistent with 

the DNA size of Roc/GTPase. 

 
The colony-5 and colony-21 containing MAPKKK/kinase ligated products and colonies-

17, colony-38 and colony-48 containing Roc/GTPase ligated products were further 

examined by restriction digestion with XhoI/NdeI (NEB) and protein expression (Figure 

2.7). 
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Figure 2.7: The restriction digestion and protein expression of selected colonies.(A) The 

lasmids from colony-5 and colony-21 (MAPKKK/kinase ligated plasmids) were double 

digested by XhoI/NdeI; (B) The plasmid from colony-21 with correct insert DNA size 

was further checked by protein expression; (C) The plasmids from colony-17, -38 and -

48 (Roc/GTPase domain) were double digested with XhoI/NdeI; (D) The plasmids from 

colony-17 and -38 with correct insert DNA sizes were further checked by protein 

expression. "-" denotes the plasmids before XhoI/NdeI double digestion; "+" denotes the 

plasmids after XhoI/NdeI digestion.  
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The recombinant plasmids were extracted and purified using PureYieldTM plasmid 

miniprep system (Promega). The restriction digestion of recombinant plasmid from 

colony-21 generated two DNA fragments, 5.4 kb (pET-22b vector) and 780 bp 

(MAPKKK/kinase insertion). The molecular mass of expressed protein by colony-21 was 

30 kDa, which was the same as MAPKKK/kinase protein  (http://www.expasy.org/ 

tools/protparam.html). As a result, colony-21 might contain the correct recombinant 

plasmids with MAPKKK/kinase sequence (Figure 2.7 (A) and (B)). Similarly, double 

digestion of recombinant plasmid from colony-17 generated two fragments of 5.4 kb 

(pET-22b vector) and 530 bp (Roc/GTPase insertion). The molecular mass of expressed 

protein by colony-17 was 21.4 kDa, which was consistent with the molecular mass of 

Roc/GTPase protein (Figure 2.7 (C) and (D)). 

 
As a result, the plasmids were extracted from colony-21 (MAPKKK/kinase) and colony-

17 (Roc/GTPase) and amplified by Prism BigDye terminator cycle sequencing 3.1 kit 

(ABI) according to the protocol from Griffith DNA sequencing facility 

(http://www.griffith.edu.au/science-aviation/dna-sequencing-facility). The prepared 

DNA was submitted to the Griffith DNA sequencing facility and the sequencing results 

were confirmed with published full-length LRRK2 cDNA sequence (GenBank IDs: 

BC117180.1) by BioEdit software (SI 2 in Appendix). 

 

2.2.4 Expression and purification of Roc/GTPase, COR and MAPKKK/kinase 

domains 

The E. coli BL21: DE3 strain is deficient in lon and ompT proteases and under the control 

of Lac promoter of pET-22b 597. It was used to express Roc/GTPase (21.4 kDa), COR 

(43.9 kDa) and MAPKKK/kinase (30.2 kDa) domains. The protein was expressed in E. 

coli BL21 after induction with 0.4 mM IPTG at 37 °C for 4 hrs. The whole cell lysate 

before and after the induction was separated by SDS-PAGE and visualised by Coomassie 
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blue staining. The relative migration of each protein was compared in parallel with the 

PageRuler Plus pre-stained protein ladder (Thermo) (Figure 2.8). 

 
 

 

Figure 2.8: Expression of Roc/GTPase, COR and MAPKKK/kinase domains.Each 

protein was induced with 0.4 mM IPTG for up to four hours. The proteins were separated 

on 12.5% SDS-PAGE gel and visualised by Coomassie blue staining.  
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The results (Figure 2.8) showed that the recombinant proteins of Roc/GTPase, COR or 

MAPKKK/kinase were induced and expressed with 0.4 mM IPTG after four hours. The 

whole cell was applied to lysis and chromatography purification. To increase the protein 

solubility, the pH of lysis buffer was required to be around one unit away from the 

isoelectric points (PIs) of the protein. Because the theoretical PI values of Roc/GTPase, 

COR, and MAPKKK/kinase domains were 9.74, 5.79 and 7.74 respectively, the pH of 

lysis buffer was determined as 7.0. 

 
Around 3.5 g of wet bacterial pellet was collected from 1 L bacterial culture and the pellet 

was resuspended in 40 mL lysis buffer. The lysis buffers contained 50 mM Tris-HCl, pH 

7.0, NaCl, glycerol, 1 mg/ml lysozyme PMSF, and TritonX-100 (Figure 2.9 (D)). The 

concentrations of NaCl salt, Triton X-100, and glycerol were optimised to enhance the 

protein solubility. The soluble and insoluble fractions were separated by centrifuging at 

20,000× g for 30 mins. 

 

Figure 2.9: Optimisation of lysis conditions for Roc, MAPKKK/kinase, and COR 

domains.The “-IPTG” and “+IPTG” indicate the whole cell lysate without induction and 

whole cell lysate with recombinant protein induced. The “S” and “I” indicate the soluble 

and insoluble fractions after cell lysis.  
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However, when expressing the proteins in large-scales, a significant amount of each 

protein was observed in insoluble fractions under different lysis conditions (Figure 2.9). 

Since satisfactory solubility is an important requirement for native ESI-MS samples, these 

domains with low solubility were expected to experience difficulty for native ESI MS 

detection.  

The full-length LRRK2 was previously expressed in mammalian cells, and found to be 

unstable and insoluble. Various expression organisms had been reported to express 

LRRK2 subdomain previously, including E. coli, yeast and mammalian cells 32,38,74,598,599. 

In this experiment, the LRRK2 subdomains (Roc/GTPase, COR, and MAPKKK/kinase) 

were expressed at 37°C in E. coli BL21. Even though the Roc/GTPase, COR, and 

MAPKKK/kinase were predicted to have a reasonable solubility, the experimental results 

still showed these LRRK2 subdomains were low in solubilities. In other studies, the 

LRRK2 homologous proteins, including Roco4 kinase domain from Dictyostelium 

discoideum (PDB ID: 4F0F) and ERK2 protein from Rattus norvegicus (PDB ID: 5U6I) 

71-74, were also used to understand LRRK2 mechanisms. Based on existing proteins, 

genetic modification techniques can be used to solve the solubility problem in the future, 

such as addition of GST-tag, lowering the culturing temperature, and the use of different 

detergents in lysis buffer. In conclusion, the LRRK2 solubility problem would preclude 

these protein constructs from native MS studies. 
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2.3 Methods 

2.3.1 Online bioinformatics analysis 

The stability, solubility and other physicochemical properties of each LRRK2 subdomain 

were predicted by an online bioinformatics tool called ProtParam 

(http://www.expasy.org/tools/protparam.html). Based on the amino acid sequence of 

each LRRK2 subdomain, the ProtParam computed the protein physicochemical 

properties, such as amino acid percentage, protein molecular mass, isoelectric point (PI), 

instability index, aliphatic index, and grand average of hydropathy (GRAVY). 

 
2.3.2 Polymerase chain reaction (PCR) 

For Roc domain, forward and reverse primers were: 5’-TAT TAA CAT ATG AAC CGA 

ATG AAA CTT ATG ATT G-3’ and 5’- TAC TCG AGT TAA TGG TGG TGA TGG 

TGA TGC TTA AGG CTC TCG TTT ATG ATG GT-3’. For COR domain, forward and 

reverse primers were: 5’-TAT TAA CAT ATG AAG ATC CGA GAT CAG CTT G-3’ 

and 5’- TAC TCG AGT TAA TGG TGG TGA TGG TGA TGC TTT TCA AAT TCC 

AAC TCA TCA T -3’. For MAPKKK domain, forward and reverse primers were: 5’-

TAT TAA CAT ATG CAA GCT CCA GAG TTT CTC CTA G-3’ and 5’-TAC TCG 

AGT TAA TGG TGG TGA TGG TGA TGC TTG ACT AAT TCA GCT GAA TTC A-3’. 

All forward primers contained NdeI restriction sites (underlined) and all reverse primers 

consisted of XhoI restriction sites (underlined) and stop codons (in bold). Additionally, 

all reverse primers included exopeptidase-cleavable C-terminal hexahistidine tags (in 

italics). The reactions were performed by adding 0.5 - 5 ng template plasmid, 1.25 units 

AmpliTaq Gold® 360 DNA polymerase (Invitrogen), 1× AmpliTaq Gold® 360 Buffer, 1.5 

mM MgCl2, 0.2 mM dNTP and 0.4 µM forward and reverse primers in a volume of 50 

µL. The thermal cycle was: first denaturation for 10 mins at 95 °C followed 30 cycles of 

denaturation (30 s at 95 °C), annealing (30 s at 52 °C) and elongation (1 min/kb at 72 °C). 

A final elongation was performed for 10 mins at 72 °C. 
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2.3.3 Cloning by traditional restriction enzyme-based digestion and ligation method 

The DNA fragments in agarose gel were purified using an Isolate® PCR and gel kit 

(Bioline). Ten femtomole (30 ng) of double digested pET-22b(+) was ligated with DNA 

fragment of Roc, COR, and MAPKKK in the presence of a 1× ligase buffer (NEB) and 

five units of T4 DNA ligase (Fermentas). The ligation reaction was initiated by mixing 

purified double digested PCR products, purified double digested pET-22b(+) vectors, T4 

ligase buffer (Fermentas), and T4 ligase (Fermentas) overnight at 25 °C. The molar ratio 

of vector: insert was optimised from 1: 3, 1: 1 to 3: 1 in a volume of 10 µL. The amount 

of vector and PCR product was calculated using NEBioCalculatorTM (v1.3.7). 

 
The resulting recombinant plasmids of pET-22b-Roc, pET-22b-COR and pET-22b-

MAPKKK were diluted and transformed into E. coli DH5αTM competent cells 

(Invitrogen). The E. coli were grown as colonies on agar plates with 100 µg/mL ampicillin. 

The colonies containing different cloned plasmids were checked using colony PCR. 

 
2.3.4 Recombinant plasmid verification by colony PCR and DNA sequencing 

The colony PCR had the same thermal cycle and conditions as previous PCR for cloning 

each LRRK2 subdomains. The bacterial colony was removed from the agar plate with a 

pipette tip and resuspended in water. The resuspended colony was added to the PCR tube. 

 
2.3.5 Protein expression and purification 

Proteins were induced for expression by a chemical inducer called isopropyl-β-ᴅ-

thiogalactoside (IPTG). When optical density at 595 nm (OD595) reached 0.6 to 0.8, a 

concentration of 0.4 mM IPTG was added to the bacterial culture to induce the 

recombinant protein expression. The bacterial cultures were grown at 37 °C for another 

four hours after induction. The cultures were taken out every one hour for SDS-PAGE 

analysis and OD595 measurement. After four hours induction, the bacteria were pelleted 

by centrifuging at 4,000× rpm for 40 mins at 4 °C. About 3.5 g of wet weight E. coli pellet 
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was harvested from one litre of bacterial culture. The pellets were stored at -20 °C or -

80 °C until use. 

 
For each gram of cell pellet, 10 mL of lysis buffer (50 mM Tris-HCl, pH 7.0, 500 mM 

NaCl, 0.1 mM EDTA, 0.1 mM DTT, TritonX-100, 1 mM PMSF, and 1 mg/mL lysozyme) 

was used to resuspend the cells. The cell suspension was subjected to five cycles of 

freezing and thawing, followed by five rounds of 30 s of insonation by a 25 kHz ultra-

sonicator. The insonated samples were centrifuged at 20,000× g for 30 mins at 4 °C. The 

supernatant soluble fraction was stored temporarily at 4 °C until being subjected to 

affinity chromatography purification. 

 
A column volume (CV) of 3 mL nickel Chelating Sepharose fast flow (GE Healthcare) 

was poured into a 10mL chromatography column (BioRad). Before protein purification, 

the chromatography column was washed sequentially by 2× CV of 1 M sodium hydroxide, 

5× CV of sterilised distilled water, 2× CV of 0.2 M Nickel sulphate, 2× CV sterilised 

distilled water and 2× CV lysis buffer (50 mM Tris-HCl, 0.5 M NaCl, 20% sucrose, 

pH7.2). The bacteria lysate was loaded on the top of the column and collected in 50 mL 

Falcon tubes. Then, the column was washed with 2× CV of lysis buffer (50 mM Tris-HCl, 

0.5 M NaCl, 20% sucrose, pH 7.2) to remove any unbound proteins. 

 
The lysis buffers containing increasing imidazole concentrations (i.e. 10 mM, 50 mM, 

100 mM, 200 mM, 300 mM and 500 mM) were also washed through the chromatography 

column. Each fraction was analysed by SDS-PAGE. The fractions with purified eluted 

protein were pooled together and dialysed against buffer of 50 mM Tris-HCl, 0.5 M NaCl, 

20% sucrose, pH7.2, 0.1 mM EDTA, 1 mM DTT and 1 mM PMSF. 

 
The protein sizes and qualities were estimated by SDS-PAGE. The pellets were 

resuspended in 1× SDS sample buffer (50 mM Tris-HCl pH 6.8, 10% (v/v) glycerol, 2% 
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(w/v) SDS and 0.01% (w/v) bromophenol blue) and incubated at 98 °C for 10 mins. The 

samples were loaded onto 12.5% polyacrylamide resolving gel (1.5mm thick) with 5% 

polyacrylamide stacking gel (BioRad). All samples were loaded against PageRulerTM 

Plus prestained protein ladder (Thermo). The gels were run in a Mini-PROTEAN® cell 

system (BioRad) with 1× Tris-glycine running buffer at a constant voltage of 100 V. 

 
Upon the completion of gel running, the gels were removed from cassettes and rinsed 

once in distilled water for five minutes with rocking. The gels were stained for three hours 

or overnight in staining solution (40% methanol, 10% glacial acetic acid and 2.5 g/L 

Coomassie Brilliant Blue R-250) with rocking, followed by destaining in solution of 40% 

methanol and 10% glacial acetic acid overnight. 
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Chapter 3 Expression and purification of A2AR, A2AR-GFP, and α2AR 

3.1 Abstract 

Apart from the LRRK2 subdomains with solubility problems, another two 

neurodegenerative disease-related GPCR proteins (A2AR and α2AR) were also expressed 

for MS-based ligand identification method development. Unlike cytosolic LRRK2 

protein, the A2AR and α2AR are GPCR proteins with seven transmembrane domains 

located in the cell membrane. This class of cell membrane proteins are important drug 

targets because they control the communication with the extracellular environment and 

transduce the signals to downstream effectors. The ligand identification against GPCRs 

are important for GPCR deorphanisation, GPCR signalling transduction elucidation, 

GPCR stabilisation and GPCR crystallisation. Many isolation and preservation 

techniques to maintain GPCRs solubility and stability in vitro have been developed, such 

as detergent micelle and nanodisc. In this Chapter, A2AR A2AR-GFP, and α2AR were 

expressed, purified, and stored in DDM detergent buffers for a short period. The solubility 

and protein yield were assessed by NuPAGE electrophoresis and analytical size exclusion 

chromatography (aSEC). The stabilities of GPCRs were estimated by CPM 

thermostability assay and NuPAGE electrophoresis. The receptors (A2AR, A2AR-GFP, or 

α2AR), which had reasonable solubility, stability, yield, and homogeneity, were then used 

for MS-based ligand identification method development. 

 
3.2 Results and discussion 

3.2.1 Bioinformatics analysis for secondary GPCR structures 

GPCRs have a seven-transmembrane (7TM) structure, with hydrophobic transmembrane 

domains and hydrophilic extracellular loops or intracellular loops. The A2AR and α2AR 

belong to the rhodopsin-like GPCR family. Many A2AR crystal structures have been 

solved so far, yet no α2AR crystal structure is available. The complete amino acid 

sequences of A2AR (UniProt ID: P29274) and α2AR (UniProt ID: P08913) from Homo 
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sapiens were retrieved from an online bioinformatics tool called GPCRdb 

(http://gpcrdb.org/). In the delineation of secondary structures of A2AR and α2AR, the 

residue diagrams (or snake plots) were generated by GPCRdb. The snake plots of 

secondary structures showed conserved GPCR features, such as ionic lock, toggle switch 

(CWxP) and a conserved NPxxY sequence (Figure 3.1). 

 

Figure 3.1: Snake plots of A2AR (GenBank sequence ID: NP_000666.2) and α2AR 

(GenBank sequence ID: NP_000672.3) generated from GPCRdb (http://gpcrdb.org/). 
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The A2AR 600 and α2AR were genetically engineered GPCRs with C/N truncations, ICL3 

truncations, BRIL fusion partner replacement, and mutagenesis. These modifications 

made the highly dynamic GPCRs less flexible and more thermostable. The two-

dimensional topologies of A2AR and α2AR well resembled the general structure of 

rhodopsin-like GPCRs. 

 
3.2.2 Expression and purification of A2AR and α2AR 

The A2AR, A2AR-GFP and α2AR sequences were cloned into pFastBac1 vectors 

(Invitrogen), which were used to generate recombinant baculoviruses by Bac-to-Bac 

technique (Invitrogen). The baculovirus containing GPCR DNA sequences was used to 

infect the Spodoptera frugiperda (Sf9) insect cells and overexpress the GPCRs on insect 

cell membrane. The GPCRs were extracted from cell membrane by dounce 

homogenisation, ultracentrifugation, and detergent solubilisation. Because A2AR, A2AR-

GFP and α2AR contained 840 Da C-terminal hexahistidine tags, these tags facilitated 

protein purification by immobilised metal affinity chromatography (IMAC). The wash 

and elution fractions from Co2+-NTA chromatography of A2AR, A2AR-GFP and α2AR 

were examined by NuPAGE gel electrophoresis (Figure 3.2). 



 

95 

 

 

Figure 3.2: The NuPAGE electrophoresis of α2AR, A2AR and A2AR-GFP purifications (A, 

B and C). “W” and “E” represented “wash fraction” and “elution fraction”; (D) The aSEC 

profiles of purified A2AR with addition of different ligands. The aSEC height value 

(mAU280) indicated the amount of aggregation and monomeric species; (E) The 

normalised aSEC profiles of A2AR purifications with addition of different binding ligands. 

The data points were normalised against highest aSEC peak (mAU280) value and 

converted into percentage (%). It indicated the percentage of aggregation relative to the 

monomeric species.  

 

 

The NuPAGE gel electrophoresis results showed that A2AR and α2AR protein were present 

at 40 kDa and A2AR-GFP was at 65 kDa. The protein aggregations were shown at a higher 

molecular weight between 70 and 130 kDa. The target protein bands were slightly wider 

than the soluble protein bands due to glycosylation (Figure 3.2 (A), (B) and (C)). 

Aggregation 

Aggregation 

Monomer Monomer 
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Moreover, aSEC was used to analyse the stabilising effect of detergent and ligands to the 

receptors (Figure 3.2 (D) and (E)). A2AR was purified with the addition of different types 

of stabilising ligands, i.e. a high-affinity ligand of ZM-241385, a low-affinity endogenous 

ligand of theophylline, or with no ligand added. The addition of two different stabilising 

antagonists (ZM-241385 and theophylline) did not significantly improve the A2AR 

homogeneity, nor did it reduce aggregation. Of note, the apo-A2AR (without ligand added) 

showed an excellent stability and homogeneity. Because the presence of a binding ligand 

in protein target will sterically hinder the access of other ligands, the apo-state of A2AR 

was selected as an ideal screening target for MS-based ligand identification. 

 
3.2.3 Quantification using analytical size exclusion chromatography (aSEC) 

aSEC was used to check the protein homogeneity, differentiate aggregation and 

monomeric species, and quantify the protein yield. The relationship between peak height 

(or peak area) and amount of standard protein (bovine serum albumin, BSA) was plotted 

to assess linearity (Figure 3.3). 

 

Figure 3.3: The relationships between BSA amount and chromatographic peak area (A) 

or peak height (B). 
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The peak height (or peak area) of the protein chromatography showed a proportional 

correlation to the protein amount. The R-squared values (R2) of both aSEC standard 

curves were close to one (1), which indicated a good fit for linear regression. Moreover, 

the protein amounts calculated by peak height and peak area resulted in a similar value, 

thus the linear equations can be used to calculate relative ratio between the aggregation 

and monomeric species. 

 

    

Figure 3.4: The aSEC profiles of purified A2AR, A2AR-GFP and α2AR (A) and 

corresponding normalised aSEC profiles (B). 

 

Table 3.1: Quantification of A2AR, A2AR-GFP and α2AR yield in Figure 3.4 based on linear 

regression relationship in Figure 3.3. 

 
Height of monomer 

peak (mAU280) 

Amount (µg) for 

0.5 μL 

Total yield (µg) for 

1 L culture 

α2AR 108.86 35.89 1435.92 

A2AR 256.79 89.70 3588.00 

A2AR-GFP 62.57 19.06 1143.87 

 

(A) (B) 
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The aSEC profiles (Figure 3.4 (A)) showed that A2AR (3.5 mg/1 L culture) had the highest 

yield than the yields of α2AR (1.4 mg/1 L culture) and A2AR-GFP (1.1 mg/1 L culture). 

Because the molecular mass of A2AR-GFP is slightly heavier than the other two GPCRs, 

the A2AR-GFP (in green colour) showed a slight shift in the aSEC profiles. The 

normalised aSEC profiles (Figure 3.4 (B)) indicated that the apo A2AR and apo A2AR-

GFP had higher percentage of monomeric species compared to the apo α2AR. 

 
As a result, the apo A2AR has the highest yield and best homogeneity among these three 

apo-state GPCRs (A2AR, A2AR-GFP, and α2AR). It may be due to the fact that the A2AR 

construct is well-studied and well-optimised with many solved crystal structure, but the 

α2AR construct is still under optimisation for better homogeneity. The homogeneous apo 

A2AR can be directly used for CPM thermostability assay. 

 
3.2.4 CPM thermostability assay 

Cysteines are embedded in the interior of GPCRs to form disulphide bonds 601. During 

the thermal cycle (from 20 ºC to 90 ºC), GPCRs are denatured and interior disulphide 

bonds of cys-cys are broken. N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl] 

maleimide or CPM dye will react with exposed free cysteines and form covalent bonds 

with free thiol side chains, which generate a conjugate with fluorescent 

excitation/emission wavelength of 384/463 nm. The melting temperature (Tm) is the 

temperature at which it is half of the maximum fluorescence. CPM thermostability assay 

was performed to calculate the Tm of A2AR in DDM detergent and compare the stabilising 

effect of different known binding ligands (Figure 3.5). 
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Figure 3.5: The CPM thermostability profiles of A2AR DDM with different binding 

ligands (A) and the comparison of melting temperature (Tm) with apo A2AR (B).The 

addition of A2AR unrelated ligand (AM-6538) was used as negative control. “ns” denoted 

“not significant”, **** denoted the p-value < 0.0001, n = 4.  

 

The Tm of apo A2AR in DDM detergent micelle was determined as 51.06 ±2.61 °C (n = 

4), which was not significantly different from negative control of unrelated AM-6538 

ligand (52.07 ±0.96 °C, n = 4). However, the addition of stabilising binding ligands 

resulted in higher melting temperatures than apo A2AR (Figure 3.5 (B)). In general, the 

A2AR melting temperatures were dramatically increased by at least 10 ºC after adding 

ligands ZM-241385 (63.27 ±0.94 °C, n = 4), UK-432097 (71.15 ±1.39 °C, n = 4), SCH-

442416 (60.88 ±0.42 °C, n = 4), and SCH-58261 (61.38 ±0.33 °C, n = 4). The CPM assay 

compared the stabilising effects of different ligands to apo A2AR in detergent environment 

(HEPES/NaCl/DDM/CHS). 

 
The aSEC was also used to estimate how fast the apo A2AR aggregated over the storage 

period of four weeks at 4 ºC (Figure 3.6). 
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Figure 3.6: Stability of apo A2AR in DDM micelle at 4 ºC over storage period of four 

weeks.(A) The aSEC profiles of A2AR in DDM stored for up to four weeks; (B) The 

normalised aSEC profile. 

 

 

The aSEC results indicated that the detergent maintained the apo A2AR as relatively 

homogeneous at 4 ºC for up to two weeks (Figure 3.6). A significant aggregation appeared 

after storing for two weeks at 4 ºC. The percentage of A2AR aggregation accounted for 

6.90% of the total A2AR sample in the first week, compared to the percentage of 

aggregation after two weeks (16.58%) and four weeks (29.39%). 

 
The apo-state of A2AR, A2AR-GFP and α2AR were successfully expressed and purified in 

sf9 insect cells. This human A2AR construct was the same as the construct used for X-ray 

structure of agonist-bound A2AR 600. This construct consisted of a fusion protein of 

apocytochrome b562RIL (BRIL) in the third intracellular loop (ICL3). The C-terminus 

was truncated to residue A317 to stabilise the receptor and minimise the flexibility. 

Additionally, A2AR is a popular prototype for GPCR assay development 602-606. However, 

the apo α2AR showed a significant percentage of aggregation after purification, which 

indicated a necessity to add a stabilising ligand during purification. Because a high 

Aggregation 

Aggregation Monomer 

Monomer 
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percentage of aggregation in apo α2AR would influence CPM reacting with exposed 

cysteine side chains 601 and infer a false melting temperature, the homogeneous A2AR was 

used for CPM thermostability assay. 

 
The Tm of A2AR was measured and used to compare the stabilising effect of different 

ligands. Intriguingly, the addition of agonist of UK-432097 significantly increased the Tm 

of A2AR for around 20 ºC. As a result, this agonist-bound A2AR construct was likely to be 

stable in the active state. This CPM thermostability assay was easily set up for non-

fluorescently tagged ligands. However, the CPM assay has some limitations. For example, 

a fluorescent ligand can influence the absorption of UV at 384 - 463 nm during the 

detection. The CPM assay also lacked the binding information between ligand and protein. 

It did not exclude the possibility of unspecific ligand binding against GPCRs. Therefore, 

the establishment of MS-based ligand identification assay would be an important assay 

to understand the GPCR-ligand binding. 

 
The apo A2AR and apo A2AR-GFP showed the best stability and homogeneity compared 

to the other two GPCRs (A2AR-GFP and α2AR) in both CPM and aSEC assays. The apo 

A2AR can maintain its homogeneity in the DDM detergent micelle for less than two weeks 

at 4 °C (Figure 3.6). The A2AR, A2AR-GFP and α2AR will be further reconstituted into a 

phospholipid-like nanodisc to improve the stability and solubility. The thermostability of 

apo A2AR in detergent micelle will be compared with that in nanodisc environment. 
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3.3 Methods 

3.3.1 Secondary structure of GPCR proteins analysis by GPCRdb 

GPCRdb, an open-access GPCR database, was used to present the information about 

GPCR crystal structure in Protein Data Bank (PDB), single-point mutagenesis prediction, 

known binding ligands of receptors, and structure-based sequence alignment. The 

predicted mutagenesis and homologous sequences were used for optimising GPCR 

structure towards better thermostability. In our study, it predicted secondary structure 

and phylogenetic analysis of GPCRs. The residue diagrams (snake plots) were exported 

from “protein search” (http://gpcrdb.org/protein/) and the 2D topologies of receptors 

were demonstrated with full termini, loops, transmembrane domains, and conserved 

residues. The residues and positions were coloured and overstruck by clicking. The 

residue positions were indicated by both generic Ballesteros-Weinstein numbering 

scheme (with a conserved X.50 position in each transmembrane) and receptor-specific 

amino acid numbering scheme 607. The “phylogenetic trees” (http://gpcrdb.org/ 

phylogenetic_trees/targetselection) was generated based on GPCR transmembrane 

domain sequences and displayed by ladder representations 608. The interpretation included 

several coloured strips next to the receptor names, which were GPCR family, bound 

ligand type, and GPCR class respectively. 

 
3.3.2 GPCR expressions and purification 

The genetically engineered human A2AR 600 and α2AR constructs contained an N-terminal 

HA signal sequence followed by a FLAG tag, and a C-terminal 10× His tag. The A2AR 

and α2AR also consisted of a fusion protein of apocytochrome b562RIL (BRIL) in the 

third intracellular loop (ICL3) to enhance the thermostability and limit the ICL3 

flexibility. The A2AR was truncated to residue A317 to further stabilise the A2AR and 

minimise the flexibility at C-terminus. Based on this A2AR construct, a green fluorescent 

protein (GFP) tag was cloned to the C-terminus of A2AR construct by overlap phusion® 
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PCR. The A2AR, A2AR-GFP, and α2AR were cloned and expressed in a pFastBac1 vector 

(Invitrogen). The recombinant baculoviruses were generated by Bac-to-Bac system 

(Invitrogen) and infected into Spodoptera frugiperda (Sf9) insect cells. The passage 0 

baculoviruses were used to infect 5 mL of Sf9 insect cells at a density of 2 – 3 × 

106 cells/mL. The cells were scaled up to 1 L and grown at 27 °C for 48 hrs prior to being  

harvested. 

 
For large scale purification of the receptors, one litre of frozen Sf9 cell was thawed and 

dounce homogenised twice in the hypotonic lysis buffer that contained 20 mM HEPES 

pH 7.5, 10 mM NaCl, 10 mM MgCl2, 20 mM KCl, and protease inhibitor cocktail tablets 

(Roche). The disrupted cells were collected by centrifuging at 40,000 rpm for 35 mins. 

The dounce homogenisation was repeated another three times with the addition of 1 M 

NaCl in the hypotonic lysis buffer to remove the unwanted soluble and membrane-

associated proteins. The disrupted cell membrane pellet was resuspended in the buffer 

containing 50 mM HEPES pH 7.5, 800 mM NaCl, 2 mg/mL iodoacetamide. The cell 

membrane proteins were solubilised with 0.5% (w/v) DDM (Affymetrix) and 0.1% (w/v) 

cholesteryl hemisuccinate (CHS, Sigma) for another four hours. The cell membrane 

debris was separated from solublised cell membrane proteins through centrifuging at 

35,000 rpm for 40 mins, and the supernatant containing the GPCRs was collected. 

 
The A2AR, A2AR-GFP and α2AR contained 840 Da hexahistidine-tags at the C-termini, 

which facilitated protein purification by IMAC. In this case, the cobalt (Co2+)-NTA resin 

was used for affinity chromatography, because cobalt (Co2+)-NTA resin showed higher 

specificity than nickel (Ni2+)-NTA resin (but lower binding strength than Ni2+-NTA resin). 

As a result, a lower concentration of imidazole was used to elute the GPCRs from Co2+-

NTA resin. The solubilised GPCRs were incubated with TALON® Cobalt IMAC resin 

(Clontech) overnight in the presence of 20 mM imidazole. Then the resin was applied to 
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a gravity column (Poly-Prep, Bio-Rad) and washed by 20 column volumes (CVs) of wash 

buffer containing 50 mM HEPES pH 7.5, 800 mM NaCl, 0.05% (w/v) DDM, 0.01% (w/v) 

CHS, and 20 mM imidazole. The receptors were finally eluted out with buffer containing 

50 mM HEPES pH 7.5, 800 mM NaCl, 0.05% (w/v) DDM, 0.01% (w/v) CHS, and  220 

mM imidazole.  

 
Because SDS can induce the denaturation and aggregation of hydrophobic GPCR proteins 

403, NuPAGE Bis-Tris gel, which does not contain SDS, was used for gel electrophoresis. 

The protein samples were mixed with 4× LDS sample buffer (Novex) and separated on 

10% NuPAGE Bis-Tris gels. After Coomassie blue staining, the fractions containing the 

receptor were pooled together and concentrated using a 100 kDa cutoff concentrator 

(Sartorius). The final protein concentration was determined by colourimetric Bradford 

assay. All purification buffers and procedures were carried out at 4 °C. 

 
3.3.3 aSEC 

The purified GPCRs were applied to a Sepax Nanofilm SEC-250 column. The column 

was connected to an Agilent model 2000 HPLC system with a flow rate of 0.5 mL/min 

and signal detection set to 280 nm. The column was pre-equilibrated with HPLC buffer 

containing 50 mM HEPES pH 7.5, 500 mM NaCl, 2% (v/v) glycerol, 0.05% (w/v) DDM 

(Affymetrix) and 0.01% (w/v) CHS (Sigma). The samples and column were maintained 

at 4 °C throughout the analysis. To avoid the protein concentration out of the range of 

linear regression (Figure 3.3), the concentrated GPCR samples (A2AR, α2AR and A2AR-

GFP) were diluted 80 times by HPLC compatible buffer before injecting into HPLC for 

quantification. 
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3.3.4 CPM thermostability assay 

The N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide or CPM dye 

(Invitrogen, Carlsbad, CA) was a thiol-specific fluorochrome probe. The GPCR final 

concentration used for CPM assay was 0.015 mg/mL. The CPM dye was dissolved in 

dimethyl sulfoxide (DMSO) at a concentration of 4 mg/mL (stock concentration). The 

CPM final concentration was 0.007 mg/mL. The concentrations of all added ligands were 

100 µM. The incubation temperature was increased from 20 ºC to 90 ºC at a rate of 1 

ºC/min. The experiments were repeated four times (n = 4), and the significances of adding 

different ligands were statistically analysed by one-way ANOVA.  
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Chapter 4 Reconstitution of A2AR, A2AR-GFP, and α2AR into nanodiscs 

4.1 Abstract 

The apo/unliganded A2AR, A2AR-GFP, and α2AR were expressed, extracted, and purified 

in detergent micelle. The results in Chapter 3 showed that GPCRs maintained 

homogeneity in detergent micelle for less than two weeks at 4 ºC and the Tm of apo A2AR 

was around 51.06 ± 2.61 °C (n = 4). In ESI MS, protein analyte is subjected to high 

temperature dry gas flow, which assists in protein droplet evaporation in the ESI source 

before entering the quadrupole and mass analyser. As a result, the detergent-solubilised 

apo-state GPCRs are likely to aggregate and disrupt at high temperature in the ESI source. 

To overcome this challenge, a phospholipid-like nanodisc complex was prepared to 

contain the GPCR in a more stable and homogeneous state. The thermostability and 

homogeneity of GPCR in nanodisc were measured by CPM thermostability assay and 

size exclusion chromatography (SEC), and compared with that in DDM detergent micelle. 

The homogeneous and stable apo GPCR nanodisc complex with good yield was used to 

develop MS-based ligand identification method. 

 
4.2 Results and discussion 

4.2.1 Membrane scaffold protein (MSP) cloning by Overlap Phusion® PCR 

The PCR primers for overlap Phusion® PCR and mutagenesis PCR were designed as 

shown in Table 4.1. The schematics of experimental procedures are shown in Figure 4.1. 

The sequences of MSP1E2D1 (150 bp), MSP1E3D1 (250 bp), and MSP1 (750 bp) were 

amplified by PCR and separated on agarose gel (Figure 4.1 (B)). The 5’- and 3’-ends of 

PCR products (or megaprimers) contained sequences complementary to the cloning site 

in MSP1D1 cloning vector. The bands of PCR products at the correct sizes were excised 

and purified for further overlap Phusion® PCR (step A). 
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The megaprimers and MSP1D1 cloning vector were mixed for overlap Phusion® PCR 

(step B). The cloned plasmids were treated by DpnI enzyme digestion and selected by 

antibiotic resistance (step C). The plasmids were confirmed by DNA sequencing (SI 3 in 

Appendix). 

 

 

Figure 4.1: Schematic diagram of overlap Phusion® PCR for MSP cloning.Figure (A) was 

adapted from Bryksin & Matsumura, 2010. Figure (B) is the experimental illustration of 

overlap Phusion® PCR.  

 

 
The overlap Phusion® PCR cloning method (Figure 4.1) was used to create genetically 

engineered plasmids expressing MSP1, MSP1D1, MSP1E2D1 and MSP1E3D1. The 

QuickChangeTM site-directed mutagenesis was also used to mutate certain sequences 

within the pET-28a-MSP1D1 cloning vectors and create the plasmids expressing 

MSP1D2, MSP2N2, MSP2N3 and MSP1E1D1. 
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4.2.2 Expression and purification of MSP and TEV 

For small-scale expressions, the tobacco etch virus (TEV) protease and cloned MSP 

plasmid variants, MSP1 (24 kDa), MSP1D2 (24 kDa), MSP2N2 (45.5 kDa), MSP2N3 

(46.2 kDa), MSP1E1D1 (27.5 kDa), MSP1E2D1 (30 kDa), and MSP1E3D1 (32 kDa), 

were transformed into E. coli BL21 competent cells and induced with 0.4 mM IPTG 

(Figure 4.2). 

 

 

Figure 4.2: Small-scale purification of MSP variants.The “F”, “S” and “I” denote the 

“flow-through fraction”, “soluble fraction”, and “insoluble fraction” respectively. 

 

MSP1D2 

MSP1E1D1 
MSP1E2D1 

MSP1E3D1 

MSP1 

MSP2N2 MSP2N3 
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Gel electrophoresis (Figure 4.2) showed that different MSP variants were cloned into 

pET-28a-MSP1D1 vector and expressed in E. coli BL21 competent cells. MSP1D1 is one 

of the most commonly used MSP with a diameter of 9.5 - 9.7 nm and it can contain most 

GPCRs with diameter of 3 - 5 nm in average 341,362,363. Therefore, MSP1D1 expression 

was scaled up and purified for reconstitution of GPCRs in nanodiscs. In addition, 

MSP2N2 (second largest MSP with a diameter of 15 - 16.5 nm) was also scaled up and 

further purified. 

 
The MSP1D1 and TEV protease proteins with N-terminal His6 tags facilitated the affinity 

chromatography purification by Ni-NTA (Figure 4.3 (A)). The His6 tag of MSP1D1 was 

cleaved by purified TEV protease. The digestion ratio (w/w) between TEV protease and 

MSP1D1 (TEV:MSP1D1) was optimised from 1: 10 to 1: 100 and the MSP1D1 amount 

was maintained at 50 µg (Figure 4.3 (B)). The TEV and MSP1D1 mixtures were 

incubated at 4 ºC overnight (around 16 hrs). The digested MSP1D1 was purified by Ni-

NTA affinity chromatography again. The completely digested MSP1D1 without His6 tag 

(ΔHis6) was present in the wash fractions containing low concentration of imidazole (0 - 

20 mM). The incompletely digested MSP1D1 with His6 tag (+His6) was in the elution 

fractions containing high concentration of imidazole (400 mM). 
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Figure 4.3: The TEV purification (A) and MSP1D1 digestion optimisation (B).The “S”, 

“I” and “W” denote the “soluble fraction”, “insoluble fraction”, and “wash fraction” 

respectively. The “MSP1D1(ΔHis6)” and “MSP1D1(+His6)” denote the “digested 

MSP1D1 without His6 tag” and “incompletely digested MSP1D1 with His6 tag”.  

 

 

The digestion optimisation results (Figure 4.3 (B)) indicated the TEV: MSP1D1 (w/w) 

ratios of 1: 10 and 1: 25 was sufficient to digest MSP1D1 at 4 ºC overnight (around 16 

hrs). While, the TEV: MSP1D1 (w/w) ratios of 1: 50 and 1: 100 still showed incompletely 

digested MSP1D1 (+His6) at slightly higher molecular mass. After TEV digestion 

optimisation, the MSP1D1 (ΔHis6) was purified in large-scale for GPCRs reconstitution 

in nanodiscs. 

 
4.2.3 Nanodisc reconstitution 

For A2AR nanodisc reconstitution, the detergent-solubilised phospholipid mixture 

(POPC/POPS), A2AR in detergent and MSP1D1 were mixed at physiological pH 7.5 at 4 

ºC. The reconstitution ratio of GPCR: MSP1D1: lipids was optimised as 1: 2: 25, 1: 2: 50, 

1: 2: 100, 1: 5: 100: 250, 1: 5: 500, 1: 8: 200, and 1: 8: 400 (Figure 4.4). The A2AR 

nanodisc self-assembly was initiated after removing detergents by Bio-BeadsTM (Bio-Rad) 

from the mixture of A2AR, POPC/POPS, and MSP1D1. 
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Figure 4.4: A2AR nanodisc reconstitution ratio was optimised.(A) The reconstitution 

optimisation was analysed by SEC in small-scale; (B) The SEC profile was normalised 

to the highest peak value in the curve. The highest peak values were normalised to 100% 

and lowest values normalised to 0%; (C) The SEC profile of large-scale A2AR nanodisc 

reconstitution; (D) The purified A2AR in DDM. The “W” and “E” denote “wash fractions” 

and “elution fractions”; (E) The homogeneous A2AR nanodisc monomeric peak was 

purified by Ni-NTA chromatography. The “W” and “E” denote “wash fractions” and 

“elution fractions”.  

Aggregation 
Monomer 

Aggregation Monomer 

Aggregation 

Monomer 
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The reconstituted A2AR nanodisc, aggregations, and free MSP1D1 were detected and 

separated by size exclusion chromatography (SEC) as shown in Figure 4.4 (A and B). 

When applying the reconstituted A2AR nanodisc sample to FPLC, the aggregations of 

phospholipids/A2AR were present in the void volume of the size exclusion column at 

around 9 mL, and A2AR homogenous peak was at 13 mL preceding free MSP/empty 

nanodisc at 14 - 16 mL. A small reaction volume of 100 µL was used for nanodisc 

reconstitution optimisation. The SEC profiles of nanodisc were obtained and normalised 

against the highest peak value in the curve. The optimal A2AR: MSP1D1: lipid ratio was 

determined as 1: 5: 250. The SEC profiles (Figure 4.4 (A and B)) also indicated that the 

increase of lipid in the reconstitution mixture promoted the formation of aggregation and 

free MSP/empty nanodisc, such as at the ratios of 1: 2: 100, 1: 5: 500, and 1: 8: 400. 

 
The optimised reconstitution ratio was applied to large-scale A2AR nanodisc 

reconstitution (Figure 4.4 (C)). The homogeneous A2AR nanodisc was purified by SEC 

and Ni-NTA chromatography. The empty nanodisc contained only lipids and MSP1D1 

(ΔHis6) but A2AR contained C-terminal His tag, hence the A2AR containing nanodisc was 

separated from empty nanodisc by Ni-NTA chromatography (Figure 4.4 (E)). The A2AR 

nanodisc was eluted by a higher concentration of 400 mM imidazole and stored in buffer 

of 50 mM HEPES PH7.5, 150 mM NaCl. The nanodisc sample was finally concentrated 

to10 mg/mL. 
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Figure 4.5: The optimisation of A2AR-GFP (A and B) and α2AR (C and D) nanodisc 

reconstitution.The “W” and “E” denote the “wash fractions” and “elution fractions”. 
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Similarly, the optimal reconstitution ratios for A2AR-GFP nanodisc and α2AR nanodisc 

were determined as 1: 8: 250 and 1: 10: 700 respectively (Figure 4.5). The A2AR-GFP 

with a green fluorescent tag was used to track protein loss and denaturation during the 

process and evaluate the nanodisc reconstitution method. However, the α2AR nanodisc 

showed a low reconstitution yield (mAU280 ~32) compared to A2AR nanodisc (mAU280 

~190) and A2AR-GFP nanodisc (mAU280 ~420) (Figure 4.5 (D). It may indicate a 

significant loss/denaturation during the reconstitution process. Because A2AR nanodisc 

showed the best homogeneity and reconstitution yield, it was further characterised in 

section 4.2.4 before being applied to MS screening. 

 
Besides the optimisation for A2AR, A2AR-GFP and α2AR nanodisc reconstitution, another 

empty nanodisc composed of a single type phospholipid of DMPC and membrane 

scaffold protein of MSP2N2 (150 - 165 nm in diameter) was also generated (Figure 4.6). 

 

Figure 4.6: An empty nanodisc reconstituted by MSP2N2 with DMPC in different 

MSP2N2: DMPC ratios of 1:300, 1: 350, and 1: 400. 
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The SEC profile of MSP2N2/DMPC encircled nanodisc with DMPC lipids was different 

from A2AR, A2AR-GFP and α2AR nanodisc, which were constructed by POPC/POPS and 

MSP1D1 (Figure 4.4 and Figure 4.5). The MSP2N2/DMPC reconstituted nanodisc 

showed more aggregation and free MSP2N2 (Figure 4.6). Of note, this profile was 

consistent with the SEC profile from the published literature which reconstituted 

tetrameric TRPV1 membrane protein into one nanodisc 450. This MSP2N2/DMPC 

encircled empty nanodisc can be applied to GPCR oligomerisation study in the future. 

 
4.2.4 A2AR nanodisc characterisation by DLS, negative staining EM, and CPM 

The DLS was used to characterise the homogeneity of nanodisc particles (spherical 

diameter) in a small quantity. The homogeneity of A2AR nanodisc was compared to that 

of A2AR DDM based on their spherical particle radius (Figure 4.7). 

 

Figure 4.7: The DLS results of A2AR nanodisc comparing to A2AR in DDM detergent. 
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The size distribution (“average radius”) of A2AR nanodisc indicated that nanodisc had an 

average radius of 4.92 ± 0.12 nm or diameter of 9.84 ±0.24 nm. Moreover, the A2AR 

nanodisc (4.92 ± 0.12 nm) was smaller in radius than A2AR DDM (5.64 ± 1.37 nm). The 

“% number” was used to report the relative amount of main species in the total sample 

solution. The A2AR nanodisc was more homogenous than A2AR DDM based on the radius 

±SEM (100.0% ±0% compared to 99.4% ± 0.2%). 

 
The homogenous A2AR nanodisc was concentrated to 10 mg/mL and stored at 4 ºC for 

four weeks. The NuPAGE gel electrophoresis and FPLC were used to analyse the A2AR 

nanodisc stability over the four weeks (Figure 4.8). 

 

 

Figure 4.8: Analysis of apo A2AR nanodisc stability by NuPAGE gel electrophoresis (A) 

and SEC (B).(A) The number on each lane of the NuPAGE gel indicated the day(s) of 

nanodisc samples stored at 4 ºC. The apo-A2AR nanodisc was stored up to four weeks (28 

days); (B) The normalised SEC profile of each A2AR nanodisc samples stored at 4 ºC for 

up to four weeks.  

 

The SEC profiles of A2AR nanodisc showed no significant change in its homogeneity and 

monodispersity over the four-week storage period at 4 ºC. There was also no aggregation 

appearing on NuPAGE gel during storage at 4 ºC. The results indicated that nanodisc 

maintained the apo A2AR in a stable state for at least four weeks at 4 ºC. This result 

Monomeric A2AR 
nanodisc 
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demonstrated that self-assembled phospholipid nanodisc kept A2AR in a better stability 

than in DDM detergent micelle (Figure 3.6). The negative-stained electron microscopy 

(EM) was also used to qualitatively examine homogeneity of the A2AR nanodisc (Figure 

4.9). 

 

Figure 4.9: Aggregation and monomeric A2AR nanodisc species were applied to negative-

staining EM.(A) The SEC profile of A2AR nanodisc reconstitution; (B) The aggregation 

fraction examined by negative-staining EM; (C) The homogeneous A2AR nanodisc 

fraction examined by negative-staining EM.  
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The aggregation species were observed as large stacked disc clusters (Figure 4.9 (B)). 

Increasing lipid ratio in the reconstitution mixture led to more aggregated discs and larger 

particles as shown in Figure 4.9 (B). The monomeric fractions at 13 mL showed a more 

homogeneous and monodisperse A2AR nanodisc particle that oriented randomly on the 

staining grid. 

 
The CPM thermostability assay was used to examine the thermostability (Tm) of A2AR in 

nanodisc environment compared to A2AR in the DDM detergent micelle (Figure 3.5). The 

incubation temperature increased from 20 ºC to 90 ºC with speed of 1 ºC/min. 

 

 

Figure 4.10: CPM thermostability assays.(A) A2AR nanodisc thermostability assay 

(including addition of different ligands and unrelated negative control of AM-6538); (B) 

The comparison of thermostability of A2AR in nanodisc and DDM detergent micelle. The 

statistical analysis was one-way ANOVA. The “ns”, “**”, and “***” denote “not 

significant”, “p-value ≤ 0.01”, and “p-value ≤ 0.001”. The sample numbers of 

thermostability assay was n = 4 for A2AR DDM, and n = 6 for A2AR nanodisc.  
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The melting temperature of A2AR in nanodisc was measured by CPM thermostability 

assay. The melting temperature for apo A2AR nanodisc was 57.33 ± 1.18 ºC (n = 6). The 

addition of antagonists (ZM-241385, SCH-442416, and SCH-58261) contributed to a 

significant improvement of A2AR nanodisc melting temperature (Figure 4.10 (B)). 

Specifically, the addition of ZM-241385 to A2AR nanodisc showed a 6 ºC increase in the 

melting temperature (63.40 ± 2.51 ºC, n = 6). The other two antagonists of SCH-442416 

(62.03 ± 2.17 ºC, n = 6) and SCH-58261 (62.42 ± 2.32 ºC) showed around 5 ºC increase 

of the melting temperatures. Furthermore, the negative control ligand of AM-6538 (57.93 

±0.367 ºC) did not improve the melting temperature of A2AR nanodisc. Intriguingly, the 

apo A2AR nanodisc showed that the melting temperature significantly increased by 6.5 °C 

in comparison to apo A2AR in DDM detergent. However, addition of the same stabilising 

ligands (ZM-241385, SCH-442416, or SCH-58261) to A2AR nanodisc and A2AR DDM 

resulted in the same melting temperature. The CPM assay, in general, was applicable to 

GPCR nanodisc sample and Tm reflected the stabilising effect of each ligand. 

 
This reconstitution study underscored the importance of GPCR: MSP1D1: lipids ratios 

for efficient GPCR nanodisc reconstitution. Because the average diameter of GPCR 

transmembrane domain is 30 - 50 Å 341,362,363, the most common MSP construct of 

MSP1D1 (diameter of 95 - 97 Å) is enough to contain the monomeric and dimeric GPCRs 

in nanodisc without constraint 467. The lengths of MSPs determine the sizes of the 

nanodiscs and thus affect the MSP: lipid ratios. For example, the second largest MSP of 

MSP2N2 (diameter of 150 - 165 Å) constructed nanodisc contains more lipids than 

MSP1D1 constructed nanodisc. Additionally, a change in the lipid composition (such as 

POPC/POPS or DMPC) also affects the MSP: lipid ratio because the areas occupied by 

the lipid polar head groups are different. For example, the MSP1D1-encircled empty 

nanodisc can contain 125 unsaturated POPC or 160 DMPC per disc, and the MSP1E3D1-
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encircled empty nanodisc (diameter of 128 Å) consists of 260 POPC or 320 DMPC per 

disc 367,373,376,411. 

 
Moreover, the incorporation of GPCR into nanodisc displaces a certain amount of lipid 

molecules in the centre. The incorporation of bacteriorhodopsin (bR) into nanodisc 

replaces approximately 37 DMPC phospholipids 461, and rhodopsin displaces 

approximately 50 POPC phospholipids 369. From empirical experience, an extra number 

of lipids is usually added to the nanodisc reconstitution mixture. Thus, different MSP-to-

lipid ratios are optimised for new combinations of MSP, lipid and GPCRs. In our 

experiment, the optimal A2AR: MSP1D1: POPC/POPS lipids ratio was determined as 1: 

5: 250, A2AR-GFP: MSP1D1: POPC/POPS lipids ratio was 1: 8: 250, and α2AR: MSP1D1: 

POPC/POPS lipids ratio was 1: 10: 700 (Figure 4.4 and Figure 4.5). 

 
The GPCR nanodisc reconstitution is initiated by removing detergents, and the excess 

phospholipids and GPCRs will aggregate. The aggregation was formed in a significant 

amount if the ratio of GPCR: MSP: lipid was away from the optimal ratio. For α2AR, 

A2AR and A2AR-GFP nanodisc reconstitutions, the experimentally determined ratios of 

GPCR: MSP1D1: phospholipids were 1: 10: 700, 1: 8: 250 and 1: 5: 250 respectively. 

Theoretically, every nanodisc was encircled by two MSP1D1. The A2AR: MSP1D1 ratio 

of 1: 2 showed lower yield than the ratio of 1: 5 in the optimisation results (Figure 4.4 (A 

and B)). It indicated that the increasing number of MSP amount favoured the assembly 

of monomeric GPCR in nanodisc. In contrast, the lower amount of MSP was reported to 

favour the oligomerisation of GPCRs 369,390,397,465,482,609,610. For example, the rhodopsin 

dimer was reconstituted into nanodisc at a rhodopsin: MSP ratio of 1: 1 369. 

 
Furthermore, the natural phospholipids in cell membrane are asymmetrically distributed, 

such that the phosphatidylserine (PS) and phosphatidylethanolamine (PE) are primarily 

in the cytoplasmic leaflet, while the phosphatidylcholine (PC) and sphingomyelin (SPH) 
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are primarily in the outer leaflet 611,612. The cholesterol is also added to PC/PS 

phospholipid in nanodisc and help GPCR to fulfil its functions 490. In our study, the 

reconstituted α2AR, A2AR and A2AR-GFP nanodiscs contained two phospholipid mixtures 

— zwitterionic POPC (70%) and negatively charged POPS (30%) to mimic the 

environment in the plasma membrane. 

 
The A2AR, A2AR-GFP and α2AR were successfully reconstituted into nanodisc. The A2AR-

GFP with a green fluorescence was used to monitor the protein loss and reconstitution 

reaction during the experiment. The α2AR nanodisc showed a low yield level (mAU280 

~32) compared to A2AR nanodisc (mAU280 ~190) and A2AR-GFP nanodisc (mAU280 ~420) 

(Figure 4.5 (D). Therefore, A2AR nanodisc with good yield and stability was used as 

protein target for further MS development. The A2AR nanodisc was concentrated to 10 

mg/mL in a detergent-free buffer (HEPES/NaCl buffer), which showed a good solubility. 

The apo A2AR nanodisc also showed a good stability comparing to apo A2AR DDM. The 

nanodisc increased the melting temperature (Tm) of apo A2AR DDM by 6 °C and stabilised 

the receptor at 4 °C for at least four weeks. Notably, the nanodisc not only enhanced A2AR 

stability and kept receptor in a soluble sate, but also maintained the ligand accessibility 

to the receptors. The ligands could bind and stabilise the A2AR. 

 
In conclusion, the nanodiscs were successfully reconstituted by different lengths of MSPs 

(MSP1D1 or MSP2N2) and different lipid compositions (POPC/POPS mixture or 

DMPC). We generated a workflow to reconstitute different GPCRs (such as A2AR, A2AR-

GFP and α2AR) into covalently circularised nanodiscs with high homogeneity. The A2AR 

in nanodisc had a better thermostability comparing to that in DDM detergent. The A2AR 

nanodisc in detergent-free buffer will facilitate the use of NMR and cryo-EM to study the 

structure and function of GPCRs. More importantly, the A2AR nanodisc will be used to 

develop MS-based ligand identification method. 
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4.3 Methods 

4.3.1 MSP cloning by quick Overlap Phusion® PCR and mutagenesis 

The pET-28a-MSP1D1 (plasmid number: 20061) was purchased from Addgene and used 

as vector for overlap Phusion® PCR cloning. The mechanism of overlap Phusion® PCR 

was similar to QuickChangeTM site-directed mutagenesis 613. The megaprimers had two 

overlapping upstream and downstream ends that were complementary to the vector 

(Figure 4.1). The optimised overlapping region between megaprimer and vector was 

around 13 – 17 bp and the total length of megaprimer was around 45 bp. The primers 

were designed by bioinformatics tools of BioEdit or Primer-BLAST (Table 4.1). 

 

Table 4.1. Primers for overlap Phusion® PCR and QuickChange site-directed mutagenesis. 

MSP variants Forward Primers Reverse Primers 

MSP1E1D1 

(mutagenesis from 

MSP1D1) 

5'-CGCACGCAGCGGTTCCACCTTTTGAC 

GATATAATTCCATCTCTTCCTGCCATTTT

TTCTGAAAGTCATCGAGATATGGTTCCAC

CTTTTGACGATATAATT-3' 

5'-AATTATATCGTCAAAAGGTGGAACC 

ATATCTCGATGACTTTCAGAAAAAATGG

CAGGAAGAGATGGAATTATATCGTCAAA

AGGTGGAACCGCTGCGTGCG-3' 

MSP1E2D1 (overlap 

PCR) 

5’-ACTCCATGAGCTCCAAGAGAAGCTCA 

GCCCATATCTCGATGACTTTCAGA-3’ 

5’-GCGATCGCGCATTTCTTCGCCTAAT 

GGGCTGAGCTTCTCTTGGAGCTC-3’ 

MSP1E3D1 (overlap 

PCR) 

5’-TGTTGATGCACTCCGGACTCATTTGG 

CGCCATATCTCGATGACTTTCAGA-3’ 

5’-CGCTGGCGAAGTTCATCCGAATACG 

GCGCCAAATGAGTCCGGAGTGC-3’ 

MSP1D2 

(mutagenesis from 

MSP1D1) 

5'-TGTCCCAGAATTCCTGCGTCACGGGA 

CCCTGAAAATACAAATTCTCAGTA-3' 

5'-TACTGAGAATTTGTATTTTCAGGGT 

CCCGTGACGCAGGAATTCTGGGACA-3' 

MSP1 (overlap PCR) 
5’-GGAGATATACCATGGGTCATCATCAT 

CATCATCATATTGAGGGACGTC-3’ 

5’- ACGGGGCCCAGTTGTTCGCGAAGT 

TTACTGAAGGTAGACGTAACAGA-3’ 

MSP2N1 

(mutagenesis from 

MSP1D1) 

5’-ATATACTAAAAAGCTGAATACCCAGT 

CTACCTTCAGTAAACTTCGCGAAC-3’ 

5’-GTGCTCGAGTGCGGCCGCAAGCTTA 

CTGGGTATTCAGCTTTTTAGTATAT-3’ 
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MSP2N2 

(mutagenesis from 

MSP1D1) 

5’-ATATACTAAAAAGCTGAATACCCAGC 

CCGTGACGCAGGAATTCTGGGACA-3’ 

5’- GTGCTCGAGTGCGGCCGCAAGCTT 

ACTGGGTATTCAGCTTTTTAGTATA-3’ 

MSP2N3 

(mutagenesis from 

MSP2N2) 

5'-TACCCAGGGTACCCGCGAACAACTGG 

GCCCCGTGACGCAGG-3' 

5'-CCTGCGTCACGGGGCCCAGTTGTTC 

GCGGGTACCCTGGGTA-3' 

MSP1E2 

(mutagenesis from 

MSP1) 

5’-ACTCCATGAGCTCCAAGAGAAGCTCA 

GCCCATATCTCGATGACTTTCAGAAAAAA

T-3’ 

5’-CGATCGCGCATTTCTTCGCCTAATG 

GGCTGAGCTTCTCTTGGAGCTCATGGAG

T-3’ 

 

The megaprimers contained MSP sequence and upstream/downstream complementary 

regions to pET-28a-MSP1D1 vectors. The megaprimers were first generated by Phusion® 

DNA polymerase PCR (Figure 4.1 (step A)). The annealing temperature for PCR was 58 

ºC and could be optimised if necessary. The megaprimers were separated on agarose gel 

and the megaprimers of correct sizes were excised, extracted and purified from agarose 

gel by QIAquick® gel extraction kit (Qiagen) and silica-column purifications. The 

overlapping extension PCR was initiated by mixing purified megaprimers, vector (pET-

28a-MSP1D1) and other PCR reagents in a volume of 50 µL (Figure 4.1 (step B)). The 

PCR were 18 – 22 cycles. 

 
The pET-28a-MSP1D1 parental vector (without MSP insertion) was multiplied and 

methylated in E. coli DH5α (dam+). It was recognised and digested by DpnI restriction 

enzyme at 37 °C for two hours (Figure 4.1 (step C)). The overlap Phusion® PCR products 

(with MSP insertion) were retained after DpnI digestion and transformed into E. coli 

DH5α competent cells. The transformed E. coli were plated out on agar plates with 

kanamycin resistance. The plasmids were extracted and sequenced.  
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4.3.2 GPCR nanodisc reconstitution and optimisation 

The GPCRs were temporarily stored in mild DDM detergent at 4 ºC for less than two 

weeks before nanodisc reconstitution. 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) 

were purchased from Sigma-Aldrich. The POPC and POPS stocks were prepared by 

solubilising in 200 mM sodium cholate. To optimise the nanodisc reconstitution, each 

receptor was mixed with MSP and phospholipid mixture (POPC/POPS) in different ratios 

such as 1: 2: 25, 1: 2: 50, 1: 2: 100, 1: 5: 100, 1: 5: 250, 1: 5: 500, 1: 8: 200, and 1: 8: 400. 

For phospholipid mixture (POPC/POPS), the ratio of POPC: POPS was maintained at 7: 

3. To initiate the nanodisc reconstitution, the pre-treated Bio-Beads SM-2TM (Bio-Rad) 

was added and incubated overnight at 4 °C. The pre-treated Bio-Beads gradually adsorbed 

the detergents to aid in nanodiscs self-assembly. The Bio-Beads were separated from 

solution by centrifugation at high-speed centrifugation at 14,000× g. 

 
The GPCR nanodisc complex was isolated and purified by a fast protein liquid 

chromatography (FPLC) system that connected with a Superdex 200, 10/300 GL gel 

filtration column at a flow rate of 0.4 mL/min. The reconstituted GPCR nanodisc peak 

(mAU280) appeared at around 12.5 mL, which was after an aggregation peak (at around 9 

mL) and preceding an MSP peak (at around 17 mL). 

 
The optimised reconstitution condition showed the least aggregation and the most 

significant amount of homogenous species. The homogeneous fractions were further 

purified by immobilised metal ion affinity chromatography (IMAC) to separate empty 

nanodisc from GPCR-containing nanodisc. The Ni-NTA resin was first pre-equilibrated 

with 50 mM HEPES pH 7.5, 150 mM NaCl and 25 mM imidazole. Because hexahistidine 

(His6) tag was only present in the GPCR, MSP1D1 (ΔHis6) encircled empty nanodiscs 

were removed in the wash step with 20 CVs of 50 mM HEPES pH 7.5, 150 mM NaCl, 
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50 mM imidazole. The GPCR containing nanodisc was finally eluted by 50 mM HEPES 

pH 7.5, 150 mM NaCl, 400 mM imidazole. The eluted fractions were assessed by 

NuPAGE gel electrophoresis to evaluate the GPCR quantity and purity. The fractions 

containing GPCR nanodiscs were pooled, concentrated, and buffer exchanged into a final 

concentration of 10 mg/mL in buffer of 50 mM HEPES pH 7.5, 150 mM NaCl by a 30 

kDa cut-off Amicon® centrifugal filter. 

 
4.3.3 DLS 

The nanodisc samples were diluted to 1 mg/mL (0.5 - 10 mg/ml in general) and 

centrifuged at 14,000× g or filtration to minimise the contaminations (such as dust or 

precipitations) prior to DLS analysis. The sample was loaded in a quartz cuvette and 

measured by a DynaPro nanostar instrument (Wyatt Technology) at room temperature. 

The same sample was measured ten times (replicates) and three different batches of 

nanodisc samples were measured by DynaPro nanostar instrument in total. Data was 

analysed by DYNAMICS software (Wyatt Technology) to estimate the radius and 

molecular weight of the nanodisc particles. 

 
4.3.4 Negative-staining electron microscopy 

A volume of 100 ml 1% (w/v) uranyl formate (UF) solution was prepared in a dark room. 

The prepared solution was covered with aluminium foil and stored at -80 °C until use. 

The negative-staining EM grids (thin carbon-coated copper grids) were previously 

prepared by Professor Qingtao Shen. The grids were removed from a grid box and glow-

discharged for 30 s. The discharged grids were placed on a clean filter paper in a petri 

dish with cover. 

 
The discharged grid was held with tweezers at a 45° angle and 5 μL of the nanodisc 

sample (0.1 mg/mL nanodisc sample diluted with water to avoid salt background) was 

dispensed on the carbon film side of grid and incubated for one minute. The excess 
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nanodisc solution was removed by gently touching the edge of the grid with filter paper 

(Whatman). The grid was briefly washed by 35 μL of deionised water on Parafilm for 

one minute. The excess solution was removed by filter paper. The grid was blotted by 1% 

UF for one minute then the excess solution was removed by filter paper. The wash and 

staining steps were repeated three times before being imaged by a Tecnai T12 electron 

microscope fitted with a Tungsten filament operating at 120 kV. The images were 

recorded at a magnification of 67,000×. 
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Chapter 5 Ligand identification against A2AR nanodisc using native MS  

5.1 Abstract 

Among LRRK2, A2AR nanodisc, and α2AR nanodisc targets, the A2AR nanodisc with a 

good stability and solubility was selected as a suitable protein target for MS-based ligand 

identification method development. GPCRs are important drug-target and A2AR ligand 

identification can lead to a non-dopaminergic therapeutic target for PD. 

 
Two MS methods were optimised for ligand identification against A2AR nanodisc, which 

are native MS (Chapter 5) and ultrafiltration-based affinity LC/MS (in Chapter 6). For 

native MS, the A2AR nanodisc sample were directly injected into ESI-FT-ICR MS and 

ESI-Q-ToF MS. The molecular mass of protein sample and binding ligand can be directly 

calculated from MS spectrum. To date, there is only one report on the direct observation 

of ADP/ATP (endogenous ligand) binding with P2Y1R (GPCR) in DDM detergent buffer 

using an “in-house modified Orbitrap MS” 614, and there is no report on the identification 

of GPCR ligands using native ESI-FT-ICR MS or native ESI-Q-ToF MS in nanodisc 

environment. The GPCR samples need to travel at a high temperature from the ESI source 

towards quadrupoles and mass analyser during native MS analysis, thus native ESI-FT-

ICR MS is strictly limited by solubility and stability of the GPCR. The phospholipids of 

nanodisc need to be removed before A2AR enters the mass analyser in order to acquire 

mass information of the GPCR. The instrumental parameters of skimmer energy and in-

source collision-induced fragmentation (CID) can be adjusted to help with phospholipid 

removal and liberate the GPCRs. It has been reported that the addition of octyl-β-

glucoside (OG) detergent to nanodisc sample may help with the nanodisc dissociation 615. 

As a result, native MS parameters were optimised for the mixture of A2AR nanodisc and 

OG detergent. However, it was unsuccessful in developing native MS method to identify 

ligands against A2AR nanodisc after numourous optimisations. 
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Alternatively, the ultrafiltration-based affinity LC/MS method was used to identify 

ligands against A2AR nanodisc. The ligand-A2AR nanodisc complex was first enriched by 

centrifugal filtration, followed by methanol dissociation, methanol evaporation, and 

ligand resolubilisation. Ligand binding affinity was quantified using LC/MS system. The 

advantage of using affinity LC/MS was that the incubation was done at 4 ºC and it did 

not require the injection of the protein or nanodisc complex into MS. 

 
To date, even though the resolving power of MS has been dramatically improved, the 

application of MS towards GPCR ligand identification is still challenging with few 

publication. The development of MS-based ligand identification method towards GPCRs 

will help with GPCR stabilisation, GPCR crystallisation, GPCR deorphanisation, and 

drug discovery. This development will also propel the application of MS application in 

the challenging GPCR research. 

 

5.2 Results and discussion 

5.2.1 Parameters optimisation for ESI-FT-ICR MS 

Bovine carbonic anhydrase (bCA) was used as a standard protein for tuning and 

optimising the ESI-FT-ICR MS parameters. The heated gas and protein ions travelled 

across an electrical potential (voltage), between a heated capillary and a skimmer, 

therefore, the instrumental parameters of capillary, skimmer, and ion funnel, which are 

located in front of the MS instrument between ESI source and quadrupole, were first tuned 

systematically (Figure 1.16). The influential parameters, contributing to a significant 

effect on signalling-to-noise ratio and signal intensity, would be used to optimise A2AR 

signals afterwards (Figure 5.1 and more details in SI 5 in Appendix). 
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Figure 5.1: Important ESI-FT-ICR MS parameters for optimizing a standard protein of 10 

µM bCA (m/z 1200 - 3000).More details in SI 5 in Appendix.  

 

The bCA spectrum was first acquired at optimised MS parameters for high m/z at around 

10 kDa (SI 5 (A) in Appendix). The electrical potential (voltages) at the capillary, 

skimmer, and ion funnel determined the transmission efficiencies of protein ions and MS 

sensitivity. Specifically, the decrease of capillary exit voltage from 220 V to 100 V 

reduced the signal intensity to half, but the increase of capillary exit voltage to 300V did 

not change the signal intensity (SI 5 (B1 and B2) in Appendix). When “ESI capillary 

voltage” or “skimmer voltage” was increased, there was also an improvement on bCA 

transmission efficiency and signal intensity (SI 5 (D1, D2, E1, and E2) in Appendix). 
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The ion funnel, at the interface between ion source and mass spectrometer detector, was 

responsible for the bCA ion transmission and focusing. The decrease of the ion funnel 

voltage led to a reduction in bCA signal intensity but more bCA ion peaks at lower charge 

state were observed (SI 5 (C1 and C2) in Appendix). It indicates that the protein ions were 

less focused and more ion species with different charge states were transferred into the 

mass analyser. The parameter of “ion funnel voltage” would be useful when requiring 

wider range of ion peaks albeit with weaker ion signals. These MS technical parameters 

that contribute to ion transmission efficiency and sensitivity would be tuned intensively 

when analysing the A2AR nanodisc by native MS. 

 

5.2.2 Purified MSP1D1 ( His6) and MSP2N2 ( His6) soluble membrane scaffold 

proteins detection by native ESI-FT-ICR MS 

MSP1D1 and MSP2N2 are the scaffold proteins encircling the nanodisc and purified as 

soluble proteins. The purified MSP1D1 and MSP2N2 proteins were applied to ESI-FT-

ICR MS. The MSP protein spectrum will be the background peaks detected in A2AR 

nanodisc and empty nanodisc samples. The basis of charge and molecular mass 

determination were introduced in Figure 1.18. 
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Figure 5.2: MS spectra of MSP1D1 (m/z 1680 - 2500) analysed by ESI-FT-ICR MS. 

 

 

The skimmer voltage was optimised to improve the signal intensity of MSP1D1 (ΔHis6) 

spectra. The signal intensity of +10 charge state was peaked at 2.5 × 107 when skimmer 

voltage at 100 V. The MS spectrum of MSP1D1 (ΔHis6) was analysed by DataAnalysisTM 

software. The charge states of MSP1D1 were determined by the “charge state ruler” 

function in the software and manually calculated from each monoisotopic mass peaks. 

The average molecular mass of MSP1D1 (ΔHis6) protein was determined as 22.085 kDa 

from the MS spectra. The MS spectra of another scaffold protein, MSP2N2, was also 

determined and identified by ESI-FT-ICR MS (Figure 5.3). 

 

 

 

 

 

m/z 
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Figure 5.3: MS spectra of MSP2N2 analysed by ESI-FT-ICR MS (m/z 2600 - 3280). 

 

 
Similarly, the charge states of MSP2N2 were also determined using the DataAnalysisTM 

software and manual calculation. The average molecular mass of MSP2N2 was 

determined as 45079.41549 kDa (Figure 5.3). The MSP results (Figure 5.2 and Figure 

5.3) demonstrated that the increase of skimmer voltage at the ESI source improved the 

signal-to-noise ratio with better “clearness”. However, decreased signal intensity was 

observed when skimmer voltage increased above 120 V (Figure 5.2). It may be the result 

of protein disruption or breakdown at higher skimmer voltages at the ESI source and 

reduced protein species towards the mass analyser. 

 
5.2.3 Empty nanodisc analysis by native ESI-FT-ICR MS and ESI-Q-ToF MS 

After the molecular mass and MS spectra of membrane scaffold proteins (MSP1D1 and 

MSP2N2) were determined, the MS spectra of empty nanodisc were also acquired by 

ESI-FT-ICR MS and ESI-Q-TOF MS. 

m/z 
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Figure 5.4: The full spectra of MSP1D1-encircled empty nanodisc acquired by native 

ESI-FT-ICR MS (A) and Q-ToF MS (B).  
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The full spectra of MSP1D1-encircled empty nanodisc acquired by ESI-FT-ICR MS and 

ESI-Q-ToF MS showed overwhelmed phospholipid signals at m/z of 1520 (2× POPC) 

and 1542 (POPC+POPS) and possible MSP1D1 signals at m/z 800 - 1,400 (Figure 5.4). 

The weak MSP1D1 signals from the empty nanodisc spectra were further analysed as 

shown in Figure 5.5 and Figure 5.6. 

 

 

Figure 5.5: The MS specta of empty nanodisc (m/z 980 - 1630) analysed by native ESI-

FT-ICR MS.(A) full empty nanodisc spectrum; (B) MSP1D1 signals (m/z 980 - 1430) in 

empty nanodisc spectrum at skimmer voltage of 25 V; (C) MSP1D1 signals (m/z 980 - 

1430) in empty nanodisc spectrum at skimmer voltage of 50 V. 

m/z 

m/z 
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The full MS spectrum showed a dominating phospholipid signals over MSP1D1 signals 

at skimmer voltage of 25 V (Figure 5.5 (A)). The phospholipid signal intensity was up to 

4.5 × 109, which was 100-fold higher than MSP1D1 signal intensity of 3.2 × 107 (Figure 

5.5 (B)). The MSP1D1 signal intensity (3.5 × 108) was improved when the skimmer 

voltage was increased to 50 V (Figure 5.5 (C)). However, the lipids signals still dominated 

in the empty nanodisc. In a similar way, the MS spectra of empty nanodisc were also 

acquired by ESI-Q-ToF MS (Figure 5.6). 
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Figure 5.6: MS spectra of empty nanodisc (m/z 900-1400) analysed by ESI-Q-ToF MS. 
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As native ESI-FT-ICR MS (Figure 5.5), the native ESI-Q-ToF MS for empty nanodisc 

(Figure 5.6) also showed charge states of MSP1D1 from +16 to +24. Another parameter, 

in-source collision-induced dissociation (CID) energy, was also applied to the nanodisc 

sample and successfully disrupted the empty nanodisc and released the MSP1D1. When 

in-source CID ranged from -10 – -20 eV, there were some signals of lipid-bound MSP1D1 

in the MS spectra (Figure 5.6 (B and C)). When in-source CID energy changed to -30 eV, 

no lipid-bound MSP1D1 was found in MS spectrum (Figure 5.6 (D)). It suggested that 

the empty nanodisc was partially disrupted when in-source CID was between -10 eV and 

-20 eV, and the empty nanodisc was completely disrupted at in-source CID of -30 eV. 

 

The ESI-FT-ICR MS and ESI-Q-ToF MS results concluded the acquisition conditions for 

MSP1D1 signals (m/z 800 - 1,400) and the full spectrum of MSP1D1 with overwhelmed 

phospholipid signals at m/z of 1520 (2× POPC) and 1542 (POPC+POPS) (Figure 5.4, 

Figure 5.5 and Figure 5.6). The skimmer voltage helped to dissociate the salts and 

impurities in the empty nanodisc sample and contributed to a better signal-to-noise in the 

spectra. Moreover, the in-source CID energy showed a similar effect as skimmer voltage 

and preserved the internal non-covalent bonds between POPC lipid and MSP1D1. 

 

Furthermore, the MSP1D1 signals detected by ESI-FT-ICR MS (3.5 × 108) were 

significantly higher than MSP1D1 signals detected by ESI-Q-ToF MS (4.5 × 104). 

Therefore, the ESI-FT-ICR MS was used for further A2AR nanodisc analysis. It was 

reported that the addition of octyl-β-glucoside (OG) detergent into the nanodisc sample 

might help with the nanodisc dissociation 615. A mixture of control soluble TB protein 

(provided by Professor Ron Quinn), empty nanodisc, and OG detergent was injected into 

ESI-FT-ICR MS to evaluate the effects of OG detergent, and optimise the instrument 

parameters. 
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5.2.4 ESI-ICR-FT MS optimizations for nanodisc/detergent/protein mixture 

A 40 kDa soluble TB protein, with a similar molecular mass as A2AR (45 kDa), was used 

as an A2AR mimic. A concentration of 1.1% OG (2× CMC) detergent was first mixed 

with TB protein and used to optimise the skimmer voltage and in-source CID energy 

systematically (Figure 5.7 and Figure 5.8). 

 

 

Figure 5.7: The optimization of skimmer voltage (ESI-FT-ICR MS) for the mixture of 10 

µM TB protein and 1.1% OG detergent.The shaded areas of MS spectra (m/z 2200 to 

2800) contain the TB protein signals. The shaded areas are zoomed in and the TB protein 

charge states (+15 to +18) are displayed in figure inlet.  
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The obtained mass spectrum showed the detergent dimer (m/z 602) and detergent trimer 

(m/z 894) signals, which suppressed the TB proteins signals (m/z 2200 - 2800). The 

highest TB protein signal intensity with best signal-to-noise ratio was obtained with a 

skimmer voltage of 120 V. Therefore, the skimmer was maintained at 120 V during the 

following in-source CID optimisation experiments. 

 

 

Figure 5.8: The optimisation of in-source CID energy (ESI-FT-ICR MS) for the mixture 

of 10 µM TB protein and 1.1% OG detergent. The shaded areas of MS spectra (m/z 2200 

to 3200) contain the TB protein signals. The shaded areas are zoomed in and the TB 

protein charge states (+13 to +19) are displayed in figure inlet.  
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When skimmer voltage kept at 120 V, the in-source CID energy was optimised from -10 

eV to -30 eV. The results showed a dramatic decrease of OG detergent signal intensity as 

CID energy was changed to -30 eV. As a result, the instrument parameters of skimmer 

voltage of 120 V combined with a CID energy of -30 eV contributed to the highest TB 

protein signal intensity. 

 
A concentration of 10 µM empty nanodisc was added and mixed with 10 µM of TB 

protein and 1.1% OG detergent to mimic the mixture of A2AR nanodisc and 1.1% OG 

detergent. The optimised instrument parameters (skimmer voltage of 120 V and in-source 

CID energy of -30 eV) were applied to the mixture of 10 µM TB protein/empty nanodisc 

and 1.1% OG detergent. 
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Figure 5.9: The MS spectrum of the mimic mixture (10 µM TB protein/empty nanodisc 

and 1.1% OG detergent) obtained at the skimmer voltage of 120 V and in-source CID 

energy of -30 eV (ESI-FT-ICR MS).The shaded areas of the MS spectrum (m/z 2400 to 

3200) with TB protein signals at different charge states (+13 to +17) are displayed in the 

figure inlet.  

 

 

The result (Figure 5.9) indicated that the optimised skimmer and CID improved the signal 

intensities of soluble TB protein (40 kDa) and signal-to-noise ratio in a mixture (10 µM 

TB protein/empty nanodisc and 1.1% OG detergent). The instrument was optimised and 

tuned for analysing the native protein at molecular mass of 40 kDa, but it did not observe 

the A2AR (45 kDa) by native ESI MS, despite further parameter optimisation attempted. 
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This is likely due to the fact that A2AR has a much lower stability and solubility than TB 

protein, and contributed a lower response. Moreover, the soluble TB protein (40 kDa) 

was not located in the interior hydrophobic centre of a nanodisc; therefore, the mimic 

mixture (10 µM TB protein/empty nanodisc and 1.1% OG detergent) did not exactly 

resemble the A2AR nanodisc with OG detergent in native MS analysis. 

 
In conclusion, the native ESI-FT-ICR MS was successfully used to detect different 

compositions of A2AR nanodisc such as POPC/POPS lipids and MSP1D1/MSP2N2. 

However, the available instrument setup is more suitable to detect various soluble 

proteins and ligands instead of insoluble membrane proteins or GPCRs. The most recent 

achievement by Robinson's lab is to directly identify the endogenous ligand of ADP 

binding to P2Y1R by nESI-MS 614. The mass spectrometer used for direct GPCR-ligand 

identification is internally modified and it was not feasible to reproduce in currently MS 

facility 616,617. The lipid signals from the GPCR nanodisc suppressed the GPCR signals, 

which are low in MS response (due to its low solubility). As a result, ultrafiltration-based 

affinity LC/MS method were also investigated for ligand identification against A2AR 

nanodisc complex. 

 
5.3 Methods 

5.3.1 Sample preparation for native ESI-FT-ICR MS 

All protein samples (A2AR nanodisc, empty nanodisc, MSP1D1, and MSP2N2) were 

buffer exchanged against 200 mM ammonium acetate pH 7.5 and 2× CMC DDM by 

using 0.5 mL 10 kDa or 100 kDa molecular weight cut-off centrifugal filter (Merk, 

Amicon, AU). The buffer for all samples was exchanged three times, which was 

equivalent to a 1,000× dilution of original HEPES/NaCl buffer. The centrifugation speed 

was at 2,500× g at 4 °C for 30 mins at each time. The concentration of the protein was 

estimated by NanodropTM 1000 and further measured by colourimetric Bradford protein 



 

143 

assay. The final protein concentration was diluted into 100 µM as a stock solution. The 

injected sample concentration ranged from 10 µM to 50 µM. 

 
5.3.2 Ligand detection by native ESI-FT-ICR MS 

To produce intact gas phase ions, the source was operated at a pressure of ~3.5 mbar for 

ESI-FT-ICR MS and Q-TOF MS. The typical spray concentration of the proteins was 

10 μM. The mass spectra were recorded with a capillary voltage of 1.2 kV and a cone 

voltage of 150 V. The pressures were 8.67 × 10-8 mbar in the time-of-flight (TOF) 

analyser or 5.45 × 10-10 mbar in the ICR analyser. 

 
5.3.3 Data analysis for native ESI-FT-ICR MS 

The mass spectra from Q-TOF MS (Bruker) and FT-ICR MS (Bruker) were extracted and 

analysed by DataAnalysisTM (Bruker). The molecular mass of protein was manually 

calculated from isotopic peaks (Figure 1.18) or acquired automatically from the 

deconvoluted spectrum. 
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Chapter 6 Ligand identification of adenosine A2A receptor in self-assembled 

nanodiscs by ultrafiltration-based affinity LC/MS 

(Reference: Anal. Methods, 2017, 9, 5851–5858) 
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6.1 Abstract 

A nanodisc is designed as a vehicle to contain GPCRs in a native-like phospholipid 

environment. It maintains GPCRs in a better thermostability and homogeneity state in a 

detergent-free buffer compared to a detergent micelle environment. Here, we established 

an affinity mass spectrometry-based approach to assay the interaction between the 

adenosine A2A receptor in the nanodisc and eight known ligands. The affinity mass 

spectrometry results are consistent with the previously published data for binding 

affinities. The combination of nanodisc and affinity MS techniques allows the 

identification of the GPCR ligands in a relatively stable, unliganded/apo and native state. 

 
6.2 Introduction 

Membrane proteins are key players in processing foreign signals (such as taste, light, 

odour and chemicals) and maintaining cellular homoeostasis. They can trigger 

downstream signalling cascades and immune responses. A large number of membrane 

proteins belong to the superfamily of G-protein coupled receptors (GPCRs), which is 

predicted to have a number of 826 GPCRs in the human genome 109. The adenosine A2A 

receptor (A2AR) is one of the most important GPCRs in the human body. 

 
There are four types of adenosine receptors discovered in mammalians, which are A1, 

A2A, A2B and A3 receptors 256. These receptors use adenosine as the endogenous ligand, 

which is a crucial neuromodulator regulating a broad range of physiological functions in 

the human central and peripheral nervous system 252,618. The A2AR plays a critical role in 

many physiological functions. For example, the knockout mice show a slower response 

to pain stimuli but increased platelet aggregation, heart rate and blood pressure 285. It is 

implicated that the A2AR can cause vasodilation of coronary arteries and increase the 

blood flow to the myocardium. The A2AR is also responsible for some pathophysiological 

conditions, such as inflammatory diseases, Parkinson's disease, epilepsies, sleep disorders, 
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pain, and drug addictions 23,259,269-272. These properties indicate the therapeutic relevance 

of the A2AR in treating inflammation, psychiatric disorders and neurodegenerative 

diseases. 

 
The GPCRs with solved structures usually contain bound ligands to stabilise the receptors 

in a certain state. The endogenous ligands include ions, organic compounds, odorants, 

amines, peptides, proteins, lipids, nucleotides, and photons 151,619. These ligands tend to 

bind at the extracellular domain, within the cavity of the GPCR binding pocket or in the 

outer half transmembrane region 620. These regulatory sites are readily available to 

circulating small ligands, which may be potential drug candidates. Approximately 33% 

of marketed small-molecule drugs are GPCR targeted 621. These ligands help to regulate 

cellular processes through GPCRs such as synaptic transmission, enzyme catalysis, signal 

transduction and immune response. 

 
Ligand screening methods against protein targets include thermal shift assays, surface 

plasmon resonance (SPR), ligand-observed NMR spectroscopy, mass spectrometry (MS), 

radioactive ligand binding assay and X-ray crystallography. In the past decade, MS has 

emerged as a powerful and high-performance technique for ligand detection and 

screening in complex biological systems 622-626. For the direct capture of GPCR-ligand 

binding by MS, the major challenges are the sample preparation and instrument 

performance. The detergent signals can potentially overwhelm the GPCR signals 

significantly. Also, it needs well-tuned collisional energy to dissociate the GPCR from 

the local micelle environment. The most recent achievement by Robinson's lab is to 

directly identify the endogenous ligand of ADP binding to P2Y1R by nESI-MS 614. The 

mass spectrometer used for direct GPCR-ligand identification is internally modified and 

may not be feasible for some other MS labs 616,617. 
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In the past, affinity MS has been applied to ligand identification towards various soluble 

proteins 531,532,627,628 and certain purified GPCRs such as human vasopressin (V2) and 

muscarinic type 1 (M1) receptors that are solubilised in detergent-containing buffer 629. 

Since the environment of detergent micelles tend to destabilise specific GPCRs during 

purification 335, an engineered nanodisc technology has been developed for GPCR studies 

338,340. Nanodiscs constitute self-assembled disc-like phospholipid bilayers that are 

encircled by two amphipathic helical scaffold proteins, called membrane scaffold proteins 

(MSPs). The sizes of lipid bilayers normally range from 8.6-16 nm diameters, depending 

on MSP variants 367. From our dynamic light scattering (DLS) results, the average 

MSP1D1 diameter is estimated to be 9.8 nm. Nanodiscs can maintain GPCRs at a nearly 

native state with better thermostability and homogeneity in detergent-free buffer (such as 

phosphate-buffered saline and Tris/NaCl buffer). Our previous CPM thermostability 

assay (results not shown) indicates that the melting temperature of A2AR nanodiscs is 5 °C 

higher than it in DDM detergent and A2AR nanodisc is stable at 4 °C for at least one month. 

Moreover, nanodiscs will not influence the accessibility of ligands into the ligand binding 

pocket from extracellular and intracellular interfaces 341,630. Here we developed a method 

to apply the challenging GPCR nanodisc on affinity LC/MS with low interference and 

less false positives. In our study, we reconstitute the A2AR 600 into a nanodisc and utilise 

the ultrafiltration-based LC/MS to measure the ligand binding affinity to the A2AR 

nanodisc. 

 
6.3 Materials and methods 

6.3.1 Constructs and GPCR expressions 

The genetically engineered A2AR construct 600 contained an HA signal sequence and a 

FLAG tag at the N-terminus and a 10× His-tag at the C-terminus. For the crystallisation 

purpose, the receptor also consisted of a fusion protein, apocytochrome b562RIL (BRIL), 

in the third intracellular loop and C-terminal truncation to residue A317 to further stabilise 
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the receptor and minimise the flexibility. This A2AR construct was cloned into a 

pFastBac1 vector (Invitrogen). The recombinant baculoviruses were generated by the 

Bac-to-Bac system (Invitrogen) and infected into Spodoptera frugiperda (Sf9) cells. The 

passage 0 baculovirus was used to infect 5 mL of Sf9 cells at a density of 2-3 × 106 cells 

per mL. Cells were grown at 27 °C for 48 hrs prior to harvest. 

 
6.3.2 Purification and NuPAGE electrophoresis 

For large scale purification of the A2AR, 1 L frozen Sf9 cells were thawed and dounce 

homogenised twice in the hypotonic lysis buffer containing 20 mM HEPES pH 7.5, 10 

mM NaCl, 10 mM MgCl2, 20 mM KCl, and protease inhibitor cocktail tablets (Roche). 

The disrupted cells were collected by centrifuging at 40,000 rpm for 35 mins. To remove 

the unwanted soluble and membrane-associated proteins, dounce homogenisation was 

repeated another three times with the addition of 1 M NaCl in the hypotonic lysis buffer. 

The disrupted cell membrane pellet containing the A2AR was resuspended in the buffer 

containing 50 mM HEPES pH 7.5, 800 mM NaCl and 2 mg/mL iodoacetamide and 

rocked for 30 min, followed by solubilisation with 0.5% (w/v) DDM (Affymetrix) and 

0.1% (w/v) cholesteryl hemisuccinate (CHS, Sigma) for four hours. The solubilised 

membranes were isolated by centrifuging at 35 000 rpm for 40 mins, and the supernatant 

containing the A2AR was incubated with the TALON® IMAC resin (Clontech) overnight 

in the presence of 20 mM imidazole. The resin was applied to a gravity column (Poly-

Prep, Bio-Rad) and washed using 20 column volumes (CVs) buffer containing 50 mM 

HEPES pH 7.5, 800 mM NaCl, 0.05% (w/v) DDM, 0.01% (w/v) CHS and 20 mM 

imidazole. The A2AR was eluted with buffer containing 50 mM HEPES pH 7.5, 800 mM 

NaCl, 0.05% (w/v) DDM, 0.01% (w/v) CHS, and 220 mM imidazole. 

 
The protein samples were mixed with 4× LDS sample buffer (Novex) and separated on 

10% NuPAGE bis-Tris gels. After Coomassie blue staining, the fractions containing the 
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A2AR were pooled together and concentrated by using a 100 kDa cutoff concentrator 

(Sartorius). The final protein concentration was determined by colourimetric Bradford 

assay. All purification buffers and purification procedures were carried out at 4 °C. 

 
6.3.3 Analytical size exclusion chromatography (aSEC) 

Purified GPCRs were applied to a Sepax Nanofilm SEC-250 column using an Agilent 

model 2000 HPLC system at a flow rate of 0.5 mL and the signal detection set to 280 nm. 

The column was pre-equilibrated with 50 mM HEPES pH 7.5, 500 mM NaCl, 2% (v/v) 

glycerol, 0.05% (w/v) DDM (Affymetrix) and 0.01% (w/v) CHS (Sigma). Samples and 

columns were maintained at 4 °C throughout the analysis. 

 
6.3.4 Membrane scaffold protein expression and purification 

MSP1D1 was expressed by using a pET-28a vector system (Novagen) with the BL21-

Gold (DE3) strain (Stratagene) as a host. A single colony was inoculated into 5 mL Luria-

Bertani broth (LB) containing 50 mg/mL kanamycin as a starting culture and further 

transferred into 1 L sterilised LB. When OD600 reaches 0.8-1.2, the culture was induced 

with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for another four hours. The 

bacteria were harvested by centrifugation at 4000g for 30 mins. The pellet from the 1 L 

culture was resuspended in 40 mL 1× phosphate-buffered saline (PBS) and lysed by 

repeated sonication. The lysate was clarified by centrifugation at 20,000g for 30 mins. 

 
The lysate was loaded onto the nickel column under gravity flow. The column was 

washed with buffer containing 1× PBS, pH 7.5 and 50 mM imidazole for 20 CVs, then 

the MSP1D1 was eluted with buffer containing 1PBS pH 7.5 and 0.4 M imidazole. The 

purity and quantity of the fractions were analysed by electrophoresis. The fractions 

containing MSP1D1 were pooled together and buffer exchanged to 20 mM Tris/HCl, 0.5 

M NaCl, 0.5 mM EDTA and pH 7.5 at 4 °C. The final concentration for MSP1D1 was 10 

mg/mL. 
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6.3.5 Reconstitution of the A2AR into the nanodisc 

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-L-serine (POPS) were purchased from Sigma-Aldrich. The POPC 

and POPS stocks were solubilised by using sodium cholate. To optimise the ratio for 

nanodisc reconstitution, the A2AR was mixed with MSP1D1 and phospholipids (a mixture 

of POPC/POPS) with different ratios, i.e. 1 : 2 : 200, 1 : 5 : 100, 1 : 5 : 250. For the 

phospholipids, the ratio of POPC : POPS was maintained at 7 : 3. The mixture was 

incubated with pre-treated Biobeads (Bio-Rad) overnight at 4 °C, which adsorbed the 

detergents to aid in nanodisc formation. 

 
To isolate the homogeneous nanodisc, the product was run through a fast protein liquid 

chromatography (FPLC) system with the Superdex 200, 10/300 GL column. A 

reconstituted nanodisc peak appeared at around 12.5 mL, after an aggregation peak and 

preceding a MSP1D1 peak. The fractions were further purified by immobilised metal ion 

affinity chromatography (IMAC) to separate the empty nanodisc from the A2AR nanodisc. 

 
6.3.6 Ligand identification by affinity MS 

The A2AR nanodisc was incubated with a compound mixture consisting of eight known 

ligands (SCH-442416, ZM-241385, UK-432097, SCH-58261, NECA, adenosine, 

theophylline, and caffeine) and seven unrelated compounds at a final concentration of 2 

µM (A2AR nanodisc) and 0.4 µM (ligand) at 4 °C for two hours. The incubated sample 

was diluted with 150 mM ammonium acetate and filtered through a 100 kDa MW cutoff 

concentrator (Sartorius) by centrifugation at 5000× g for 5 min at 4 °C. After washing 

with the dilution buffer twice, the A2AR nanodisc proteins retained on the ultrafiltration 

membrane were collected into a new centrifugal tube from which the protein-ligand 

complexes were isolated. The bound compounds were released from proteins by methanol 

dissociation, followed by centrifugation at 13,000g for 20 min at 4 °C. The supernatant 
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was passed through the OstroTM 96-well plate (Waters) to remove protein and 

phospholipid interferents. The eluent was dried in a speed vacuum and re-dissolved in 50% 

methanol. The empty nanodisc was used as a negative control under the same procedures. 

Three experimental replicates were prepared for each pair of the target and the negative 

control. Samples were analysed on an Agilent 6530 TOF coupled to an Agilent 1260 

HPLC system. The compounds were eluted from the Eclipse Plus C18 column (2.1 mm 

× 100 mm, 3.5 mm, Agilent, USA) at a flow rate of 0.4 mL/min, with the mobile phases 

of water/0.1% formic acid (A) and acetonitrile/0.1% formic acid (B). The LC gradient 

was as follows: 0–2 min, 5% B; 2–2.1 min, 5–20% B; 2.1–10 min, 20–35% B; 10–13 min, 

35–60% B; 13–13.5 min, 60–90% B; 13.5–16.5 min, 90% B and re-equilibration for 4 

min. Full-scan mass spectra were acquired in the range of m/z 100-1000 on an Agilent 

6530 TOF with ESI source settings: voltage 3000 V, gas temperature 350 C and 

fragmentor 150 V. For each pair of target and control samples, all replicates were injected 

after the reference sample (compound alone). LC/MS chromatograms for specific ligands 

were extracted using MassHunter software (Agilent, USA) based on the accurate mass 

measurement with a deviation of 10 ppm and also an RT tolerance of 0.2 min compared 

with the reference compound. MS responses were represented by the integrated peak 

areas of the corresponding extracted ion chromatograms. The MS binding index (BI) 

referred to the ratio of MS response of a specific ligand detected in the A2AR nanodisc 

incubation sample relative to the control. From our past affinity MS screening results, the 

positive hits were selected based on an average BI value >2 and relative standard 

deviation (RSD) <30% 532. 

 
6.4 Results and discussion 

Here we introduce an affinity MS screening method for the A2AR nanodisc. An overview 

of the affinity MS ligand screening workflow for the A2AR nanodisc is shown in Figure 

6.1. 
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Figure 6.1: Schematic diagram of affinity MS ligand identification for the A2AR nanodisc. 

The A2AR nanodisc preparation steps include: (1) A2AR purification; (2) A2AR purified 

proteins, phospholipids and MSP1D1 were mixed and incubated; (3) the A2AR nanodisc 

formed after detergent removal by adding Biobeads™. The affinity MS steps include: (1) 

the A2AR nanodisc incubated with the compound mixture; (2) unspecific binding washed 

off by ultrafiltration; (3) methanol dissociation; (4) lipids and protein removal by solid 

phase extraction; (5) binding index (BI) determination by LC/MS.  

 

6.4.1 MSP1D1 and A2AR purifications 

To validate the effectiveness of the MS-based screening technique to the GPCR nanodisc, 

we chose the human A2AR nanodisc as a target. The MSP1D1 with a measured diameter 

of 9.8 nm was used in nanodisc reconstitution. The A2AR and MSP1D1 were purified as 

previously described 600,630. The A2AR and MSP1D1 were examined by NuPAGE 

electrophoresis (Figure 6.2 (A)). The predicted molecular weights of A2AR and MSP1D1 

were 50 kDa and 22.5 kDa, respectively. The elution fractions with the most proteins 

were concentrated and the final concentrations were determined by Bradford assay. 

Usually, 1.5-2 mg of A2AR were purified from 1 L biomass. Further analysis of A2AR 

homogeneity was done by aSEC (Figure 6.2(B)). The aSEC result showed that 95% of 
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A2ARs were present as monomeric peaks compared to 5% of aggregation peaks. There 

was no compound added during the purification procedures. 

 

Figure 6.2: (A) NuPAGE electrophoresis analysis of A2AR and MSP1D1-∆His6 purified 

proteins. M, W1, W2, W3, E1, E2 and E3 represent marker, 1st wash fraction, 2nd wash 

fraction, 3rd wash fraction, 1st elution fraction, 2nd elution fraction, and 3rd elution fraction, 

respectively. Most A2AR proteins were eluted out in the 2nd elution fraction; (B) aSEC 

profile of the A2AR in DDM buffer shows a homogeneous sample preparation. 

 
6.4.2 A2AR nanodisc reconstitution 

Several models are used to contain the GPCRs and facilitate the structural and functional 

elucidations, such as detergent micelles, mixed detergent/lipids micelles, bicelles, 

liposomes and nanodiscs 334. Among these models, nanodiscs have many advantages and 

are a versatile tool to maintain the GPCR in a native-like phospholipid bilayer 

environment. It not only controls the physical size of the nanodisc (macro-environment) 

by varying the lipid stoichiometry and MSP variant but also allows the adjustment of 

nanodisc lipid types (micro-environment). We chose a nanodisc constituted by a lipid 

mixture of POPC/POPS 382,431,432. Since POPS is a negatively charged lipid and POPC is 

a neutral zwitterionic lipid, a mixture of POPC/POPS was used to mimic the environment 

of the plasma membrane. The molar ratio of POPC and POPS was maintained as 7 : 3.  
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Figure 6.3: (A) The optimisation of reconstitution ratios of A2AR : MSP1D1-∆His6 : 

phospholipids. FPLC analyses the homogeneity and monodispersity of the reconstituted 

A2AR nanodisc. The chromatographic peaks at 9 mL represent aggregation formed during 

nanodisc reconstitution, and the peaks at 12.5 mL represent the monomeric A2AR 

successfully reconstituted into the nanodisc; (B) the reconstituted A2AR nanodisc is 

examined by NuPAGE analysis. The two bands correspond to A2AR and MSP1D1-∆His6. 

 

 

To incorporate the A2AR into the nanodisc, the ratio of A2AR, MSP1D1-∆His6 and lipids 

(POPC/POPS) was systematically optimised. The empirical ratio of MSP1D1 : lipids for 

the empty nanodisc was 1 : 70 in previous experiments. However, the incorporation of 

the A2AR will lead to the replacement with some amount of lipids in the nanodisc. 

Therefore the experimentally determined ratio of A2AR : MSP1D1 : lipids was 1 : 5 : 250 

for generating a monodisperse and homogeneous nanodisc sample (Figure 6.3 (A)). The 

NuPAGE gel indicated the successful incorporation of A2AR into the nanodisc (Figure 

6.3 (B)). Ultrafiltration-based affinity mass spectrometry analysis for A2AR nanodisc 

ligand identification Ultrafiltration-based affinity LC/MS has been employed to screen 

small molecule ligands against various soluble protein targets 531,532,627,628 yet never 
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reported to be applied to any GPCR nanodisc. We have found that the variation of the 

detergent concentration in the sample preparation of purified GPCR proteins would affect 

ligand recovery from the ultrafiltration device (data not shown). In contrast, nanodiscs 

under the detergent-free conditions can better suit the need for ligand detection by 

ultrafiltration-based affinity LC/MS analysis. 

 

Figure 6.4: (A) Total ion chromatograms (TIC) acquired through compounds from the 

mixture alone (green), A2AR nanodisc (red) and negative control (blue). (B) Extracted ion 

chromatograms (EIC) of the compounds from the A2AR nanodisc (solid line) and the 

negative control (dashed line), each chromatogram (from left to right) represents a 

compound with strong, weak, or nonspecific binding to the A2AR. 

 

We prepared a 15-compound mixture containing ZM-241385, UK-432097, SCH-58261, 

SCH-442416, NECA, adenosine, theophylline, caffeine and other seven unrelated 

compounds in 50% methanol. A final concentration of 0.4 mM of each compound was 
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mixed with 2 mM of the A2AR nanodisc to assay the ligand binding affinity to A2AR 

nanodisc by ultrafiltration-based affinity LC/MS. The inhibitory constants (Ki) and types 

of compounds were extracted from ChEMBL (https://www.ebi.ac.uk/chembl/compound) 

and BindingDB database (https://www.bindingdb.org/bind/index.jsp). The Ki values were 

used as an indicator for protein–ligand interaction activities. The binding index (BI) 

referring to the ratio of MS response of a given ligand detected in the A2AR nanodisc 

incubation sample versus the control (empty nanodisc) was used to assess the specific 

enrichment of the ligand associated with the A2AR (Figure 6.4). Previous studies have 

shown that ligands with BI values>2 are positive bindings to the target protein 532. As 

expected, all eight known ligands of the A2AR in the 15-compound mixture were verified 

in this assay and the rest of seven compounds unrelated to the A2AR all had BI values 

below the threshold (Table 6.1). More importantly, BI values for SCH-442416 (15.9 ± 

4.3), UK-432097 (47.8 ± 4.9), SCH-58261 (24.8 ± 4.8), NECA (30.5 ± 3.9) and adenosine 

(27.7 ± 4.9) with relatively strong affinity (Ki < 1 mM) were much higher than those of 

two weakly bound ligands theophylline (3.7 ± 1.0) and caffeine (3.25 ± 1.2) in the 

compound mixture (Ki > 1 mM). Although the ranking order of BI values is in general 

agreement with the binding affinity of different ligands, the exception does exist in some 

cases, such as for ZM-241385 (BI = 3.7 ± 0.1). Its low BI value might be related to the 

kinetics of the ligand association/dissociation with the receptor. Nevertheless, the current 

affinity LC/MS indicates that the nanodisc system coupled to the ultrafiltration-based 

affinity LC/MS technique is feasible and promising for ligand identification from 

compound mixtures towards specific GPCR targets in a high-throughput manner. 
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Table 6.1: Identification and binding index determination for each compound in a 15-

compound mixture by ultrafiltration-based affinity LC/MS analysis. 

Compound 

BIa 

Rep-1  

BIa 

Rep-2 

BIa 

Rep-3 

Retention 

time 

(min) 

Mass 

accuracy 

(ppm) 

A2AR 

ligandb 

Ki 

(nM)b 

SCH-442416 15.1 12.1 20.6 14.9 0.64 Antagonist 0.05 

ZM-241385 3.70 3.84 3.65 8.62 0.12 Antagonist 1.6 

UK-432097 50.7 50.5 42.2 10.6 -1.19 Agonist 4.0 

SCH-58261 19.4 26.3 28.6 14.3 -1.61 Antagonist 5.0 

NECA 34.8 27.4 29.2 3.62 -0.99 Agonist 20 

Adenosine 26.1 23.7 33.2 1.05 -0.88 Agonist 700 

Theophylline 3.27 2.95 4.78 4.74 -1.82 Antagonist 1584 

Caffeine 3.39 2.02 4.34 5.51 -0.90 Antagonist 2000 

Negative-1 1.14 1.24 1.20 11.3 -0.64 NO NA 

Negative-2 0.86 1.11 0.87 11.5 1.76 NO NA 

Negative-3 0.83 1.26 1.39 13.0 1.03 NO NA 

Negative-4 1.00 0.86 1.08 16.2 -0.50 NO NA 

Negative-5 0.00 0.00 0.00 11.5 -0.32 NO NA 

Negative-6 0.95 0.91 1.15 16.0 -0.17 NO NA 

Negative-7 1.42 1.30 1.18 7.23 0.21 NO NA 

 
aBI determined in the affinity MS assay from three independent replicates. bData from 

ChEMBL (https://www.ebi.ac.uk/chembl/compound) and Binding DB databases 

(https://www.bindingdb.org/bind/index.jsp). 
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6.5 Conclusions 

The affinity LC/MS has been successfully applied to ligand screening against both soluble 

proteins and purified GPCR dissolved in detergents 531,532,627-629. This is the first report of 

combining nanodisc and affinity LC/MS techniques to identify ligands against unstable 

GPCRs. We provide a protocol for a robust, quantitative and reliable ligand identification 

method by combining GPCR nanodisc and affinity LC/MS techniques. The reconstitution 

of GPCRs into nanodiscs would potentiate ligand screening efficiency in an automated 

affinity LC/MS platform due to better thermostability of the protein target. The affinity 

LC/MS technique allows for sensitive and convenient detection of ligands in a wide range 

of affinities to GPCR targets, and can be readily set up without much instrumental 

modification for different GPCR target screening.  
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Chapter 7 General conclusions and future direction 

We investigated two different ligand identification methods, i.e. native ESI-FT-ICR MS 

and ultrafiltration-based affinity LC/MS. The native ESI-FT-ICR MS was successfully 

used to detect different compositions of A2AR nanodisc such as POPC/POPS lipids and 

MSP1D1/MSP2N2. However, the available instrument setup is more suitable to detect 

various soluble proteins or ligands instead of insoluble membrane proteins or GPCRs. 

The most recent achievement by Robinson's lab is to directly identify the endogenous 

ligand of ADP binding to P2Y1R by nESI-MS 614. The mass spectrometer used for direct 

GPCR-ligand identification is internally modified and it was not feasible to reproduce in 

currently MS facility 616,617. The lipid signals from the GPCR nanodisc suppressed the 

GPCR signals which are low in MS response (due to its low solubility). 

 
Ultrafiltration-based affinity LC/MS has been successfully applied to ligand screening 

against soluble proteins and this is the first report of combining the nanodisc technique 

with affinity LC/MS technique to screen ligands against unstable GPCRs. This affinity 

LC/MS protocol provides a robust, quantitative and reliable ligand identification method 

by combining GPCR nanodisc and affinity LC/MS techniques. The reconstitution of 

GPCRs into nanodiscs would enable ligand screening in an automated affinity LC/MS 

platform due to better thermostability of the protein target. Nanodisc maintains the GPCR 

in a near-native phospholipid bilayer environment. Nanodisc not only controls the 

physical size (macro-environment) by varying the MSP variants, but also allows the 

adjustment of lipids types (micro-environment). Nanodisc did not influence the 

accessibility of ligands into the ligand binding pocket from extracellular and intracellular 

interfaces. 

 
The affinity LC/MS technique allows for sensitive and convenient detection of ligands in 

a wide range of affinities to GPCR targets and could be readily set up without much 
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instrumental modification for different GPCR target screening. The MS-based ligand 

identification technique against GPCRs will facilitate the GPCR crystallisation, GPCR 

deorphanisation, and drug discovery in the future. 
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Appendix 

 

 

SI 1: A phylogenetic tree of TKL group. The LRRK2 is a close relative of the receptor-

interacting protein kinases (RIPKs) and the mixed lineage kinases (MLK) families. The 

scale on the bottom represents genetic distances in substitutions per nucleotide (generated 

by http://www.kinase.com). 
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SI 2: Sequences of LRRK2 subdomains of MAPKKK kinase domain, Roc domain, and 

COR domain. 

Alignment: E:\LRRK2\Confirmation\LRRK2.gb 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                      10         20         30         40         50              
kinase       caagctccag agtttctcct aggtgatggc agttttggat cagtttaccg  
Roc          aaccgaatga aacttatgat tgtgggaaat actgggagtg gtaaaaccac  
COR          ttcaagatcc gagatcagct tgttgttgga cagctgattc cagactgcta  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                      60         70         80         90        100             
kinase       agcagcctat gaaggagaag aagtggctgt gaagattttt aataaacata  
Roc          cttattgcag caattaatga aaaccaagaa atcagatctt ggaatgcaaa  
COR          tgtagaactt gaaaaaatca ttttatcgga gcgtaaaaat gtgccaattg  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     110        120        130        140        150         
kinase       catcactcag gctgttaaga caagagcttg tggtgctttg ccacctccac  
Roc          gtgccacagt tggcatagat gtgaaagact ggcctatcca aataagagac  
COR          aatttcccgt aattgaccgg aaacgattat tacaactagt gagagaaaat  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     160        170        180        190        200         
kinase       caccccagtt tgatatcttt gctggcagct gggattcgtc cccggatgtt  
Roc          aaaagaaaga gagatctcgt cctaaatgtg tgggattttg caggtcgtga  
COR          cagctgcagt tagatgaaaa tgagcttcct cacgcagttc actttctaaa  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     210        220        230        240        250         
kinase       ggtgatggag ttagcctcca agggttcctt ggatcgcctg cttcagcagg  
Roc          ggaattctat agtactcatc cccattttat gacgcagcga gcattgtacc  
COR          tgaatcagga gtccttcttc attttcaaga cccagcactg cagttaagtg  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     260        270        280        290        300         
kinase       acaaagccag cctcactaga accctacagc acaggattgc actccacgta  
Roc          ttgctgtcta tgacctcagc aagggacagg ctgaagttga tgccatgaag  
COR          acttgtactt tgtggaaccc aagtggcttt gtaaaatcat ggcacagatt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     310        320        330        340        350         
kinase       gctgatggtt tgagatacct ccactcagcc atgattatat accgagacct  
Roc          ccttggctct tcaatataaa ggctcgcgct tcttcttccc ctgtgattct  
COR          ttgacagtga aagtggaagg ttgtccaaaa caccctaagg gaattatttc  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     360        370        380        390        400         
kinase       gaaaccccac aatgtgctgc ttttcacact gtatcccaat gctgccatca  
Roc          cgttggcaca catttggatg tttctgatga gaagcaacgc aaagcctgca  
COR          gcgtagagat gtggaaaaat ttctttcaaa gaaaaggaaa tttccaaaga  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     410        420        430        440        450         
kinase       ttgcaaagat tgctgactac ggcattgctc agtactgctg tagaatgggg  
Roc          tgagtaaaat caccaaggaa ctcctgaata agcgagggtt ccctgccata  
COR          actacatgac acagtatttt aagctcctag aaaaattcca gattgctttg  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     460        470        480        490        500         
kinase       ataaaaacat cagagggcac accagggttt cgtgcacctg aagttgccag  
Roc          cgagattacc actttgtgaa tgccaccgag gaatctgatg ctttggcaaa  
COR          ccaataggag aagaatattt gctggttcca agcagtttgt ctgaccacag  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     510        520        530        540        550         
kinase       aggaaatgtc atttataacc aacaggctga tgtttattca tttggtttac  
Roc          acttcggaaa accatcataa acgagagcct taat...... ..........  
COR          gcctgtgata gagcttcccc attgtgagaa ctctgaaatt atcatccgac  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     560        570        580        590        600         
kinase       tactctatga cattttgaca actggaggta gaatagtaga gggtttgaag  
Roc          .......... .......... .......... .......... ..........  
COR          tatatgaaat gccttatttt ccaatgggat tttggtcaag attaatcaat  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     610        620        630        640        650         
kinase       tttccaaatg agtttgatga attagaaata caaggaaaat tacctgatcc  
Roc          .......... .......... .......... .......... ..........  
COR          cgattacttg agatttcacc ttacatgctt tcagggagag aacgagcact  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     660        670        680        690        700         
kinase       agttaaagaa tatggttgtg ccccatggcc tatggttgag aaattaatta  
Roc          .......... .......... .......... .......... ..........  
COR          tcgcccaaac agaatgtatt ggcgacaagg catttactta aattggtctc  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     710        720        730        740        750         
kinase       aacagtgttt gaaagaaaat cctcaagaaa ggcctacttc tgcccaggtc  
Roc          .......... .......... .......... .......... ..........  
COR          ctgaagctta ttgtctggta ggatctgaag tcttagacaa tcatccagag  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     760        770        780        790        800         
kinase       tttgacattt tgaattcagc tgaattagtc .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          agtttcttaa aaattacagt tccttcttgt agaaaaggct gtattctttt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     810        820        830        840        850         
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          gggccaagtt gtggaccaca ttgattctct catggaagaa tggtttcctg  
 
 



 

222 

             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     860        870        880        890        900         
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ggttgctgga gattgatatt tgtggtgaag gagaaactct gttgaagaaa  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     910        920        930        940        950         
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          tgggcattat atagttttaa tgatggcgaa gaacatcaaa aaatcttact  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     960        970        980        990        1000        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          tgatgacttg atgaagaaag cagaggaagg agatctctta gtaaatccag  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1010       1020       1030       1040       1050        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          atcaaccaag gctcaccatt ccaatatctc agattgcccc tgacttgatt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1060       1070       1080       1090       1100        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ttggctgacc tgcctagaaa tattatgttg aataatgatg agttggaatt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1110       1120       1130       1140       1150        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          tgaacaagct ccagagtttc tcctaggtga tggcagtttt ggatcagttt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1160       1170       1180       1190       1200        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          accgagcagc ctatgaagga gaagaagtgg ctgtgaagat ttttaataaa  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1210       1220       1230       1240       1250        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          catacatcac tcaggctgtt aagacaagag cttgtggtgc tttgccacct  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1260       1270       1280       1290       1300        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ccaccacccc agtttgatat ctttgctggc agctgggatt cgtccccgga  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1310       1320       1330       1340       1350        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          tgttggtgat ggagttagcc tccaagggtt ccttggatcg cctgcttcag  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1360       1370       1380       1390       1400        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          caggacaaag ccagcctcac tagaacccta cagcacagga ttgcactcca  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1410       1420       1430       1440       1450        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          cgtagctgat ggtttgagat acctccactc agccatgatt atataccgag  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1460       1470       1480       1490       1500        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          acctgaaacc ccacaatgtg ctgcttttca cactgtatcc caatgctgcc  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1510       1520       1530       1540       1550        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          atcattgcaa agattgctga ctacggcatt gctcagtact gctgtagaat  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1560       1570       1580       1590       1600        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ggggataaaa acatcagagg gcacaccagg gtttcgtgca cctgaagttg  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1610       1620       1630       1640       1650        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ccagaggaaa tgtcatttat aaccaacagg ctgatgttta ttcatttggt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1660       1670       1680       1690       1700        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ttactactct atgacatttt gacaactgga ggtagaatag tagagggttt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1710       1720       1730       1740       1750        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          gaagtttcca aatgagtttg atgaattaga aatacaagga aaattacctg  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1760       1770       1780       1790       1800        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          atccagttaa agaatatggt tgtgccccat ggcctatggt tgaaaaatta  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1810       1820       1830       1840       1850        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          attaaacagt gtttgaaaga aaatcctcaa gaaaggccta cttctgccca  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1860       1870       1880       1890       1900        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ggtctttgac attttgaatt cagctgaatt agtctgtctg acgagacgca  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1910       1920       1930       1940       1950        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ttttattacc taaaaacgta attgttgaat gcatggttgc tacacatcac  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1960       1970       1980       1990       2000        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          aacagcagga atgcaagcat ttggctgggc tgtgggcaca ccgacagagg  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2010       2020       2030       2040       2050        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          acagctctca tttcttgact taaatactga aggatacact tctgaggaag  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2060       2070       2080       2090       2100        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ttgctgatag tagaatattg tgcttagcct tggtgcatct tcctgttgaa  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2110       2120       2130       2140       2150        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          aaggaaagct ggattgtgtc tgggacacag tctggtactc tcctggtcat  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2160       2170       2180       2190       2200        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          caataccgaa gatgggaaaa agagacatac cctagaaaag atgactgatt  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2210       2220       2230       2240       2250        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ctgtcacttg tttgtattgc aattcctttt ccaagcaaag caaacaaaaa  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2260       2270       2280       2290       2300        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          aattttcttt tggttggaac cgctgatggc aagttagcaa tttttgaaga  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2310       2320       2330       2340       2350        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          taagactgtt aagcttaaag gagctgctcc tttgaagata ctaaatatag  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2360       2370       2380       2390       2400        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          gaaatgtcag tactccattg atgtgtttga gtgaatccac aaattcaacg  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2410       2420       2430       2440       2450        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          gaaagaaatg taatgtgggg aggatgtggc acaaagattt tctccttttc  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2460       2470       2480       2490       2500        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          taatgatttc accattcaga aactcattga gacaagaaca agccaactgt  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2510       2520       2530       2540       2550        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          tttcttatgc agctttcagt gattccaaca tcataacagt ggtggtagac  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2560       2570       2580       2590       2600        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          actgctctct atattgctaa gcaaaatagc cctgttgtgg aagtgtggga  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2610       2620       2630       2640       2650        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          taagaaaact gaaaaactct gtggactaat agactgcgtg cactttttaa  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2660       2670       2680       2690       2700        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          gggaggtaac ggtaaaagaa aacaaggaat caaaacacaa aatgtcttat  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2710       2720       2730       2740       2750        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          tctgggagag tgaaaaccct ctgccttcag aagaacactg ctctttggat  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2760       2770       2780       2790       2800        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          aggaactgga ggaggccata ttttactcct ggatctttca actcgtcgac  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2810       2820       2830       2840       2850        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ttatacgtgt aatttacaac ttttgtaatt cggtcagagt catgatgaca  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2860       2870       2880       2890       2900        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          gcacagctag gaagccttaa aaatgtcatg ctggtattgg gctacaaccg  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2910       2920       2930       2940       2950        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          gaaaaatact gaaggtacac aaaagcagaa agagatacaa tcttgcttga  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2960       2970       2980       2990       3000        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          ccgtttggga catcaatctt ccacatgaag tgcaaaattt agaaaaacac  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     3010       3020       3030       3040       3050        
kinase       .......... .......... .......... .......... ..........  
Roc          .......... .......... .......... .......... ..........  
COR          attgaagtga gaaaagaatt agctgaaaaa atgagacgaa catctgttga  
 
 
             . 
              
kinase       . 
Roc          . 
COR          g 
 



 

227 

SI 3: Cloned plasmids with sequences of different MSP variants and A2AR constructs. 

Alignment: E:\Results\hMSP\msp variants.gb 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                      10         20         30         40         50              
MSP1D1       CGTCCGGCGT AGAGGATCGA GATCTCGATC CCGCGAAATT AATACGACTC  
MSP1         ATGGGTCATC ATCATCATCA TCACATTGAG GGACGTCTGA AGCTGTTGGA  
MSP1D2       ATGGGTCATC ATCATCATCA TCATCACGAT TATGATATTC CTACTACTGA  
MSP2N2       ATGGGTCATC ATCATCATCA TCATCACGAT TATGATATTC CTACTACTGA  
MSP2N3       ATGGGTCATC ATCATCATCA TCATCACGAT TATGATATTC CTACTACTGA  
MSP1E1D1     TAATACGACT CACTATAGGG GAATTGTGAG CGGATAACAA TTCCCCTCTA  
MSP1E3D1     ATGGGTCATC ATCATCATCA TCATCACGAT TATGATATTC CTACTACTGA  
MSP1E2D1     CGTCCGGCGT AGAGGATCGA GATCTCGATC CCGCGAAATT AATACGACTC  
A2AR         ATGCCCATCA TGGGCTCCTC GGTGTACATC ACGGTGGAGC TGGCCATTGC  
A2AR-GFP     ATGAAGACGA TCATCGCCCT GAGCTACATC TTCTGCCTGG TGTTCGCCGA  
A2AR-GS li   ATGCCCATCA TGGGCTCCTC GGTGTACATC ACGGTGGAGC TGGCCATTGC  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                      60         70         80         90        100             
MSP1D1       ACTATAGGGG AATTGTGAGC GGATAACAAT TCCCCTCTAG AAATAATTTT  
MSP1         CAATTGGGAC TCTGTTACGT CTACCTTCAG TAAACTTCGC GAACAACTGG  
MSP1D2       GAATTTGTAT TTTCAGGGTC CCGTGACGCA GGAATTCTGG GACAACCTGG  
MSP2N2       GAATTTGTAT TTTCAGGGTT CTACCTTCAG TAAACTTCGC GAACAACTGG  
MSP2N3       GAATTTGTAT TTTCAGGGTT CTACCTTCAG TAAACTTCGC GAACAACTGG  
MSP1E1D1     GAAATAATTT TGTTTAACTT TAAGAAGGAG ATATACCATG GGTCATCATC  
MSP1E3D1     GAATTTGTAT TTTCAGGGTT CTACCTTCAG TAAACTTCGC GAACAACTGG  
MSP1E2D1     ACTATAGGGG AATTGTGAGC GGATAACAAT TCCCCTCTAG AAATAATTTT  
A2AR         TGTGCTGGCC ATCCTGGGCA ATGTGCTGGT GTGCTGGGCC GTGTGGCTCA  
A2AR-GFP     CTACAAGGAC GATGATGACA AGGGCGCGCC ACCCATCATG GGCTCCTCGG  
A2AR-GS li   TGTGCTGGCC ATCCTGGGCA ATGTGCTGGT GTGCTGGGCC GTGTGGCTCA  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     110        120        130        140        150         
MSP1D1       GTTTAACTTT AAGAAGGAGA TATACCATGG GTCATCATCA TCATCATCAT  
MSP1         GCCCCGTGAC GCAGGAATTC TGGGACAACC TGGAAAAAGA AACCGAGGGA  
MSP1D2       AAAAAGAAAC CGAGGGACTG CGTCAGGAAA TGTCCAAAGA TTTAGAAGAG  
MSP2N2       GCCCCGTGAC GCAGGAATTC TGGGACAACC TGGAAAAAGA AACCGAGGGA  
MSP2N3       GCCCCGTGAC GCAGGAATTC TGGGACAACC TGGAAAAAGA AACCGAGGGA  
MSP1E1D1     ATCATCATCA TCACGATTAT GATATTCCTA CTACTGAGAA TTTGTATTTT  
MSP1E3D1     GCCCCGTGAC GCAGGAATTC TGGGACAACC TGGAAAAAGA AACCGAGGGA  
MSP1E2D1     GTTTAACTTT AAGAAGGAGA TATACCATGG GTCATCATCA TCATCATCAT  
A2AR         ACAGCAACCT GCAGAACGTC ACCAACTACT TTGTGGTGTC ACTGGCGGCG  
A2AR-GFP     TGTACATCAC GGTGGAGCTG GCCATTGCTG TGCTGGCCAT CCTGGGCAAT  
A2AR-GS li   ACAGCAACCT GCAGAACGTC ACCAACTACT TTGTGGTGTC ACTGGCGGCG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     160        170        180        190        200         
MSP1D1       CACGATTATG ATATTCCTAC TACTGAGAAT TTGTATTTTC AGGGTTCTAC  
MSP1         CTGCGTCAGG AAATGTCCAA AGATTTAGAA GAGGTGAAGG CCAAGGTTCA  
MSP1D2       GTGAAGGCCA AGGTTCAGCC ATATCTCGAT GACTTTCAGA AAAAATGGCA  
MSP2N2       CTGCGTCAGG AAATGTCCAA AGATTTAGAA GAGGTGAAGG CCAAGGTTCA  
MSP2N3       CTGCGTCAGG AAATGTCCAA AGATTTAGAA GAGGTGAAGG CCAAGGTTCA  
MSP1E1D1     CAGGGTTCTA CCTTCAGTAA ACTTCGCGAA CAACTGGGCC CCGTGACGCA  
MSP1E3D1     CTGCGTCAGG AAATGTCCAA AGATTTAGAA GAGGTGAAGG CCAAGGTTCA  
MSP1E2D1     CACGATTATG ATATTCCTAC TACTGAGAAT TTGTATTTTC AGGGTTCTAC  
A2AR         GCCGACATCG CAGTGGGTGT GCTCGCCATC CCCTTTGCCA TCACCATCAG  
A2AR-GFP     GTGCTGGTGT GCTGGGCCGT GTGGCTCAAC AGCAACCTGC AGAACGTCAC  
A2AR-GS li   GCCGACATCG CAGTGGGTGT GCTCGCCATC CCCTTTGCCA TCACCATCAG  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     210        220        230        240        250         
MSP1D1       CTTCAGTAAA CTTCGCGAAC AACTGGGCCC CGTGACGCAG GAATTCTGGG  
MSP1         GCCATATCTC GATGACTTTC AGAAAAAATG GCAGGAAGAG ATGGAATTAT  
MSP1D2       GGAAGAGATG GAATTATATC GTCAAAAGGT GGAACCGCTG CGTGCGGAAC  
MSP2N2       GCCATATCTC GATGACTTTC AGAAAAAATG GCAGGAAGAG ATGGAATTAT  
MSP2N3       GCCATATCTC GATGACTTTC AGAAAAAATG GCAGGAAGAG ATGGAATTAT  
MSP1E1D1     GGAATTCTGG GACAACCTGG AAAAAGAAAC CGAGGGACTG CGTCAGGAAA  
MSP1E3D1     GCCATATCTC GATGACTTTC AGAAAAAATG GCAGGAAGAG ATGGAATTAT  
MSP1E2D1     CTTCAGTAAA CTTCGCGAAC AACTGGGCCC CGTGACGCAG GAATTCTGGG  
A2AR         CACCGGGTTC TGCGCTGCCT GCCACGGCTG CCTCTTCATT GCCTGCTTCG  
A2AR-GFP     CAACTACTTT GTGGTGTCAC TGGCGGCGGC CGACATCGCA GTGGGTGTGC  
A2AR-GS li   CACCGGGTTC TGCGCTGCCT GCCACGGCTG CCTCTTCATT GCCTGCTTCG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     260        270        280        290        300         
MSP1D1       ACAACCTGGA AAAAGAAACC GAGGGACTGC GTCAGGAAAT GTCCAAAGAT  
MSP1         ATCGTCAAAA GGTGGAACCG CTGCGTGCGG AACTGCAAGA GGGGGCACGC  
MSP1D2       TGCAAGAGGG GGCACGCCAA AAACTCCATG AGCTCCAAGA GAAGCTCAGC  
MSP2N2       ATCGTCAAAA GGTGGAACCG CTGCGTGCGG AACTGCAAGA GGGGGCACGC  
MSP2N3       ATCGTCAAAA GGTGGAACCG CTGCGTGCGG AACTGCAAGA GGGGGCACGC  
MSP1E1D1     TGTCCAAAGA TTTAGAAGAG GTGAAGGCCA AGGTTCAGCC ATATCTCGAT  
MSP1E3D1     ATCGTCAAAA GGTGGAACCG CTGCGTGCGG AACTGCAAGA GGGGGCACGC  
MSP1E2D1     ACAACCTGGA AAAAGAAACC GAGGGACTGC GTCAGGAAAT GTCCAAAGAT  
A2AR         TCCTGGTCCT CACGCAGAGC TCCATCTTCA GTCTCCTGGC CATCGCCATT  
A2AR-GFP     TCGCCATCCC CTTTGCCATC ACCATCAGCA CCGGGTTCTG CGCTGCCTGC  
A2AR-GS li   TCCTGGTCCT CACGCAGAGC TCCATCTTCA GTCTCCTGGC CATCGCCATT  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     310        320        330        340        350         
MSP1D1       TTAGAAGAGG TGAAGGCCAA GGTTCAGCCA TATCTCGATG ACTTTCAGAA  
MSP1         CAAAAACTCC ATGAGCTCCA AGAGAAGCTC AGCCCATTAG GCGAAGAAAT  
MSP1D2       CCATTAGGCG AAGAAATGCG CGATCGCGCC CGTGCACATG TTGATGCACT  
MSP2N2       CAAAAACTCC ATGAGCTCCA AGAGAAGCTC AGCCCATTAG GCGAAGAAAT  
MSP2N3       CAAAAACTCC ATGAGCTCCA AGAGAAGCTC AGCCCATTAG GCGAAGAAAT  
MSP1E1D1     GACTTTCAGA AAAAATGGCA GGAAGAGATG GAATTATATC GTCAAAAGGT  
MSP1E3D1     CAAAAACTCC ATGAGCTCCA AGAGAAGCTC AGCCCATTAG GCGAAGAAAT  
MSP1E2D1     TTAGAAGAGG TGAAGGCCAA GGTTCAGCCA TATCTCGATG ACTTTCAGAA  
A2AR         GACCGCTACA TTGCCATCCG CATCCCGCTC CGGTACAATG GCTTGGTGAC  
A2AR-GFP     CACGGCTGCC TCTTCATTGC CTGCTTCGTC CTGGTCCTCA CGCAGAGCTC  
A2AR-GS li   GACCGCTACA TTGCCATCCG CATCCCGCTC CGGTACAATG GCTTGGTGAC  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     360        370        380        390        400         
MSP1D1       AAAATGGCAG GAAGAGATGG AATTATATCG TCAAAAGGTG GAACCGCTGC  
MSP1         GCGCGATCGC GCCCGTGCAC ATGTTGATGC ACTCCGGACT CATTTGGCGC  
MSP1D2       CCGGACTCAT TTGGCGCCGT ATTCGGATGA ACTTCGCCAG CGTTTGGCCG  
MSP2N2       GCGCGATCGC GCCCGTGCAC ATGTTGATGC ACTCCGGACT CATTTGGCGC  
MSP2N3       GCGCGATCGC GCCCGTGCAC ATGTTGATGC ACTCCGGACT CATTTGGCGC  
MSP1E1D1     GGAACCATAT CTCGATGACT TTCAGAAAAA ATGGCAGGAA GAGATGGAAT  
MSP1E3D1     GCGCGATCGC GCCCGTGCAC ATGTTGATGC ACTCCGGACT CATTTGGCGC  
MSP1E2D1     AAAATGGCAG GAAGAGATGG AATTATATCG TCAAAAGGTG GAACCGCTGC  
A2AR         CGGCACGAGG GCTAAGGGCA TCATTGCCAT CTGCTGGGTG CTGTCGTTTG  
A2AR-GFP     CATCTTCAGT CTCCTGGCCA TCGCCATTGA CCGCTACATT GCCATCCGCA  
A2AR-GS li   CGGCACGAGG GCTAAGGGCA TCATTGCCAT CTGCTGGGTG CTGTCGTTTG  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     410        420        430        440        450         
MSP1D1       GTGCGGAACT GCAAGAGGGG GCACGCCAAA AACTCCATGA GCTCCAAGAG  
MSP1         CGTATTCGGA TGAACTTCGC CAGCGTTTGG CCGCACGTCT CGAGGCGCTG  
MSP1D2       CACGTCTCGA GGCGCTGAAA GAAAACGGGG GTGCCCGCTT GGCTGAGTAC  
MSP2N2       CGTATTCGGA TGAACTTCGC CAGCGTTTGG CCGCACGTCT CGAGGCGCTG  
MSP2N3       CGTATTCGGA TGAACTTCGC CAGCGTTTGG CCGCACGTCT CGAGGCGCTG  
MSP1E1D1     TATATCGTCA AAAGGTGGAA CCGCTGCGTG CGGAACTGCA AGAGGGGGCA  
MSP1E3D1     CATATCTCGA TGACTTTCAG AAAAAATGGC AGGAAGAGAT GGAATTATAT  
MSP1E2D1     GTGCGGAACT GCAAGAGGGG GCACGCCAAA AACTCCATGA GCTCCAAGAG  
A2AR         CCATCGGCCT GACTCCCATG CTAGGTTGGA ACAACTGCGG TCAGCCAAAG  
A2AR-GFP     TCCCGCTCCG GTACAATGGC TTGGTGACCG GCACGAGGGC TAAGGGCATC  
A2AR-GS li   CCATCGGCCT GACTCCCATG CTAGGTTGGA ACAACTGCGG TCAGCCAAAG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     460        470        480        490        500         
MSP1D1       AAGCTCAGCC CATTAGGCGA AGAAATGCGC GATCGCGCCC GTGCACATGT  
MSP1         AAAGAAAACG GGGGTGCCCG CTTGGCTGAG TACCACGCGA AAGCGACAGA  
MSP1D2       CACGCGAAAG CGACAGAACA CCTGAGCACC TTGAGCGAAA AAGCGAAACC  
MSP2N2       AAAGAAAACG GGGGTGCCCG CTTGGCTGAG TACCACGCGA AAGCGACAGA  
MSP2N3       AAAGAAAACG GGGGTGCCCG CTTGGCTGAG TACCACGCGA AAGCGACAGA  
MSP1E1D1     CGCCAAAAAC TCCATGAGCT CCAAGAGAAG CTCAGCCCAT TAGGCGAAGA  
MSP1E3D1     CGTCAAAAGG TGGAACCGCT GCGTGCGGAA CTGCAAGAGG GGGCACGCCA  
MSP1E2D1     AAGCTCAGCC CATATCTCGA TGACTTTCAG AAAAAATGGC AGGAAGAGAT  
A2AR         GAGGGCAAGA ACCACTCCCA GGGCTGCGGG GAGGGCCAAG TGGCCTGTCT  
A2AR-GFP     ATTGCCATCT GCTGGGTGCT GTCGTTTGCC ATCGGCCTGA CTCCCATGCT  
A2AR-GS li   GAGGGCAAGA ACCACTCCCA GGGCTGCGGG GAGGGCCAAG TGGCCTGTCT  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     510        520        530        540        550         
MSP1D1       TGATGCACTC CGGACTCATT TGGCGCCGTA TTCGGATGAA CTTCGCCAGC  
MSP1         ACACCTGAGC ACCTTGAGCG AAAAAGCGAA ACCGGCGCTG GAAGATCTAC  
MSP1D2       GGCGCTGGAA GATCTACGCC AGGGCTTATT GCCTGTTCTT GAGAGCTTTA  
MSP2N2       ACACCTGAGC ACCTTGAGCG AAAAAGCGAA ACCGGCGCTG GAAGATCTAC  
MSP2N3       ACACCTGAGC ACCTTGAGCG AAAAAGCGAA ACCGGCGCTG GAAGATCTAC  
MSP1E1D1     AATGCGCGAT CGCGCCCGTG CACATGTTGA TGCACTCCGG ACTCATTTGG  
MSP1E3D1     AAAACTCCAT GAGCTCCAAG AGAAGCTCAG CCCATTAGGC GAAGAAATGC  
MSP1E2D1     GGAATTATAT CGTCAAAAGG TGGAACCGCT GCGTGCGGAA CTGCAAGAGG  
A2AR         CTTTGAGGAT GTGGTCCCCA TGAACTACAT GGTGTACTTC AACTTCTTTG  
A2AR-GFP     AGGTTGGAAC AACTGCGGTC AGCCAAAGGA GGGCAAGAAC CACTCCCAGG  
A2AR-GS li   CTTTGAGGAT GTGGTCCCCA TGAACTACAT GGTGTACTTC AACTTCTTTG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     560        570        580        590        600         
MSP1D1       GTTTGGCCGC ACGTCTCGAG GCGCTGAAAG AAAACGGGGG TGCCCGCTTG  
MSP1         GCCAGGGCTT ATTGCCTGTT CTTGAGAGCT TTAAAGTCAG TTTTCTGTCA  
MSP1D2       AAGTCAGTTT TCTGTCAGCT CTGGAAGAAT ATACTAAAAA GCTGAATACC  
MSP2N2       GCCAGGGCTT ATTGCCTGTT CTTGAGAGCT TTAAAGTCAG TTTTCTGTCA  
MSP2N3       GCCAGGGCTT ATTGCCTGTT CTTGAGAGCT TTAAAGTCAG TTTTCTGTCA  
MSP1E1D1     CGCCGTATTC GGATGAACTT CGCCAGCGTT TGGCCGCACG TCTCGAGGCG  
MSP1E3D1     GCGATCGCGC CCGTGCACAT GTTGATGCAC TCCGGACTCA TTTGGCGCCG  
MSP1E2D1     GGGCACGCCA AAAACTCCAT GAGCTCCAAG AGAAGCTCAG CCCATTAGGC  
A2AR         CCTGTGTGCT GGTGCCCCTG CTGCTCATGC TGGGTGTCTA TTTGCGGATC  
A2AR-GFP     GCTGCGGGGA GGGCCAAGTG GCCTGTCTCT TTGAGGATGT GGTCCCCATG  
A2AR-GS li   CCTGTGTGCT GGTGCCCCTG CTGCTCATGC TGGGTGTCTA TTTGCGGATC  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     610        620        630        640        650         
MSP1D1       GCTGAGTACC ACGCGAAAGC GACAGAACAC CTGAGCACCT TGAGCGAAAA  
MSP1         GCTCTGGAAG AATATACTAA AAAGCTGAAT ACCCAG.... ..........  
MSP1D2       CAG....... .......... .......... .......... ..........  
MSP2N2       GCTCTGGAAG AATATACTAA AAAGCTGAAT ACCCAGGGTA CCCCCGTGAC  
MSP2N3       GCTCTGGAAG AATATACTAA AAAGCTGAAT ACCCAGGGTA CCCGCGAACA  
MSP1E1D1     CTGAAAGAAA ACGGGGGTGC CCGCTTGGCT GAGTACCACG CGAAAGCGAC  
MSP1E3D1     TATTCGGATG AACTTCGCCA GCGTTTGGCC GCACGTCTCG AGGCGCTGAA  
MSP1E2D1     GAAGAAATGC GCGATCGCGC CCGTGCACAT GTTGATGCAC TCCGGACTCA  
A2AR         TTCCTGGCGG CGCGACGACA GCTGGCTGAT CTGGAAGACA ATTGGGAAAC  
A2AR-GFP     AACTACATGG TGTACTTCAA CTTCTTTGCC TGTGTGCTGG TGCCCCTGCT  
A2AR-GS li   TTCCTGGCGG CGCGACGACA GCTGGCTGAT CTGGAAGACA ATTGGGAAAC  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     660        670        680        690        700         
MSP1D1       AGCGAAACCG GCGCTGGAAG ATCTACGCCA GGGCTTATTG CCTGTTCTTG  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       GCAGGAATTC TGGGACAACC TGGAAAAAGA AACCGAGGGA CTGCGTCAGG  
MSP2N3       ACTGGGCCCC GTGACGCAGG AATTCTGGGA CAACCTGGAA AAAGAAACCG  
MSP1E1D1     AGAACACCTG AGCACCTTGA GCGAAAAAGC GAAACCGGCG CTGGAAGATC  
MSP1E3D1     AGAAAACGGG GGTGCCCGCT TGGCTGAGTA CCACGCGAAA GCGACAGAAC  
MSP1E2D1     TTTGGCGCCG TATTCGGATG AACTTCGCCA GCGTTTGGCC GCACGTCTCG  
A2AR         TCTGAACGAC AATCTCAAGG TGATCGAGAA GGCTGACAAT GCTGCACAAG  
A2AR-GFP     GCTCATGCTG GGTGTCTATT TGCGGATCTT CCTGGCGGCG CGACGACAGC  
A2AR-GS li   TCTGAACGAC AATCTCAAGG TGATCGAGAA GGCTGACAAT GCTGCACAAG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     710        720        730        740        750         
MSP1D1       AGAGCTTTAA AGTCAGTTTT CTGTCAGCTC TGGAAGAATA TACTAAAAAG  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       AAATGTCCAA AGATTTAGAA GAGGTGAAGG CCAAGGTTCA GCCATATCTC  
MSP2N3       AGGGACTGCG TCAGGAAATG TCCAAAGATT TAGAAGAGGT GAAGGCCAAG  
MSP1E1D1     TACGCCAGGG CTTATTGCCT GTTCTTGAGA GCTTTAAAGT CAGTTTTCTG  
MSP1E3D1     ACCTGAGCAC CTTGAGCGAA AAAGCGAAAC CGGCGCTGGA AGATCTACGC  
MSP1E2D1     AGGCGCTGAA AGAAAACGGG GGTGCCCGCT TGGCTGAGTA CCACGCGAAA  
A2AR         TCAAAGACGC TCTGACCAAG ATGAGGGCAG CAGCCCTGGA CGCTCAGAAG  
A2AR-GFP     TGGCTGATCT GGAAGACAAT TGGGAAACTC TGAACGACAA TCTCAAGGTG  
A2AR-GS li   TCAAAGACGC TCTGACCAAG ATGAGGGCAG CAGCCCTGGA CGCTCAGAAG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     760        770        780        790        800         
MSP1D1       CTGAATACCC AGTAAGCTTG CGGCCGCACT CGAGCACCAC CACCACCACC  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       GATGACTTTC AGAAAAAATG GCAGGAAGAG ATGGAATTAT ATCGTCAAAA  
MSP2N3       GTTCAGCCAT ATCTCGATGA CTTTCAGAAA AAATGGCAGG AAGAGATGGA  
MSP1E1D1     TCAGCTCTGG AAGAATATAC TAAAAAGCTG AATACCCAGT AAGCTTGCGG  
MSP1E3D1     CAGGGCTTAT TGCCTGTTCT TGAGAGCTTT AAAGTCAGTT TTCTGTCAGC  
MSP1E2D1     GCGACAGAAC ACCTGAGCAC CTTGAGCGAA AAAGCGAAAC CGGCGCTGGA  
A2AR         GCCACTCCAC CTAAGCTCGA GGACAAGAGC CCAGATAGCC CTGAAATGAA  
A2AR-GFP     ATCGAGAAGG CTGACAATGC TGCACAAGTC AAAGACGCTC TGACCAAGAT  
A2AR-GS li   GCCACTCCAC CTAAGCTCGA GGACAAGAGC CCAGATAGCC CTGAAATGAA  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     810        820        830        840        850         
MSP1D1       ACTGAGATCC GGCTGCTAAC AAAGCCCGAA AGGAAGCTGA GTTGGCTGCT  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       GGTGGAACCG CTGCGTGCGG AACTGCAAGA GGGGGCACGC CAAAAACTCC  
MSP2N3       ATTATATCGT CAAAAGGTGG AACCGCTGCG TGCGGAACTG CAAGAGGGGG  
MSP1E1D1     CCGCACTCGA GCACCACCAC CACCACCACT GAGATCCGGC TGCTAACAAA  
MSP1E3D1     TCTGGAAGAA TATACTAAAA AGCTGAATAC CCAG...... ..........  
MSP1E2D1     AGATCTACGC CAGGGCTTAT TGCCTGTTCT TGAGAGCTTT AAAGTCAGTT  
A2AR         AGACTTTCGG CATGGATTCG ACATTCTGGT GGGACAGATT GATGATGCAC  
A2AR-GFP     GAGGGCAGCA GCCCTGGACG CTCAGAAGGC CACTCCACCT AAGCTCGAGG  
A2AR-GS li   AGACTTTCGG CATGGATTCG ACATTCTGGT GGGACAGATT GATGATGCAC  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     860        870        880        890        900         
MSP1D1       GCCACCGCTG A......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       ATGAGCTCCA AGAGAAGCTC AGCCCATTAG GCGAAGAAAT GCGCGATCGC  
MSP2N3       CACGCCAAAA ACTCCATGAG CTCCAAGAGA AGCTCAGCCC ATTAGGCGAA  
MSP1E1D1     GCCCGAAAGG AAGCTGAGTT GGCTGC.... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     TTCTGTCAGC TCTGGAAGAA TATACTAAAA AGCTGAATAC CCAGTAAGCT  
A2AR         TCAAGCTGGC CAATGAAGGG AAAGTCAAGG AAGCACAAGC AGCCGCTGAG  
A2AR-GFP     ACAAGAGCCC AGATAGCCCT GAAATGAAAG ACTTTCGGCA TGGATTCGAC  
A2AR-GS li   TCAAGCTGGC CAATGAAGGG AAAGTCAAGG AAGCACAAGC AGCCGCTGAG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     910        920        930        940        950         
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       GCCCGTGCAC ATGTTGATGC ACTCCGGACT CATTTGGCGC CGTATTCGGA  
MSP2N3       GAAATGCGCG ATCGCGCCCG TGCACATGTT GATGCACTCC GGACTCATTT  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     TGCGGCCGCA CTCGAGCACC ACCACCACCA CCACTGAGAT CCGGCTGCTA  
A2AR         CAGCTGAAGA CCACCCGGAA TGCATACATT CAGAAGTACC TGTCCACACT  
A2AR-GFP     ATTCTGGTGG GACAGATTGA TGATGCACTC AAGCTGGCCA ATGAAGGGAA  
A2AR-GS li   CAGCTGAAGA CCACCCGGAA TGCATACATT CAGAAGTACC TGTCCACACT  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     960        970        980        990        1000        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       TGAACTTCGC CAGCGTTTGG CCGCACGTCT CGAGGCGCTG AAAGAAAACG  
MSP2N3       GGCGCCGTAT TCGGATGAAC TTCGCCAGCG TTTGGCCGCA CGTCTCGAGG  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     ACAAAGCCCG AAAGGAAGCT GAGTTGGCTG CTGCCACCGC TGA.......  
A2AR         GCAGAAGGAG GTCCATGCTG CCAAGTCACT GGCCATCATT GTGGGGCTCT  
A2AR-GFP     AGTCAAGGAA GCACAAGCAG CCGCTGAGCA GCTGAAGACC ACCCGGAATG  
A2AR-GS li   GCAGAAGGAG GTCCATGCTG CCAAGTCACT GGCCATCATT GTGGGGCTCT  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1010       1020       1030       1040       1050        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       GGGGTGCCCG CTTGGCTGAG TACCACGCGA AAGCGACAGA ACACCTGAGC  
MSP2N3       CGCTGAAAGA AAACGGGGGT GCCCGCTTGG CTGAGTACCA CGCGAAAGCG  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         TTGCCCTCTG CTGGCTGCCC CTACACATCA TCAACTGCTT CACTTTCTTC  
A2AR-GFP     CATACATTCA GAAGTACCTG GAGCGCGCTC GGTCCACACT GCAGAAGGAG  
A2AR-GS li   TTGCCCTCTG CTGGCTGCCC CTACACATCA TCAACTGCTT CACTTTCTTC  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1060       1070       1080       1090       1100        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       ACCTTGAGCG AAAAAGCGAA ACCGGCGCTG GAAGATCTAC GCCAGGGCTT  
MSP2N3       ACAGAACACC TGAGCACCTT GAGCGAAAAA GCGAAACCGG CGCTGGAAGA  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         TGCCCCGACT GCAGCCACGC CCCTCTCTGG CTCATGTACC TGGCCATCGT  
A2AR-GFP     GTCCATGCTG CCAAGTCACT GGCCATCATT GTGGGGCTCT TTGCCCTCTG  
A2AR-GS li   TGCCCCGACT GCAGCCACGC CCCTCTCTGG CTCATGTACC TGGCCATCGT  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1110       1120       1130       1140       1150        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       ATTGCCTGTT CTTGAGAGCT TTAAAGTCAG TTTTCTGTCA GCTCTGGAAG  
MSP2N3       TCTACGCCAG GGCTTATTGC CTGTTCTTGA GAGCTTTAAA GTCAGTTTTC  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         CCTCTCCCAC ACCAATTCGG TTGTGAATCC CTTCATCTAC GCCTACCGTA  
A2AR-GFP     CTGGCTGCCC CTACACATCA TCAACTGCTT CACTTTCTTC TGCCCCGACT  
A2AR-GS li   CCTCTCCCAC ACCAATTCGG TTGTGAATCC CTTCATCTAC GCCTACCGTA  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1160       1170       1180       1190       1200        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       AATATACTAA AAAGCTGAAT ACCCAGTAA. .......... ..........  
MSP2N3       TGTCAGCTCT GGAAGAATAT ACTAAAAAGC TGAATACCCA G.........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         TCCGCGAGTT CCGCCAGACC TTCCGCAAGA TCATTCGCAG CCACGTCCTG  
A2AR-GFP     GCAGCCACGC CCCTCTCTGG CTCATGTACC TGGCCATCGT CCTCTCCCAC  
A2AR-GS li   TCCGCGAGTT CCGCCAGACC TTCCGCAAGA TCATTCGCAG CCACGTCCTG  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1210       1220       1230       1240       1250        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         AGGCAGCAAG AACCTCACCA TCACCATCAC CATCACCATC ACTGA.....  
A2AR-GFP     ACCAATTCGG TTGTGAATCC CTTCATCTAC GCCTACCGTA TCCGCGAGTT  
A2AR-GS li   AGGCAGCAAG AACCTGGAGG CTCAGGTGGC GGATCGGGGC ACCATCACCA  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1260       1270       1280       1290       1300        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     CCGCCAGACC TTCCGCAAGA TCATTCGCAG CCACGTCCTG AGGCAGCAAG  
A2AR-GS li   TCACCATCAC CATCACTGA. .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1310       1320       1330       1340       1350        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     AACCTTTCAA GGCAGAATTC GAGAACCTGT ACTTCCAGGG TGGCTCCGGT  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1360       1370       1380       1390       1400        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     AGCGGCTCTG GTTCCATGTC AAAGGGCGAG GAATTGTTCA CTGGCGTGGT  
A2AR-GS li   .......... .......... .......... .......... ..........  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1410       1420       1430       1440       1450        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     GCCTATCTTG GTCGAGTTGG ACGGCGATGT CAACGGTCAC AAGTTCAGCG  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1460       1470       1480       1490       1500        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     TGTCGGGTGA GGGCGAAGGA GACGCTACTT ACGGCAAGCT GACATTGAAG  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1510       1520       1530       1540       1550        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     TTCATCTGCA CCACTGGCAA GCTGCCCGTT CCTTGGCCAA CACTGGTGAC  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1560       1570       1580       1590       1600        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     AACCCTCACC TACGGAGTCC AGTGTTTCTC AAGGTACCCT GACCACATGA  
A2AR-GS li   .......... .......... .......... .......... ..........  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1610       1620       1630       1640       1650        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     AGCAACACGA TTTCTTCAAG TCGGCTATGC CAGAGGGCTA CGTGCAGGAA  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1660       1670       1680       1690       1700        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     CGTACCATCT TCTTCAAGGA CGATGGAAAC TACAAGACTC GCGCCGAGGT  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1710       1720       1730       1740       1750        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     CAAGTTCGAA GGAGACACAC TCGTTAACAG GATCGAGTTG AAGGGTATCG  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1760       1770       1780       1790       1800        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     ACTTCAAGGA AGATGGAAAC ATCTTGGGTC ACAAGCTGGA GTACAACTAC  
A2AR-GS li   .......... .......... .......... .......... ..........  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1810       1820       1830       1840       1850        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     AACTCTCACA ACGTGTACAT CATGGCTGAC AAGCAGAAGA ACGGTATCAA  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1860       1870       1880       1890       1900        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     GGTCAACTTC AAGATCAGAC ACAACATCGA AGACGGCTCC GTTCAATTGG  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1910       1920       1930       1940       1950        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     CCGATCACTA CCAGCAAAAC ACCCCAATCG GTGACGGACC AGTCCTGCTC  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     1960       1970       1980       1990       2000        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     CCCGATAACC ACTACCTGTC CACTCAATCT AAGCTCAGCA AGGACCCAAA  
A2AR-GS li   .......... .......... .......... .......... ..........  
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2010       2020       2030       2040       2050        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     CGAGAAGCGT GATCACATGG TGTTGCTGGA GTTCGTCACC GCTGCCGGCA  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     2060       2070       2080       2090       2100        
MSP1D1       .......... .......... .......... .......... ..........  
MSP1         .......... .......... .......... .......... ..........  
MSP1D2       .......... .......... .......... .......... ..........  
MSP2N2       .......... .......... .......... .......... ..........  
MSP2N3       .......... .......... .......... .......... ..........  
MSP1E1D1     .......... .......... .......... .......... ..........  
MSP1E3D1     .......... .......... .......... .......... ..........  
MSP1E2D1     .......... .......... .......... .......... ..........  
A2AR         .......... .......... .......... .......... ..........  
A2AR-GFP     TCACTCACGG AATGGACGAA CTCTACAAGC ACCACCATCA CCATCACCAT  
A2AR-GS li   .......... .......... .......... .......... ..........  
 
 
             ....|....| .. 
                     2110    
MSP1D1       .......... .. 
MSP1         .......... .. 
MSP1D2       .......... .. 
MSP2N2       .......... .. 
MSP2N3       .......... .. 
MSP1E1D1     .......... .. 
MSP1E3D1     .......... .. 
MSP1E2D1     .......... .. 
A2AR         .......... .. 
A2AR-GFP     CACCATCACT GA 
A2AR-GS li   .......... .. 
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SI 4: Some reported LRRK2 kinase inhibitors. Compounds were grouped according by 

their common structure 57,631-651 77,104,631,633,645-647,651-675. 

Compounds Structure 

Nonspecific Gö6976 (IC50 250nM), Synthesized 

 

Nonspecific K-252A (IC50  25nM ), metabolite of Nocardiopsis 

sp. bacterium 

 

Nonspecific CEP-1347 (IC50 23-51nM), derivative of natural 

product K252A 

 

Nonspecific K-252B (IC50  50nM), derivative of K-252A and 

also metabolite of Nocardiopsis sp. bacterium 

 

Nonspecific staurosporine/St (IC50 1-10nM), extract from  

Streptomyces staurosporeus bacteria 

 

JAK3 Inhibitor VI (IC50 22nM) 
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PKR Inhibitor  (IC50 13nM) 

 

Raf1 kinase Inhibitor I  (IC50 500nM) 

 

Nonspecific Su-11248/Sunitinib (IC50 79nM), synthesized 

 

Indirubin-3’-monoxime (I3MO)  (IC50 1.75μM), derivative of 

natural product indirubin 
 

Nonspecific GW5074 (3-(3, 5-dibromo-4-hydroxybenzylidine-

5-iodo-1,3-dihydro-indol-2-one)) (a Raf-1 inhibitor) (IC50 

0.88μM) 
 

Ro-31-8220 (IC50 1.64μM), derivatives from staurosporine and 

K252A 

 

GF109203X or Bisindolylmaleimide I (BIM I), highly 

selective, cell-permeable, and reversible protein kinase C 

(PKC) inhibitor (IC50 5.27μM) 

 

5-Iodotubercidin  (IC50 3.21μM) 

 

(E)-4-methyl-2-(2-(pyridin-4- 

ylmethylene)hydrazinyl)quinoline (IC50  4.1μM) 
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Specific LRRK2-IN-1 (ATP-competitive) (IC50: wt, 13nM; 

mutant, 6nM) (benzo[e]pyrimido-[5,4-b][1,4]diazepin-6(11H)-

one) 

 

Nonspecific H-1152 (IC50 244nM) 

 

Nonspecific Y-27632  (IC50 2.4μM) 

 

Raf inhibitor IV  (IC50 5.43μM) 

 

Sorafenib  (IC50 14.56μM) 

 

LDN-73794 (IC50 3.5μM) 

 

Damnacanthal (IC50 19.14μM), extracted from Morinda 

citrifolia 

 

SP600125 (IC50 3.71μM) 

 

LDN-22684 (IC50 5.4μM) 
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HG-10-102-01 (2-anilino-4-methylamino-5-chloropyrimidine) 

 

GNE-7915 
 

Potent and selective CZC-25146 

 

CZC-54252 

 

NVP-TAE684 

 

ponatinib 
 

imatinib 

 

Bosutinib 

 

S7 (la-S7) 
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S7 

 

la-sunitinib 

 

GSK3-XIII 

 

GNE-0877 (0877) 

 

GSK 2578215A 

 

LRRK2-IN-2 (HG-9-106-03)  

SR94444 

 

Compound 18 

 

Compound 2 (4-aminoquinoline-3-carboxamide derivative) 

 

Compound 11 (4-aminoquinoline-3-carboxamide derivative) 
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SI 5. ESI-FT-ICR MS parameters optimisation against 10 µM bCA standard protein (m/z 

1200 – 3000, referred to Figure 5.1). Figure A was a standard ESI-FT-ICR MS method 

acquired for protein molecules. Figure B to Figure E were the optimization of different 

instrumental parameters. 

 



 

244 

 



 

245 

 



 

246 

 



 

247 

 

 




