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THESIS ABSTRACT 

The Adenosine 2A receptor (A2AR) is a prototypical G-protein coupled receptor studied as a drug target 

to treat inflammatory and neurodegenerative diseases involving oxidative stress. Lipids surrounding 

membrane proteins are important modulators of their conformation and activity; during oxidative 

stress these lipids can be oxidised and affect protein function. Understanding of the interaction of 

unoxidised and oxidised lipids with the A2AR and its consequences is limited, so the aim of this work was 

to address this knowledge gap. 

Recombinant human C-terminal-truncated A2AR was overexpressed in Pichia pastoris SMD1163 and 

solubilized with the co-polymer styrene-maleic acid (SMA2000) into SMA lipid particles (SMALPs) or the 

detergent n-Dodecyl β-D-maltoside (DDM). The purified receptor was obtained in its native lipid 

environment (A2AR-SMALP) or surrounded by detergent micelles (A2AR-DDM), which were identified by 

LC-MS/MS. Lipids in the A2AR-SMALP were characterised, and compared to those in bulk membranes 

and SMA-solubilized lipids by LC-MS/MS. The effects of oxidative treatments on protein conformation, 

thermostability, and ligand binding were studied using Trp fluorescence, CPM fluorescence, and 

radioligand-binding assays. Additionally, the A2AR was overexpressed in HEK293T cells to study the 

effect of oxidation on receptor function by measuring the cAMP levels.  

A2AR-SMALP was purified from P. pastoris proteins, whereas A2AR-DDM co-eluted with alcohol 

dehydrogenase (mADH) contaminant.  These were identified with low sequence coverage, which 

limited the analysis of protein lipoxidation. A2AR-SMALP was enriched in unsaturated anionic 

phospholipids compared to bulk membranes, which contribute to receptor activity. A2AR-SMALP was 

folded and able to undergo conformational changes under physiological and oxidising conditions, and 

its thermostability and ligand-binding capability were not affected by oxidation. cAMP levels were 

upregulated under oxidative conditions, and its production increased with an A2AR agonist in a dose-

dependent manner, suggesting A2AR upregulation during oxidation. This study demonstrated the 

feasibility of characterizing membrane proteins in their native lipid environment using SMALPs under 

physiological and oxidative conditions, bringing insights into their roles in inflammatory conditions.  
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1. CHAPTER 1 - GENERAL INTRODUCTION 

1.1. G-Protein Coupled Receptors, Adenosine Receptors, and Extracellular Adenosine 

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

encoded by 5% of the human genome and over 800 different GPCRs can be found in these organisms 

(Vroling et al., 2011). Different GPCRs have similar topology: their structure consists of seven 

transmembrane α-helices, three intracellular loops (ICL), three extracellular loops (ECL), an extracellular 

N-terminal tail, and an intracellular C-terminal tail (Lebon, Warne, et al., 2011a). GPCRs act as signal 

transducers across cellular membranes of eukaryotic cells through undergoing conformational changes. 

Structural rearrangements take place once they are activated by a variety of different external stimuli 

or ligands, called agonists (Xu et al., 2011). These extracellular inputs can be hormones and 

neurotransmitters, peptides or even proteins, ions, odorants, and photons of light, among others 

(Lundstrom, 2007). On the other hand, they can be inactivated by the binding of specific antagonists.  

Ligand binding triggers conformational rearrangements that enable the receptors to bind, interact, and 

activate specific cytosolic proteins, such as heterotrimeric G proteins. This way they regulate several 

different cellular processes that include cell homeostasis, cell growth, and proliferation (Ye et al., 2016). 

They can also be involved in a variety of pathological processes, such as inflammation and metabolic 

and neurological disorders (Liao et al., 2019; Sushma and Mondal, 2019; Birch et al., 2021). Most 

commonly, GPCRs interact with the alpha subunit of the heterotrimeric G proteins, which are 

commonly activated through the exchange of GDP with GTP. This enhances the dissociation of the alpha 

subunit from the beta-gamma complex, thereby initiating cytosolic signalling processes (Manglik et al., 

2015). 

Adenosine receptors belong to the largest class of GPCRs, the Rhodopsin-like receptor family. These 

purinergic receptors are classified into four different subtypes: the A1, A2A, A2B, and A3. Adenosine 

receptors are characterised for being activated by the extracellular nucleoside adenosine as a natural 

agonist, and inhibited by purine base xanthines, such as caffeine and theophylline (Goulding et al., 

2018). Extracellular adenosine offers a distinct signalling profile depending on the receptor it activates, 

its expression level, tissue distribution, and binding affinity (Carpenter and Lebon, 2017). Adenosine is 

produced in response to bioenergetic stresses. It acts on the central nervous system and the 

cardiovascular system as a physiological negative regulator of stress by blocking inflammation (Ohta 

and Sitkovsky, 2014).  

Adenosine receptors regulate a wide variety of cellular processes, including sleep, angiogenesis, 

vasoconstriction, vascular integrity, and neurotransmitter release (Khayat and Nayeem, 2017). 
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Consequently, they have been proposed as potential drug targets to treat pathophysiological 

conditions, including neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and 

dementia, as well as other inflammatory diseases such as cancer, ischemia, type 2 diabetes mellitus, 

and asthma, and other conditions such as pain and sleep disorders (Effendi et al., 2020).  Therefore, it 

is crucial to study them and understand how GPCR activity can be modulated by different physiological 

and pathophysiological conditions.   

 

1.2. Human Adenosine 2A Receptor Distribution, Function, and Signalling 

The A2AR is expressed in different specific regions of the brain, such as the basal ganglia, as well as in 

the smooth muscle cells, blood vessels, heart, and lungs (de Lera Ruiz et al., 2014).  Furthermore, this 

protein is found in leukocytes and platelets, as well as in the central organs of the immune system, such 

as the spleen and thymus (Hinz et al., 2018). Figure 1.1 represents a summary of the location of the 

A2AR in different tissues and organs, the protein function in those specific locations, and its possible 

therapeutic applications, depending on the pathological conditions in which the receptor is involved.  

 

 

Figure 1.1. Diagram illustrating the A2AR distribution and location in the human body. Tissue, organs, 
and cells in which the A2AR can be found are written in black; cellular or tissue functions of the A2AR are 
written in blue; pathological conditions in which the A2AR is involved, and possible therapeutic 
applications are written in red. Diagram produced using BioRender.  

 

Extracellular adenosine binds with high affinity to the A2AR at nanomolar concentrations to modulate 

inflammation, platelet aggregation, vasodilation of coronary arteries, and myocardial blood flow 

(causing hypotension). At the same time, it inhibits dopaminergic activity in the brain, thus affecting  

the central nervous system (CNS) and basal ganglia activity (Leone and Emens, 2018; Liu et al., 2019; 

Guieu et al., 2020). Nevertheless, receptor inhibition by inverse agonists activates dopaminergic activity 
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and increases inflammation, making it a potential target for treating inflammatory and 

neurodegenerative diseases (Bruzzese et al., 2020).  

To modulate these processes, the A2AR interacts with the α-subunit of the cytosolic heterotrimeric Gs 

protein. This interaction activates the Gs, which causes the dissociation of the α subunit from the βγ 

heterodimer to activate adenylate cyclase and the production of the secondary messenger cAMP. This 

activates protein kinase A (PKA), which initiates a cascade of phosphorylation as a major general 

pathway activated by the A2AR. Nonetheless, the activation of specific signalling pathways may vary 

depending on the tissue and cell type in which the receptor is located (de Lera Ruiz et al., 2014). This 

leads to activation of specific cellular responses (Zhao et al., 2019). 

The A2AR plays an important role in modulating the inflammatory patterns. Several studies have 

demonstrated the anti-inflammatory and immunosuppressive roles of different A2AR agonists (Wang et 

al., 2019). The regulation of inflammation through this receptor is dependent on activation of the PKA 

pathway, which activates the phosphorylation of Serine Ser-133 and the translocation to the nucleus 

of the transcription factor CREB. This, in complex with the nuclear cofactor CBP and p300, binds to the 

promoter regions of cAMP responsive elements (CRE) to modulate gene expression (Morello et al., 

2009). Specifically, it activates the transcription of anti-inflammatory genes such as IL-10, TGF-β and 

FoxP3 (Jones and Kang, 2015). At the same time, it competes with one of the major mechanisms to 

mediate inflammation, the nuclear factor NF-kB/p65, which binds to DNA to activate the transcription 

of pro-inflammatory genes such as interleukin IL-1, IL-2, IL-6, IL-12, and other proinflammatory 

cytokines, including Tumour Necrosis Factor alpha (TNF-α) and interferon gamma (IFN-γ).  Hence, the 

activation of the A2AR blocks the proinflammatory activity of NF-kB (Kermanian et al., 2013; Zhao et al., 

2015; Ahmad et al., 2017). Furthermore, the A2AR is expressed in a wide variety of immune cells, 

including macrophages, neutrophils, mast cells, natural killer (NK) cells, dendritic cells, granulocytes, 

and B and T lymphocytes, which also modulate inflammation (Ohta and Sitkovsky, 2014). 

An important action of extracellular adenosine through A2AR activation is vascular smooth muscle 

relaxation (Sun et al., 2019). This leads to vasodilation, a mechanism that regulates blood flow and heart 

rate (Khayat and Nayeem, 2017). Hypotension caused by low blood pressure can result in organ failure 

(Lehman et al., 2010), whereas hypertension caused by high blood pressure is one of the main risk 

factors for cardiovascular diseases (CVD) (Hübner et al., 2015). Thus, the smooth muscle relaxation and 

vasodilating action of the A2AR, as well as its capacity to stimulate angiogenesis (Ludwig et al., 2020), 

can help reduce the risk of suffering a stroke. The vascular endothelium accommodates all essential 

proteins and ion channels that regulate vascular tone (Tykocki et al., 2017). Through the adenylate 

cyclase and PKA pathway, ATP-dependent potassium channels (KATP channels) are stimulated, which 
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induces hyperpolarization of smooth muscle cells, thus causing relaxation and vasodilation (Ponnoth et 

al., 2012). It has also been demonstrated that adenosine can decrease the entry of calcium ions into 

the cells by blocking L-type calcium channels, which are typical cell contraction mediators (Murphy et 

al., 2003).  

Figure 1.2 represents a summary of the different signalling pathways activated by the A2AR when it 

binds adenosine to modulate inflammation, immune response, cell proliferation, platelet aggregation, 

and vasodilation. 

 

Figure 1.2. Signalling pathways activated by the A2AR when it binds extracellular adenosine to modulate 
inflammation, immune response, cell proliferation, platelet aggregation, and vasodilation. Diagram 
produced using BioRender. 

 

1.3. Structural Characteristics of the A2AR 

GPCRs exist in a dynamic equilibrium between different activation states that are differentiated by 

discrete conformational changes and separated by energy barriers (Manglik et al., 2015; Ye et al., 2016). 

Although it has been found that the inactive states of diverse GPCRs are well-conserved, intermediate-

active states appear to be more divergent between them (Carpenter and Tate, 2017).  

In the absence of an agonist or in the presence of an antagonist, GPCRs, and specifically the A2AR, are 

found in their inactive conformation (Manglik and Kruse, 2017; Weis and Kobilka, 2018). In order to be 

able to overcome the energy barrier for the transition from the inactive to the intermediate-active 

state, agonist binding to the orthosteric pocket of the receptor is required. In that event, GPCRs are 

able to interact with cytosolic proteins, such as the heterotrimeric G protein or β-arrestin, to reach the 
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fully active conformation and activate downstream signalling pathways (Prosser et al., 2017). In other 

words, the A2AR exists in dynamic equilibrium between the inactive, intermediate-active, and the fully 

active states, which is only achieved when it binds both the agonist and cytosolic Gs protein. These 

findings have been possible because of the co-crystallization of the receptors in complex with binding 

partners, such as agonists, antagonists, and engineered cytosolic proteins and nanobodies (Steyaert 

and Kobilka, 2011; Carpenter and Lebon, 2017).  

The A2AR is currently one of the most structurally characterized GPCRs, with more than 30 published 

structural studies. Its crystal structure has been reported in its three activation states: stabilized in its 

inactive conformation binding the antagonist ZM241385 (Jaakola et al., 2008); stabilized in its 

intermediate-active conformation bound to the endogenous agonist, adenosine, and the synthetic 

agonists 5′-(N-Ethylcarboxamido)adenosine (NECA) (Lebon, et al., 2011b) and UK-432097 (Xu et al., 

2011); and in its fully active conformation bound to both the agonist NECA and a mini-Gs protein, an 

engineered G protein (Carpenter et al., 2016). A computational model representation of these 

structures is shown in Figure 1.3. 

A    B    C 

 

Figure 1.3. Crystallization of the A2AR in distinct conformations using different engineering strategies. 
(A) Crystal structure of the A2AR as a fusion protein with T4L in its inactive conformation bound to 
antagonist ZM241385 (Jaakola et al., 2008). (B) Crystal structure of the thermostabilized A2AR by point 
mutations in its intermediate-active conformation bound to the natural agonist adenosine (Lebon, 
Warne, et al., 2011b). (C) Crystal structure of the A2AR complexed with a mini-Gs protein and bound to 
the agonist NECA in its fully active conformation (Adapted from Carpenter et al., 2016).  
 

The orthosteric binding pocket of the A2AR, is highly conserved and located towards the extracellular 

part of the receptors (Steyaert and Kobilka, 2011). Binding of adenosine to the ligand-binding pocket 

triggers multiple conformational changes, mainly within the orthosteric pocket and on the intracellular 

 

Active A2AR Inactive A2AR Intermediate-active A2AR 
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side of the receptor. Specifically, conformational changes occur in the intracellular ends of 

transmembrane helixes TM3, TM5, TM6, and TM7, which are essential for interaction with the cytosolic 

G protein (Venkatakrishnan et al., 2013). This interaction is believed to stabilize the active conformation 

of the receptor by increasing the agonist-binding affinity in the ligand-binding pocket. However, no 

significant conformational rearrangements occur in the binding pocket upon G protein coupling, which 

suggests that the intermediate-active state of the receptor may already have a ligand-binding high-

affinity conformation (Carpenter et al., 2016). Even so, subtle conformational rearrangements on the 

extracellular side of the receptor also occur (Carpenter and Lebon, 2017; Bruzzese et al., 2020).  

The A2AR sequence contains key conserved motifs among class A GPCRs that are important for receptor 

activation and stability (Prosser et al., 2017). The ionic lock is a salt bridge between R102 and E228 that 

stabilizes the inactive conformation of the receptor and is broken by the reorientation of the TM6 helix 

during the activation process (Carpenter et al., 2016). A highly conserved hydrophobic core is formed 

by hydrophobic residues that cluster together in the transmembrane interior and are important for 

receptor stability through hydrophobic interactions. The receptor also has a conserved sodium-binding 

site near the ligand-binding pocket. Sodium ions (Na+) are negative allosteric modulators of several 

adenosine receptors and GPCRs. This is because they can directly form polar interactions with the 

receptor, typically stabilizing the inactive agonist-free, or antagonist-bound conformation, which 

imposes a higher energy barrier for receptor activation (Katritch et al., 2014). Moreover, different 

studies have demonstrated the importance of the interaction of water molecules with the amino acid 

residues of GPCRs during their activation (Liu et al., 2013). Thus, a sodium-water network is formed, 

and its dissociation is important for receptor activation. The NPXXY motif is involved in the interaction 

between TM6 and TM7, and their reorientation is crucial for the activation process (Flock et al., 2015). 

Finally, the DRY motif is located at the cytoplasmic end of the TM3 helix and is important for agonist 

binding and cytosolic G protein coupling (Carpenter and Tate, 2017). The amino acid sequence and 

structure of the A2AR, with its conserved motifs, are shown in Figure 1.4.  
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Figure 1.4. Amino acid sequence and structural scheme of the A2AR obtained from www.gpcrdb.org. The 
hydrophobic residues are shown in green. The ionic lock is shown in purple. The DRY motif is shown in 
blue. Finally, the NPXXY motif is shown in orange.  

 

As can be seen in Figure 1.4, the A2AR has a long extracellular Loop 2 (ECL2) which is important for ligand 

recognition and binding (Wheatley et al., 2011; Cao et al., 2018). This receptor also has an unusual long 

intracellular C-terminal tail, composed of a total of 122 amino acid residues, in contrast to many other 

adenosine receptors and GPCRs. For example, the human adenosine A1 receptor has a C-terminal tail 

composed of 34 residues (Bergmayr et al., 2013). It has been shown that only the immediately adjacent 

juxtamembrane segment to the seventh transmembrane helix of the receptor is necessary for ensuring 

proper folding of the receptor. The other approximately 100 amino acids of the C-terminus tail are not 

necessary for activation of the receptor by ligand binding, G protein coupling (Klinger et al., 2002), and 

heterodimer formation with other membrane receptors (Hinz et al., 2018). Moreover, it has been 

suggested that this C-terminus tail is more flexible since it is not constrained by a lipid anchor, as is the 

case for other GPCRs. This is because in the vast majority of rhodopsin-like GPCRs a cysteine residue is 

found at the end of the C-terminal tail, which has been recognised as a putative palmitoylation site 

(Keuerleber et al., 2011) 

Hence, GPCRS can be directly lipidated, where lipid moieties are covalently attached to specific amino 

acid residues. This modification serves as a mechanism for tethering the protein to the membrane and 

http://www.gpcrdb.org/
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ensuring its integration and intimate association with the lipids within the lipid bilayer. Consequently, 

membrane proteins are profoundly influenced by their complex interplay with the surrounding lipid 

environment. Understanding the physicochemical characteristics of lipids in the plasma membrane is 

crucial to comprehend the dynamic interactions between membrane proteins and lipids, which is 

fundamental to their proper functioning and cellular signalling. 

 

1.4 Biochemical Significance and Structural Diversity of Lipids in Cellular Systems 

Lipids are a heterogeneous group of biomolecules that can be defined and categorized based on their 

chemical structure, function, solubility in organic solvents, or biosynthetic mechanisms (Fahy et al., 

2012). Lipids are hydrophobic biomolecules with relatively low molecular weight, commonly lower than 

2000 Da, and are typically characterized by the presence of linear alkyl chains. They can be saturated 

or unsaturated with one or multiple double bonds in characteristic positions and can be composed of 

an even or odd number of carbon atoms (Sud et al., 2007). Lipids can contain isoprene units in linear 

or cyclic structures, and can include diverse oxygenated substituents, such as hydroxyl groups and 

carboxylic acids, or other heteroatoms, including nitrogen in amine groups. Generally, these structures 

are covalently linked to glycerol, phosphate, carbohydrate, or other small polar groups, which provide 

amphiphilic characteristics (Liebisch et al., 2020). Due to the complexity and diversity of lipids, there is 

a much poorer understanding of their roles and functions than that of proteins (Muro et al., 2014).  

Lipids have many different biological functions. They act as structural components, serve as energy 

storage sources in lipid droplets, and function as first and second messengers in multiple signalling 

pathways (Liebisch et al., 2020). Lipids are key structural components of the plasma membrane and 

other cellular organelles. They also form trafficking vesicles such as endosomes and lysosomes (Muro 

et al., 2014). Additionally, some lipids help in the recruitment and organization of proteins and 

secondary effector complexes within membranes (Van Meer et al., 2008). Indeed, lipid composition can 

vary substantially among different cell organelles, cell types, and tissues, suggesting that lipids are 

function-specific (Klose et al., 2013).   

The complete lipid profile within a cell, tissue, or organism is defined as its “lipidome” and is a large 

subset of the metabolome, also comprising other biomolecules, including amino acids, carbohydrates, 

and nucleic acids (Tsugawa et al., 2020; Wishart et al., 2022). On the other hand, the term “epilipidome” 

is used to define a subset of the natural lipidome generated by lipid modifications through non-

enzymatic and enzymatic reactions. Some examples of lipid modifications include oxidation, nitration, 

sulfation, and halogenation, which are essential for regulating the biological functions of lipids (Ni et 

al., 2019). 
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1.4.1 Lipid Classification: From Fatty Acids to Complex Lipids 

According to the LIPID MAPS classification system (Fahy et al., 2005), lipids are divided into eight 

categories, including fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, and 

polyketides (which are derived from the condensation of ketoacyl subunits), and sterol and prenol lipids 

(derived from the condensation of isoprene subunits), which can be found in lipid membranes (Fahy et 

al., 2012). Therefore, unlike proteins, which are primarily classified according to their biological 

function, lipids are classified based on chemical scaffolds and connectivity (Yetukuri et al., 2008). 

Lipids can be further subdivided into two main classes, simple and complex lipids. Simple lipids are 

those that give, at most, two types of primary products per mole during hydrolysis. Examples include 

glycerolipids and cholesterol esters. In contrast, complex lipids yield three or more primary products 

per mole during hydrolysis. Examples include glycerophospholipids, sphingolipids, and glycolipids. 

Alternatively, these two groups of lipids can be defined as "neutral" and "polar" lipids, respectively 

(Burdge et al., 2015).  

The key building blocks of most of the lipid species are fatty acids or fatty acyls (FA). The most common 

FA in animal and plant tissues are straight-chained with C16, C18, or C20, and from zero to four double 

bonds in a cis configuration (Schönfeld et al., 2016). These are commonly esterified forming 

triacylglycerols (TAG) (Ramaley et al., 2021), diacylglycerols (DAG), monoacylglycerols (MAG) (Feltes et 

al., 2013), or phospholipids (PLs) or lysophospholipids (LPL) (Sych et al., 2022). PLs are the main 

constituents of natural cell membranes, and different phospholipid classes exist that differ in the type 

of polar head group linked to the phosphate moiety. They can have distinct ionic states, which influence 

their locations and functions within the lipid bilayers (Hishikawa et al., 2014). PLs not only possess 

structural characteristics, but they also influence membrane protein function through direct or indirect 

interactions (Sych et al., 2022).  These include phosphatidic acid (PA), phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and 

phosphatidylglycerol (PG) (Figure 1.5). Other lipids found in cellular membranes include cardiolipins 

(CL), sphingolipids, such as ceramides and sphingomyelin (SM), and cholesterol.  

All the possible combinations of different hydrophobic side chains and polar head groups in esterified 

lipids account for much of lipid diversity. This remarkable structural diversity is reflected in the variety 

of lipid functions. Therefore, when investigating a specific lipid function, it is crucial to take into account 

its chemical structure and the contributions of the side chains and head groups (Zhang et al., 2014).  
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Figure 1.5. Structures of phospholipid headgroups, including phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and 
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1.4.2 Comprehensive Insights into Plasma Membrane Structure and Functionality 

Plasma membranes are complex structures composed of distinct proteins and lipids that form a lipid 

bilayer, which is a semipermeable barrier that isolates cells from their exterior (Casares et al., 2019). 

These bilayers are formed owing to the amphipathic characteristics of lipids; their hydrophobic moieties 

tend to self-associate, whereas polar moieties interact with aqueous environments (Murate et al., 

2016).  

There is an asymmetric distribution of lipid classes between the two bilayer leaflets, which entails 

functional consequences and contributes to membrane properties such as curvature or bending 

(Murate et al., 2016). Lipid asymmetry was first proposed in 1972 by Singer and Nicolson, and is a 

consequence of multiple factors, including the biophysical properties of lipids, retentive mechanisms 

to trap lipids in a specific leaflet of the bilayer, and the existence of membrane transporters that assist 

lipid translocation (Singer and Nicolson, 1972; Nicolson, 2013). 

The composition and organization of the plasma membrane result in an ensemble that coordinates 

membrane dynamics and functions. Numerous reactions for the synthesis or degradation of lipids occur 

in the plasma membrane, and they are involved in various signalling cascades. Hence, lipids act as 

signalling mediators of intracellular processes and, in numerous circumstances, they work through 

specific protein–lipid interactions (Grillitsch et al., 2014).  
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1.5 Understanding Lipid-Protein Interactions and their consequences on protein activity 

Lipid-protein interactions are important for membrane protein activity and play major roles in 

membrane function and organization. These interactions are involved in various biological processes, 

including cell signalling, metabolism, and transmembrane transport (Sych et al., 2022). 

Many membrane proteins directly interact with plasma membrane lipids through their lipid-binding 

motifs. Hence, specific lipids bind to membrane proteins and modulate their conformation and, 

consequently, their function (Yeagle, 2014). Some membrane proteins, including GPCRs and ion 

channels, contain conserved cholesterol-binding domains in their sequence, which have a high affinity 

for cholesterol-rich regions of the lipid bilayer (Laursen et al., 2018; Lee, 2018; Taghon et al., 2021). 

Another example is sphingolipids, which can bind specifically to the transmembrane domains of 

membrane proteins and GPCRs (Shrivastava et al., 2018). Thus, the interaction of lipids with GPCRs is 

becoming of great interest. 

Membrane protein function can also be regulated by the dynamic and collective behaviour of the 

plasma membrane. Lipids collectively determine the biophysical properties of membranes, hence, 

protein modulation by lipids goes beyond specific interactions with certain amino acids (Corin et al., 

2020; Fratti, 2021). Proteins can show preferences for a liquid or solid phase of the bilayer, and 

membrane proteins anchored by α-helix regions typically show a tendency for liquid phases (Van Meer 

et al., 2008).  

Lipids can also be divided into different subclasses according to their interaction with membrane 

proteins: bulk, annular, and non-annular lipids. Bulk lipids are those that do not directly interact with 

membrane proteins, but they contribute to a heterogeneous lipid environment that influences protein 

geometry and accessibility for interactors. Annular lipids are those that closely surround 

transmembrane domains and non-specifically interact with membrane proteins. Non-annular lipids 

directly interact with membrane proteins through specific lipids-protein interactions and often 

modulate protein conformation (Contreras et al., 2011; Corradi et al., 2018; Yen et al., 2018). These 

interactions can occur on specific lipid-binding motifs or through generic electrostatic interactions 

between charged amino acids and lipids (Stahelin, 2009; Simcock et al., 2021). These can be allosteric 

modulations, causing conformational changes on the protein or modifying its oligomerization state 

(Westerlund et al., 2020). Furthermore, lipids themselves can act as protein substrates (Khelashvili et 

al., 2020).   

Different structural biology techniques can be used for the study of specific lipid-protein interactions. 

X-Ray crystallography has been mainly used to study the crystal structure of membrane proteins, some 

of which have been successfully co-crystalized with their lipid ligands (Kermani, 2021). Nevertheless, 
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the use of detergents is required for protein solubilization and subsequent purification and 

crystallization, which complicates the investigation of lipid-protein interactions, as detergents strip out 

the surrounding lipids (Cherezov et al., 2007; Jafurulla et al., 2011; Birch et al., 2018). Cryogenic electron 

microscopy (cryo-EM) has emerged as an alternative to X-ray crystallography for studying protein 

structures, and it has been used to identify different protein-phospholipid interactions (Yao et al., 2020; 

Bergh et al., 2023; Biou, 2023; Sharma et al., 2023). An attractive alternative for the study of lipid-

protein interactions is solubilization of membrane proteins using nanodiscs or polymers forming 

protein-lipid particles (Unger et al., 2021). Furthermore, membrane protein-lipid interactions have 

been probed using mass spectrometry (Bolla et al., 2019).  

Lipid-protein interactions can also be predicted computationally through structural prediction and 

simulation methods. These methods allow the recognition of lipid-binding domains from already known 

amino acid sequences and their characteristics such as hydrophobicity and charge. Furthermore, the 

affinity and orientation of lipids can be assessed by molecular docking (Tieleman et al., 2021). Molecular 

dynamics (MD) simulations can be used for the elucidation of lipid-protein interactions. These provide 

information on the energetics and kinetics of lipid–protein interactions, and thus the relative 

probabilities of protein binding to certain lipid environments (Muller et al., 2019). The influence of bulk 

membranes on the activity of membrane proteins can be studied by Förster resonance energy transfer 

(Fernandes et al., 2015). 

 

1.5.1 Insights into GPCR-Lipid Interactions 

The structure, conformational dynamics, and function of GPCRs are influenced by their surrounding 

lipid environment. Phospholipid headgroups, acyl chain unsaturation, the presence of cholesterol or 

sphingolipids, and the biophysical properties of the plasma membrane, such as fluidity, thickness, and 

curvature, have an impact on the activity of GPCRs (Baccouch et al., 2022). Lipids act as important 

cofactors of GPCRs as they specifically interact with a reduced number of lipids that are usually essential 

for their activity. The most common lipid that acts as a GPCR cofactor is cholesterol (Gimpl, 2016).  

These receptors and G proteins can also be modified post-translationally by lipids. These post-

translational modifications consist in the covalent binding of hydrophobic lipid molecules and comprise 

myristoylation, palmitoylation, and isoprenylation (Zhang et al., 2022). Generally, GPCRs are 

palmitoylated with palmitate attached to one or multiple cysteines through thioester bonds, and 

usually occurs around 10-14 residues downstream of the last transmembrane domain, in the 

cytoplasmic C-terminal tail. Nevertheless, it can also occur in alternative regions of the protein, such as 

the intracellular loops. This influences membrane binding, protein trafficking, and the subsequent 
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activation of signalling pathways (Adams et al., 2011). Therefore, these post-translational modifications 

are used to modulate GPCR activity. In fact, palmitoylation of the C-terminal tail affects the local 

conformation of the protein as it creates an additional intracellular loop, which might select for specific 

interactions with the G protein. In addition, it can modulate receptor phosphorylation and 

internalization (Goddard et al., 2012). In contrast to G proteins, GPCRs do not require lipidation for 

membrane attachment (Vögler et al., 2008).  

The phospholipid headgroup charge directly influences the type of interactions established between 

the lipid and the receptor, such as hydrogen bonds or electrostatic interactions. Furthermore, the size 

and shape of the headgroups also modulate the biophysical properties of the plasma membrane, such 

as curvature and thickness. Some studies have suggested that the nature of the phospholipid 

headgroup contributes to controlling the basal activity of GPCRs affecting the equilibrium between the 

active and inactive states. Anionic phospholipids, including PS, PI, and PG, have been suggested to act 

as positive regulators of GPCRs through close interactions, whereas PE acts as a negative regulator, and 

PC as neutral (Dawaliby et al., 2016; Jones et al., 2020). Moreover, headgroups can modulate receptor 

interactions with G proteins and other effectors, such as β-arrestins (Baccouch et al., 2022). 

Polyunsaturated fatty acyl chains and cholesterol, which are located in the hydrophobic core of the 

membranes, have an impact on the fluidity, flexibility, packing, curvature, and ordering of the lipid 

bilayers, as well as the formation of microdomains or lipid rafts (Grillitsch et al., 2014). Several 

experimental and computational studies have demonstrated the direct influence of lipid acyl chains on 

the activity of GPCRs and on receptor dimerization and oligomerization (Guixà-González et al., 2016).  

Unsaturated lipids have been proposed to participate in GPCR activation by facilitating conformational 

changes (Yang and Lyman, 2019; Leonard and Lyman, 2021). 

Due to their broad presence in the plasma membrane and their chemical properties, cholesterol 

molecules have a major impact on the activity of GPCRs and other membrane proteins. Specifically, 

cholesterol participates in regulating ligand binding affinity, the activation of downstream signalling 

pathways, and receptor recycling or internalization by directly or indirectly interacting with the 

receptors (Paila et al., 2009; Geiger et al., 2021; van Aalst et al., 2021). Cholesterol influences GPCR 

activity indirectly by modulating the physicochemical properties of the plasma membrane, which is also 

known as indirect allosteric modulation, when it is part of the bulk lipids with respect to the receptor 

(Grouleff et al., 2015). Additionally, cholesterol directly forms high-affinity interactions with specific 

amino acid residues, i.e. direct allosteric modulation (Jakubík a et al., 2021), or it can modulate their 

activity due to its location on the annular lipids that surround the cross-sectional area of the GPCR (Paila 

et al., 2009; Sengupta et al., 2015). As cholesterol spontaneously associates with sphingolipids in the 
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plasma membrane, the role of cholesterol-rich lipid rafts around the GPCRs has been investigated. 

These allow particular physicochemical properties, increasing membrane rigidity and thickness, and 

enhancing lipid ordering and packing (Clarke, 2019). Consequently, membrane protein and GPCR 

partitioning occurs in these domains, which has an impact on receptor homo- and heterodimerization, 

and on the activation of downstream signalling pathways (Prasanna et al., 2014).  

Membrane physicochemical properties also have an impact on membrane proteins and GPCRs; the 

diversity in lipid structures and chemical properties influences membrane properties and dynamics, 

such as morphology, packing, and organization. Membrane curvature and surface tension depend 

closely on the shape and phospholipid headgroup volumes, as well as on the fatty acid chain region. 

Phospholipids with small headgroups, such as PE, tend to adopt a negative membrane curvature, 

whereas phospholipids with larger headgroups, such as PC, tend to adopt a more conical shape, 

contributing to a zero-curvature membrane. Furthermore, polyunsaturated fatty acyl chains contribute 

to the negative curvature of the plasma membrane (Cooke and Deserno, 2006). PE is mostly found in 

the inner leaflet of the bilayer, where G proteins bind to GPCRs. Hence, the presence of PE in the 

surrounding environment of the receptors may prevent dense packing, lower the lateral pressure, and 

stabilize the receptors in their favoured conformation (Brink-Van Der Laan et al., 2004). 

GPCRs can adapt to their lipid environment to reduce energetically unfavourable scenarios by 

undergoing conformational changes, resulting in the modification of their hydrophobic thickness. 

Consequently, lipids can reorganize around the receptor through local compression or expansion and 

membrane bending, which results in an optimal lipid-protein coupling (Sonntag et al., 2011).  

Membrane hydrophobic thickness also influences membrane protein structure and function, which is 

closely related to fatty acyl chain length, unsaturation, lipid heterogeneity, and the presence of 

cholesterol. This can result in a hydrophobic mismatch between transmembrane proteins and lipids, 

which occurs when the hydrophobic thickness of the transmembrane region of a GPCR does not match 

that of the surrounding membrane (Killian, 1998). This has energetic consequences owing to the 

juxtaposition of energetically unfavourable regions, so both membranes and proteins can adapt to 

minimize the mismatch. Membranes can deform and adjust to the length of the hydrophobic 

transmembrane helices, whereas proteins can undergo conformational changes or self-aggregation to 

prevent the exposure of specific amino acids. Moreover, proteins can also diffuse to alternative regions 

of the plasma membrane to satisfy the hydrophobic match (Ramadurai et al., 2010; Parton et al., 2011; 

Peruzzi et al., 2022). 

Membrane fluidity affects the activity of membrane proteins, GPCRs, and G-protein coupling, and it 

depends on the fatty acyl chain length, unsaturation, and the presence of cholesterol. Generally, 
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increasing the degree of fatty acyl chain unsaturation increases membrane fluidity, whereas increasing 

the chain length decreases it (Yoshida et al., 2019; Gottesman-Katz et al., 2021). Increased fluidity has 

been suggested to facilitate GPCR conformational changes for their activation (Yang and Lyman, 2019; 

Leonard and Lyman, 2021). 

Understanding how lipids modulate the activity of GPCRs is crucial for their study under specific 

conditions, such as certain diseases that involve lipid oxidation. Examples include those characterised 

by oxidative stress and inflammation (Ferreira et al., 2021). Moreover, the plasma membrane 

composition varies not only in diseases, but also with age and diet, which are closely related to oxidative 

stress, and makes membrane proteins behave differently in these different lipid environments 

(Nicolson et al., 2014). 

 

1.6 Oxidative Stress, Lipid Peroxidation, and Protein Lipoxidation 

Oxidative stress is defined as an imbalance between the production of reactive species, such as reactive 

oxygen species (ROS), reactive nitrogen species (RNS), and other reactive species containing carbon, 

sulphur, and halogens, and cellular antioxidant mechanisms, such as glutathione and antioxidant 

enzymes (Pohl and Jovanovic, 2019). These species are highly unstable and reactive, so this imbalance 

may lead to pathophysiological conditions. ROS result from the partial reduction of oxygen during 

metabolic processes, and these can be radicals, such as hydroxyl radical (HO•) or superoxide anion 

radical (O2•-), or non-radicals, such as singlet oxygen (1O2) or hydrogen peroxide (H2O2) (Sousa et al., 

2017). Nevertheless, endogenous reactive species are not only produced under pathological conditions 

but are also generated physiologically under normal conditions. They can be generated by the electron 

transport chain in the mitochondria and other metabolic enzymes localized in different cell 

compartments, such as the plasma membrane, peroxisomes, and endoplasmic reticulum. These 

enzymes include xanthine oxidase (XO), nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

(NOX), cyclooxygenases (COX), lipoxygenases (LOX), and the cytochrome P450 (Di Meo et al., 2016; 

Parvez et al., 2018). In addition, other environmental sources, such as xenobiotics, UV light, and ionizing 

radiation, can also induce ROS generation (Ray et al., 2012; de Jager et al., 2017). Under physiological 

conditions, ROS and RNS can modulate biological functions by acting as signalling molecules for energy 

production and cell survival, which is known as redox signalling. However, their production may 

increase during pathological conditions such as metabolic, immune, cardiovascular, and 

neurodegenerative diseases, as well as during inflammation (Griendling and FitzGerald, 2003; Ceriello, 

2006; Kim et al., 2015; Guzik and Touyz, 2017). Under these conditions, lipids, proteins, and DNA may 

be targets of oxidative modifications in all aerobic living species when their production of these reactive 
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species increases (Egea et al., 2017). Hence, it is necessary to understand the biological effects of these 

oxidized biomolecules under pathological conditions (Cruciani et al., 2019).   

Lipids containing unsaturated fatty acyl chains, particularly polyunsaturated fatty acids (PUFAs), are 

vulnerable to attack by various reactive species. The process by which these reactive oxygen species 

attack PUFAs is known as lipid oxidation, which usually occurs under oxidative stress conditions (Zhong 

et al., 2019). Lipid oxidation can occur enzymatically or non-enzymatically when it is mediated by 

carbon- and oxygen-centred radicals (Vigor et al., 2014; de Bus et al., 2019). Non-enzymatic 

mechanisms are based on adventitious oxidation that most commonly occurs on phospholipids. The 

attack on PUFAs by radical species is known as lipid peroxidation, in which a peroxyl radical is formed 

as an intermediary product (Gaschler and Stockwell, 2017). In a phospholipid bilayer environment, a 

single radical attack on phospholipids can entail a chain reaction based on a cascade of hydrogen 

abstractions and oxidations. This results in the formation of lipid peroxyl radicals and lipid 

hydroperoxides that are unstable and reactive. Thus, they can be readily converted into other species 

through subsequent reactions, including further oxidation and cleavage reactions, resulting in the 

formation of secondary products of lipid peroxidation (Reis & Spickett, 2012).  

Multiple types of secondary products are generated, which can be classified as full-chain oxidized 

phospholipids, truncated fatty acyl chain phospholipids, and non-esterified breakdown products. 

Examples of full-chain oxidized phospholipids include 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-

phosphocholine (POVPC) and 1-palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine (PONPC) 

(Egea et al., 2017). Phospholipids with a truncated fatty acyl chain include isoprostanes and 

isolevuglandins (Montuschi et al., 2004; Salomon, 2005). Non-esterified breakdown products include 

small molecules that contain epoxides, hydroxides, aldehydes, ketones, and carboxylic acids as reactive 

carbonyl moieties (Frankel, 1987; Mol et al., 2019). Aldehydes, including 4-hydroxynonenal (4-HNE), 

malondialdehyde (MDA), and acrolein (ACR), are one of the most studied classes of lipid peroxidation 

products (Spickett, 2013; Ayala et al., 2014; Tsikas, 2017). On the other hand, some oxidized products 

of cholesterol, oxysterols, such as 6-cholesten-5α-hydroperoxide, 7-ketocholesterol, and 25-

hydroxycholesterol, can also be generated under a redox imbalance (Iuliano, 2011).  

Products of lipid peroxidation that contain aldehydes or α,β-unsaturated alkenal moieties are unstable 

and highly reactive, resulting in toxicity based on their ability to form covalent adducts with other 

molecules (Hossain et al., 2019). Lipoxidation refers to the process by which covalent adducts between 

lipid oxidation reactive products and nucleophilic moieties on biomolecules such as proteins, DNA, and 

phospholipids are generated via different mechanisms (Viedma-Poyatos et al., 2021). Proteins are not 

only modified by small and free aldehydes but also by oxidized products esterified in phospholipids 
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(Vistoli et al., 2013). The propensity of the adduct to form depends on the reactivity of the lipid 

oxidation product, nucleophilicity of the amino acid in the protein that is suffering the attack, and 

stability of the generated product (Martyniuk et al., 2011).  

Lipoxidation involves the formation of Schiff Bases and Michael adducts on specific nucleophilic groups 

in the proteins. Typically, Schiff base formation occurs when aldehyde or ketone groups from lipid 

oxidation products react with the primary amines of proteins, which means that this mechanism takes 

place on lysine residues and the amino group of the amino-terminal extreme of the protein chain. 

Alternatively, Michael adducts occur between the β-carbon of an α,β-alkenal and a nucleophilic group 

of protein residues, usually lysine, cysteine, and histidine residues (Vazdar et al., 2019; Alviz-Amador et 

al., 2019).  Figure 1.6 schematically represents the amino acid residues in a protein that are more likely 

to undergo lipoxidation through different mechanisms of Schiff base formation and Michael addition.  

 

Figure 1.6. Representation of potential amino acid targets of lipoxidation in proteins by Schiff base 
formation or Michael addition (reproduced with permission from Viedma-Poyatos et al., 2021). 

 

Proteins serve a large array of different functions in the cellular and extracellular contexts, and a key 

reason for this diversity is their capacity to undergo post-translational modifications. Protein 

lipoxidation is an example of a post-translational modification (Pérez-Sala, 2019). Consequently, 

proteins can experience alterations in their structure and function as a result of this covalent 

modification, which may entail different downstream cellular effects (Patinen et al., 2019; Parvez et al., 

2018). 

Modification of nucleophilic residues in the active site of enzymes or nearby tends to cause a loss of 

enzymatic activity by altering the active conformation or blocking substrate binding (Sousa et al., 2019; 

Aluise et al., 2015). On the other hand, lipoxidation not only produces deleterious effects, but can also 
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activate proteins and specifically receptors, thereby affecting cellular behaviour (Mol et al., 2019). In 

addition, it can alter protein-protein interactions, which also results in changes in cell signalling 

(Spickett, 2020).  

Reactive oxidized lipids can also alter the secondary structure of proteins causing conformational 

changes, which tends to give rise to protein unfolding and aggregation (Moldogazieva et al., 2019). 

Furthermore, although lipid peroxidation products are initially likely to attack nucleophilic residues of 

proteins located on their surfaces, it is well known that small aldehydes can insert into their binding 

pockets, leading to protein instability and unfolding. Consequently, the exposure of typically hidden 

residues increases, so the protein becomes more vulnerable to further modifications (Takasugi et al., 

2019). All of these protein alterations and their physiological consequences, including the modification 

of catalytic residues, conformational changes, aggregation, and unfolding, are summarized in Figure 

1.7.  

 

Figure 1.7. Summary scheme of protein lipoxidation consequences (reproduced with permission from 
Viedma-Poyatos et al., 2021). 

 

Although lipoxidation is currently a well-known process that has been thoroughly studied for many 

proteins, the interaction of lipid peroxidation products with mammalian membrane proteins, and how 

their structure, function, and activity are affected by the formation of these covalent adducts is still 

lacking deep research, and especially regarding the A2AR. Multiple studies on the interaction of this 

mammalian receptor with lipids in the cell membrane environment and how its activity, function, and 

structure can be modulated by these interactions have been reported. Notwithstanding, the interaction 

of the receptor with oxidised lipid under oxidative stress conditions has been poorly studied thus far. 
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Thus, there is still a lack of knowledge about which lipid peroxidation products can bind and interact 

with the A2AR and how this covalent modification can alter the activity and function of the receptor.  

 

1.7 The Study and Characterization of the A2AR and other membrane proteins 

1.7.1 The Expression of Recombinant Proteins 

Studies on the structure of membrane proteins, such as GPCRs, and their possible interactions with 

oxidized lipids require efficient overexpression of membrane proteins, so they can be extracted, 

purified, and analysed. Different expression systems for recombinant proteins can be used, including 

bacteria, yeast, and mammalian cells. The expression of recombinant proteins in mammalian cells, such 

as human embryonic kidney HEK293T cells, offers some advantages over other expression systems. 

HEK293T mammalian cells are derived from HEK293 cells, a specific cell line for Human Embryonic 

Kidney cells. They have a propensity for transfection and reliable growth. Consequently, they have been 

extensively used in biological research and the biotechnology industry for pharmaceutical and 

biomedical purposes. Furthermore, they can produce relatively high amounts of recombinant protein. 

This cell line has been employed for the heterologous expression of active GPCRs in consistent amounts 

for structural analysis, although these receptors are naturally expressed at low levels (Suzuki et al., 

2011; Chakraborty et al., 2015; Jamshad et al., 2015; Goulding et al., 2018). Human HEK293T cells offer 

a native cellular and membrane environment for GPCR expression, as well as protein folding, trafficking, 

and post-translational modifications. Nevertheless, they are relatively expensive and difficult to scale, 

and possible complications from endogenous receptors and signalling components may occur 

(Tapaneeyakorn et al., 2011).  

The use of yeast as an expression system has become an attractive alternative to mammalian cells in 

recent years. The yeast Pichia pastoris has been extensively used as a recombinant protein expression 

system, surpassing the use of Saccharomyces cerevisiae. P. pastoris is a methylotrophic yeast that can 

utilize methanol as a sole carbon source through the alcohol oxidase (AOX) (Schwarzhans et al., 2017). 

Two different genes encode the alcohol oxidase, AOX1 and AOX2, with AOX1 the most active in cells 

(Cregg et al., 1989). P. pastoris cells that express intact AOX1 and AOX2 show efficient growth in 

presence of methanol and are phenotype Mut+. In contrast, P. pastoris cells expressing and using AOX2, 

while having the AOX1 gene disrupted, are MutS (slow) and exhibit slower growth in the presence of 

methanol. Finally, strains with disrupted AOX1 and AOX2 genes are unable to grow in the presence of 

methanol, and their phenotype is Mut- (Krainer et al., 2012). The promoter that regulates the 

expression of alcohol oxidase is the AOX1 promoter, which is methanol inducible. Instead, it is inhibited 



 

35 
I. Company Marin, PhD Thesis, Aston University 2024 

 

in the presence of glucose or glycerol, which allows the induction of protein expression to be separated 

from the growth phase.  (Juturu and Wu, 2018).  

P. pastoris SMD1163 is a protease deficient strain (his4, pep4, and prb1) with Mut+ phenotype and so 

it can reliably grow in presence of methanol. This strain has been extensively used for heterologous 

protein expression by inducing the AOX1 promoter with methanol (Chang et al., 2018). 

One of the aspects that must be considered when expressing heterologous proteins under the AOX1 

promoter is that, once P. pastoris cells are transformed with the linearized plasmid, homologous 

recombination between the AOX1 promoter of the plasmid and the AOX1 promoter of the host genome 

may occur, resulting in the insertion of the gene of interest into the genome through single crossover 

events. Consequently, stable transformants are generated (Chen et al., 2014). This may occur, for 

example, when using a pPICZ vector. A schematic representation of this process is shown in Figure 1.8.  

 

Figure 1.8. Schematic representation of homologous recombination and insertion of the gene of interest 
into Pichia pastoris genome in the event of transforming cells with a linearized plasmid containing the 
AOX1 promoter. Adapted from EasySelect™ Pichia Expression Manuals (2010). 

 

One of the advantages of P. pastoris is that it can grow to high densities in short periods of time and 

can be adapted to large-scale fermentation, as well as being low cost, easy to manipulate, and non-

pathogenic (Tab et al., 2018). Furthermore, it can process, fold, and perform post-translational 

modifications on proteins, such as glycosylation, without hyperglycosylating (Karbalaei et al., 2020). 

However, they do not provide a native cellular environment for mammalian proteins, and they have a 

thick cell wall that can be difficult to break. 

Yeasts are eukaryotic organisms and, thus, share common cellular characteristics with higher 

eukaryotes. Their plasma membrane lipid composition is close to that of mammalian cells, offering a 
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suitable environment to produce mammalian membrane proteins (Hanson et al., 2008; Baumann et al., 

2011). P. pastoris shares a typical plasma membrane structure with mammalian cells, based on 

asymmetrically arranged phospholipids together with sterols and sphingolipids as structural 

components (Malinsky et al., 2010; Ziółkowska et al., 2012).  

In contrast to S. cerevisiae, which can only produce monounsaturated fatty acids, the plasma 

membrane of P. pastoris also contains polyunsaturated fatty acids (PUFA). These PUFA may contribute 

to a favourable environment for exocytotic and secretory processes (Ivashov et al., 2013). 

Consequently, owing to their similarities to mammalian cells regarding the plasma membrane, P. 

pastoris have evolved as a model for the study of membrane proteins and their interaction with 

membrane lipids (Carlesso et al., 2022).   

However, one of the main differences between P. pastoris and mammalian cells, is that P. pastoris 

commonly produces ergosterols instead of cholesterol, which play a key role in the stability of a range 

of membrane proteins and GPCRs (Hanson et al., 2008; Baumann et al., 2011). Ergosterol structurally 

differs from cholesterol in that it contains an additional double bond in the steroid nucleus and alkyl 

side chain, together with an extra methyl group (Luchini et al., 2020). These two sterols also differ in 

their interaction with other phospholipids in the plasma membrane, such as phosphatidylcholine (PC) 

(Hung et al., 2016). Several studies have demonstrated that ergosterols have a stronger effect in 

condensing different PC phospholipids, as it has a more effective effect in ordering hydrocarbon chains 

(Czub et al., 2006). Nevertheless, other studies have reported the opposite effect (Cournia et al., 2007). 

Similar to cholesterol, ergosterol is a hydrophobic and rigid molecule that effectively influences the 

biophysical properties of membranes (Ermakova et al., 2017). It is believed that the P. pastoris plasma 

membrane is characterized by relatively high fluidity since it has poor ergosterols content in 

combination with the presence of polyunsaturated fatty acids (Grillitsch et al., 2014).  

P. pastoris also has some differences in the sphingolipid content compared to mammalian cells. 

Substantial differences have been found in the composition of the long chain base of neutral 

sphingolipids and phosphosphingolipids, as well as in the length of the amide-linked acyl chains. Hence, 

hydroxylated or non-hydroxylated, very long chain C24:0 and C26:0 fatty acids have been found in P. 

pastoris and S. cerevisiae (Ternes et al., 2011; Adelantado et al., 2017). In contrast to mammalian cells, 

which contain sphingomyelin as the main sphingolipid, the P. pastoris plasma membrane harbours 

almost exclusively inositolphosphoryl-containing ceramides, together with minor amounts of 

hexosylceramides (Guo et al., 2022). In consequence, the structural differences between these 

sphingolipids might influence lipid raft formation, in which sphingolipids associate with sterols and play 

an important role in the secretory process (Baumann et al., 2011; Grillitsch et al., 2014).  
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Despite the differences in the plasma membrane composition compared to that of mammalian cells, P. 

pastoris has been used to express multiple G-protein coupled receptors (GPCRs) for both structural and 

functional characterization and, specifically, for the expression of the A2AR (Hino et al., 2012; 

Bertheleme et al., 2015). The recovery of a functional protein from host cells is dependent upon the 

proper functioning of the transcription, translation, and folding pathways (Hussain et al., 2014). This 

process may be affected by many variables, such as the medium composition, temperature, pH, 

oxygenation of the culture, and inducer concentration. Higher protein yields are typically achieved in 

complex media by decreasing culture temperatures and maintaining high oxygenation of the culture in 

specific flasks. Furthermore, certain improvements have been reported following the addition of 

dimethyl sulfoxide (DMSO), histidine, and protein-specific ligands (Freigassner et al., 2009).  

For downstream applications, different tags can be incorporated into the construct; a frequently used 

tag for recombinant membrane proteins is the polyhistidine tag, which facilitates rapid purification by 

metal chelate chromatography using Nickel-nitrilotriacetic acid (Ni–NTA) resins (Routledge et al., 2016). 

 

1.7.2 Solubilization of Membrane Proteins – The Use of Polymers Against Traditional Detergents  

The study of membrane proteins requires their solubilization and isolation from the membrane. Hence, 

the location of these proteins within lipid bilayers has hindered the study of their structure and function 

in comparison to the easier-to-isolate soluble proteins. Traditionally, membrane protein solubilization 

has been achieved using detergents, which substitute the protein-surrounding lipids in their 

hydrophobic regions by forming micelles (Pollock et al., 2018). As specific lipid-protein interactions 

occur between membrane proteins and their close-associated lipids, their characterization should be 

performed in their native environment (Grime et al., 2020a). This cannot be accomplished by using 

detergents as they strip away closely associated lipids, perturbing protein conformation and instability. 

This can be particularly problematic for GPCRs (Wheatley et al., 2016), which need to be studied in an 

environment closer to their physiological context (Hauser et al., 2017). In detergent solutions, many 

proteins have been shown to lose their activity, probably due to the loss of lateral pressure usually 

provided by the membrane (Brink-Van Der Laan et al., 2004). In addition, finding the optimal detergent 

and optimizing the extraction and solubilization of a protein, while maintaining its structure and 

function, can be challenging as it requires a time-consuming and costly screening approach that is highly 

protein-specific (Hardy et al., 2018). 

A new alternative approach for the extraction of membrane proteins to conventional detergents has 

been developed using a styrene-maleic acid (SMA) copolymer, which was first reported in 2009 by  

Knowles et al. (2009). This copolymer is able to insert into the plasma membrane, forming small discs 
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of bilayer (∼10 nm in diameter) encircled by the polymer surrounding membrane proteins, which are 

termed native nanodiscs, lipodiscs, or SMALPs (SMA lipid particles) (Jamshad et al., 2015). The SMA 

polymer consists of a mixture of hydrophobic styrene and hydrophilic, charged maleic acid moieties, 

which provide the polymer with amphipathic properties. SMA polymers with both 2:1 and 3:1 

styrene:maleic acid ratios have been successfully used to date (Vargas et al., 2015). SMA has been used 

to effectively solubilize membrane proteins in a wide range of different expression systems, including 

bacteria, yeast, insect, plant, and mammalian cells (Unger et al., 2021).  

One of the main advantages of extracting membrane proteins using SMA2000 is that it retains the 

surrounding lipid bilayer. Furthermore, SMALPs are soluble, stable, and small particles that make them 

amenable to many downstream applications (Gulati et al., 2014). For example, proteins encapsulated 

and solubilized with SMA containing an affinity tag can be purified by affinity chromatography, meaning 

that the protein of interest can be isolated in its lipid environment for subsequent studies (Rothnie, 

2016). Thus, SMA provides an attractive alternative to conventional detergents for the solubilization 

and purification of membrane proteins, thereby enhancing their thermostability (Jamshad et al., 2015). 

Furthermore, it provides insights into the structural, functional, and mechanistic details of protein-lipid 

interactions (Teo et al., 2019; Routledge et al., 2020). 

SMALP-encapsulated proteins have been proved to be folded and active through different functional 

and structural techniques, such as radioligand and spectroscopic binding assays, mass spectrometry, 

and fluorescence correlation spectroscopy (Logez et al., 2016; Unger et al., 2021). However, the use of 

SMA also has limitations. It is sensitive to divalent cations, such as Mg2+, which causes the precipitation 

of the polymer at 5 mM Mg2+ (Routledge et al., 2020). SMALPs are also sensitive to pH below 7; under 

acidic environments, the maleic acid groups become protonated, causing the polymer to precipitate. 

This can be inconvenient for the study of proteins that require divalent cation binding or acidic 

conditions. An appropriate concentration of SMA is required for the solubilization of a target protein, 

as an excess of free SMA can interfere with the effective binding of SMALPs to antibodies or affinity 

resins for downstream applications (Gulamhussein et al., 2019). In addition, the reliability of identifying 

co-purified lipids remains to be confirmed. This is because it is not yet clear whether SMA has a bias 

towards solubilising specific lipids, which can also depend on different parameters such as membrane 

fluidity (Dominguez Pardo et al., 2017b). Moreover, lipids can diffuse between individual SMALPs 

(Hazell et al., 2016; Cuevas Arenas et al., 2017).  

Owing to these limitations, multiple polymer modifications have been investigated, including 

diisobutylene maleic acid (DIBMA) (Stroud et al.2018). DIBMA contains aliphatic diisobutylene in place 

of aromatic styrene moieties, offering several advantages: the diisobutylene moiety allows UV 
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spectroscopic studies without absorption contributions from the styrene group in the polymer belt. 

Furthermore, it causes less perturbation of phospholipid bilayer dynamics in the nanodiscs than SMA 

since the aliphatic group generates slightly larger discs. In addition, DIBMA does not precipitate in the 

presence of divalent cations; therefore, it is compatible with many biochemical assays that require 

them (Wheatley et al., 2016). Similar to SMA, DIBMA is able to solubilize membrane proteins and lipids 

efficiently directly from the cell membrane, forming DIBMA lipid particles (DIBMALPs), which can 

harbour a broad range of natively folded and functionally active integral membrane proteins (Oluwole, 

Danielczak, et al., 2017). These observations make DIBMA an attractive alternative to SMA, and suggest 

a new range of alternatives for the functional groups as a hydrophobic moiety of the polymer (Stroud 

et al., 2018). 

 

1.8 Knowledge gap, aims, and objectives 

Although it is well accepted that the A2AR, as a prototypical GPCR, is modulated by lipids in the plasma 

membrane, and some computational studies have demonstrated the influence of different 

phospholipid classes in its activity (Bruzzese et al., 2020), there is still a lack of a deep experimental 

characterization of the lipids that closely surround the A2AR. Furthermore, there is a need for 

understanding their susceptibility to oxidation or modifications, and how the modifications of these 

lipids or the receptor under oxidative stress can affect the activity of the A2AR. Investigating the lipids 

that surround the receptor to understand their relevance in protein conformation and activity, studying 

their susceptibility to modification under oxidative stress, and how this affects the activity of A2AR, is 

crucial for contributing to the development of new therapeutic strategies.  

The overarching aim of this project was to investigate the interaction of lipids in the plasma membrane 

with the A2AR and the effects of lipid oxidation and protein lipoxidation on its activity. Consequently, 

the aims and objectives of the work presented in this thesis were as follows: 

The first aim was to produce and isolate the A2AR from the plasma membrane, conserving its 

native lipid environment for characterization. To this end, the objective was to optimize protein 

expression, solubilization, and purification, as well as to confirm the A2AR identification as an 

initial step for further experiments.   

The second aim was to experimentally characterize the lipid environment surrounding the A2AR. 

Hence, the objective was to extract and identify the lipids that closely surround the receptor 

by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS), and compare 

them to the bulk membrane lipids to determine whether there were differences resulting from 

a specific receptor lipid environment.  
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The third aim was to study the effects of lipid oxidation and protein lipoxidation on the activity 

of the A2AR in vitro. Consequently, the objective was to investigate conformational changes of 

the receptor, its thermostability, and ligand-binding capability, and how these can be affected 

by oxidation.  

The fourth aim was to investigate the effects of lipid oxidation and protein lipoxidation on the 

function of the A2AR. With this purpose, the objective was to express the A2AR in a mammalian 

expression system, and characterize the activation of downstream signalling pathways under 

physiological and oxidative stress conditions. 
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2. CHAPTER 2 – EXPRESSION, SOLUBILIZATION, PURIFICATION AND IDENTIFICATION OF THE 

ADENOSINE 2A RECEPTOR 

2.1 INTRODUCTION 

2.1.1 Disruption of P. pastoris cells to obtain the membrane fraction  

When coping with membrane protein expression in P. pastoris, preliminary preparation of the 

membrane fraction is the first approach. The first step is to break the protective cell wall, which is thick, 

robust and detergent-resistant (Bornert et al., 2012). This preliminary step is crucial for downstream 

extraction and purification of membrane proteins, and it involves cell lysis procedures that can be more 

or less effective. Harsh mechanical conditions, such as those used in this study, are commonly used 

since they are quick and cheap. However, these mechanical methods can result in uncontrolled and 

undesired events, such as shear forces and heat, which may affect the integrity of membrane proteins 

(Wu et al., 2015; Mao et al., 2004; Kim et al., 2013; Öztürk et al., 2019). On the other hand, enzymatic 

treatments, using Zymolyase, Helicase or Lyticase, might avoid objectionable consequences, but they 

are more expensive, so they are not ideal for large-scale cultures (Wagner et al., 2017). Therefore, 

mechanical methods were chosen for testing in this study.  

 

2.1.2 Purification Strategies for His-Tagged Proteins 

Purification of recombinant proteins is usually required for a wide variety of downstream applications, 

such as protein characterization, and structural and functional assays. Immobilized metal affinity 

chromatography (IMAC) is one of the most commonly used methods to purify recombinant proteins 

(Pina et al., 2014), which are usually expressed with fused affinity tags to the N- or C-terminus and allow 

detection and purification (Spriestersbach et al., 2015).  

One of the most commonly used tags is His-tag, which consists of an epitope containing six or more 

consecutive histidine residues (Waugh, 2005). This has been extensively used for the purification of the 

A2AR (Jamshad et al., 2015; Routledge et al., 2020). Indeed, the fusion of tags to a protein of interest 

can influence its expression, folding, stability, solubility, and activity, among other factors, depending 

on the position, sequence, length, and structure of the tag (Block et al., 2009). Nevertheless, His-tag 

does not interfere with these parameters as it is small and uncharged at physiological pH values. Thus, 

it is compatible with multiple downstream applications (Carson et al., 2007). Although the most 

common His-tag consists of six consecutive histidine residues, a different situation has been observed 

in the study of membrane proteins. These usually require longer tags or the use of linkers owing to their 

structure and because they are surrounded by membrane lipids or detergent micelles after 

solubilization (Mohanty and Wiener, 2004).  



 

42 
I. Company Marin, PhD Thesis, Aston University 2024 

 

Purification of His-tagged proteins by IMAC is based on the affinity of histidine residues for immobilized 

metal ions, such as Ni2+ or Co2+. This concept was first formulated and its feasibility was demonstrated 

by Porath et al. (1975). For this purpose, metal ions are immobilized on chromatographic matrices or 

resins by a chelating ligand, typically nitrilotriacetic acid (NTA) or iminodiacetic acid (IDA) 

(Spriestersbach et al., 2015). NTA is usually preferred since it contains four metal-chelating sites, 

whereas IDA has only three; thus, metal ions establish more stable bonds with NTA, which results in 

reduced ion leaching. The NTA ligand coordinates Ni+2 with four valences; therefore, two valences are 

available for interaction with the imidazole rings belonging to histidine residues (Block et al., 2009).  

Considering that Ni-NTA resins can bind and retain proteins with enriched histidine domains, 

purification of recombinant His-tagged proteins from other proteins in a sample using NTA-based 

supports represents the most important application of IMAC in biological research. Ni-NTA IMAC 

permits the purification of proteins under native or denaturing conditions as the affinity of the His-tag 

toward Ni-NTA depends only on its primary structure (Hochuli et al., 1988). Due to the high specificity 

and affinity of the His-tag, a single IMAC purification step can be sufficient to achieve reasonably 

efficient purification (Spriestersbach et al., 2015). Furthermore, this technique allows the purification 

of recombinant proteins under oxidizing or reducing conditions and scalability of the purification 

procedure (Block et al., 2009).  

Despite its broad compatibility, IMAC has some limitations: the purification process may require 

optimization, especially if poorly expressed proteins are to be purified. Moreover, chelating agents in 

the sample preparation, such as ethylenediamine tetraacetic acid (EDTA), which is usually used as a 

strong metalloprotease inhibitor, should be avoided, or applied at low concentrations. Additionally, 

care should be taken with the use of other potentially chelating groups, such as Tris, ammonium salts, 

and certain amino acids. This is because interaction of the His-tagged proteins with the IMAC ligand can 

be influenced by the grade of accessibility of the tag, as well as the overall number of chelating residues 

on the surface of the protein (histidine, cysteine, aspartate, and glutamate). Thus, amino acids close to 

the His-tag, as well as the position of the tag in the N- or C-terminal tail, are of great importance 

(Bolanos-Garcia and Davies, 2006). 

Once the His-tagged protein of interest is bound, the resin is usually washed with an appropriate buffer 

containing low concentrations of imidazole to remove non-captured proteins, and the elution and 

recovery of captured His-tagged proteins are accomplished by using a high concentration of imidazole. 

Imidazole is the most common elution agent, although a low pH or an excess of strong chelators can 

also be used (Bornhorst and Falke, 2000).  
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One of the main drawbacks of using Ni-NTA IMAC purification is the presence of co-purifying 

contaminants, which can interfere with downstream applications, such as binding assays, functional 

studies, and crystallography (Wagner et al., 2012). This generally occurs in samples from eukaryotic 

expression systems due to the higher natural abundance of endogenous proteins containing 

consecutive histidine residues or metal-binding motifs, compared to bacterial systems (Crowe et al., 

1994). Thus, proteins that naturally display motifs suitable for interactions with an immobilized metal 

ion on their surface may bind to the resin. Nevertheless, co-eluting contaminants typically have a 

slightly lower binding affinity than His-tags. In many instances, these contaminants can be removed, or 

their adsorption can be prevented early by optimizing the procedure using more stringent binding, 

washing, and elution conditions. For example, the buffer, imidazole, and salt concentrations can be 

modified for purification optimization (Spriestersbach et al., 2015). Performing additional purification 

steps, adjusting the protein-to-resin ratio, using an alternative support, or combining IMAC with size 

exclusion chromatography are also alternative approaches (Block et al., 2009). Furthermore, an 

engineered host strain that does not express certain proteins can be used for the expression of the 

recombinant protein of interest. Chen et al. generated gene knock-outs P. pastoris strains that 

minimized the presence of yeast contaminating proteins and allowed rapid downstream purification of 

a target protein (Chen et al., 2014). 

 

2.1.3 Protein Identification through Mass Spectrometry: Techniques, Methods, and Applications 

Proteins are essential functional entities in biological systems, and understanding their functions and 

roles is crucial in biochemistry. A fundamental requisite for comprehending the function of a given 

protein is the ability to accurately identify it with high stringency. Proteins, apart from their linear amino 

acid chains, fold into countless shapes, adopt multiple conformational states, and are influenced by 

numerous post-translational modifications, making identification particularly challenging (Khoury et al., 

2011).   

Historically, the identification and quantification of proteins have been achieved using antibodies or 

associated affinity-based technologies to detect their antigens. Nevertheless, significant limitations of 

the use of commercial antibodies have recently been highlighted, including non-specific binding, cross-

reactivity, poor characterization, and low sensitivity (Weller, 2016). In recent years, protein sequencing 

by mass spectrometry and its associated technologies has emerged as a new approach to validate 

protein identification (Huang et al., 2012).  

Proteomics is a branch of biochemistry that aims to identify, characterize, and quantify proteomes 

expressed by specific cells, tissues, or organisms under defined conditions (Anderson and Anderson, 
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1998). Thus, MS is an analytical technique widely used in proteomics with improved sensitivity and 

detailed data generation. Its principle in proteomics is based on measuring the m/z ratio of peptides in 

a gaseous and ionized state in a vacuum environment. Using bioinformatics tools, a complete amino 

acid sequence of a protein and its post-translational modifications can be defined (Noor et al., 2021). 

Shotgun proteomics is a strategy based on digesting proteins into peptides, followed by peptide 

sequencing by tandem mass spectrometry (MS/MS), which allows higher data throughput and better 

protein detection sensitivity. MS/MS has recently become the method of choice for the identification 

and quantification of proteins (Washburn et al., 2001).  

Most biological samples consist of a highly complex mixture of biomolecules, which are required to be 

separated prior to their MS/MS analysis. Hence, large complex samples are usually pre-fractioned, and 

proteins of interest are isolated by affinity purification and electrophoresis, among other analytical 

techniques. The first step of the shotgun proteomics method is the digestion of proteins into peptides 

using proteolytic enzymes, such as trypsin or chymotrypsin, although the resulting peptide mixtures 

can be complex (Nesvizhskii, 2007).  Therefore, peptide samples are typically separated by liquid 

chromatography (LC) and transferred to a mass spectrometer as they are released from the column. In 

standard MS for protein identification, the LC of choice is often reverse-phase liquid chromatography 

(RPLC), consisting of an aqueous mobile phase that is more polar than the stationary phase. The sample 

mixtures are then separated by a progressive transition from aqueous to organic composition of the 

mobile phase (Nesvizhskii, 2007). Electrospray ionization is a commonly used ionization method in 

proteomics (Tycova et al., 2021). Subsequently, peptides are subjected to sequencing by MS or MS/MS 

data-acquisition processes (Nesvizhskii, 2007). In MS/MS, fragmentation is induced by providing 

additional energy to the precursor ions. Peptide bonds are typically fragmented at three different 

positions; product ions are named “a-x” when ions are formed by bond cleavage between Cα and 

carbonyl carbon, “b-y” if the cleavage occurs between carbonyl carbon and nitrogen, and “c-z” between 

nitrogen and Cα. Hence, fragmentation forms the core of MS sequencing and peptide or protein 

identification (Liu and Schey, 2008). Mass analysers, including quadrupole (Q), time-of-flight (ToF), and 

ion traps, are commonly used in proteomics (Noor et al., 2021). Thus, the acquired MS/MS spectrum is 

a record of the m/z values and intensities of the ions corresponding to the fragmented peptides (Noor 

et al., 2021).   

Mass spectrometric data acquisition, processing, and post-data analysis are carried out using 

bioinformatics tools (Deutsch et al., 2008; Chen et al., 2020). The sequence database search approach, 

spectral matching, and de novo sequencing are examples of different data analysis methods (Dančík et 

al., 1999; Chen et al., 2001; Allet et al., 2004; Verheggen et al., 2016). Sequence database search is 

based on peptide identification by searching for the fragmentation pattern encoded by the MS/MS 
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spectrum against protein sequence databases (UniProt and NCBI). This allows the identification of the 

amino acid sequences. For this purpose, all possible peptide sequences with similar m/z values are 

selected for investigation. The fragmentation spectra generated by MS/MS are then matched to the 

theoretical ion spectra of the preferred peptides. In this way, matching profiles are generated, which 

receive calculated scores used to examine the resemblance between the two spectra (Islam et al., 

2017). There is a need to statistically validate peptide-spectrum matches to determine the correct 

identifications with high confidence and to avoid misidentifications. There are multiple scoring schemes 

already incorporated in search tools, such as Mascot, and scores depict the measure of similarity 

between peptide sequences and spectra (Noor et al., 2021). Although protein identification has become 

much easier in recent years, it still presents various data interpretation challenges, including high rates 

of false-positive identifications produced by software tools or incorrect instrument setup, incorrect 

conversion of data, and suboptimal search parameter setup, including the choice of search database, 

quality of database, and low stringency thresholds (Audain et al., 2017). 

 

2.2 AIMS AND OBJECTIVES 

The objectives of this study encompass several key aspects. The first objective for this chapter was to 

express the A2AR in P. pastoris SMD1163. Subsequently, the focus was on isolating the P. pastoris 

membrane fraction containing the A2AR, and comparing the effectiveness of different agents such as 

the detergent Dodecyl Maltoside (DDM) and the polymers SMA2000 and DIBMA for receptor 

solubilization. Another critical objective was to optimize the purification process of the solubilized A2AR 

through affinity chromatography. Finally, the last objective was to identify the purified A2AR by LC-

MS/MS to confirm successful expression and purification. 

 

2.3 METHODS 

2.3.1 Plasmid for the expression of the A2AR 

The de-glycosylated C-terminal truncated A2AR (A316) was previously cloned into a pPICZB plasmid by 

Bawa et al. (2014).The construct was designed with multiple tags, including deca-histidine, FLAG, and 

biotin tags, and included a Kozak consensus sequence, bovine pancreatic trypsin inhibitor (BPTI) 

sequence, thrombin, and TEV cleavage sites, and two Gly-Ser linkers (Figure 2.1).  
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2.3.2 Expression of the A2AR in Pichia pastoris SMD1163 - Growing P. pastoris  

Yeast peptone dextrose (YPD) plates containing 2% bacto-peptone, 1% yeast extract, 2% glucose, 1.5% 

bacto-agar, and zeocin at 100 µg/ml, were streaked with P. pastoris SMD1163 cells transformed with 

the pPICZB-hA2AR(A316) plasmid from a glycerol stock. The plates were incubated for 48h at 30oC and 

stored at 4oC for a period of two weeks.  

Selected colonies were cultured in 50 mL of buffered glycerol complex medium (BMGY) (1% yeast 

extract, 2% peptone, 100 mM potassium phosphate at pH 6.0, 1,34% yeast nitrogen base without amino 

acids, 0.00004% biotin, 1% glycerol) also containing zeocin (100 µg/ml) at 30oC and 220 rpm for an 

overnight period, until the OD600 was around 2.0. For the secondary culture, 200 mL of BMGY were 

inoculated with 5 mL of the primary culture and incubated for 24h at 30oC and 220 rpm. Baffled flasks 

containing a culture volume of 1/10 of the total capacity were used to ensure proper aeration.  

 

2.3.3 Inducing the expression of the A2AR 

To induce the expression of the A2AR, secondary cultures were harvested by centrifugation at 3000 g 

for 5 min at room temperature and washed twice with deionized water to remove the glycerol present 

in the medium. The cells were resuspended in 500 mL of buffered methanol complex medium (BMMY) 

medium consisting of BMGY medium where glycerol was replaced with methanol. The cultures were 

incubated at 22oC and 220 rpm for 48h by adding methanol at a final concentration of 1% at 24h. Finally, 

cultures were harvested, and pellets were either immediately used for cell membrane preparation and 

analysis of protein expression, or frozen at -80oC for subsequent experiments.  

 

2.3.4 P. pastoris membrane preparation  

P. pastoris cells expressing the A2AR were thawed on ice and resuspended in breaking buffer (50 mM 

sodium phosphate pH 7.4, 100 mM NaCl, 2 mM EDTA, 5% glycerol and 1 mM PMSF) to a final 

concentration of 0.3 g/mL.  

For small-scale membrane preparation, the cell walls were lysed using an equal volume of acid-washed 

glass beads (425-600 µm). The tubes were subjected to 10 cycles of vortexing for 30 s followed by 1 

min on ice. For large-scale membrane preparation, cells were broken either by using glass beads 

(following the same protocol as for the small-scale preparation), the French press (by 3-5 passes) or the 

Avestin Emulsiflex C3 cell-disrupter (by 10 passes). Unbroken cells and large debris were removed by 

centrifugation at 4000 g for 5 min at 4oC and 10.000 g (SS-34 Fixed-angle rotor, Sorval MX120 
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centrifuge, Thermo Scientific) for 10 min at 4oC. The A2AR-expressing membrane fraction was obtained 

by ultra-centrifugation at 100.000 g for 1 hour at 4oC in a Type 70 Ti Fixed-angle rotor (Optima XPN 

ultracentrifuge, Beckman Coulter Life Sciences).  

Aliquots of the non-membrane fraction were stored at -80 oC for monitoring purposes, and the pellet 

corresponding to the membrane fraction was weighed and re-suspended to 80 mg/mL wet weight in 

membrane buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol). Alternatively, 300 mM NaCl, 20 

mM HEPES, pH 7.5 was used as membrane buffer. Finally, the membranes were homogenized and 

either used directly for the solubilization of the A2AR or stored at -80oC.  

 

2.3.5 A2AR solubilization using SMA2000 and DIBMA polymers, or the detergent DDM 

The styrene maleic acid co-polymer Poly(styrene-co-maleic anhydride) was prepared in a ratio of 2:1 

styrene to maleic anhydride. For this, a 10% solution of SMA co-polymer in 1 M NaOH (1 M) was 

prepared and solubilized overnight at room temperature in a round-bottomed flask and agitation. The 

solution was heated, boiled, and refluxed for 2h. The solution was allowed to cool to room temperature, 

and the polymer was precipitated by the gradual addition of concentrated HCl under agitation. The 

polymer solution was mixed with distilled water and centrifuged at 10,000 ×g for 10 min at room 

temperature. The supernatant was carefully poured off, and the polymer was mixed with distilled water 

by shaking and centrifuged again at 10,000 ×g for 10 min at room temperature five times. The polymer 

was dissolved in 0.6 M NaOH by shaking and the pH was adjusted to 8. The SMA co-polymer was freeze-

dried and stored at room temperature until further use. DIBMA free acid, DIBMA monosodium salt and 

Glyco-DIBMA were purchased from GLYCON Biochemicals GmbH (Im Biotechnologie Park, 

Luckenwalde, Germany). Alternatively, the detergent n-Dodecyl-B-D-maltoside (DDM) was purchased 

from Melford Laboratories Ltd (Suffolk, United Kingdom). 

The A2AR was solubilized from the membrane fraction using the polymers SMA2000, DIBMA free acid, 

DIBMA monosodium salt, and Glyco-DIBMA or, alternatively, with the detergent DDM. A2AR-expressing 

membranes were thawed on ice and re-dissolved to 40 mg/mL in solubilization buffer (50 mM Tris/HCl 

pH 8, 500 mM NaCl, 10% glycerol; or 300 mM NaCl, 20 mM HEPES, pH 7.5) containing SMA2000, DIBMA 

free acid, DIBMA monosodium salt, and Glyco-DIBMA at a final concentration of 2.5% (w/v), or DDM at 

2% (w/v). Alternatively, a final concentration of 5% (w/v) of the DIBMA polymers was used. The 

membrane fraction was incubated for 1h at room temperature with gentle agitation, and for 3h at 4oC 

for solubilization with the detergent. The non-solubilized material was removed by ultra-centrifugation 

at 100.000 xg, for 1h at 4oC to yield supernatants containing the A2AR-SMALP, A2AR-DIBMALP or A2AR-
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DDM. The non-solubilized pellet was resuspended in membrane buffer and stored at -20oC for 

monitoring purposes.  

 

2.3.6 Purification of the A2AR-SMALP by immobilized metal affinity chromatography 

A2AR-SMALP and A2AR-DIBMALP were purified away from other solubilized proteins using the 10-His tag 

and Ni2+-NTA resins. For small-scale purification, 1 mL of the sample was recirculated overnight at 4oC 

on an end-over-end rotator with 100 µL of His-select nickel resin affinity gel (Sigma), which was 

previously equilibrated with equilibration buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) 

containing 10 mM imidazole or without imidazole. Alternatively, HisPur™ Ni-NTA Resin (ThermoFisher), 

Ni-NTA Agarose (Invitrogen), and Super Ni-NTA affinity resin (Generon) were tested. The resin was 

washed with 20 column volumes (CV) of wash buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) 

containing 1 mM, 5 mM, 10 mM, 20 mM, or 40 mM imidazole using 1 mL Pierce™ Spin Columns by 

centrifugation. The A2AR was eluted from the resin with 1 CV at a time using elution buffer (50 mM 

Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) containing 60 mM or 250 mM imidazole. For large-scale 

purification, 10 mL of the solubilized fraction were recirculated overnight at 4oC on an end-over-end 

rotator with 1 mL of HisPur™ Ni-NTA Resin (Thermo Scientific™) which was previously equilibrated with 

equilibration buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) without imidazole. The resin 

was washed with 20 CV of wash buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) containing 

10 mM or 20 mM imidazole by gravity flow purification. The A2AR was eluted from the resin with 1 CV 

at a time using elution buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) containing 60 mM 

imidazole.  

A2AR-DDM was purified following the same protocol as for small- and large-scale purification. The resin 

was equilibrated with equilibration buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) containing 

0.1% DDM, and was recirculated with the sample O/N at 4oC on an end-over-end rotator. Alternatively, 

the resin was equilibrated with equilibration buffer containing 0.1% DDM and 10 mM imidazole, and 

recirculated with the sample for 2h or O/N at 4oC on an end-over-end rotator. The resin was washed 

with 20 CV of washing buffer containing 20 mM or 60 mM imidazole and 0.1% DDM, and the A2AR-DDM 

was eluted with 1 CV at a time with elution buffer containing 60 mM, 100 mM, 150 mM, 200 mM, or 

250 mM imidazole and 0.1% DDM.  

Elution fractions were pooled and buffer-exchanged into assay buffer (50 mM Tris/HCl pH 8, 500 mM 

NaCl; or 300 mM NaCl, 20 mM HEPES, pH 7.5) to remove imidazole. Samples were concentrated using 
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30 kDa cut-off spin-concentrators, and protein concentration was assessed by bicinchoninic acid (BCA) 

assay and densitometry analysis using Image J.  

 

2.3.7 Protein quantification 

The total protein in the membrane preparation, non-membrane fraction, solubilized fraction, non-

solubilized material, and A2AR-SMALP in the elution fraction from the purification were quantified using 

the PierceTM BCA Protein Assay Kit, following the manufacturer’s instructions. In short, 2 mg/mL 

Albumin Standard (BSA) was diluted with phosphate buffer (100 mM, pH 7.4) to prepare the standards 

for the assay within a working range of 20–2,000 µg/mL. The working reagent was prepared by mixing 

50 parts of BCA Reagent A with one part of BCA Reagent B. 25 µL of each standard or unknown sample 

were pipetted per triplicate onto a microplate well (Thermo Scientific™ Pierce 96-well plate, 15041), 

and 200 µL of the working reagent were added to each well. The microplate was shaken for 30 s and 

then incubated at 37oC for 30 min. Finally, the absorbance was measured at 562 nm using a Multiskan™ 

GO Microplate Spectrophotometer (N10588, Thermo Scientific™). 

 

2.3.8 Analysis of A2AR expression, solubilization and purification by SDS-PAGE, Coomassie staining 

and Western blotting 

The samples were prepared with Laemmli Buffer 5X and incubated at room temperature for 10 min. 

Samples were loaded on polyacrylamide gels prepared at 4% acrylamide with 126 mM Tris (pH 6.8), 

0.1% SDS, 0.1% TEMED and 10% APS for the stacking gel, and 12% acrylamide, 375 mM Tris (pH 8.8), 

0.1% SDS, 0.1% TEMED and 0.1% APS, for the resolving gel. SDS-PAGE was performed for 30 min at 50 

V, followed by 90 min at 120 V and room temperature. Duplicates of each gel were performed before 

alternative staining. Gels for total protein analysis were stained overnight at room temperature and 

shaken at 50 rpm with PageBlue protein staining solution. For western blotting, proteins were 

transferred from the acrylamide gel to a PVDF membrane for 1h at 100 V, and membranes were dyed 

with Ponceau staining for 5 min and washed three times for 5 minutes with Tris Buffered Saline (TBS-T) 

(20 mM Tris, 150 mM NaCl, and 1 mL Tween-20 per litre). Membranes were blocked for 1 hour at room 

temperature with 5% milk in TBS-T and rinsed for 5 minutes with TBS-T. Membranes were incubated 

with the monoclonal primary antibody anti-Adenosine Receptor A2A (ab79714, Abcam), which 

recognises amino acids 213-220 (SQPLPGER) within the third intracellular loop, at 1 µg/mL in 5% milk 

in TBS-T O/N at 4oC. The secondary antibody anti-mouse IgG HRP was diluted 1:3000, and the 

membranes were incubated for 1h at room temperature. To image the membranes, SuperSignal west 
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pico chemiluminescent substrate was used following the manufacturer’s instructions. The Working 

Solution was prepared by mixing equal parts of the Stable Peroxide Solution and the Luminol/Enhancer 

Solution and was added to the membrane, which was incubated for 5 min at room temperature. Excess 

of working solution was removed, and the image was obtained using the G Box Gene System. 

 

2.3.9 Analysis of the A2AR by LC-MS/MS - In-gel trypsin and chymotrypsin digestion of Coomassie-

stained proteins 

After Coomassie staining of the gels obtained by SDS-PAGE, bands of interest corresponding to the A2AR 

monomer, A2AR dimer, and P. pastoris main contaminants were excised and cut into 2-3 mm pieces. 

Gel pieces were placed in Eppendorf tubes and washed with 500 µL of 100 mM ammonium bicarbonate 

for 1h on a shaker. To remove the excess of stain and SDS, the supernatant was discarded, and the gel 

pieces were washed in 500 µL of 50% acetonitrile and 50% ammonium bicarbonate for 1h of shaking. 

To reduce the protein and break the disulphide bonds to produce a completely unfolded protein for 

digestion, 150 µL of 100 mM ammonium bicarbonate and 10 µL of 45 mM dithiothreitol (DTT) were 

added to the bands, which were incubated for 30 min at 60oC. To prevent the re-formation of disulphide 

bonds, proteins were cooled to room temperature, alkylated with 10 µL of 100 mM iodoacetamide 

(IAA), and incubated for 30 min in the dark. To remove any excess of DTT and IAA, the solvent was 

discarded, and the gel pieces were washed with 500 µL of 50% acetonitrile/50% 100 mM ammonium 

bicarbonate for 1h on the shaker. The wash was discarded and 50 µL of acetonitrile were added to 

shrink the gel pieces. After 10 min of incubation, the solvent was removed, and the gel pieces were 

dried completely in a vacuum centrifuge for 10 min at 30oC and V-AQ mode. Gel pieces were rehydrated 

with a sufficient amount of trypsin (25 ng/µL), or chymotrypsin (20 ng/µL), and 25 mM ammonium 

bicarbonate to cover just over the gel pieces (~20 µL). Proteins were digested overnight at 37oC. The 

tubes were briefly centrifuged to pellet the gel pieces and the solvent was transferred to clean 

Eppendorf tubes. To extract any peptides remining in the gel pieces, 20 µL of 5% formic acid were added 

and incubated for 20 min at 37oC. The tubes were briefly centrifuged to pellet the gel pieces and the 

liquid was transferred to the tubes used for the first extract. Finally, the combined extracts were dried 

down completely in the centrifugal evaporator for 1 h at 30oC and V-AQ mode, and stored at -20oC until 

further analysis by LC-MS/MS. Prior to MS analysis, the samples were resuspended in 25 µL of HPLC 

solvent A (98% H2O, 2% acetonitrile, 0.1% formic acid) and loaded into MS grade screw-top glass 

autosampler vials with 0.3 mL inserts (Chromacol, Speck and Burke analytical, Clackmannanshire, UK). 
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2.3.10 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis 

Peptides were separated and analysed using an ACQUITY UPLC M-Class LC System (Waters, US) coupled 

to a 5600 TripleTOF (ABSciex, Warrington, UK) controlled by Chrome-leon Xpress and Analyst software 

(TF1.5.1, ABSciex, Warrington,UK). The peptide solution (5 µL) was loaded onto a nanoEase MZ 

Symmetry C18 Trap (180 µm x 20 mm) (Waters, UK), and washed at 20 µl/min for 4 minutes, before 

separation on a nanoEase MZ Peptide C18 column (15 cm x 75 µm) (Waters, UK) at 35°C. The samples 

were eluted at 500 nL/min using a gradient elution running from 2% to 45% HPLC Solvent B (99% 

acetonitrile, and 0.1% formic acid) over 45 min. The peptides were subjected to tandem mass 

spectrometry. The peptides ionized through electrospray ionization (ESI) with a spray voltage of 2.4 kV, 

source temperature of 150oC, declustering potential of 50 V, and curtain gas setting of 15. Survey scans 

were collected in the positive mode from 350 to 2000 Da using a high-resolution TOF-MS mode (MS/MS 

IDA settings) with 10 ions selected, +2 to +5 charges, dynamic exclusion times of 12s, and rolling 

collision energy.  

 

2.3.11 Database searches 

The Mascot® probability-based search engine (Matrix Science, London, version 2.4.0) was used to 

interrogate SwissProt 2021_03 (565,254 sequences; 203,850,821 residues) - Homo sapiens (human) 

(20,387 sequences) and Other fungi (22,282 sequences). LC-MS .wiff files of each sample were searched 

for protein identification using fixed modification of cysteine carbamidomethylation and variable 

modification of methionine oxidation. Searches were performed for the enzyme trypsin and 

chymotrypsin, and the MS/MS and peptide tolerance was set at ± 0.5 Da and maximum missed 

cleavages at 1 for ions with 2+, 3+, and 4+ charge states, #13C: 0, and experimental mass values: 

Monoisotopic.  

 

2.4 RESULTS 

2.4.1 Expression of the A2AR in P. pastoris SMD1163 

The multi-tagged de-glycosylated C-terminal truncated A2AR (A316) cloned into the pPICZB plasmid 

(Figure 2.1A) was expressed in Pichia pastoris SMD1163 under the AOX1 promoter, and the expression 

of the A2AR (52 kDa) was assessed by western blotting (Figure 2.1B). Full western blot images of this 

chapter are shown in the appendix section (Supplementary Figure 8.1-Figure 8.6).  
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Figure 2.1 Expression of the A2AR in Pichia pastoris. (A) Multi-tagged de-glycosylated C-terminal 
truncated A2AR (A316) cloned into a pPICZB plasmid. (B) The A2AR was expressed in stably transformed 
P. pastoris SMD1163 cells with the pPICZB-A2AR plasmid, and the expression was assessed by SDS-PAGE 
and Western blotting using a specific primary antibody against the A2AR and a horseradish peroxidase 
(HRP)-conjugated secondary antibody.  

 

2.4.2 P. pastoris SMD1163 cell breaking and membrane fraction preparation 

The membrane preparation was obtained by serial centrifugation steps, and the presence of the A2AR 

in each fraction was analysed by western blotting (Figure 2.2A). The intensity of the bands 

corresponding to the A2AR was analysed by densitometry, and the percentage of the band signal in each 

sample was calculated. Therefore, 100% of the signal corresponding to the A2AR was considered the 

sum of the supernatant (SN) and the pellet for each centrifugation step (Figure 2.2B). The A2AR was 

absent in the non-induced sample, as no bands were observed in the Western blot, whereas a band 

around 52 KDa was obtained in the induced sample prepared as a whole lysate, which indicated that 

the A2AR is not a natively expressed protein in P. pastoris, and its expression was achieved by the 

induction of the AOX1 promoter. In the first centrifugation step, 30% of the A2AR was lost in the non-

broken cell fraction, whereas 70% was recovered in the broken cells. In the second centrifugation step, 

64% of the A2AR was lost in the large debris fraction, whereas the remaining 36% was recovered in the 

supernatant corresponding to the fraction containing the membranes and solubilized materials. Thus, 

after this centrifugation step, most of the protein was discarded. Nevertheless, this is a crucial step in 

obtaining a purified protein after solubilization and purification. Finally, the membrane fraction was 
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pelleted together with 91% of the A2AR, while the remaining 9% was lost in the non-membrane fraction, 

indicating efficient protein recovery and the presence of the A2AR in the cell membrane.    

A         B 

      

Figure 2.2. Presence of the A2AR in different centrifugation fractions during membrane preparation. (A) 
P. pastoris SMD1163 cells expressing the A2AR were broken using acid-washed glass beads, and the non-
broken cells were discarded by centrifugation at 4.500 xg. The membranes and solubilized materials 
were separated from the large and non-soluble debris by centrifugation at 10.000 xg. The membrane 
fraction was isolated by ultracentrifugation at 100.000 xg. Aliquots of the supernatant (SN) and pellet 
at each centrifugation step were analysed by Western blotting using an anti-A2AR primary antibody and 
HRP-conjugated secondary antibody after normalizing the total protein concentration of the samples. 
(B) Bands corresponding to the A2AR on the western blot were analysed by densitometry using ImageJ 
software, and the results were expressed as the percentage of the band signal (n=1). 

 

2.4.3 Solubilization of the A2AR with SMA2000 and DIBMA 

The solubilization of the A2AR is a critical stage in its characterization. Two solubilization agents, 

SMA2000 and DIBMA, were utilized and compared to determine the most effective solubilization 

method. The solubilization efficiency of the A2AR with SMA2000 (Figure 2.3A) and DIBMA (Figure 2.3B) 

was analysed by western blotting. Regarding solubilization with SMA2000, the results showed the 

presence of the A2AR as a monomer and dimer in the membrane preparation, although 8.5% of this 

protein was lost in the non-membrane fraction. The A2AR was successfully solubilized with SMA2000 

with an average efficiency of 64%. For solubilization with DIBMA free acid, 15% of the A2AR was lost in 

the non-membrane fraction and it was not efficiently solubilized with DIBMA, as no bands could be 

detected in the solubilized fraction. 
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Figure 2.3. Solubilization of the A2AR with SMA2000 and DIBMA free acid at 2.5% (w/v). The A2AR was 
solubilized from the membrane preparation using (A) SMA2000 at 2.5% (w/v) and (B) DIBMA free acid 
at 2.5% (w/v). Aliquots of the non-membrane fraction, membrane preparation, non-solubilized material 
and solubilized protein were taken. Preparation of the solubilized A2AR-SMALP and A2AR-DIBMALP was 
monitored by SDS-PAGE and Western blotting using an anti-A2AR primary antibody and HRP-conjugated 
secondary antibody. 

 

To investigate DIBMA agents further, the solubilization of the A2AR from the membrane fraction was 

attempted with DIBMA free acid, DIBMA monosodium salt, and Glyco-DIBMA, and aliquots at each 

preparation step were analysed by western blotting to monitor the solubilization efficiency (Figure 2.4). 

The A2AR was not efficiently solubilized with DIBMA free acid or DIBMA monosodium salt as no bands 

corresponding to the monomer or dimer of the A2AR could be detected on the blot. Nevertheless, a less 

intense signal of the target protein was obtained for the non-solubilized fraction after DIBMA 

monosodium salt solubilization when compared to the non-solubilized fraction after using DIBMA free 

acid, which is potentially related to the sample preparation process for SDS-PAGE. On the other hand, 

bands corresponding to the solubilized A2AR-Glyco-DIBMALP could be detected, and densitometry 

analysis revealed that the protein was solubilized with 20% efficiency.  

 

Figure 2.4. Solubilization of the A2AR with DIBMA free acid, DIBMA monosodium salt, and Glyco-DIBMA 
at 5% (w/v). The A2AR was solubilized from the membrane preparation using DIBMA free acid, DIBMA 
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monosodium salt, and Glyco-DIBMA at a final concentration of 5%, and aliquots of the membrane 
fraction, non-solubilized material, and solubilized fractions were taken. A2AR-DIBMALP solubilization was 
monitored by SDS-PAGE and Western blot using an anti-A2AR primary antibody and HRP-conjugated 
secondary antibody. 

 

2.4.4 Purification of the A2AR-SMALP through affinity chromatography 

After solubilization of the A2AR with SMA2000, the encapsulated A2AR-SMALP was purified from other 

proteins by affinity chromatography using nickel-NTA resins through the 10-His tag included in the 

construct. Imidazole concentrations to equilibrate and wash the resin, and to elute the protein of 

interest were optimized, and different Ni+2-NTA resins were tested to obtain the purest and most 

concentrated protein. For this purpose, small-scale procedures were carried out after breaking the P. 

pastoris cells expressing the A2AR with acid-washed glass beads, and the results were analysed by SDS-

PAGE and Western blotting.  

The elution of the A2AR from the resin was monitored by increasing the imidazole concentrations. 

Western blot results allowed the detection of an intense band corresponding to the A2AR in the 

recirculated flow-through and its presence in the washes with 1, 5 and 10 mM imidazole (Figure 2.5A). 

However, the intensity of the A2AR bands increased as the imidazole concentration increased to 20, 40, 

60, and 250 mM (Figure 2.5B). Densitometry analysis demonstrated that 1, 5, and 10 mM imidazole 

caused lower elution of the A2AR compared to the first 1 mM imidazole wash. Imidazole at 20 mM 

caused a slight increase in the intensity of the bands, and the elution increased as the imidazole 

concentration was incremented from 40 to 250 mM (Figure 2.5C).  

 

A         B 
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Figure 2.5. Optimal imidazole concentrations for the purification of the A2AR-SMALP by affinity 
chromatography using Ni-NTA His-select affinity gel. The solubilized fraction containing the A2AR-SMALP 
was recirculated with a previously equilibrated resin without imidazole. The column was washed with 1, 
5, and 10 mM imidazole, and the A2AR-SMALP was eluted from the resin using 20, 40, 60, and 250 mM 
imidazole. The results were analysed by SDS-PAGE, Coomassie staining, and Western blotting using an 
anti-A2AR primary antibody and HRP-conjugated secondary antibody. (A) Western blot analysis of the 
flow-through and wash fractions. (B) Western blot analysis of the elution fractions. (C) Densitometry 
analysis of bands corresponding to the A2AR detected by western blotting in the different wash and 
elution fractions using ImageJ software (n=1). 

 

SDS-PAGE and Coomassie staining were performed to analyse the purity of the A2AR-SMALP (Figure 2.6A 

and Figure 2.6B). Imidazole at 1mM caused the elution of multiple P. pastoris proteins and, thus, served 

to clean the resin from them. After washing the resin with 1, 5, and 10 mM imidazole, the elution of 

contaminants was less evident. Imidazole at 20 mM caused the elution of contaminants, and no bands 

corresponding to the A2AR could be observed. Imidazole at 40, 60, and 250 mM also provoked the 

elution of contaminants, but more intense A2AR bands were obtained as the imidazole concentration 

increased. These imidazole concentrations caused the co-elution of the main P. pastoris contaminant, 

and its elution intensified as imidazole concentrations increased. Using densitometry analysis (Figure 

2.6C), the ratio between the elution of the A2AR, the main contaminant, and other contaminants was 

determined. The results showed that, although the most intense band for the A2AR was obtained with 

250 mM imidazole, it was highly contaminated by other proteins and the P. pastoris main contaminant. 

Notably, the band corresponding to the A2AR was the most intense compared to that of the 

contaminants. On the other hand, 60 mM imidazole allowed the most intense and enriched elution of 

the A2AR since the ratio A2AR/contamination was higher. Hence, this imidazole concentration was used 

in further experiments as it was optimal for the purification of the A2AR.  
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Figure 2.6. Optimal imidazole concentrations for the purification of the A2AR-SMALP through affinity 
chromatography using Ni-NTA His-select affinity gel. The solubilized fraction containing the A2AR-SMALP 
was recirculated with a previously equilibrated resin without imidazole. The column was washed with 1, 
5, and 10 mM imidazole and the A2AR-SMALP was eluted from the resin with 20, 40, 60, and 250 mM 
imidazole. The results were analysed by SDS-PAGE and Coomassie staining. (A) SDS-PAGE and 
Coomassie staining of the flow-through and wash fractions. (B) SDS-PAGE and Coomassie staining of 
the elution fractions. (C) Densitometric analysis of bands corresponding to the A2AR, P. pastoris main 
contaminant, and other contaminants detected by SDS-PAGE and Coomassie staining in the different 
wash and elution fractions using ImageJ software (n=1). 

Different Ni+2-NTA resins were tested to optimize the purity and yield of the A2AR-SMALP, including His-

pur Ni-NTA resin (Figure 2.7), His-select affinity gel (Supplementary Figure 8.7-Figure 8.8), Ni-NTA 

agarose (Supplementary Figure 8.9), and Super Ni-NTA affinity resin (Supplementary Figure 8.10). The 

results were analysed by SDS-PAGE and Coomassie staining, and densitometry of the bands 

corresponding to the A2AR-SMALP, the main P. pastoris contaminant and other contaminants of higher 

and lower molecular weight than the A2AR was measured. Among the tested resins for A2AR purification, 
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His-pur Ni-NTA Resin was optimal as it facilitated the highest recovery of the target protein with minimal 

contamination. 

The A2AR-SMALP eluted from the His-pur Ni-NTA Resin with 60 and 250 mM imidazole, and no bands 

for the protein were observed in the lanes corresponding to the washing steps. This suggests that the 

protein was not lost with 1, 5, or 10 mM imidazole (Figure 2.7A). Low-intensity bands corresponding to 

the main contaminant of P. pastoris were obtained with 60 mM imidazole, and they could be clearly 

observed when 250 mM imidazole was used. Densitometry analysis revealed a high intensity of bands 

corresponding to the A2AR after elution with 60 mM imidazole compared to the main contaminant 

(Figure 2.7B). The elution of the main contaminant increased with 250 mM imidazole, being 

predominant against the A2AR-SMALP in the last elution step but not for Elution 3, in which the A2AR 

was still the predominant protein.  The intensity of the bands corresponding to other contaminants was 

low in all the elution steps in comparison to the main contaminant and the A2AR-SMALP.  

  A                                 B 
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Figure 2.7. A2AR-SMALP purification by affinity chromatography using His-pur Ni-NTA resin. The 
solubilized fraction containing the A2AR-SMALP was recirculated with His-pur Ni-NTA resin previously 
equilibrated without imidazole. The resin was washed with 1, 5, and 10 mM imidazole and the A2AR-
SMALP was eluted with 60 and 250 mM imidazole. (A) Flow-through, wash, and elution fractions were 
analysed by SDS-PAGE and Coomassie staining, and (B) bands corresponding to the A2AR, P. pastoris 
main contaminant, and other contaminants were analysed by densitometry using ImageJ (n=1). 

Once it was determined that the optimum imidazole concentration for washing the resin was between 

10 and 20 mM, and the optimum concentration to elute the A2AR was 60 mM, the number of elution 

steps was extended to assess at which step the elution of the target protein started to decrease, as well 

as to study if the elution of the P. pastoris main contaminant increases with the elution steps. The 

elution fractions were analysed by SDS-PAGE and Coomassie staining (Supplementary Figure 8.11), and 

the band intensity of the A2AR and P. pastoris main contaminant was analysed by densitometry (Figure 

2.8).  
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Densitometry analysis showed that the A2AR-SMALP eluted from E1, its elution reached a maximum 

point in E3 and started progressively decreasing from E4 until it reached basal levels in E8-E10. 

Conversely, the P. pastoris main contaminant had low elution in E1-E4, although a slight increase in the 

band intensities was observed, and it started eluting more intensely from E5, reaching a maximum point 

in E7. Finally, its elution started decreasing from E8, reaching basal levels in E9-E10. Hence, the elution 

of the A2AR and the main contaminant could be separated using 60 mM imidazole in the elution steps 

E1 to E4, they coeluted at E5, and the elution of the main contaminant was predominant from E6 to 

E10, suggesting that a maximum of five elution steps should be performed to obtain the purified A2AR 

from the main contaminant under these experimental conditions.  

 

Figure 2.8. A2AR-SMALP and P. pastoris main contaminant elution from His-pur Ni-NTA resin with 60 mM 
imidazole. The solubilized fraction containing the A2AR-SMALP was recirculated with previously 
equilibrated His-pur Ni-NTA resin without imidazole. The resin was washed with 1, 5, and 10 mM 
imidazole and the A2AR-SMALP eluted with 60 mM and 1 CV at a time for a total of 10 elution steps. 
Results were analysed by SDS-PAGE and Coomassie staining and bands corresponding to the A2AR-
SMALP and P. pastoris main contaminant were analysed by densitometry using ImageJ (n=1).  

 

The A2AR-SMALP purification under these optimized conditions was tested on a large-scale level. SDS-

PAGE and Coomassie staining revealed optimized purification of the A2AR-SMALP (Figure 2.9A), as clear 

and intense protein bands corresponding to the A2AR-SMALP were obtained in the elution fractions but 

not in the washes, which indicated that the protein of interest was not lost during the procedure. 

Western blot analysis revealed that little amounts of protein were lost in the flow-through and wash 

fractions, and eluted from the column in the elution fractions, although its intensity was low in E1, and 

increased from E2 to E6 (Figure 2.9B).  

A2AR-SMALP purification on a large-scale level was also tested using different cell-breaking methods, 

including the Avestin Emulsiflex C3 cell disrupter and French press with samples prepared in HEPES pH 

7.5 buffer (Supplementary Figure 8.12-Figure 8.17). However, the use of glass beads and Tris-HCl buffer 

were found optimal for A2AR-SMALP purification.  
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Figure 2.9. Large-scale purification of the A2AR-SMALP prepared with glass beads in Tris-HCl buffer. P. 
pastoris cells expressing the A2AR were broken using acid-washed glass beads to obtain the membrane 
preparation in Tris-HCl buffer, from which the A2AR was solubilized using SMA2000 at 2.5%. The 
solubilized fraction containing the A2AR-SMALP was recirculated with a previously equilibrated His-pur 
Ni-NTA resin without imidazole. The column was washed with 20 mM imidazole, and A2AR-SMALP eluted 
with 60 mM imidazole. (A) SDS-PAGE and Coomassie staining and (B) Western blot analysis of the flow-
through, wash, and elution fractions.  

For subsequent experiments and optimal storage conditions, the purified A2AR-SMALP was buffer-

exchanged and concentrated. Aliquots of each fraction during the buffer exchange and concentration 

process were analysed by SDS-PAGE and Coomassie staining (Figure 2.10). Bands corresponding to the 

A2AR-SMALP monomer and dimer were obtained in the pooled elution fractions, and their intensities 

increased with their concentration. A2AR-SMALP was not lost in the spin concentrator and PD-10 flow-

through (FT), as no bands were observed on the gel, whereas it eluted from the PD-10 column in the 

A2AR elution fraction. Similarly, it was not lost in the PD-10 wash fraction. Finally, a more intense band 

of the A2AR-SMALP was obtained after concentration and no protein of interest was lost in the flow-

through of the spin concentrator.  

 

Figure 2.10. Buffer exchange and concentration of the A2AR-SMALP. The A2AR-SMALP was buffer-
exchanged and concentrated 5X in Tris-HCl buffer using PD-10 desalting columns to remove imidazole 
for subsequent experiments and optimal storage conditions. Aliquots of each fraction were analysed by 
SDS-PAGE and Coomassie staining.  
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After optimizing the solubilization and purification protocol using SMA2000, the A2AR was solubilized 

using Glyco-DIBMA. The optimized protocol for the purification of the A2AR-SMALP was followed. No 

intense bands corresponding to the A2AR-DIBMALP were observed in the SDS-PAGE gel after Coomassie 

staining (Figure 2.11). Nevertheless, light, and low-intensity bands were detected at the expected 

molecular weight for the A2AR-Glyco-DIBMALP, which indicated poor solubilization efficiency and low 

protein binding to the Ni-NTA resin. No protein bands corresponding to other P. pastoris contaminants 

were observed either in the elution fractions.  

 

Figure 2.11. Large-scale purification of the A2AR-Glyco-DIBMALP prepared with Glass beads in Tris-HCl 
buffer. P. pastoris cells expressing the A2AR were broken using acid-washed Glass beads to obtain the 
membrane preparation in Tris-HCl buffer, from which the A2AR was solubilized using Glyco-DIBMA at 5% 
(w/v). The solubilized fraction containing the A2AR-Glyco-DIBMALP was recirculated with a previously 
equilibrated His-pur Ni-NTA resin without imidazole. The column was washed with 20 mM imidazole and 
A2AR-Glyco-DIBMALP eluted with 60 mM imidazole. The results were analysed by SDS-PAGE and 
Coomassie staining.  

 

2.4.5 A2AR solubilization with DDM and its purification by affinity chromatography 

As an alternative to membrane protein solubilization using polymers, the A2AR was solubilized from the 

membrane fraction with the non-ionic detergent DDM, and its solubilization efficiency was analysed by 

western blotting (Figure 2.12). Bands corresponding to the A2AR monomer were analysed by 

densitometry, and the results showed that the protein of interest was solubilized with 60% efficiency.  

 

Figure 2.12. Solubilization of the A2AR with DDM at 2% (w/v). The A2AR was solubilized from the 
membrane fraction with DDM, and its solubilization was monitored by analysing aliquots of the 
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membrane fraction, non-solubilized pellet, and solubilized supernatant by western Blotting with an anti-
A2AR primary antibody and HRP-conjugated secondary antibody. 

 

The purification of the A2AR-DDM was attempted by affinity chromatography following the same 

protocol optimized for the purification of the A2AR-SMALP. Aliquots of all fractions were analysed by 

SDS-PAGE and Coomassie staining (Figure 2.13). Numerous protein bands were observed in all fractions 

in the gel corresponding to protein contaminants, although a more intense band corresponding to the 

A2AR-DDM could still be observed in the elution fractions. These results suggest that the optimized 

protocol for the purification of the A2AR-SMALP was not optimal for the purification of the A2AR-DDM, 

as the resin could not be properly washed and the protein of interest co-eluted with many other protein 

contaminants.  

 

Figure 2.13. Purification of the A2AR-DDM by affinity chromatography using low concentrations of 
imidazole. The purification of the A2AR-DDM away from other proteins in the sample was attempted 
following the optimized protocol for the purification of the A2AR-SMALP. The resin was pre-equilibrated 
without imidazole, washed with wash buffer containing 20 mM imidazole, and the A2AR was eluted with 
elution buffer containing 60 mM imidazole. Aliquots of the flow-through, washes, and elution fractions 
were analysed by SDS-PAGE and Coomassie staining.  

 

The A2AR-DDM was purified by minimising the incubation time with the resin and increasing the 

imidazole concentrations to wash the resin and elute the protein of interest (Figure 2.14). Imidazole at 

60 mM served to wash the columns since many protein bands were observed in the Wash 1 (W1) 

fraction, whereas less intense bands were obtained in the Wash 2 and 3 (W2 and W3). The separation 

of the A2AR-DDM monomer and dimer from the main contaminant was not possible using 200 mM or 

150 mM imidazole, although bands corresponding to the A2AR showed higher intensity compared to 

those for the main contaminant when 150 mM imidazole was used. In contrast, both proteins showed 

similar intensities when 200 mM imidazole was used. Imidazole at 100 mM was not sufficient to elute 

the A2AR at concentrations comparable to those obtained with higher imidazole concentrations. Thus, 
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low-intensity bands for the A2AR monomer and dimer were obtained in the elution fractions and lower-

intensity bands for the main contaminant, indicating that their separation was not accomplished with 

100 mM imidazole.  

   A                 B 

 

 

 

 

 

 

C 

 

Figure 2.14. Purification of the A2AR-DDM by affinity chromatography by decreasing the imidazole 
concentration in the elution fractions. The A2AR-DDM was purified away from other proteins in the 
sample by recirculating the solubilized fraction with the resin for 2h, washing the resin with wash buffer 
containing 60 mM imidazole, and eluting the A2AR-DDM with elution buffer with (A) 200 mM, (B) 150 
mM, and (C) 100 mM imidazole. Aliquots of the flow-through, washes, and elution fractions were 
analysed by SDS-PAGE and Coomassie staining.  

 

The A2AR-DDM was buffer exchanged with Tris-HCl buffer without imidazole and concentrated for 

subsequent experiments and optimal storage conditions. The buffer exchanged and concentrated A2AR-

DDM was compared to the buffer exchanged and concentrated A2AR-SMALP by SDS-PAGE and 

Coomassie staining, and the results showed the presence of the P. pastoris main contaminant in the 

A2AR-DDM sample, whereas it was absent in the A2AR-SMALP sample (Figure 2.15). 
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Figure 2.15. Buffer exchange and concentration of the A2AR-DDM and A2AR-SMALP. The A2AR-DDM was 
buffer exchanged and concentrated with Tris-HCl buffer to remove imidazole for subsequent 
experiments and optimal storage conditions. It was compared to the A2AR-SMALP preparation under the 
same conditions by SDS-PAGE and Coomassie staining.  

 

2.4.6 Identification of the A2AR monomer and dimer and the P. pastoris main contaminant by in-gel 

digestion and LC-MS/MS 

Bands corresponding to the A2AR monomer and dimer, and the P. pastoris main contaminant, were 

digested in-gel with trypsin or chymotrypsin, and the resulting peptides were analysed by LC-MS/MS. 

For protein identification, searches were performed for both proteases against SwissProt Homo sapiens 

and Other Fungi databases using the Mascot® probability-based search engine. Therefore, the most 

probable human and fungal proteins were identified for each band in the gel (Table 2.1).  

The A2AR monomer digested with chymotrypsin was identified in the first position among all possible 

human identifications with a score of 242. Its score was higher than the cut-off criteria for protein 

identification acceptance, which was set at 50, and it was also used to compare identifications found in 

the Other Fungi database. In this case, the most probable fungal protein was identified as the Reducing 

polyketide synthase DEP5 from Fusarium langsethiae, with a score of 41, which was lower than the 

score for the A2AR monomer. This allowed the identification of the A2AR monomer digested with 

chymotrypsin. The A2AR dimer after chymotrypsin digestion was identified in the first position among 

all possible human identifications, with a score of 56. Nevertheless, the most probable fungal protein 

for this gel band was identified as Peroxisomal catalase from Candida albicans with a score of 77, which 

is higher than the score received by the A2AR dimer.  

The A2AR monomer digested with trypsin was identified in the third position with a score of 120, which 

was above the acceptance criteria, following Keratin type II cytoskeletal 1 and Keratin type I cytoskeletal 
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10, which received scores of 266 and 126, respectively. The most probable fungal protein for this gel 

band was the Phosphoglycerate kinase from Komagataella pastoris (also known as Pichia pastoris), with 

a lower score of 52. The A2AR dimer digested with trypsin was not detected.  

The P. pastoris main contaminant was identified as the Alcohol dehydrogenase 2 (ADH2) from 

Kluyveromyces marxianus in the first place with a score of 158, and the most probable human protein 

identified for this band was Albumin from Homo sapiens, with a score of 97, which was lower than the 

score for the ADH2. This allowed the acceptance of its identification. In all cases, the A2AR was identified 

with a mass of 45534 Da.  

Table 2.1. Identification of the A2AR and P. pastoris main contaminants by in-gel digestion and LC-
MS/MS. The resulting peptides from the in-gel digestion with trypsin or chymotrypsin of the A2AR 
monomer and dimer, and in-gel digestion with trypsin of the P. pastoris main contaminant, were 
detected by LC-MS/MS. Data were analysed using Mascot Daemon against the SwissProt Homo sapiens 
and Other Fungi databases. Both the A2AR monomer and dimer, and the main contaminant, were 
identified with acceptable score values (>50), with two or more unique peptides detected. 

 

 

The A2AR monomer digested with trypsin was identified with a total sequence coverage of 4% and two 

unique peptides were detected (Figure 2.16A). The YNGLVTGTR peptide corresponded to part of the 

intracellular loop 2 (ICL2) and the intracellular side of the transmembrane helix 4 (TM4), whereas the 

QMESQPLPGER peptide corresponded to the intracellular loop 3 (ICL3) and the cytoplasmic ends of the 

transmembrane helixes 5 (TM5) and 6 (TM6) (Figure 2.16B). The YNGLVTGTR peptide obtained a score 

of 54 (Table 2.2), which was above the cut-off criteria for peptide identification acceptance. The 

QMESQPLPGER peptide obtained a score of 43 (Table 2.2); therefore, it did not meet the minimum 

criteria to be accepted. Peptide fragmentation spectra are shown in the appendix section 

(Supplementary Figure 8.18-Figure 8.20).  
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   A                 B 

 

Figure 2.16. A2AR monomer identification by LC-MS/MS after trypsin in-gel digestion. Bands 
corresponding to the A2AR monomer were in-gel digested with trypsin and analysed by LC-MS/MS. (A) 
Sequence coverage of the A2AR with the identified unique peptides highlighted in red. (B) Sequence 
coverage on the secondary structure of the A2AR with the identified unique peptides highlighted in 
purple. 

The A2AR dimer digested with chymotrypsin was identified with a sequence coverage of 6%, and three 

unique peptides were detected (Figure 2.17). The peptide AIAIDRY corresponded to the 

transmembrane helix TM3, and it obtained a score of 40 (Table 2.2). The peptide EDVVPMNY 

corresponded to the end of the extracellular loop 2 (ECL2) and the extracellular side of the 

transmembrane helix TM5, and its score was 40 (Table 2.2). The SHTNSVVNPF peptide corresponded 

to the transmembrane helix TM7, with a score of 40 (Table 2.2).  

          A                B 

        

Figure 2.17. A2AR dimer identification by LC-MS/MS after chymotrypsin in-gel digestion. Bands 
corresponding to the A2AR dimer were in-gel digested with chymotrypsin and analysed by LC-MS/MS. (A) 
Sequence coverage of the A2AR dimer, with the identified unique peptides highlighted in red. (B) 
Sequence coverage on the secondary structure of the A2AR with the identified unique peptides 
highlighted in green.  
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The A2AR monomer digested with chymotrypsin was identified with a sequence coverage of 16%, and 7 

unique peptides were detected (Figure 2.18). The LNSNLQNVTNY peptide corresponded to the 

cytoplasmic end of the transmembrane helixes TM1 and TM2, and the intracellular loop 1 (IL1). It 

obtained a score of 61, which was above the acceptance criterion (Table 2.2). The AAADIAVGVL peptide 

corresponded to the transmembrane helix 2 (TM2), with a score of 58 (Table 2.2). The AITISTGF peptide 

corresponded to the extracellular side of the transmembrane helix TM2 and part of the extracellular 

loop 1 (EL1), with a score of 43 (Table 2.2). The SLLAIAIDRY peptide corresponded to the 

transmembrane helix TM3, with a score of 61 (Table 2.2). The AIGLTPMLGW peptide corresponded to 

the extracellular end of the transmembrane helix TM4, with a score of 43 (Table 2.2). The FEDVVPMNY 

peptide corresponded to the end of the extracellular loop 2 (EL2) and the extracellular side of the 

transmembrane helix TM5, with a score of 60 (Table 2.2). Finally, the SHTNSVVNPFIY peptide 

corresponded to the transmembrane helix TM7, and it obtained the highest score of 72 (Table 2.2).  

          A                B 

 

Figure 2.18. A2AR monomer identification by LC-MS/MS after chymotrypsin in-gel digestion. Bands 
corresponding to the A2AR were in-gel digested with chymotrypsin and analysed by LC-MS/MS. (A) 
Sequence coverage of the A2AR monomer with the identified unique peptides is highlighted in red. (B) 
Sequence coverage on the secondary structure of the A2AR with the identified unique peptides 
highlighted in blue.  
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Table 2.2. Identification of A2AR unique peptides after in-gel digestion by LC-MS/MS. The resulting 
peptides from in-gel digestion with trypsin or chymotrypsin of the A2AR monomer and dimer were 
detected by LC-MS/MS. Data were analysed using Mascot Daemon against the SwissProt database.  

 

 

 

2.5 DISCUSSION 

The main aims of this chapter were to express, solubilize, purify, and identify the A2AR. For this, the C-

terminal truncated A2AR was expressed in Pichia pastoris SMD1163, and the membrane fraction was 

prepared by breaking the yeast’s cell wall. The use of glass beads proved to be optimal. The A2AR was 

successfully solubilized from the membrane fraction using SMA2000 or DDM, but it could not be 

solubilized effectively using DIBMA polymers. However, solubilization efficiency improved when Glyco-

DIBMA was used at higher concentrations. After an optimization procedure, the A2AR-SMALP was 

successfully purified using His-pur Ni-NTA resin in Tris-HCl buffer. In contrast, the A2AR-Glyco-DIBMALP 

could not be purified using this method. Similarly, it was not possible to purify the A2AR-DDM away from 

the main P. pastoris contaminant. Identification of the A2AR-SMALP monomer and dimer was confirmed 

by in-gel digestion and LC-MS/MS after trypsin and chymotrypsin digestion. Higher sequence coverage 

was obtained after chymotrypsin digestion, and the dimer was identified only after chymotrypsin 

digestion. The main P. pastoris contaminant was identified as the alcohol dehydrogenase 2 (ADH2) from 

Kluyveromyces marxianus. 

Similar to this project, the expression of the A2AR in Pichia pastoris has been achieved successfully by 

many researchers (Fraser, 2006; Asada et al., 2011; Bertheleme et al., 2015; Jamshad et al., 2015), and 

a wide range of publications have reported heterologous protein expression of mammalian membrane 

proteins and GPCRs in Pichia pastoris (Jamshad et al., 2008; Bertheleme et al., 2015; Byrne, 2015; 

Routledge et al., 2016).  Furthermore, on many occasions, the AOX1 promoter has been used and 

enhanced for the production of recombinant proteins in this expression system (Vogl and Glieder, 2013; 
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Yang and Zhang, 2018). Proper expression of the A2AR was achieved at low temperatures according to 

previous optimization procedures for the expression of this receptor in P. pastoris (Jamshad et al., 

2015). In the present study, no additives were incorporated in the culture medium, although it has been 

demonstrated that its supplementation with specific receptor ligands, DMSO, and histidine can benefit 

GPCR expression (André et al., 2006). 

In this study, the C-terminal truncated sequence was used for the expression of the A2AR, as it has been 

shown to code for a stable, functional, and degradation-resistant protein (Jaakola et al., 2008; Doré et 

al., 2011; Hino et al., 2012; Cheng et al., 2017; Prosser et al., 2017; Hinz et al., 2018).  

To isolate the membrane fraction, where the A2AR was located, the thick cell wall of P. pastoris was 

disrupted by different mechanical methods, including the use of acid-wash glass beads, the French 

press, and the Avestin Emulsiflex C3 cell-disrupter. All of them were effective in breaking the cell wall. 

Nevertheless, the use of glass beads proved to be the fastest, easiest, and most effective method, as 

substantial amounts of membrane pellets could be recovered, and the beads could be used for small- 

and large-scale preparations. Furthermore, they are inexpensive, require small amounts of beads, can 

be reused, are not heavy, and can disrupt the cells by simply vortexing the tubes. Similarly, glass beads 

have been extensively used to disrupt Pichia pastoris cells (Kielkopf et al., 2021; Al-Jubair et al., 2022), 

as well as other yeast cells such as Saccharomyces cerevisiae (Stowers and Boczko, 2007) and Candida 

spp. (Lim et al., 2008). In addition to cell disruption, glass beads are used for genetic transformation of 

yeast (Rivera et al., 2014). 

Alternatively, the use of the Avestin Emulsiflex C3 cell-disrupter was also an effective method to break 

the yeast cell wall, as it is a benchtop high-pressure homogeniser ideal for cell disruption and particle 

size reduction, and has already been used to effectively disrupt P. pastoris cell walls to solubilize the 

A2AR from the membrane fraction (Routledge et al., 2020). However, it can only be used for large-scale 

cultures, as a minimum of 50 mL of cell suspension is required; therefore, it is not suitable for small-

scale preparations. In addition, the breaking process can take longer and can complicate possible 

downstream processes such as protein purification, as observed in the present study. In this project, 

many protein bands corresponding to P. pastoris contaminants were obtained after IMAC purification 

in comparison to the results obtained when glass beads or the French press were used following the 

same protocol. This can be explained by the fact that C3 disrupted the cells more efficiently than the 

other methods, but simultaneously caused solubilization of proteins that interacted with the Ni-NTA 

resin and co-eluted with the protein of interest. On the other hand, the French press was also effective 

in breaking the yeast cell wall, although it showed lower disruption efficiency than glass beads. Similarly, 

Goldberg et al. observed that using the French press to break untreated bacterial cells or yeast, fungus, 



 

70 
I. Company Marin, PhD Thesis, Aston University 2024 

 

and spores with tough cell walls was not effective (Goldberg, 2021). In contrast, it has been successfully 

used to disrupt mammalian cells and fragile bacteria (Sheng et al., 2012).  

The A2AR was successfully extracted and solubilized from the membrane fraction encapsulated in 

SMALPs and Glyco-DIBMALPs, or solubilized with DDM, for downstream experiments. Similarly, 

Jamshad et al. successfully solubilized the A2AR from Pichia pastoris membranes using SMA2000 at 2.5% 

and compared its solubilization and thermostability after solubilization with DDM (Jamshad et al., 

2015). Likewise, different GPCRs, including melatonin and ghrelin receptors and CD81, have been 

solubilized from P. pastoris membranes with SMA2000 (Logez et al., 2016; Ayub et al., 2020). Moreover, 

SMA2000 has been used to solubilize membrane proteins from other expression systems, including E. 

coli  (Gulamhussein et al., 2019), insect cells (Hardy et al., 2019), and mammalian cells (Horsey et al., 

2020). Thus, SMA2000 has been broadly used to effectively solubilize membrane proteins, and its 

solubilization efficiency is comparable to that of detergents.  

Gulamhussein et al. compared the solubilization of membrane proteins BmrA and ZipA from E. coli and 

the A2AR from P. pastoris using SMA2000 and DIBMA polymers, and reported that both polymers were 

able to solubilize the three membrane proteins. The solubilization efficiency of ZipA was significantly 

lower with DIBMA than with SMA2000, as was observed in the present study for the A2AR. Nevertheless, 

the authors observed that SMA2000 did not offer any improvements over DIBMA in the solubilization 

of A2AR, in contrast to the results obtained in this study. Moreover, elongating the incubation times with 

the polymers to 18h and 24h did not improve the solubilization efficiency (Gulamhussein et al., 2020). 

They also reported that the method used for preparing DIBMA determines the solubilization efficiency, 

as small variations in the protocol can lead to large variations in results. Despite these previous findings, 

the solubilization of the A2AR with DIBMA polymers was intended for this study because it contains an 

aliphatic side chain instead of an aromatic styrene group. This makes it larger than SMA polymers that 

have been successfully used to date, which can lead to the formation of larger nanodiscs surrounding 

membrane proteins and allow their complete movement to undergo conformational changes upon 

ligand binding by applying less lateral pressure (Oluwole et al., 2017). 

The A2AR was purified by IMAC after optimization. The results demonstrated that no imidazole should 

be used during the recirculation process to allow the A2AR-SMALP to bind to the resin strongly enough 

to avoid its loss in the flow-through and wash fractions. Nevertheless, 10 mM imidazole has been used 

in previous studies for the equilibration of Ni-NTA resins for the purification of GPCRs (Logez et al., 

2016) and the A2AR (Carpenter and Tate, 2017). 

In the present study, 60 mM imidazole was optimal for the elution of the A2AR, as it allowed the 

attainment of the highest A2AR-SMALP concentration while minimizing the co-eluting contaminants. In 
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contrast, Gulamhussein et al. did not observe elution of the A2AR-SMALP with 60 mM imidazole, but 

they used 200 mM imidazole for elution (Gulamhussein et al., 2020). Moreover, no contaminants co-

eluted with the protein of interest, in contrast to the results observed in this study (Gulamhussein et 

al., 2020). Similar results were obtained under identical conditions for purification of the A2AR-SMALP 

(Jamshad et al., 2015) and the A2AR-DDM (Singh et al., 2012). This could be explained by the fact that 

the presence of high concentrations of mADH can be dependent on the strain, construct, and 

transformation method used. Chen et al. identified the mitochondrial alcohol dehydrogenase isozyme 

III (mADH) as one of the major contaminants in native P. pastoris proteins that co-elute when 100 mM 

imidazole is used for IMAC purification (Chen et al., 2014). Hence, they engineered an mADH gene-

knockout P. pastoris strain by gene disruption, which allowed the downstream purification of target 

proteins (Chen et al., 2014). Although ADH plays a key role in yeast fermentation, it is not directly 

involved in basic metabolic pathways; therefore, disruption of the mADH gene did not affect cell 

growth, and represents an attractive approach to eliminate the presence of the co-eluting contaminant, 

which can interfere in downstream experiments after protein purification (De Schutter et al., 2009). 

This could be an alternative approach for purifying the A2AR-DDM away from this contaminant.  

His-pur Ni-NTA offered the highest recovery and purity of the A2AR-SMALP, and it has been used for the 

purification of the A2AR in previous studies (Gulamhussein et al., 2020). Alternative resins have been 

successfully used for this purpose (Jamshad et al., 2015). Singh et al. compared the purification of the 

detergent-solubilised A2AR using Ni+2 and Co+2 resins, and used higher imidazole concentrations to elute 

the target protein from the Ni+2 resin. This is because Co+2 resins have higher specificity and at the same 

time lower affinity for His-tagged proteins than Ni+2 resins do. Consequently, cleaner protein 

preparations are usually obtained using Co+2 resins (Singh et al., 2012). Hence, the use of Co+2 resins is 

an attractive approach for optimizing A2AR-DDM purification. 

Although it was possible to confirm the solubilization of the A2AR from the membrane fraction using 

Glyco-DIBMA, purification was not possible. This can be explained by the low solubilization efficiency, 

which causes low protein concentration to be detected after purification. Although Gulamhussein et al. 

reported the successful purification of A2AR-DIBMALP expressed in P. pastoris, lower protein yields were 

obtained with DIBMA than with SMA, similar to the results obtained in this study (Gulamhussein et al., 

2020). Moreover, it has been shown that the contamination grade obtained using DIBMA was higher 

that that obtained using SMA2000 (Oluwole et al., 2017). A challenge associated with the use of DIBMA 

is that it can cause substantial streaking on SDS-PAGE gels, and obscure visualisation of the sample 

(Oluwole et al., 2017). Hence, DIBMA polymers can affect the migration and detection of solubilised 

proteins by Coomassie staining and western blotting. Therefore, an alternative to determine 

solubilisation efficiency is to compare the intensity of the bands corresponding to the non-solubilized 
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fraction (which does not contain the polymer) with that of a negative control (Gulamhussein et al., 

2020). 

After purification, the A2AR monomer and dimer were identified by in-gel digestion and LC-MS/MS with 

low sequence coverage. Many membrane proteins have a limited number of tryptic cleavage sites, 

indicating that this protease does not provide adequate proteolysis for identification. In other cases, 

proteins can show a suboptimal distribution of tryptic cleavage sites, resulting in the formation of 

peptides that are too long or too short to be detectable by MS. In addition, post-translational 

modifications (PTMs) can limit trypsin access to cleavage sites or render Lys and Arg residues resistant 

to trypsin digestion. As a membrane protein, the A2AR can be challenging to digest into detectable 

peptides by mass spectrometry due to the limited access of proteases to tightly folded regions, such as 

transmembrane helices, and its suboptimal distribution of cleavage sites, which results in the formation 

of peptides with a certain length that can be difficult to detect by MS. To overcome these challenges, 

alternative proteases can be used alone or in combination to achieve optimal protein digestion. To test 

their applicability in proteomics, Giansanti et. al. optimized protocols for six alternative proteases: 

chymotrypsin, Lys-C, Lys-N, Asp-N, Glu-C, and Arg-C (Giansanti et al., 2016). Although the use of 

chymotrypsin improved the A2AR digestion and sequence coverage, optimization is needed for further 

downstream applications of peptide detection by MS.  

In conclusion, the A2AR was successfully expressed, solubilized, and purified from the membrane using 

SMA2000 after extensive optimization. In contrast, it could not be successfully solubilized and purified 

using DIBMA polymers. Similarly, it was not possible to purify the A2AR-DDM away from the mADH 

contaminant in P. pastoris. Purified A2AR monomer and dimer were identified by LC-MS/MS with low 

sequence coverage, which was improved by using chymotrypsin instead of trypsin. The identification 

of the purified A2AR-SMALP by in-gel digestion and LC-MS/MS has been shown for the first time, which 

is a pioneering work for the identification of other membrane proteins and GPCRs.  

 

 

 

 

 

 



 

73 
I. Company Marin, PhD Thesis, Aston University 2024 

 

3. CHAPTER 3 – ANALYSIS OF THE LIPID ENVIRONMENT OF THE A2AR EXPRESSED IN P. 

PASTORIS SMD1165 BY LC-MS/MS 
 

3.1 INTRODUCTION 

Membrane proteins perform multiple biochemical functions, including transport, signalling, and energy 

production (Kharche et al., 2020). These membrane proteins directly and indirectly interact with lipids 

and are susceptible to changes in their lipid environment (Pan et al., 2022; Levental et al., 2023). Hence, 

lipids in the plasma membrane play a crucial role in membrane protein activity and function. The 

influence of the most abundant phospholipids and cholesterol on membrane properties and function 

of GPCRs is summarised in Table 3.1. 

Table 3.1. Presence of phospholipids, sphingomyelin, and cholesterol in mammalian membranes and 
their influence on membrane properties and GPCR activity. 

 Charge 
% in 

mammalian 
membranes  

Membrane 
leaflet 

Membrane 
curvature 

Functions References 

PC Zwitterionic 45-50% of PL Outer 
No influence 
(cylindrical) 

 
Membrane building block 
Can influence membrane protein activity 
Neutral on GPCRs 
 

(Joardar et al., 2022) 
(Murate et al., 2016) 
(Zhukovsky et al., 2019) 
(Różalska et al., 2018) 

PE Zwitterionic 15-25% of PL Inner>outer 
Negative 
(cone-shape) 

 
Membrane building block 
Forms H-bonds with Arg residues 
Lateral pressure and membrane curvature 
Negative regulator of GPCRs 
 

(Chakrabarti, 2021) 
(Dawaliby et al., 2016) 
(Pohl et al., 2019) 

PS Anionic 5-10% of PL Inner 
No influence 
(cylindrical) 

 
Organization of the cell membrane 
Modulates the local membrane potential 
Influences membrane protein activity 
Positive regulator of GPCRs 
 

(Leventis et al., 2010) 
(Vance, 2018) 
(Kashikuma et al., 2023) 

PI Anionic 10-15% of PL Inner 
No influence 
(cylindrical) 

 
Signalling (phosphorylation) 
Interacts with membrane proteins 
Attracts signalling components to the plasma 
membrane 
Positive regulator of GPCRs 
 

(Arumugam et al., 2015) 
(Blunsom et al., 2020) 
(Barneda et al., 2019) 

PG Anionic 1-2% of PL Inner 
No influence 
(cylindrical) 

 
Interacts with membrane proteins 
Positive regulator of GPCRs 
 

(Furse, 2017) 
(Numata et al., 2023) 
(Dawaliby et al., 2016) 

SM Zwitterionic 
up to 20% of 
total lipids 

Outer 
No influence 
(cylindrical) 

 
Membrane building block 
Interacts with cholesterol  
Interacts with membrane proteins 
Forms lipid rafts 
 

(Adada et al., 2016) 
(Gault et al., 2010) 
(Scassellati et al., 2010). 

Cho Hydrophobic 
20-40% of 
total lipids 

Outer 
Negative 
(cone-shape) 

 
Structural component of membranes 
Modulates membrane fluidity 
increases the membrane thickness 
Interacts with GPCRs 
Required for GPCR activity 
 

(Risselada, 2019) 
(Subczynski et al., 2017) 
(Jakubík et al., 2021) 
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The A2AR has a high propensity to bind lipids as allosteric modulators. Hence, its conformation dynamics 

are dependent on its lipid environment, and studying the A2AR in its native environment is essential for 

its accurate characterization (Bruzzese et al., 2020). Several methods have been developed to study the 

role of the lipid environment in protein function. The use of detergents as the most common approach 

for integral membrane protein extraction and solubilisation but is arguable if this is the best method 

because of the inherent removal of native lipids and the disruption of lipid-protein interactions 

(Cecchetti et al., 2021). The development of membrane mimetics, including nanodiscs and SMALPs, has 

enabled the identification of lipids surrounding  membrane proteins (Schuler et al., 2013; Teo et al., 

2019). Alternatively, associated lipids from purified plasma membrane proteins have been studied 

through native MS experiments (Bolla et al., 2019). Various studies demonstrate the applicability of 

SMALPs and nanodiscs in characterizing the lipid environment surrounding membrane proteins. 

Nonetheless, these membrane mimetic systems have typically been used as controlled membrane 

surfaces to mechanistically examine lipid-protein interactions (Cuevas Arenas et al., 2016; Routledge et 

al., 2020; Swainsbury et al., 2014). Nanodiscs and SMALPs of defined phospholipid compositions have 

also been used for the reconstitution and characterization of GPCRs (Guo et al., 2023). At the same 

time, it has been demonstrated that phospholipids in SMALPs can also be exchanged, offering an 

alternative approach for studying the activity of isolated membrane proteins surrounded by specific 

lipid environments (Hazell et al., 2016). In addition to lipid-protein interactions, GPCRs have been 

shown to preserve protein-protein interactions in SMALPs (Damian et al., 2018). However, GPCRs are 

not only modulated by direct interactions with lipids. Their behaviour also depends on the lipid 

composition of their surrounding environment as bilayer thickness, curvature, ordering, geometry and 

lateral pressure can modulate the GPCR activity (Gutierrez et al., 2019). 

P. pastoris has been used as an expression system for the study of membrane proteins and their 

interaction with the lipid environment (Routledge et al., 2020). The lipid profile of P. pastoris cells 

exhibits significant variability and diversity in terms of lipid abundance, fatty acid chain lengths, and the 

degree of unsaturation (Yu et al., 2022). In contrast to S. cerevisiae, P. pastoris can produce 

polyunsaturated fatty acids (PUFAs), and it has been demonstrated that the relative amount of PUFAs 

is much higher in P. pastoris than in other yeasts (Wriessnegger et al., 2009). It has been shown that 

the most abundant PC, PE, PS, PI, PG, and CL species in P. pastoris contain mono- and polyunsaturated 

fatty acyl chains of 34 and 36 carbon atoms, with 1 to 5 double bonds. In some cases, phospholipid 

species with 6 double bonds have been identified (Adelantado et al., 2017). 

Therefore, membranes are heterogeneous in composition, and it has been extensively demonstrated 

that lipids in the plasma membrane influence the membrane protein activity. For example, it has been 

proposed that anionic lipids, including PS, PG, and PI, together with cholesterol, act as positive 
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regulators of GPCR activity, whereas PE can act as a negative regulator and PC as neutral (Dawaliby et 

al., 2016; Jakubík and El-Fakahany, 2021). Consequently, great interest has emerged over the recent 

years for characterizing the relevant lipids for protein structure and function (Tzortzini and Kolocouris, 

2023). 

Although there is currently an extensive understanding of lipids, a full definition of the function of the 

eukaryotic lipidome remains elusive. Compared to protein analysis, this can be explained by the high 

structural diversity that exist among all lipids, as well as their nature, solubility, how they assemble, and 

the complexity of the techniques needed for their study and manipulation (Orešič et al., 2008). 

Nonetheless, advances in the analysis of lipid characteristics and their roles in the context of genomics 

and proteomics are being made that are leading to an understanding of their role in cellular physiology 

and pathology. This emphasizes the need for an integrated study of cellular lipids using lipidomic 

methods (Hu et al., 2018). Lipidomics is a branch of metabolomics based on the large-scale study of 

lipids. It aims to address the identification and quantification of lipid species in a given sample, as well 

as their cellular and tissue distribution, together with their related signalling pathways and networks in 

a biological system (Postle, 2012). Eventually, the aim is to integrate all the branches of metabolomics 

to understand cellular metabolism, shed light on human disease states, and understand lipid changes 

under pathological conditions (Fonteh et al., 2006; Suvitaival et al., 2018). Advances in chromatography 

and mass spectrometry (MS) technologies, together with NMR spectroscopy, have enabled more 

comprehensive lipid profiling of biological samples (Jurowski et al., 2017). MS is an excellent qualitative 

and quantitative technique that has been the most relevant approach in lipidomics in recent years. 

Routine procedures in MS-based lipidomics consist of sample collection, lipid extraction, lipid 

separation, MS data acquisition, post-acquisition data processing, and physiological significance 

clarification (Hu et al., 2018). 

Various lipid extraction methods can be used for sample preparation for MS-based lipid analysis. Liquid 

phase lipid extraction has been the predominant extraction method owing to its applicability to a wide 

range of biological samples (Folch et al., 1957; Bligh and Dyer, 1959). An alternative lipid extraction 

method, methyl tert-butyl ether (MTBE), was developed by Matyash et al. (2008) using MTBE, 

methanol, and water. This offers some practical advantages compared to the Folch method, as the lipid-

containing organic phase forms the upper layer during phase separation due to the low density of 

MTBE, which simplifies sample collection and minimizes contamination (Matyash et al., 2008). 

Moreover, it improved the recovery of most of the lipid classes (Qu et al., 2014).  

Lipid samples can be analysed by direct infusion shotgun MS (Wang et al., 2016). Nevertheless, MS is 

typically coupled to chromatographic separation techniques. Chromatographic methods allow the 
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separation of isomeric species with identical m/z values. Hence, they are used for the analysis of 

complex biological samples (Fabritius et al., 2021). In the present study, lipid samples were analysed by 

reverse-phase (RP) liquid chromatography (LC). LC is commonly used for the separation and analysis of 

phospholipids, sphingolipids, and neutral lipids as it integrates excellent lipid separation efficiency 

(Harvey et al. 2023). High-performance liquid chromatography (HPLC) is the most widely used 

separation method in lipidomics since it offers a high separation efficiency (Bielawski et al., 2010). RP 

chromatography is the most commonly used LC technique in lipidomics. It consists of a polar mobile 

phase and a non-polar stationary phase; therefore, it relies on the interaction of the non-polar 

functional groups of the analytes with the hydrophobic surface of the stationary phase (Moldoveanu et 

al., 2013; Žuvela et al., 2019). Highly aqueous initial conditions are used for analyte elution in RP 

columns, moving progressively to higher organic solutions. Consequently, lipids are separated 

according to the hydrophobicity of their fatty acyl chains in RP chromatography, and their elution order 

is associated with the carbon chain length and number of double bonds. In contrast, lipids are separated 

according to their head groups in normal-phase chromatography; lipids with identical polar head groups 

elute together (Bang et al., 2012).  

Once the analytes are separated, they are analysed in the mass spectrometer. The analysis of lipids and 

other molecules by mass spectrometry consists of three crucial steps: sample ionization, ion separation, 

and ion detection. In the ionization step, ions are formed from molecules in the sample by an ion source. 

In the separation step, lipids and other metabolites are separated under an electric or magnetic field, 

based on their m/z ratios. Finally, the separated ions reach the detector, which detects the mass and 

relative amount of the analytes (Züllig et al., 2021).  

ESI is a soft-ionization technique in which the samples are dissolved in a volatile solvent and pushed 

through a fine charged capillary held at a high voltage. This results in the spraying of the analyte-

containing solution into tiny droplets, in which ions are transferred from the solution into a gaseous 

phase (Isaac, 2011). In ESI, the transition of ions from the solution into a gas phase involves the dispersal 

of a fine spray of charged droplets followed by solvent evaporation, also termed desolvation, and ion 

ejection from the droplets. A constant stream of the sample in solution is directed through a capillary 

tube. This generates a mist of highly charged droplets with the same polarity as the capillary voltage 

(Wilm, 2011). With the assistance of an increased ESI source temperature and an additional stream of 

nitrogen drying gas, the charged droplets undergo continuous size reduction as the solvent evaporates. 

The decrease in the droplet size leads to an increase in the surface charge density, which causes an 

electric field strength within the charged droplets. At this point, droplets deform owing to the 

electrostatic repulsion of like charges, which becomes more powerful than the surface tension for 

holding the droplet together (Tycova et al., 2021). Eventually, an unstable kinetic and energetic critical 
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point is reached, known as the Rayleigh limit, where the ions located on the surface of the droplets are 

expelled into the gaseous phase. The emitted ions are collected by a sampling skimmer cone and 

subsequently accelerated into the mass analyser (Ho et al., 2003). 

Most lipids are ionized as single-charged molecules, with the exception of CL under certain conditions. 

The ionization efficiency and type of adduct formation depend on the chemical properties and the 

propensity of an individual analyte to gain or lose a charge in a given environment (Gonzalez-Riano et 

al., 2021). Furthermore, it also depends on the additives in the solvents or LC mobile phase to enhance 

adduct ion formation (Kostiainen et al., 2009). Anionic lipids such as FA, PA, PS, PG, PI, and CL, carry a 

net negative charge at physiological pH, which makes them easily detectable in the negative ion mode 

as [M-H]- adducts. Weakly anionic lipids such as PE, Ceramides, and eicosanoids carry a net negative 

charge at alkaline pH, which facilitates their detection in the negative ion mode as [M-H]- adducts, 

although they can also be detected in positive ion mode as [M+H]+ adducts (Buyukpamukcu et al., 

2007). In positive ion mode, lipid species that contain nitrogen atoms, such as PC, PE, PS, SM, and Cer, 

are predominantly detected as protonated molecules. In contrast, lipid species that do not contain 

nitrogen, such as PI, PG, CL, TAG, and DAG, are commonly detected as [M+NH4]+ when ammonium 

acetate or formate are used as mobile phase additives (Rush and van Breemen, 2017; Warren, 2018). 

Lipids that are usually detected in the positive ion mode can also be detected in the negative ion mode 

as [M-H]-, [M+COO]-, or [M+CH3COO]- adducts, depending on the phospholipid classes and on the LC-

MS buffer used, although at relatively low intensity (Godzien et al., 2015; Gonzalez-Riano et al., 2021).   

ESI, which was employed in the present study, is commonly used in lipidomics as it overcomes the 

propensity of labile macromolecules to fragment when they ionize, including lipids. Therefore, this soft-

ionization offers the advantage of conserving molecular ions (Hu and Zhang, 2018). Nevertheless, very 

limited structural information is obtained from the MS spectra, which contain information on the 

elemental composition of each analyte, and peaks correspond to molecular ions without 

fragmentation. Hence, each peak may correspond to a specific lipid in a sample. However, a lipid cannot 

be identified only by its elemental composition, as many different isomeric or isobaric lipid species can 

correspond to one peak with a specific m/z ratio (Vinaixa et al., 2016; Chen et al., 2022). The main 

challenge in lipidomics is caused by the high number and variability of lipid molecular species, which 

occupy a relatively narrow m/z window. Moreover, lipid analysis by MS is further complicated by the 

high number of isomeric and isobaric species. Isomeric lipids are those that have identical molecular 

formulas, but differ in atom arrangement and molecular properties; therefore, they have identical m/z 

ratios and cannot be resolved by MS.  In contrast, isobaric species have a very similar nominal mass but 

a slightly different exact mass, which means they have highly similar m/z ratios and complicates their 

differentiation by MS, depending on the mass accuracy and resolution of the mass spectrometers. This 
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reflects the high diversity in natural lipidomes, high dynamic range of lipid concentrations, and different 

chemical properties (Batarseh et al., 2018; Züllig et al., 2021). To obtain structural information on the 

detected ions, chromatographic systems are commonly coupled to tandem mass spectrometry 

(MS/MS) (Seger et al., 2020). In MS/MS, ions of interest or precursor ions, are selected in a first mass 

analyser and subsequently fragmented in a collision cell. Fragmented ions are separated in a second 

mass analyser and detected by the detector to obtain the fragmentation spectrum, which corresponds 

to the product ion spectrum for the specifically selected precursor ions (Mittal, 2015).   

Different mass spectrometers can be used for MS/MS analysis. Here, lipid samples were analysed using 

the Select Series Cyclic ion mobility (IMS) system with an instrument geometry consisting of a 

quadrupole mass filter coupled to a trap cell, a circular path of ion mobility (cIM), a transfer region, and 

an extended time-of-flight (TOF) mass analyser (Figure 3.1).  

 

Figure 3.1. Instrument schematic of the Select Series Cyclic ion mobility (IMS) system showing the Q-
cIM-ToF geometry (adapted from Giles et al., 2019). 

Quadrupole mass analysers (Q) are low mass resolution mass spectrometers usually used as scanning 

instruments (Li et al., 2021). Triple quadrupoles (QQQ) are the most routinely employed instruments 

for targeted qualitative and quantitative applications, although quadrupoles are often coupled to TOF 

or ion trap instruments, in which their elemental function is to isolate a given set of m/z ranges (Saleem 

et al., 2023). Ion trap mass analysers function as mass spectrometers for ion storage, in which volatile 

positive and negative ions of a variable range of m/z values can be confined under appropriate 

electrode potential conditions (Patil et al., 2017). By changing the voltages, the trajectories of the 

trapped ions become sequentially unstable according to their m/z ratio, and the ions leave the trapping 

field in order of m/z (Raffaelli and Saba, 2023). However, ion traps offer a lower mass resolution than 
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TOF instruments (Nolting et al., 2019). TOF analysers are high-resolution mass spectrometers based on 

flight tubes that are employed to separate ions according to their mass and detect their relative 

abundance in a given sample. In the flight tube, the beam of ions is located in a plane at a fixed distance 

from the detector, and the ions are accelerated by an electric field after receiving the same kinetic 

energy (Volný, 2020). The traveling velocity of the ions is dependent on their mass, allowing the 

separation of analytes according to their m/z ratios. Ions of lower mass and the same charge travel 

down the flight tube faster, whereas ions of higher mass travel slower (Boesl, 2017) . Improvements in 

TOF technology have included the use of ion mirrors, which increase the travel distance within the tube 

and significantly improve TOF resolution (Scherer et al., 2006). The separated ions hit a detector located 

at the end of the flight tube, which consists of a charged plate. The impact of ions on the plate generates 

an electric current of electrons, which can be computationally monitored and converted to a mass 

spectrum. This contains information regarding the m/z values of the ions and their relative abundances 

(Tamura et al., 2021).  

To contribute to a more comprehensive characterization of complex molecular mixtures, ion mobility 

instruments have been designed to provide additional ion separation and structural information.  IMS 

involves the study of how ions move and interact with an inert gas under the influence of an electric 

field. In IMS, an electric field forces the ions to migrate through the gas in a drift section at a certain 

velocity. This velocity correlates with the friction of a specific analyte with the gas, which is dependent 

on its physicochemical characteristics, such as mass, charge, spatial atom arrangement, electronic 

distribution, and three-dimensional structure (Dodds and Baker, 2019). Hence, different ions are 

separated by their mobility (K). More mobile ions have higher velocities, so they travel faster under a 

specific electric field strength, whereas less mobile ions travel more slowly (May and McLean, 2015). 

Furthermore, the mobility of an analyte can be affected by the ionization source, solvents, voltage and 

pressure, polarity, type of adduct, and site of adduction, which in turn affect the molecular structure, 

conformation, and internal energy of the ion. Routinely, the measured mobility is converted into 

collision cross section values for each analyte (CCS) and provides information about the ion 

conformation according to their collision with the inert gas (Jurneczko and Barran, 2011; Mairinger et 

al., 2018; Leaptrot et al., 2019). Over the past few years, advances in instrumental design have further 

enhanced the sensitivity and selectivity of IMS; for example, with cyclic ion mobility instruments. Cyclic 

ion mobility (cIMS) consists of a unique circular path that enables the extension of the path length in 

which ions can be passed around the drift region multiple times (IMSn), allowing excellent analyte 

separation (Giles et al., 2019).   

 In metabolomics, various experiments can be performed using MS/MS. Targeted metabolomics 

involves the analysis of a defined group of chemically characterized analytes and may be more 
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applicable to solving particular biological questions (Roberts et al., 2012). Alternatively, untargeted 

metabolomics is based on the comprehensive analysis of all measurable analytes in each sample. 

Hence, it aims to identify or quantify all lipids in a sample, and is commonly used to obtain an overview 

of the lipid profile of a system (Hu and Zhang, 2018). Two main untargeted approaches are commonly 

used in lipidomics: data dependent acquisition (DDA) and data independent acquisition (DIA) (Rudt et 

al., 2023). In DDA, a fixed number of precursor ions within a certain m/z range are selected and analysed 

by MS/MS. Generally, the mass spectrometer selects the most intense ions in the first analyser, which 

are subsequently fragmented and analysed. It offers a large coverage of identified lipids in a sample 

without previous knowledge, as well as high-quality MS/MS spectra for highly abundant precursors 

(Schwudke et al., 2007). However, this method offers poor detection for low-abundance precursors. 

Alternatively, DIA is an untargeted MS/MS method in which all ions within a selected m/z range in a 

given sample are fragmented and analysed. In this case, the instrument focuses on a narrow m/z 

window of precursor ions in each cycle. This mass window is stepped across the entire m/z range, so 

that all the detected precursor ions are fragmented, and their corresponding MS/MS data is collected. 

Hence, DIA offers high-quality MS/MS spectra for all high- and low-abundance precursor ions (Alcoriza-

Balaguer et al., 2019).  

Here, high definition MSE (HDMSE), a DIA method, was used to investigate the lipids that closely 

surround the A2AR and could potentially be crucial for the conformation and activity of the receptor. 

Despite recognizing the importance of lipids in these processes, there exists a knowledge gap 

corresponding to a thorough empirical characterization of the lipids that surround this receptor and 

could have relevant roles in modulating its activity, emphasizing the need for further research and 

investigation in this area. 

 

3.2 AIMS AND OBJECTIVES 

The work reported in this chapter aimed to characterize the lipid environment of the A2AR by identifying 

the phospholipids that closely surround the receptor in the plasma membrane. Therefore, this study 

aimed to test a lipid extraction and LC-MS/MS method to analyse the lipid composition of a purified 

protein encapsulated in SMALPs. The first aim was to identify the lipids that closely surround the A2AR 

and co-purify with the receptor in the SMALP (A2AR-SMALP). The second aim was to determine whether 

the lipids in the A2AR-SMALP are different from those found in P. pastoris bulk membranes or from 

those solubilized from the membrane using SMA2000 in SMALPs (SMA-solubilized fraction). The last 

aim was to investigate whether SMA2000 has some preference for solubilizing certain lipids, and thus, 

to investigate whether lipids in the SMA-solubilized fraction are substantially different from those found 

in bulk membranes. Consequently, the objective was to extract lipids from P. pastoris bulk membranes, 
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SMA-solubilized fraction, and those co-purified in the A2AR-SMALP, and to analyse and compare the 

lipids extracted from the three experimental groups by LC-MS/MS. 

 

3.3 METHODS 

3.3.1 Lipid extraction following the methyl tertiary-butyl ether (MTBE) method 

Lipids from P. pastoris bulk membranes, SMA-solubilized lipids from the P. pastoris membrane fraction, 

and lipids contained in the purified A2AR-SMALP were extracted following the MTBE method (Matyash 

et al., 2008) (Figure 3.2). Prior to lipid extraction, total protein in the samples was quantified by the BCA 

assay and normalized to 250 µg protein/mL. For lipid extraction, 200 µL of the normalized sample was 

mixed with 300 µL of methanol and 1 mL of methyl tertiary-butyl ether (MTBE) using DNA low-binding 

Eppendorf tubes and Hamilton syringes. The mixture was sonicated for 30 s, vortexed for 1 min, and 

incubated on ice for 1 min a total of three times. LC-MS-grade water (200 µL) was added to obtain a 

final mixture of 2:3:10:2 (sample:methanol:MTBE:water). The mixture was vortexed for 1 min at 

maximum speed and centrifuged for 10 min at 1000 x g. The lipid-containing supernatant was collected 

into glass vials and the sample dried with nitrogen gas. The dried lipids were stored at -20oC until further 

analysis. 

The Avanti EquiSPLASH reference sample was prepared by diluting 10 µL of Avanti EquiSPLASH in 990 

µL isopropanol, and the mixture was vortexed for 15 s to ensure homogeneity of the solution. For LC-

MS/MS lipid analysis, samples were resuspended in 50 µL isopropanol, and Avanti EquiSPLASH mix was 

added to the samples to obtain a final mixture of 20:5 sample:EquiSPLASH. A pooled mix composed of 

an aliquot (5 µL) from every sample (P. pastoris bulk membranes, SMA-solubilised fraction and A2AR-

SMALP lipids in triplicate) containing the Avanti EquiSPLASH internal standards was prepared for quality 

control (QC), and all samples were transferred to total recovery LC glass vials. 
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Figure 3.2. Schematic representation of the lipid samples under study. P. pastoris bulk membranes were 
isolated and solubilized using SMA2000 to obtain the SMA-solubilized fraction. The A2AR-SMALP was 
purified, and lipids from the three experimental samples were extracted following the MTBE method. 
The extracted lipids were analysed by LC-MS/MS.  

 

3.3.2 Lipid analysis by LC-MS/MS 

Samples were analysed at Waters Corporation (Wilmslow, UK) using an ACQUITY UPLC I-Class PLUS 

System (Waters) coupled to a SELECT SERIES Cyclic ion mobility separation (IMS) mass spectrometry 

system (Waters) by reverse phase (RPLC) liquid chromatography.  

For lipid analysis by RPLC, 2 and 4 µL of sample in the positive and negative ion modes, respectively, 

were injected onto an ACQUITY Premier CSH C18 Column 1.7 µm, 2.1 x 100 mm thermostated at 55oC. 

The sample temperature was set at 8oC to prevent solvent evaporation. A 10% isopropanol solution 

was used for the seal wash, and a 45:35:20 mixture of isopropanol:acetonitrile:water was used for the 

weak wash. The strong wash, needle wash, and purge were performed using 100% isopropanol. The 

analytes were eluted at 0.4 mL/min with solvent A (a 60:39:1 mixture of acetonitrile:water:1M 

ammonium formate with 0.1% formic acid) and solvent B (a 90:9:1 mixture of 

isopropanol:acetonitrile:1M ammonium formate with 0.1% formic acid). The gradient started from 50% 

solvent A and 50% solvent B, and was modified to 47% solvent A and 53% solvent B by 0.5 min, to 45% 

solvent A and 55% solvent B by 4 min, to 35% solvent A and 65% solvent B by 7 min, to 20% solvent A 

and 80% solvent B by 7.5 min, to 1% solvent A and 99% solvent B by 10 min, and returned to the starting 

conditions by 12 min, for a total run time of 12 min per sample. Leucine enkephalin (Leu-Enk) prepared 

at 200 pg/µL in a 50:50 mixture of acetonitrile:water was infused as a Lockspray. 

Data were collected in ESI positive (+) ionization mode in separate runs. The capillary voltage was set 

to 2.8 kV. The cone voltage was set to 40 V and the source offset was set to 30 V. The source 
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temperature was set to 120oC and the desolvation gas temperature to 500oC. The cone gas flow was 

150 L/h and the desolvation gas flow was 750 L/h. The nebulizer gas pressure was set to 6 bar and the 

reference capillary was set to 3 kV. The Lockspray flow rate was set to 20 µL/min. The MS was operated 

in full scan V-mode with an acquisition mass range from 100 to 2000 m/z. The scan time of 0.1 s was 

used on the MS and MS/MS levels. An identical scan time was used to acquire the lockspray and apply 

corrections, with an interval of 30 seconds, scans to average 4, and a mass window of ±0.5.  

The cIM was operated with a single pass and data collected at 5 pushes per bin. Travelling wave (TW) 

static and start height were set to 15 V, and the TW limit height to 35 V, with a TW ramping rate set to 

2.5 V/ms, and sideways and FWD/REV TW velocity to 375 m/s. The ADC Start Delay was set to 18 ms 

for an IMS cycle time of 78 ms. The cyclic sequence was as follows: injection for 10 ms, separation for 

8 ms, and ejection and acquisition for 24 ms.   

The samples were analysed using data independent acquisition (DIA - HDMSE). The HDMSE experiment 

was based on full scan precursor and fragment ion scanning. For tandem MS/MS, a collision energy of 

20 eV ramping to 45 eV was used. 

The detector, lockmass, calibration, resolution, and sensitivity checks were performed prior to sample 

processing. Briefly, Leucine enkephalin was infused at 20 µL/min with the attenuation set to 5%, and 

once the beam was stable, MS at 1 scan/s was acquired and 20 scans were combined. A peak 

corresponding to the lockmass leucine enkephalin ion was expected at m/z 556.2771 in the positive ion 

mode. The resolution (FWHM) was expected to be ≥30,000 and the sensitivity ≥8,000 cps. 

For LC-MS and LC-MS/MS acquisition, a suitable number of conditioning injections were incorporated 

to ensure the stability and reproducibility of the test injections. A minimum of 3 solvent blanks and 4 

Avanti EquiSPLASH standards were injected for column conditioning. Once the column was conditioned, 

Avanti EquiSPLASH standard mixture was injected six times, and biological replicates of the 

experimental samples were randomized and injected once. Quality control (QC) samples were injected 

once every 5 runs.  

 

3.3.3 Data treatment and lipid identification 

Lipid identification was performed by manual MS and MS/MS spectral interpretation using the 

MassLynx mass spectrometry software (Waters) and LIPID MAPS® Lipidomics Gateway to search for 

possible lipid identifications on a computationally generated database of phospholipid classes 

(https://www.lipidmaps.org/tools/ms/gp_ox_form.php). Lipid identification was also performed by 

comparing the acquired MS/MS data with a Waters proprietary database using the Progenesis QI 
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Software (Waters). MassLynx was used to generate the total ion chromatogram and extracted ion 

chromatograms, as well as the combined spectra, while Progenesis QI was used to obtain the 

experimental m/z of the identified compounds, their retention times, mass errors, abundances, and 

scores.  

Progenesis QI was used to calibrate the data using the standard Leucine enkephalin lock mass, 

considering its m/z 556.2771 in the positive ion mode. Sample ions were automatically aligned to 

compensate for drifts in the retention time between runs, and the compounds in the sample were 

located by performing an automatic peak picking. The adduct forms [M+H]+, [M+Na]+, [M+K]+, and 

[M+NH4]+ were included for lipid identification. To allow comparisons across different sample runs, total 

ion abundance was used as a normalization method. Alternatively, data were normalized to a set of 

housekeeping compounds obtained from the added internal standard EquiSPLASH mix to the samples. 

Compounds were identified by employing the Progenesis MetaScope method using Waters database 

with a precursor tolerance of 6 ppm and performing a theoretical fragmentation with a fragment 

tolerance of 6 ppm. 

To filter the data for lipid identification, features with no possible identifications were discarded. The 

data were sorted by maximum abundance, and the fragmentation spectra of all the compounds were 

checked to accept their identification. The areas of the ion map showing the different adduct forms, 

and the mass spectrum and retention time profiles in the deconvolution window were checked to 

confirm the validity of the compounds with accepted identifications. The 3D-montage was checked for 

all compounds with accepted identifications to determine whether it was possible to observe clear 

peaks corresponding to each compound.  

From these data, lists of identified lipids with high and low confidence were generated. Compounds 

were included in the high-confidence list if the fragmentation data had clearly matched fragments, the 

3D-montage displayed clear peaks, and the deconvolution ion profiles had clearly separated isotopic 

peaks and a chromatographic peak shape, whereas they were included in the low-confidence list if 

those characteristics were ambiguous.  

For data interpretation, the identified lipids were classified into phospholipid classes, including 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylglycerol (PG), phosphatidylinositol (PI), and lysophospholipids (LPL). The peak intensities 

of the identified lipids given as “normalized abundance” by Progenesis QI were combined to obtain the 

total signal intensity. The relative percentage abundance of each lipid was calculated to obtain the 

signal abundance using Microsoft Excel and plotted using GraphPad Prism 8. Statistical differences 

between analyte signal abundances were determined using GraphPad Prism 8 according to One-way 
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ANOVA followed by Tukey's multiple comparison test. Their calculated percentage of signal abundance 

in each sample were plotted as bar graphs. Alternatively, differences between samples were 

interpreted by generating Principal Components Analysis (PCA), ANOVA plots, and Volcano plots using 

Metaboanalyst Software after data Pareto scaling. Pareto scaling was employed as a data normalization 

method using the square root of the standard deviation as the scaling factor to emphasize the influence 

of the most important variables in the dataset, while reducing the impact of less critical ones. Volcano 

plots are visualization tools commonly used to simultaneously assess the statistical significance and 

magnitude of changes in a dataset. These combine the results obtained from the Fold Change (FC) 

Analysis and T-tests into a single graph to highlight the significant features based on biological and 

statistical significance. 

 

3.4 RESULTS  

To investigate whether the A2AR lipid environment showed distinctive phospholipids with relative 

abundance variations compared to their presence in P. pastoris bulk membranes or the SMA-solubilized 

fraction, and to assess whether substantial differences between the lipids identified in the SMA-

solubilized fraction and bulk membranes resulted from SMA2000 preferences for solubilizing certain 

lipids, the lipids in bulk membranes, SMA-solubilized fraction, and co-purified in the A2AR-SMALP were 

compared using LC-MS/MS (Figure 3.2).  

To validate the data quality and reproducibility, base peak intensity (BPI) chromatograms were obtained 

in low-energy mode without precursor ion fragmentation (Figure 3.3). These correspond to one 

biological replicate for each experimental sample as a representative example. BPI chromatograms 

showed intense peaks between 0.5 to 10 min, indicating analyte elution during this time interval. Similar 

elution patterns were observed for the P. pastoris bulk membranes (Figure 3.3A) and SMA-solubilized 

fraction (Figure 3.3B), whereas the A2AR-SMALP BPI chromatogram showed subtle differences in analyte 

elution patterns compared to the other lipid fractions at 0.5-1, 1.7, 4.97, 6, and 7.87 min. Nevertheless, 

it is unclear from the BPI chromatograms whether the observed peaks correspond to the lipids of 

interest in the samples. Consequently, high-energy extracted ion chromatograms (XIC) of m/z 184.1 

were generated from the BPI chromatograms to investigate the elution of PCs from the 

chromatography (Figure 3.4). 
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Figure 3.3. Low-energy base peak intensity (BPI) chromatogram for comparative lipid profiling of P. 
pastoris bulk membranes, SMA-solubilized fraction, and purified A2AR-SMALP. Lipids were extracted 
from (A) P. pastoris bulk membranes, (B) SMA-solubilized fraction, and (C) purified A2AR-SMALP, and 
analysed by LC-MS/MS in ESI positive ion mode using MassLynx software.  

 

An m/z of 184.1 corresponds to the mass observed for the phosphatidylcholine (PC) headgroup 

fragment; therefore, the peaks observed on these XIC correspond to analytes that were fragmented 

under high-energy conditions, giving place to the detection of the PC headgroup in the positive ion 

mode. Hence, PCs were used as a representative phospholipid class to determine the estimated elution 

times for all the phospholipids. Comparable analyte elution patterns were observed for the three 

samples; the most intense peaks were obtained from 2 to 7 min, indicating PCs elution at this time 

interval. Low-intensity peaks were also obtained at 0.5–1.5 min, potentially corresponding to 

lysophosphatidylcholine (LPC) species. Similarly, low-intensity peaks were obtained at 8.5–9 min in P. 

pastoris bulk membranes, potentially corresponding to long fatty acyl chained PCs. These XIC served to 

visualise that it was possible to extract the lipids that were co-purified with the A2AR, which was 

obtained at low protein concentrations (250 μg/mL), and to detect and compare them to those 

extracted from bulk membranes and SMA-solubilized fraction following this LC-MS/MS method.  
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Figure 3.4. High-energy extracted ion chromatogram (XIC) of m/z 184.1 for comparative 
phosphatidylcoline profiling in P. pastoris bulk membranes, SMA-solubilized fraction, and purified A2AR-
SMALP. Lipids were extracted from (A) P. pastoris bulk membranes, (B) SMA-solubilized fraction, and (C) 
purified A2AR-SMALP, and analysed by LC-MS/MS using MassLynx software. 

 

To obtain the m/z values and peak intensities of the analytes and correlate them with possible lipid 

identifications, low-energy combined spectra (MS) were generated from the BPI chromatograms in the 

positive ion mode. P. pastoris bulk membranes (Figure 3.5A), SMA solubilized fraction (Figure 3.5B), and 

A2AR-SMALP (Figure 3.5C) showed similar peak patterns with m/z values between 100 and 1200 Da. The 

most intense peaks were obtained between 700 and 850 Da, potentially corresponding to 

phospholipids in the samples. The most intense peaks were observed at m/z 784.59, 786.60, and 

782.57, as well as their isotopic peaks. Other notable peaks were detected at m/z 758.57, 756.55, and 

780.55, potentially corresponding to the most abundant phospholipids in the samples. Intense peaks 

at m/z 338.34 and 663.46 appeared in the three samples, with a noticeable intensity of the second 

analyte in the A2AR-SMALP, which might correspond to contaminant features. However, it remains 

ambiguous from the low-energy MS combined spectra whether the observed peaks correspond to 

specific phospholipids of interest in the samples or not. Moreover, the analysis of low-intensity peaks 

from these spectra using MassLynx can be challenging. Therefore, Progenesis QI was used to process 

the data and identify the most abundant phospholipid species in the three experimental groups. 
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Figure 3.5. Low-energy (MS) combined spectrum in the 100-1200 m/z range for comparative lipid 
profiling of P. pastoris bulk membranes, SMA-solubilized fraction, and purified A2AR-SMALP. Lipids were 
extracted following the MTBE method from (A) P. pastoris bulk membranes, (B) SMA-solubilized fraction, 
and (C) purified A2AR-SMALP. Lipids were analysed by LC-MS/MS using MassLynx software. 

 

3.4.1 Analysis of the phospholipid composition across the experimental groups 

To study the lipid composition and possible differences between the experimental groups, phospholipid 

species were identified using Progenesis QI from the HDMSE data in positive ion mode (Table 3.2). 

Multiple phospholipid species were identified with high confidence, with the highest number of 

molecular ions corresponding to PCs and PEs. The most abundant adduct considered for the 

identification of PC, PE, PS, and lysophospholipid species was [M+H]+, whereas it was [M+NH4]+ for PGs 

and PIs.  

Table 3.2. Phospholipid and lysophospholipid classes identified in P. pastoris bulk membranes, SMA-
solubilized fraction, and A2AR-SMALP by LC-MS/MS using Progenesis QI software.  

Phospholipid classes Number of molecular ions 
identified 

Formula Most abundant adducts in 
positive ion mode 

PC 38 CnHmNO8P [M+H]+ 

PE 30 CnHmNO8P [M+H]+ 

PS 13 CnHmNO10P [M+H]+ 

PG 6 CnHmNO10P [M+NH4]+ 

PI 15 CnHmNO13P [M+NH4]+ 

LPC 10 CnHmNO7P [M+H]+ 

LPE 10 CnHmNO7P [M+H]+ 

 

Mem 250ug/mL, EquiSPLASH mix 1:5

m/z
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

%

0

100

m/z
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

%

0

100

m/z
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

%

0

100

20230705_Mem1_pos 886 (8.813) Cm (7:1023) 1: TOF MS ES+ 
2.94e7784.5919

782.5764

338.3422

274.8741

258.8996
279.0938

321.3153

758.5766

756.5585
663.4564

424.2843

410.8484339.3463

394.8759376.2988

494.8112478.8381

462.8652
646.7621630.7887

569.4345510.7845

699.5993

664.4615
737.5568

701.4118

786.6058

787.6097

824.5614

820.5324

825.5639
866.6977

850.7255 900.8080 934.6888966.6355
1018.6489 1034.6238 1168.26091094.2443

20230705_SMA1_pos 439 (4.372) Cm (2:1039) 1: TOF MS ES+ 
3.55e7784.5919

782.5764

338.3422

274.8741

258.8996
279.0938

758.5766

663.4564

494.8112478.8381
429.2433410.8484

339.3463
462.8652

646.7621630.7887
569.4380510.7845

699.6031

664.4615

721.5632

786.6058

787.6097

824.5614

820.5282

825.5639

900.8080
874.7895

923.7505

950.6628 1018.6489 1034.6238

20230705_A2AR1_pos 851 (8.471) Cm (9:1025) 1: TOF MS ES+ 
3.50e7663.4602

338.3422

274.8741

258.8996
313.2755

647.4634

494.8112
478.8381

410.8484341.3076 473.3220
607.4741

510.7845 562.7983

784.5919

782.5764664.4615

701.4157

665.4636

758.5726737.5568

721.5632

786.6058

787.6097

824.5614

820.5282
825.5639

900.8080
1194.8243923.7505

950.6628 1018.6489 1034.6238



 

89 
I. Company Marin, PhD Thesis, Aston University 2024 

 

For a general comparison of the phospholipid contents of the three experimental groups, a principal 

component analysis (PCA) plot was generated. This consists of a dimensionality reduction technique to 

explore patterns in multivariate data. Hence, PCA is effective in reducing the dimensionality of data 

while preserving meaningful information. Quality control (QC) samples consisting of a mixture of P. 

pastoris bulk membranes, SMA-solubilized fraction, and A2AR-SMALP extracted lipid aliquots were 

included in the experiment. This provides reference points for assessing the reliability, reproducibility, 

and consistency of the results obtained. Different clusters in the PCA plot corresponded to different 

experimental groups, and each data point corresponded to a biological replicate (Figure 3.6A). A clear 

separation of the experimental groups was observed, which provided an insight into the dissimilarities 

of the groups regarding their phospholipid content. QC samples were positioned at an intermediate 

point between the three experimental groups. This indicated that the QC samples correctly represented 

the experimental conditions and confirmed the reproducibility and consistency of the results. Tight 

clustering was observed for QC, bulk membranes, and SMA-solubilized samples, indicating similarities 

between sample replicates. In contrast, the sample replicates within the A2AR-SMALP group were less 

tight, suggesting certain differences between replicates. However, no clear outliers that appeared to 

be distant from the main cluster were identified.  

For a general overview of the compounds that showed significant differences between the 

experimental groups, a One-way ANOVA plot with Tukey’s post-hoc analysis and raw p-value 0.05 cutoff 

was generated (Figure 3.6B). Each data point corresponding to an identified phospholipid was plotted 

according to its -log10(p-value). The results indicated that the majority of the identified phospholipid 

species showed significant differences between the groups (Supplementary  

Table 8.1-Table 8.7).  

A      B 
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Figure 3.6. Statistical comparison of phospholipid profiles of P. pastoris bulk membranes, SMA-
solubilized fraction, and purified A2AR-SMALP. (A) Principal Component Analysis (PCA) of the 
phospholipid profiles of P. pastoris bulk membranes, SMA-solubilized fraction, and purified A2AR-SMALP 
was conducted using MetaboAnalyst software after data Pareto scaling. The 95% confidence region is 
displayed. Each data point represents a sample replicate; n=3 for experimental samples, and n=4 for 
quality control (QC) samples. (B) One-way ANOVA for the comparison of the identified phospholipids in 
the experimental samples was conducted using MetaboAnalyst software with a p-value cut-off of 0.05, 
and Tukey’s post-hoc analysis. Features that were significantly different between the samples are shown 
in red, whereas non-significantly different species are shown in green.  

 

To investigate whether the three experimental groups showed differences in the relative abundance of 

the different phospholipid classes, the percentage (%) signal abundance of all identified species was 

calculated, and the species were classified into their corresponding phospholipid class groups (Figure 

3.7). The phospholipid class with the highest signal abundance in the three samples was PC, 

representing 50–60% of the total signal, followed by PE and PS, which represented 20–30% and 1–2% 

of the total signal, respectively. PG and PI were less abundant, representing less than 1% of the total 

signal, similar to the identified lysophospholipids. Significant differences in the percentage abundance 

of different phospholipid species were detected between the experimental groups. The A2AR-SMALP 

showed a significantly lower percentage of PC and LPL species than bulk membranes, whereas it 

showed a significant increase in the percentage of PS, PG, and PI species. In contrast, no significant 

differences were detected in terms of the PE content, compared to that of bulk membranes. The SMA-

solubilized fraction had a significantly lower percentage of PC and LPL and a significantly higher 

percentage of PE, PS, and PG than the bulk membranes, whereas there were no significant differences 

in their PI content. Finally, PE, PS, and PG, were significantly decreased in the A2AR-SMALP compared to 

the SMA-solubilized fraction, whereas there were no significant differences in their PC, PI, and LPL 

content.  
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Figure 3.7. Phospholipid class composition in P. pastoris bulk membranes, SMA-solubilized fraction, and 
purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive ion mode. 
Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol 
(PG), phosphatidylinositol (PI), and lysophospholipids (LPL) were identified, and their relative abundance 
was calculated as a percentage (%) of total phospholipids. Data are presented as the mean of all 
replicates (n=3) ± SD. Statistical differences were determined by One-way ANOVA followed by Tukey's 
multiple comparison test (*p-value<0.05 and **p-value<0.01). 

 

Considering that the three experimental groups showed significant differences in the relative signals of 

the phospholipid classes, the most differentially detected phospholipids among the experimental 

groups were identified generating volcano plots. First, phospholipid species that were differentially 

detected in the A2AR-SMALP compared with bulk membranes were investigated (Figure 3.8A). 

Consistently with the results corresponding to the relative signal abundance of the phospholipid classes 

(Figure 3.7), certain PS and PI species were upregulated in the in A2AR-SMALP, including PS(36:2), 

PS(36:5), PS(38:7), PS(40:7), and PI(24:0), PI(40:0), PI(40:3). Interestingly, PI species showed higher fold 

change values than PS species, indicating a higher upregulation in the A2AR-SMALP. Nevertheless, 

certain PS and PI species were downregulated in the A2AR-SMALP, including PS(38:2) and PI(44:0). 

Similarly, certain PC, PE, and the majority of the identified LPE were downregulated in the A2AR-SMALP, 

whereas no LPC species were differentially downregulated in this experimental group. PE(32:0) showed 

the lowest fold change value, indicating a major downregulation of this lipid in the A2AR-SMALP. 

Although the relative signal abundance of PG species was significantly higher in the A2AR-SMALP than 
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in bulk membranes (Figure 3.7), some PG species were downregulated in the A2AR-SMALP, including 

PG(38:5) and PG(38:6). 

 

Figure 3.8. Volcano plot for statistical comparison of the phospholipid profiles of the A2AR-SMALP and P. 
pastoris bulk membranes. Each data point represents an identified lipid species, including 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol 
(PG), phosphatidylinositol (PI), lysophosphatidylcholine (LPC), and lysophosphatidylethanolamine (LPE). 
Analytes with foldchange values (FC) ≥ 2 and p-value <0.05 (T-test) were upregulated (red), whereas 
analytes with foldchange values (FC) ≤ -2 and p-value <0.05 were downregulated (blue) in A2AR-SMALP 
vs. bulk membranes.  

 

To investigate whether the differences between the A2AR-SMALP and bulk membrane lipids were also 

observed in the SMA-solubilized fraction, phospholipid species that exhibited differential detection in 

the SMA-solubilized fraction compared to bulk membranes were examined (Figure 3.9). The same PS 

and PI species that were upregulated in the A2AR-SMALP, together with other PS species containing 

shorter acyl chains, including PS(32:1), PS(33:1), PS(34:1), PS(34:3), and PI(36:1), were upregulated in 

the SMA-solubilized fraction, compared to bulk membranes. However, PG(36:4) was also upregulated 

in the SMA-solubilised fraction, which was not observed in the A2AR-SMALP (Figure 3.8). The same PC, 

PE, and LPE species that were downregulated in the A2AR-SMALP were downregulated in the SMA-

solubilized fraction, with the exception of LPE(18:0). Similarly, PG(38:6) and PI(44:0), were also 

downregulated in the SMA-solubilized fraction, together with other PG and PI species, including 

PG(34:2) and PI(33:0).  
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Figure 3.9. Volcano plot for statistical comparison of the phospholipid profiles of the SMA-solubilized 
fraction and P. pastoris bulk membranes. Analytes were upregulated (FC ≥ 2 and p-value < 0.05, red), or 
downregulated (FC ≤ -2 and p-value <0.05, blue) in the SMA-solubilized fraction vs. bulk membranes.  

 

Considering that similar patterns in the upregulation and downregulation of certain phospholipid 

species were detected in the A2AR-SMALP and SMA-solubilized fraction compared to bulk membranes, 

phospholipid species differentially detected in the A2AR-SMALP compared to the SMA-solubilized 

fraction were investigated (Figure 3.10). The A2AR-SMALP was upregulated in PI(40:3), which was also 

upregulated in the SMA-solubilized fraction compared to bulk membranes (Figure 3.9). Similarly, 

PG(34:2) was upregulated in the A2AR-SMALP compared to the SMA-solubilized fraction, while no PG 

species were upregulated in the A2AR-SMALP and SMA-solubilized fraction compared with bulk 

membranes. In contrast, the A2AR-SMALP was mainly downregulated in PE species, which was not 

observed in the previous comparisons. Notably, PE(32:0), which was the most downregulated PE in the 

A2AR-SMALP and SMA-solubilized fraction compared to bulk membranes, was not significantly lower in  

the A2AR-SMALP vs. SMA-solubilized fraction.  
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Figure 3.10. Volcano plot for statistical comparison of the phospholipid profiles of the A2AR-SMALP and 
SMA-solubilized fraction. Analytes were upregulated (FC ≥ 2 and p-value < 0.05, red), or downregulated 
(FC ≤ -2 and p-value <0.05, blue) in the A2AR-SMALP vs. SMA-solubilized fraction.  

 

Following a broad comparison of phospholipid content across the three experimental groups, it was 

observed that certain phospholipid species were upregulated or downregulated in the A2AR-SMALP 

compared to bulk membranes and SMA-solubilised fraction, as well as in the SMA-solubilised fraction, 

compared to bulk membranes. Subsequently, a more detailed examination of the identified 

phospholipid species was conducted to investigate their relative abundance within their respective 

phospholipid classes, and to discern their relevance. Hence, variations within each lipid class concerning 

fatty acyl chain composition and degree of unsaturation were explored.  

 

3.4.2 Analysis of the PC composition across the experimental groups 

PCs are the most abundant phospholipid class in eukaryotic plasma membranes, and act as building 

blocks (Joardar et al., 2022). It has been proposed they can influence membrane protein activity, 

although they can have a neutral role on GPCR function (Zhukovsky et al., 2019). Taking into account 

their relevance to eukaryotic plasma membranes, the relative signal abundance of the most abundant 

PC species identified in the three experimental groups was investigated (Figure 3.11). The ten most 

abundant PC species contained unsaturated fatty acyl chains, and significant differences were detected 

in their relative signals between the experimental groups. However, the order of relative abundances 

of the PC species remained consistent within each experimental group. The most abundant PC species 
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were PC(36:2) and PC(36:3), representing 25–30% of the signal, followed by PC(34:2) and PC(34:3), with 

abundances of 10–15%. PC species containing fatty acyl chains of 32 and 34 carbon atoms, together 

with PC(36:1), were decreased in the A2AR-SMALP compared to the SMA-solubilised fraction, whereas 

these increased in the SMA-solubilised fraction compared to bulk membranes. In contrast, PC(36:2) and 

PC(36:3) were increased in the A2AR-SMALP compared to the SMA-solubilised fraction, whereas they 

were decreased in the SMA-solubilised fraction compared to bulk membranes. Despite these variations, 

no major differences were observed between the experimental groups. This was consistent with the 

results from the volcano plots (Figure 3.8, Figure 3.9, Figure 3.10), indicating that none of the most 

abundant PC species was significantly upregulated or downregulated in the experimental groups.  
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Figure 3.11. Phosphatidylcholine (PC) composition in P. pastoris bulk membranes, SMA-solubilized 
fraction, and purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive ion mode. 
The ten most abundant PCs were identified as [M+H]+ adducts, and their relative abundance was 
calculated as a percentage (%) of the total PCs. Data are presented as the mean of all replicates (n=3) ± 
SD. Statistical differences were determined by One-way ANOVA followed by Tukey's multiple comparison 
test (*p-value<0.05 and **p-value<0.01). 

 

3.4.3 Analysis of the PE composition across the experimental groups 

PEs are the second most abundant phospholipids in eukaryotic membranes and can modulate 

membrane properties, inducing negative curvature (Chakrabarti, 2021). Hence, they can modulate 

membrane protein activity by direct interactions and exercising lateral pressure (Pohl et al., 2019), and 

have been proposed to act as negative regulators of GPCRs (Dawaliby et al., 2016).  Considering their 

relevance in modulating membrane properties and protein activity, the most abundant PE species 
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detected in the three experimental groups were investigated (Figure 3.12), all of which contained 

unsaturated acyl chains. Similar to what was observed for the PC species (Figure 3.11), the order of 

relative abundances of the PE species was consistent within each experimental group, although 

significant differences were observed in the relative signal of each PE between the groups. The most 

abundant PE species were PE(38:2) and PE(38:3), which contained longer fatty acyl chains than the 

most abundant PCs, although they had the same number of double bonds. Interestingly, PEs with 

shorter acyl chains, containing 34 or 36 carbon atoms, were increased in the SMA-solubilized fraction 

compared to bulk membranes, whereas those with longer acyl chains, containing 38 carbon atoms, 

were significantly decreased. In contrast, these were significantly increased in the A2AR-SMALP 

compared to those in the SMA-solubilised fraction or bulk membranes. As indicated by the volcano plot 

(Figure 3.10), certain PE species with shorter acyl chains containing 34 and 36 carbon atoms were 

downregulated in the A2AR-SMALP. Hence, the A2AR-SMALP was increased in PEs containing longer acyl 

chains and decreased in those with shorter acyl chains.  
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Figure 3.12. Phosphatidylethanolamine (PE) composition in P. pastoris bulk membranes, SMA-
solubilized fraction, and purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive 
ion mode. The ten most abundant PEs were identified as [M+H]+ adducts, and their relative abundance 
was calculated as a percentage (%) of the total PEs. Data are presented as the mean of all replicates 
(n=3) ± SD. Statistical differences were determined by One-way ANOVA followed by Tukey's multiple 
comparison test (*p-value<0.05 and **p-value<0.01). 
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3.4.4 Analysis of the PS composition across the experimental groups 

PSs are relatively abundant phospholipids in plasma membranes and are mainly found in the inner 

leaflet (Leventis et al., 2010). Consequently, they modulate membrane potential and influence 

membrane protein activity (Vance, 2018). Indeed, it has been observed that PS can act as positive 

regulator of GPCRs (Dawaliby et al., 2016). Considering their relevance in the activity of these receptors, 

the most abundant PS species detected in the three experimental groups were examined (Figure 3.13). 

Similar to the results obtained for PC and PE species, the ten most abundant PSs contained unsaturated 

fatty acyl chains, and the order of relative signal abundance of each PS was consistent within the 

experimental groups. The most abundant PS species were PS(34:1), PS(34:2), and PS(36:3). Therefore, 

they contained shorter fatty acyl chains than the most abundant PC and PE species. Significant 

differences were observed between the experimental groups and, as indicated by the volcano plots 

(Figure 3.8 and Figure 3.9), certain PS species were upregulated in the A2AR-SMALP and SMA-solubilized 

fraction compared to bulk membranes, which were found among the ten most abundant identified PS 

species (Figure 3.13). The most abundant PS, PS(34:1), was significantly increased in the SMA-

solubilized fraction and A2AR-SMALP, compared to bulk membranes. PS(36:2) followed the same trend. 

Instead, the second and third most abundant PS species, PS(34:2) and PS(36:3) respectively, were 

decreased. Interestingly, the most abundant PS species were not significantly different between the 

A2AR-SMALP and SMA-solubilized fraction, whereas PS(36:2) and PS(36:3) were significantly increased 

in the A2AR-SMALP. In contrast, PS(36:4) was significantly decreased. On the other hand, PS(38:2) 

containing longer acyl chains was decreased the A2AR-SMALP and SMA-solubilized fraction compared 

to bulk membranes (Figure 3.8, Figure 3.9, Figure 3.13). 
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Figure 3.13. Phosphatidylserine (PS) composition in P. pastoris bulk membranes, SMA-solubilized 
fraction, and purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive ion mode. 
The ten most abundant PSs were identified as [M+H]+ adducts, and their relative abundance was 
calculated as a percentage (%) of the total PSs. Data are presented as the mean of all replicates (n=3) ± 
SD. Statistical differences were determined by One-way ANOVA followed by Tukey's multiple comparison 
test (*p-value<0.05 and **p-value<0.01). 

 

3.4.5 Analysis of the PG composition across the experimental groups 

Although PGs are minor components of eukaryotic plasma membranes, it has been demonstrated that 

they interact with membrane proteins and play positive roles in activating GPCRs (Dawaliby et al., 2016). 

Consequently, the relative signal abundance of the identified PG species in the experimental groups 

was investigated (Figure 3.14). Similar to the results for the other phospholipid classes, the most 

abundant PG species were unsaturated. PG(36:4) was the most abundant, representing more than 40% 

of the total identified PG species in the three experimental groups. As corroborated by the volcano 

plots (Figure 3.8 and Figure 3.9), this was significantly upregulated in the A2AR-SMALP and SMA-

solubilized fraction compared to bulk membranes, whereas it was not different between the A2AR-

SMALP and SMA-solubilized fraction (Figure 3.10). In contrast, the other identified PG species were 

decreased in the A2AR-SMALP and SMA-solubilized fraction compared to bulk membranes, although 

their relative signal abundance was lower. These were not significantly different between the A2AR-

SMALP and SMA-solubilized fraction, with the exception of PG(34:2) (Figure 3.14), which was 

significantly upregulated in the A2AR-SMALP (Figure 3.10). However, its relative abundance was low in 

both experimental groups, compared to that in bulk membranes (Figure 3.14).  
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Figure 3.14. Phosphatidylglycerol (PG) composition in P. pastoris bulk membranes, SMA-solubilized 
fraction, and purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive ion mode. 
The six most abundant PGs were identified as [M+NH4]+ adducts, and their relative abundance was 
calculated as a percentage (%) of the total PGs. Data are presented as the mean of all replicates (n=3) 
± SD. Statistical differences were determined by One-way ANOVA followed by Tukey's multiple 
comparison test (*p-value<0.05 and **p-value<0.01). 

 

 

3.4.6 Analysis of the PI composition across the experimental groups 

Similar to other anionic phospholipids, PIs are located in the inner leaflet of the plasma membrane and 

interact with membrane proteins to modulate their activities (Numata et al., 2023). Specifically, 

comparable to PGs, PIs act as positive regulators of GPCRs (Dawaliby et al., 2016). Considering their 

relevance in regulating GPCR function, and the results obtained from the volcano plots indicating 

upregulation of certain PI species in the A2AR-SMALP and SMA-solubilised fraction (Figure 3.8 and Figure 

3.9), the relative signal abundance of the identified PIs was investigated (Figure 3.15).  In contrast to 

the results obtained for the other phospholipid classes, the ten most abundant PI species mainly 

contained saturated or monounsaturated fatty acyl chains, with the exception of PI(36:2) and PI(40:3). 

The most abundant PI species contained saturated or monounsaturated acyl chains of 34 and 36 carbon 

atoms, and the order of relative signal abundance of each identified PI was mainly maintained within 

the experimental groups. Exceptionally, notable differences in the relative abundance of PI(40:3) were 

observed, representing 49% in the A2AR-SMALP, 19% in the SMA-solubilized fraction, and 5.85% in the 

bulk membranes of the PI signal. This, together with PI(40:0), was increased in the A2AR-SMALP and 
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SMA-solubilised fraction, compared to bulk membranes, as corroborated by the volcano plots (Figure 

3.8 and Figure 3.9). Moreover, PI(40:3) was significantly increased in the A2AR-SMALP compared to that 

in the SMA-solubilised fraction (Figure 3.10 and Figure 3.15). In contrast, PI species containing saturated 

or monounsaturated fatty acyl chains of 36 carbon atoms or shorter were decreased in the A2AR-SMALP 

and SMA-solubilised fraction, compared to bulk membranes (Figure 3.15).  
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Figure 3.15. Phosphatidylinositol (PI) composition in P. pastoris bulk membranes, SMA-solubilized 
fraction, and purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive ion mode. 
The ten most abundant PIs were identified as [M+NH4]+ adducts, and their relative abundance was 
calculated as a percentage (%) of the total PIs. Data are presented as the mean of all replicates (n=3) ± 
SD. Statistical differences were determined by One-way ANOVA followed by Tukey's multiple comparison 
test (*p-value<0.05 and **p-value<0.01). 

 

3.4.7 Analysis of the lysophospholipid composition across the experimental groups 

Lysophospholipids are found in biological membranes at about 0.5–6% of the total lipid weight (Ailte et 

al., 2016), and can modulate membrane properties, consequently influencing membrane protein 

activity (Kano et al., 2021). LPC and LPE species were identified in the three experimental groups, which 

provided insights into the most abundant esterified fatty acids on phospholipids in the samples. The 

most abundant LPCs contained a fatty acyl chain of 18 carbon atoms (Figure 3.16). LPC(18:1) and 

LPC(18:2) represented 20-50% of the total LPC signal, followed by LPC(18:0) and LPC(18:3), 

representing 6-15%. LPCs with shorter and longer acyl chains were less abundant. Interestingly, the 
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SMA-solubilised fraction and A2AR-SMALP were increased in the saturated LPC(18:0), whereas no 

significant differences were detected between groups for the monounsaturated LPC(18:1). In contrast, 

the SMA-solubilised fraction and A2AR-SMALP were decreased in LPC(18:2) and LPC(18:3), indicating a 

decrease in polyunsaturated fatty acyl chains in these experimental groups, compared with bulk 

membranes.  
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Figure 3.16. Lysophosphatidylcholine (LPC) composition in P. pastoris bulk membranes, SMA-solubilized 
fraction, and purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive ion mode. 
The eleven most abundant LPCs were identified as [M+H]+ adducts, and their relative abundance was 
calculated as a percentage (%) of the total LPCs. Data are presented as the mean of all replicates (n=3) 
± SD. Statistical differences were determined by One-way ANOVA followed by Tukey's multiple 
comparison test (*p-value<0.05 and **p-value<0.01). 

 

Similarly, the most abundant LPE species contained saturated or unsaturated fatty acyl chains of 16 or 

18 carbon atoms (Figure 3.17). Comparable to LPC, LPE(18:1) was the most abundant, representing 

30% of the total LPE signal, followed by LPE(18:2), representing 10-20%. In this case, the abundance of 

LPE(16:0) was comparable to that of LPE(18:2), which was not observed for LPC. LPE(18:0) was 

increased in the A2AR-SMALP and SMA-solubilised fraction, compared to bulk membranes, whereas 

LPEs with a higher number of double bonds were decreased in these experimental groups. Similarly, 

LPE(16:0) and LPE(16:1) were decreased in these experimental groups, which was corroborated by the 

volcano plots (Figure 3.8 and Figure 3.9). In contrast, LPE(18:4), together with LPE species containing 
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acyl chains of 20 carbon atoms or longer, was increased in the A2AR-SMALP and SMA-solubilised 

fraction.  
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Figure 3.17. Lysophosphatidylethanolamine (LPE) composition in P. pastoris bulk membranes, SMA-
solubilized fraction, and purified A2AR-SMALP. Lipid samples were analysed by LC-MS/MS in ESI positive 
ion mode. The ten most abundant LPEs were identified as [M+H]+ adducts, and their relative abundance 
was calculated as a percentage (%) of the total LPEs. Data are presented as the mean of all replicates 
(n=3) ± SD. Statistical differences were determined by One-way ANOVA followed by Tukey's multiple 
comparison test (*p-value<0.05 and **p-value<0.01). 

 

3.5 DISCUSSION  

This study aimed to characterize the lipid environment of the A2AR in the SMALP and compare it to that 

of P. pastoris bulk membranes and the SMA-solubilized fraction using advanced mass spectrometry 

equipment and methodologies. To this end, the work reported in this chapter aimed to gain insights 

into the lipids that closely surround the receptor and may be crucial for its stability, conformation, and 

activity. Additionally, the aim was to investigate whether the bulk membrane and SMA-solubilized lipids 

were comparable, or whether SMA2000 showed some preference for solubilizing certain lipids from 

yeast membranes, potentially causing an effect on the lipids observed in the A2AR-SMALP.  

The key findings of this chapter were that, although the A2AR-SMALP was obtained at low protein 

concentrations, it was possible to extract and detect the lipids that co-purified in the A2AR-SMALP, and 

compare them to those in P. pastoris bulk membranes and the SMA-solubilized fraction following this 

methodology. The three experimental groups showed differences in their phospholipid content. PCs 
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had the highest signal abundance in the three experimental groups, followed by PE, and PS, whereas 

PG, PI, and LPL were identified in lower signal abundance. Bulk membranes were enriched in PC and 

LPE, whereas the A2AR-SMALP was enriched in PS, PG, and PI. In contrast, the SMA-solubilised fraction 

was enriched in PE, PS, and PG. The A2AR-SMALP and SMA-solubilized fraction were similarly 

upregulated in certain PS and PI species and downregulated in LPE species, compared to bulk 

membranes. Instead, the A2AR-SMALP was upregulated in PG and PI species, and downregulated in PE 

species, compared to the SMA-solubilised fraction. The most abundant phospholipid species in the 

three groups contained mono- or polyunsaturated fatty acyl chains of 34, 36, or 38 carbon atoms. These 

generally contained 1, 2, or 3 double bonds. However, the most abundant PIs contained a higher degree 

of fatty acyl chain saturation than other phospholipid classes.  

The findings in the present study are in good agreement with previous publications on the P. pastoris 

lipidome, which have determined the variability and diversity of lipids in its membrane fraction (Yu et 

al., 2022). The observed relative signal abundances of the different phospholipid classes were 

consistent with those expected in P. pastoris membranes (Yu et al., 2022). However, the percentage 

signal abundance calculated in this study does not necessarily directly correspond to the absolute 

abundance of such species in the samples, representing a limitation of this approach. Different 

phospholipid classes can ionise differently; PC species are easily detected in the positive ion mode, 

whereas anionic phospholipids are better detected in the negative ion mode (Reis et al., 2015). This 

makes the relative comparison between phospholipid classes challenging. Nevertheless, the analysis of 

the relative signal abundance allowed the comparison of the experimental groups within the 

phospholipid classes.  

The detection of polyunsaturated fatty acids of different chain lengths was expected, as it has been 

demonstrated that P. pastoris can synthetise fatty acids with multiple double bonds, in contrast to S. 

cerevisiae (Wriessnegger et al., 2009). It has been previously reported that specific phospholipid classes 

do not have specific selectivity for mono- or poly-unsaturation of the acyl chains (Ivashov et al., 2013). 

However, it was observed that the most abundant PI species detected in the present study mainly 

contained saturated or monounsaturated fatty acyl chains, which was not observed for the other 

phospholipid classes, which were mainly unsaturated. The fatty acyl chai length and number of double 

bonds of the phospholipids detected in this study align well with previous publications (Adelantado et 

al., 2017b). Klug et al. investigated the lipidome of P. pastoris and found that almost all phospholipids 

contained at least one double bond and that the most abundant fatty acids were 18:1, 18:2, 18:3, and 

16:0. Moreover, the authors observed that the most abundant phospholipid classes were PC and PE, 

followed by PI and PS, consistently with the results observed in this study. PA, CL, and LPL species were 

also identified in lower abundance, but in the present study, PA and CL were not identified, possibly 
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because they were below the detection limit (Klug et al., 2014). Ghellink et al. also detected PG species 

in an abundance similar to that of CL, but lower than that of PI and PS (De Ghellinck et al., 2014), similar 

to the results obtained in this study. 

Specific patterns in the fatty acid content of phospholipid species have been reported previously (De 

Ghellinck et al., 2014), with the authors suggesting that PS and PI species tend to contain larger 

proportions of 34:1 and 34:2 acyl chains. This was less clear for other phospholipids, with almost 

randomized patterns, which is also what was observed in this study. Differences could be explained by 

the biosynthetic origin of phospholipid species. PS, PG, PI, and CL are synthesized through de novo 

pathways, and PS and PI are derived from the same precursor, Cytidine diphosphate diacylglycerol (Jani 

and Lopes, 2009). In contrast, PC and PE synthesis results from a combination of de novo and Kennedy 

pathways (Fagone and Jackowski, 2013). It is also important to note that C16 and C18 fatty acids, which 

are the most abundant in P. pastoris, are usually synthesised de novo, even though they can be 

assimilated from the growth medium (De Ghellinck et al., 2014). It has also been shown that the 

phospholipid composition of the P. pastoris plasma membrane, as well as the degree of fatty acyl chain 

unsaturation, is dependent on the time of growth in the cultivation process. Yu et al. found that PG 

content increased during growth; it was low in the log phase and high in the stationary phase. Fatty acyl 

chains of 32, 34, and 36 carbon atoms were the most abundant fatty acyl chains. However, the 

abundance of C32 lipids increased with the time of growth, whereas that of C34 and C36 remained 

high. The authors also observed that the abundance of saturated species increased with incubation 

time and were high in the stationary phase, whereas these were low in the log phase (Yu et al., 2022). 

These findings are consistent with the results obtained in the present study as the cells were harvested 

during the log phase, and unsaturated C34 and C36 were the most abundant fatty acyl chains. 

Nanodiscs and SMALPs have been used to investigate the influence of lipids on the activity of 

membrane proteins in other studies (Cecchetti et al., 2021), and extensive research has been 

conducted to characterise nanodiscs and SMALPs (Schuler et al., 2013; Hazell et al., 2016; Dominguez 

Pardo et al., 2017). Dominguez Pardo et al. investigated whether SMA had a preference for 

solubilization of specific types of lipids or specific bilayer phases (Dominguez Pardo et al., 2017). The 

authors found that SMA had no significant lipid preferences in homogenous binary lipid mixtures, 

indicating that SMALPs offer a good representation of the lipid composition in biological membranes. 

Nevertheless, binary lipid mixtures do not faithfully replicate real membranes, which consist of a diverse 

combination of lipids (Dominguez Pardo et al., 2017). Teo et al. analysed the SMALP co-extracted 

phospholipids from bacterial membranes and suggested that SMA did not preferentially extract specific 

phospholipids from the membrane, while they demonstrated enrichment of certain phospholipid 
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classes surrounding purified membrane proteins in the SMALPs, compared to bulk membranes (Teo et 

al., 2019).  

Although it has been proposed that SMA does not preferentially solubilise specific phospholipid classes, 

more extensive research is still lacking in the field to accurately determine whether SMA has a 

preference for interacting with certain lipids from different host membranes. Differences between the 

P. pastoris bulk membranes and SMA-solubilized fraction were detected in this study. Therefore, the 

lipid composition of yeast membranes, which differs from that of bacterial hosts, may contribute to 

some variations in the lipid fractions resulting from different membrane solubilities.  

On the other hand, although SMA can selectively interact with specific lipids in the plasma membrane, 

this interaction would not alter those lipids situated in the core of the SMALP, which are not in direct 

contact with the polymer. These core lipids would be replaced by membrane proteins in protein-

containing SMALPs, as in the case of the A2AR-SMALP, resulting in the modification of the lipid 

composition within the particles. The overexpression of the A2AR in P. pastoris membranes could lead 

to a significant portion of SMALPs containing this receptor, together with its lipid environment, affecting 

the lipids observed in the SMA-solubilized fraction. This could explain the similar variances detected 

between the A2AR-SMALP or SMA-solubilised lipids and those of the bulk membranes. Based on this 

data, it is suggested that differences in lipid composition between the SMA-solubilized fraction and bulk 

membrane can be attributed to the specific lipids incorporated into the discs and those surrounding 

the A2AR.  

It has been proposed that short-chained phospholipids, such as PC(32:1), could be preferentially 

incorporated into SMALPs due to their chain length and degree of unsaturation (Dominguez Pardo et 

al., 2017). Similarly, it was observed in here that PE species with acyl chains of 36 carbon atoms or 

shorter tended to be higher in the SMA-solubilised fraction, compared to bulk membranes, whereas 

those of 38 carbon atoms or longer tended to be decreased in the SMA-solubilised fraction. However, 

this was less clear for the other phospholipid classes, and it was observed that PIs and LPEs followed 

the opposite trend. Despite the differences, it was observed in this study that within each phospholipid 

class, the detected species were maintained in the same order of relative abundance in the three 

experimental groups. Hence, the most abundant phospholipid species in bulk membranes were, in 

general, the most abundant ones in the SMA-solubilised fraction and A2AR-SMALP within the different 

phospholipid classes.  

In other studies,  SMA has shown a preference for solubilizing lipids in the fluid phase, in which lipids 

are more loosely packed and have greater mobility, as compared to those in the gel phase with tightly 

packed lipids resulting in a more rigid structure (Swainsbury et al., 2014). These findings validated the 
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use of SMALPs to study the interplay of lipids and proteins in biological membranes, provided that these 

proteins reside in a fluid lipid environment. Tight phospholipid packing influenced by long fatty acyl 

chains with a low degree of unsaturation can decrease lipid solubilization efficiency (Cuevas Arenas et 

al., 2016). A high degree of fatty acyl chain unsaturation was not observed in the present study, which 

suggests that A2AR solubilization from P. pastoris membranes provides relevant information on the lipid 

composition of the domains in which the receptor resides.   

The use of SMALPs to study the local lipid environment of the solubilized and purified A2AR from P. 

pastoris membranes has been reported by Routledge et al (Routledge et al., 2020). As in the present 

study, lipids in the A2AR-SMALP were analysed by LC-MS/MS and compared to those in P. pastoris bulk 

membranes. In contrast to the present study, lipids were separated on a HILIC column. PC and PE 

species were identified, whereas PS and PI levels were below the detection limit, in contrast to the 

present study, potentially due to the increased instrument sensitivity and advanced methodology. The 

authors concluded that A2AR-SMALP and bulk membrane lipid profiles were generally similar. In 

contrast, some dissimilarities between the lipid profiles of similarly prepared samples were observed in 

the present study. 

Nanodiscs and SMALPs have not only been used to analyse the lipids that closely surround membrane 

proteins, but also to demonstrate how phospholipids participate in the activity of GPCRs. It has been 

shown using nanodiscs that phospholipids can modulate GPCR activity by direct interaction of their 

polar head groups with the β1AR  (Rues et al., 2016; Lavington and Watts, 2020), β2AR (Dawaliby et al., 

2016), and A2AR (Mizumura et al., 2020) subunits. This was shown by testing receptor activation by 

ligand binding and conformational changes, and demonstrated the power of nanodiscs and SMALPs as 

tools to assess the role of specific lipids in GPCR activity. The modulatory effect of specific lipids on the 

activity of the A2AR has also been studied using alternative methodologies. Previous studies by MD 

simulations have suggested that the A2AR interacts with DOPG through H-bonding and electrostatic 

interactions between positively charged amino acid side chains and negatively charged lipid phosphate 

groups (Bruzzese et al., 2020). In the present study, the A2AR-SMALP lipid environment was enriched in 

anionic lipids, including PS, PG, and PI, compared to bulk membranes. It has been suggested that PG 

promotes A2AR activation through allosteric modulation by stabilising its intermediate-active 

conformation and enhancing agonist and G-protein binding. In contrast, this was not observed for 

DOPC, probably because of the bulky PC headgroup (Bruzzese et al., 2020). PC is seemingly unable to 

penetrate between TM6 and TM7 to the same extent as PG, which has a smaller hydrophilic headgroup 

(Neale et al., 2015). Consequently, PC is less suited for forming H-bonds or electrostatic protein-lipid 

interactions (Bruzzese et al., 2018). Hence, the results observed in the present study may indicate that 

the receptor was in an environment favourable for its activation. 
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There is a consensus that anionic phospholipids are important for class A GPCR function, as they 

enhance the constitutive activity of these receptors (Díaz et al., 2019). Although PG is a minor 

component of mammalian cell membranes, representing only 2% of all phospholipids, the results 

obtained in the present study and others indicate that its abundance in the local lipid environment of 

membrane proteins is increased (Dawaliby et al., 2016).  

Similarly, an experimental study showed that DOPG acts as a positive allosteric regulator of the β2AR 

through H-bonding and electrostatic protein-lipid interactions. In contrast, DOPE acts as a negative 

modulator and DOPC has a neutral effect (Dawaliby et al., 2016). DOPG facilitated agonist binding, 

whereas DOPE provided a better environment for antagonist binding. Moreover, DOPG maintained the 

cytoplasmic side of the β2AR in an open conformation. This indicates that anionic lipids favour TM6 

opening through specific phospholipid headgroup interactions; this was not observed for DOPE or 

DOPC. DOPS and DOPI were also identified as positive modulators of the receptor, although these did 

not stabilize the active conformation as DOPG did. This suggests that the negative charge in the 

headgroup is not sufficient for positive allosteric modulation. In contrast, DOPE provided the least 

supportive environment for receptor activation (Dawaliby et al., 2016). In the present study, PC was 

decreased in the A2AR-SMALP with respect to that in the bulk membranes. In addition, a decrease in PE 

content was observed compared to that of the SMA-solubilized fraction. This corroborates the 

suggestion that the A2AR was surrounded by a lipid environment conducive to its activation. In contrast 

to these previous findings, Song et al. did not observe a close contact between the A2AR and PC, PE, PS, 

or SM by molecular dynamic simulations. These were referred to as bulk lipids, with no specific binding 

site to any activation state. Instead, the authors reported that GM3, cholesterol, and 

Phosphatidylinositol 4,5-bisphosphate (PIP2) modulate the conformational dynamics of the A2AR 

through specific interactions (Song et al., 2019), and favour receptor stabilization, activation, and 

oligomerization (Song et al., 2021).  

Not only anionic phospholipids, but also cholesterol, is known to be an important modulator of GPCR 

function, favouring receptor activation. It was not possible to explore the role of cholesterol in this 

study, as P. pastoris produces ergosterol instead. Cholesterol has been shown to interact with the A2AR 

at hydrophobic transmembrane helices and facilitate receptor activation and dimerization kinetics 

(Song et al., 2019). Nevertheless, ergosterol has been proposed to have a stabilizing effect on 

membrane proteins, similar to cholesterol (Taghon et al., 2021).  

Similarly, some studies have suggested that the local lipid environment of the A2AR is significantly 

enriched in unsaturated lipids, and it is believed that this might facilitate A2AR activation by aiding TM6 

rotation (Yang and Lyman, 2019). It was observed consistently in the present study that the A2AR-SMALP 
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was mainly surrounded by mono- and polyunsaturated phospholipids. Mizumura et al. observed that 

DHA enhanced G-protein activation by the A2AR (Mizumura et al., 2020). This can be explained by the 

fact that unsaturated and flexible lipids can more easily adapt to the structured surface of receptor TMs 

with lower energy costs (Gahbauer and Böckmann, 2016). The entropic penalty for lipid-protein 

interactions is significantly smaller for unsaturated chains than for saturated chains due to the higher 

conformational flexibility of the polyunsaturated chains. This allows protein conformational adaptation 

by modulating lateral pressure and equilibrium between different receptor states (Gahbauer and 

Böckmann, 2016). Moreover, an inhibitory effect of saturated phospholipids has been observed for 

rhodopsin (Mitchell et al., 2003). Polyunsaturated fatty acids, together with cholesterol, have been 

proposed to modulate A2AR oligomerization, and hence activity, by similarly altering the receptor 

surface (Guixà-González et al., 2016). Nevertheless, although the most abundant phospholipids 

surrounding the A2AR in the present study were unsaturated, the relative abundance and structure of 

these were not significantly different from those identified in the bulk membranes, so an increased 

chain unsaturation surrounding the A2AR cannot be confirmed.  

In this study, the A2AR was purified in the absence of ligands. Hence, the results obtained must be 

regarded as the lipidome surrounding the apo receptor, which can potentially be modified by ligand 

binding. Lipids can influence membrane protein behaviour by altering the localization of proteins. 

Hence, the differential partitioning of GPCRs in lipid regions with different bulk properties can modulate 

their activity (Goddard et al., 2013). It has been demonstrated that lipid ordering supports the ligand-

bound configurations of A2AR, whereas apo A2AR partitions into liquid disordered phases (Gutierrez et 

al., 2019). Therefore, it has been proposed that the presence of membrane proteins induces the 

formation of a lipid annulus around them, and due to interactions, lipids within the annulus exhibit 

decreased motional freedom (Marsh and Páli, 2004).  

Overall, accumulating evidence suggests that GPCR conformation and activity are modulated by its 

interaction with lipids, the physical properties of the lipid bilayer, and receptor locations in membrane 

domains. Anionic lipids and polyunsaturated chains reportedly influence GPCR activity (Mizumura et 

al., 2020), which have been demonstrated to be close to the A2AR in the SMALP in the present study.  

It is worth noting, however, that characterization of the lipid environment of the A2AR using SMALPs 

has some limitations. This methodology does not allow the identification of lipids that directly interact 

with the receptor. Instead, annular lipids are characterized, which might be in close contact or not with 

the receptor in the SMALP. Indeed, 50-100 lipids are expected to be copurified in a receptor-containing 

SMALP, in which the A2AR monomer occupies approximately 30% of the surface (Serebryany et al., 

2012). However, lipids surrounding the receptor, even without direct contact, can influence receptor 
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activity by modulating the membrane properties and lateral pressure. This can still exert a significant 

impact on membrane protein activity. Additionally, lipid extraction and analysis methods have some 

limitations. Although LC-MS/MS allows accurate lipid measurements and identification of low-

abundance species, as a highly specific and sensitive technique, variability introduced in sample 

preparation and lipid extraction can affect the accuracy and reproducibility of the results (Piehowski et 

al., 2013). In addition, it generates a complex dataset that can be challenging to analyse. Consequently, 

misidentification of isomeric and isobaric species with similar fragmentation patterns can arise 

(Batarseh et al., 2018; Züllig et al., 2021). Moreover, different adduct forms, as well as in-source lipid 

fragmentation, can lead to the generation of a number of different ions from a single analyte, 

potentially causing the misidentification of lipid species (Hu et al., 2022). This can be aggravated for 

low-abundance species near the detection limit (Hu et al., 2020). Complex samples containing a diverse 

range of lipid species, such as P. pastoris membranes, increase this likelihood of misidentification. 

Moreover, lipid databases used for identification may not encompass all possible lipid species, leading 

to a failure to accurately identify them. In contrast, the use of complex databases can lead to false-

positive identifications (Hu et al., 2020). Manual curation of lipid identification can be performed, and 

may be necessary, but this is time-consuming and may still result in misidentifications even for 

experienced researchers. To overcome this, rigorous quality control and internal standards should be 

employed and accurately analysed prior to sample processing (Drotleff and Lämmerhofer, 2019), which 

was conducted in the present study using the EquiSPLASH mix and investigating the elution and 

fragmentation of the lipid standards. Additionally, cross-referencing and collaboration with lipidomics 

experts can help improve the accuracy of lipid identification by LC-MS/MS. 

The identification of the lipids surrounding the A2AR in SMALPs, along with the identification of lipids in 

the P. pastoris plasma membrane, has contributed to characterising the lipid environment of a 

membrane protein. The findings can be used to improve the understanding of how these lipids might 

affect the protein function, which has implications for cell signalling, and biological processes (Pan et 

al., 2022; Levental et al., 2023). This is valuable knowledge for structural biology, as well as for 

developing bioengineering of membrane proteins and drug-delivery systems (Van Der Westhuizen et 

al., 2015). The composition of biological membranes is affected by various pathological conditions, 

including inflammation, aging, cancer, and neurodegenerative diseases, for which multiple GPCRs are 

implicated as drug targets. Underlying the influence of lipids on the activity of these receptors is crucial 

for understanding GPCR function under normal and pathological conditions (Marzoog et al., 2021). On 

the other hand, P. pastoris lipid profiling has enhanced the understanding of the lipid composition of 

this host organism, which is broadly used for heterologous expression of recombinant proteins for 

functional and structural studies. Moreover, this study contributed to characterizing the applicability of 
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SMALPs for the study of membrane proteins. This methodology can be applied to the characterization 

of other membrane proteins or expression hosts, broadening its applicability to different biological 

contexts.  

In addition to identifying the annular lipids surrounding the A2AR, detecting those that directly interact 

with the receptor would provide a more comprehensive understanding of the role of the lipid 

environment surrounding the A2AR in SMALPs. This would help identify unique lipids that may play 

specific roles in protein stability or function and contribute to a broader understanding of lipid-protein 

interactions. Based on these findings, the lipid environment of the receptor in the SMALP could be 

modified to characterize the role of specific lipids in the activity of the A2AR. SMALPs could be enriched 

in certain phospholipid classes such as PE, PS, PG, or PI, and the activity of the receptor could be tested 

to investigate how different lipid environments affect the receptor conformation, stability, and ligand 

binding (Hazell et al., 2016). On the other hand, lipid oxidation could be induced in the samples using 

radical initiators to analyse the oxidised lipids that closely interact with the A2AR. This would provide 

specific information on lipid-protein interactions under oxidative conditions. Moreover, it would 

provide an enhanced understanding of how oxidative stress influences membrane protein 

environments, which has implications for various biological processes. In addition, it may have potential 

relevance in diseases involving oxidative stress. These directions align with the current trends in 

membrane protein research, which increasingly emphasizes the complex interplay between proteins 

and lipids in the plasma membrane. Moreover, to understand the relevance of the A2AR lipid 

environment, it is crucial to confirm the folding state and functionality of the purified receptor in the 

SMALP, which was conducted in the following thesis chapter. 

In conclusion, an in-depth analysis of the co-purified A2AR lipid environment in SMALPs was reported 

for the first time using novel mass spectrometry equipment and advanced methodology, employing the 

high-sensitivity Select Series Cyclic ion mobility (IMS) system, and analysing the data using HDMSE 

methods. Saturated and unsaturated phospholipid species were identified in P. pastoris bulk 

membranes, SMALPs, and closely surrounding the A2AR. Differences were detected in the phospholipid 

content between the bulk membranes and the SMA-solubilized fraction, potentially due to the 

overexpression of the A2AR and its solubilization with the polymer. The vast majority of the most 

abundant phospholipids contained unsaturated fatty acids, and the A2AR-SMALP showed an increase in 

anionic phospholipids, which potentially contribute to the activation of the receptor. These analytical 

data are important knowledge on the P. pastoris lipidome and GPCR-lipid environment 

characterization, which is crucial for receptor folding, conformation, and activity.  
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4. CHAPTER 4 – STUDY OF THE CONFORMATION, THERMOSTABILITY, AND PHARMACOLOGY 

OF THE A2AR 

4.1 INTRODUCTION 

4.1.1 Tryptophan fluorescence spectroscopy  

Once the A2AR has been expressed, solubilized, purified, and properly identified, its folding state and 

functionality can be characterised. Characterisation of its folding state and its ability to undergo 

conformational changes can be achieved using fluorescence spectroscopy  (Gorbenko, 2011). Ligand 

binding to GPCRs and A2AR can result in conformational, structural, and functional changes, which can 

be monitored by measuring their intrinsic fluorescence (Monici, 2005) (Royer, 2006).   

Proteins exhibit intrinsic fluorescence originating from aromatic amino acids. This property has been 

extensively explored to study protein dynamics without any protein modifications (Hellmann and 

Schneider, 2019).  Intrinsic fluorescence is predominantly derived from tryptophan residues (Trp), 

owing to their aromatic rings in the side chain: pyrrole and benzene rings.  Among the three fluorescent 

amino acid constituents of proteins, including tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe), 

Trp is the most abundant, with concentrations of ∼1% in soluble proteins and up to 3% in membrane 

proteins (Du et al., 2018). Although Tyr has a quantum yield similar to Trp, the indole group of Trp is 

considered to be the dominant source of absorbance at ∼280 nm and emission at ∼350 nm in proteins. 

Moreover, Tyr emission is often quenched in native proteins, presumably by energy transfer to Trp or 

by its interaction with the peptide chain. On the other hand, the contribution of phenylalanine (Phe) to 

the intrinsic fluorescence of protein is negligible due to its absorptivity and very low quantum yield (Liu 

et al., 2020).  

Tryptophan fluorescence wavelength and intensity are strongly influenced by the residue local 

environment. This high dependency of Trp fluorescence on its surroundings has been used to elucidate 

conformational changes in membrane proteins (Ghisaidoobe and Chung, 2014). Specifically, Trp 

fluorescence is influenced by the polarity of its microenvironment and non-covalent interactions such 

as hydrogen bonding. Trp emits at shorter wavelengths (λEM) (330-340 nm) when buried in the 

hydrophobic core of a protein in its ground state, whereas it emits at longer wavelengths (340-355 nm) 

when exposed to water in its excited state (Burstein et al., 1973). Thus, a red shift in λEM is observed 

as the polarity increases. In contrast, a blue shift in Trp fluorescence is observed in increasing non-polar 

or hydrophobic environments. Indeed, water molecules are prone to form bonds with the excited and 

polar state of Trp, whereas the hydrophobic side chains of amino acid residues in the protein are prone 

to form bonds with the less polar ground state of Trp. Thus, Trp fluorescence may vary depending on 

the surface accessibility of Trp residues and their interaction with other amino acids or water molecules 
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in their excited or ground states (Hellmann and Schneider, 2019). In contrast, although Tyr and Phe are 

also fluorescent residues, their emission characteristics do not depend so extensively on their local 

environment (Vladislav et al., 2021).  

The wild-type A2AR contains seven Trp residues, but the construct used for this study consisted of the 

C-terminal truncated sequence of the protein, so it only contained six Trp residues. The localization of 

these six residues in the active and inactive conformations of the A2AR is shown in Figure 4.1. The 

tryptophan residues W29 and W32 are located at the bottom of TM1, close to the junction with the 

first intracellular loop (ICL1). The residue W129 is found in the TM4, W143 in the junction between TM4 

and extracellular loop 2 (ECL2), W246 in the TM6. Finally, W268 is found at the extracellular face of 

TM7, in the junction with the extracellular loop 3 (ECL3) (Routledge et al., 2020).  

 

 

Figure 4.1. Location of tryptophan residues in the C-terminal truncated A2AR. The structure of the A2AR 
in the inactive conformation bound to the antagonist ZM241385 (blue; PDB ID:3EML) was aligned to the 
structure of the A2AR in the active conformation bound to the agonist 5'-N-Ethylcarboxamidoadenosine 
(NECA) (purple; PDB ID:2YDV) and presented through (A) the plane of the receptor and (B) from above. 
Tryptophan residues in the inactive and active conformations are indicated in yellow and green, 
respectively. The diagram was created using PyMOL software. 

 

The A2AR exists in dynamic equilibrium between different conformational states (Prosser et al., 2017), 

which are achieved through conformational changes upon ligand binding (Venkatakrishnan et al., 

2016). The most discernible changes relate to rearrangements of the transmembrane (TM) helices 

TM3, TM5, and particularly TM6 and TM7 (Jaakola et al., 2008; Lebon et al., 2011b; Xu et al., 2011). The 

secondary structure of these membrane proteins remains intact during the conformational changes 

(Lebon et al., 2011). The addition of ligands causes remodelling of the equilibrium to preferentially 

stabilise specific conformers (Prosser et al., 2017), and the balance of conformers is not only modified 
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by the presence of a ligand, but also by allosteric modulators such as salt concentration and cholesterol 

(Guixà-González et al., 2017). Despite the activation barriers, basal activity of the A2AR occurs owing to 

the presence of receptors in the active conformation in the absence of agonists (Prosser et al., 2017). 

Hence, the apo A2AR exhibits constitutive activity, accounting for over 50% of its activity stimulated by 

the agonist (Bertheleme et al., 2013). Interestingly, Ye et al. noted that 70% of apo receptors adopt 

active S3 and S3’ states (Ye et al., 2016).  

Routledge et al. studied the conformational changes of the encapsulated A2AR-SMALP upon ligand 

binding by measuring Trp fluorescence and reported that the antagonist ZM241385 binding caused 

changes in the local environments of the intrinsic Trp residues. Specifically, they observed an increase 

in fluorescence emission upon ZM241385 binding and suggested that Trp2466.48 and Trp2687.33 were 

responsible for the observed increase (Routledge et al., 2020). Nevertheless, changes in Trp 

fluorescence emission upon ligand binding could also be explained by the fact that ZM241385 could 

alter the solvent accessibility of Trp2466.48, as it is located in the ligand-binding cavity (Jaakola et al., 

2010). Notwithstanding, NECA also binds close to Trp2466.48, and thus, the same effect on Trp 

fluorescence emission would be expected if it was dependent on the presence of the ligand. However, 

Routledge et al. did not observe any changes in Trp fluorescence upon NECA binding. This suggests that 

the detected changes in Trp fluorescence are a consequence of conformational changes in the receptor, 

and are not caused by the presence of ligands in the binding pocket (Routledge et al., 2020). 

Additionally, the fluorescent moiety IEDANS was introduced into the cytoplasmic face of TM6 and 

reported dynamic changes in the intracellular face of the receptor during its activation process, which 

was also previously used to monitor the activation of the β2AR receptor (Yao et al., 2006). A2AR TM6 was 

found to be in an open conformation in a more polar environment, which is characteristic of the active 

conformation of the receptor that accommodates G-protein binding (Routledge et al., 2020). 

 

4.1.2 Profiling the thermal unfolding of the A2AR 

The stability of the A2AR, can be investigated by profiling its thermal unfolding characteristics. This can 

be achieved using the 7-Diethylamino-3-(4'-Maleimidylphenyl)-4-Methylcoumarin (CPM) fluorescent 

probe (Marino et al., 2010). CPM is a highly sensitive probe for changes in protein conformation, making 

it highly useful for detecting unfolding events (Alexandrov et al., 2008).  

CPM binds specifically to cysteine amino acids as the protein unfolds, consequently emitting 

fluorescence at 470 nm. Therefore, adducts are formed as CPM gains access to the transmembrane-

embedded thiols during thermal denaturation (Park et al., 2020). Nevertheless, the fluorescence signal 

is reduced by protein aggregation, which occurs as the protein denatures. Secondary processes, 
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including amino acid modification and thiol-CPM adduct hydrolysis, can also modify the unfolding 

curves (Naranjo et al., 2016). CPM binding to exposed cysteines can be monitored in real time using 

qPCR, allowing dynamic observation of the protein unfolding process. This technique is based on non-

invasive probe binding to protein residues, which does not significantly alter the native structure of 

proteins (Alexandrov et al., 2008).  

The A2AR contains 14 Cysteine residues that are susceptible to CPM binding during protein thermal 

unfolding. The localization of these residues in the active conformation of the A2AR is shown in Figure 

4.2.  

 

Figure 4.2. Location of cysteine residues in the C-terminal truncated A2AR. The structure of the A2AR in 
the active conformation bound to the agonist NECA (PDB ID:2YDV) was presented from the plane of the 
receptor, and cysteine residues are indicated in orange. The diagram was created using PyMOL 
software. 

 

The flexible regions of membrane proteins are prone to unfolding. GPCRs are α-helices organized into 

two blocks. TM1-TM5 form a rigid core that does not vary substantially during the activation process, 

whereas TM6-TM7 are highly dynamic (Schwartz et al., 2006). ICL3 is highly flexible and known to be a 

hotspot of instability in GPCRs (Hubbell et al., 2003). Consequently, thermal unfolding assays using a 

CPM probe allow the separation of flexible regions, potentially mimicking the functional activation of 

the receptor. Simulations of the thermal unfolding process of rhodopsin suggested that protein 

denaturation begins with the loss of hydrogen and disulphide bonds within the extracellular loops. This 

is closely related to the orientation of transmembrane helices, which do not fully unfold (Rader et al., 
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2004). Popot and Engelman established that α-helices act as stable and independent folding domains 

that do not denature to the same extent as the flexible regions (Popot and Engelman, 1990). Their 

interactions define the tertiary structure of the protein, which undergoes a separate folding transition 

(Vogel and Siebert, 2002; Booth and Curnow, 2006). Similarly, Jamshad et al. indicated that the thermal 

denaturation of the A2AR is a two-state process, correlating with a folded to unfolded transition, and 

indicated that the secondary structure of the A2AR-SMALP was resistant to thermal denaturation 

(Jamshad et al., 2015). 

CPM fluorescence assays have been used to study the effects of ligand binding and the surrounding 

lipid environment on the thermostability of membrane proteins. Alexandrov et al. observed that FAAH 

inhibitor binding increased the thermal stability of the detergent-solubilized protein, as it increased the 

melting temperature (Tm), whereas no differences were detected for the purified APJ receptor upon 

ligand binding (Alexandrov et al., 2008). Naranjo et al. examined the effects of different lipid 

environments on thermal unfolding of the A2AR-DDM by CPM fluorescence (Naranjo et al., 2016). Their 

results indicated that protein purification using different detergents and lipid conditions did not affect 

the secondary and tertiary structures of the receptor (Naranjo et al., 2016).  

Alternative techniques have been used to study A2AR thermostability. Haffke et al. explored the use of 

NanoTemper Technologies Prometheus NT.48 (nanoDSF), which uses low-volume differential intrinsic 

Trp scanning fluorimetry to study the stabilizing effects of ligand binding to the detergent-solubilized 

A2AR (Haffke et al., 2016). The Tm values obtained by nanoDSF correlated well with those obtained from 

traditional thermal unfolding experiments. It was also demonstrated that this methodology can be used 

to determine the thermal stability of other GPCRs, for which the CPM-DSF method is challenging. 

Moreover, ligand binding stabilized the A2AR, which was found in its active conformation in a lipid-free 

environment (Haffke et al., 2016).  

Alternatively, protein thermostability can be studied using circular dichroism (CD) or radioligand binding 

assays. O’Malley et al. observed a single transition between the folded and unfolded states of the A2AR-

DDM by CD, and agonist and antagonist binding shifted the unfolding transition to a higher Tm 

(O’Malley et al., 2010).  

The thermostability of SMALP-encapsulated proteins has also been studied, and it has been observed 

that SMA-solubilised proteins exhibit higher thermostability than DDM-solubilised proteins (Pollock et 

al., 2018). Gulati et al. demonstrated by CMP fluorescence that Pgp-SMALP showed significantly higher 

stability than detergent-solubilized Pgp (Gulati et al., 2014). Jamshad et al. studied the thermostability 

of the A2AR-SMALP and A2AR-DDM by CD, and observed that the A2AR-SMALP showed increased 

thermostability compared to A2AR-DDM (Jamshad et al., 2015). Similarly, Dörr et al. demonstrated by 
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CD that the ion channel KcsA-SMALP was more stable than KcsA-DDM (Dörr et al., 2014). Comparably, 

hENT1 thermostability was studied using radioligand binding assays, and hENT1-SMALP showed a 

higher Tm than the detergent-solubilized protein (Rehan et al., 2017).  

 

4.1.3 The study of A2AR-ligand interactions by radioligand binding assays 

Studying the ligand-binding capacity of A2AR using radioligand binding assays is essential not only for 

characterizing the proper folding and stability of the protein but also for its application in drug 

discovery, development, and screening. This highly specific and sensitive methodology allows the 

detection of low-affinity ligand binding at low receptor concentrations. It can also be used for 

quantitative analysis of ligand-binding affinity (Kd) and maximum receptor binding capacity (Bmax). 

Hence, these assays are useful for receptor characterization (Bylund and Murrin, 2000). 

These assays offer high versatility because they can be applied to multiple biological systems, including 

intact cells, tissue homogenates, and isolated cell membranes. Moreover, the pharmacology of GPCRs 

can be studied on membrane-bound receptors, which facilitates and shortens sample preparation and 

avoids membrane protein solubilization. This allows receptor studies to be conducted in their natural 

environment (Maguire et al., 2012; Dong et al., 2015). 

Radioligand binding assays have been widely used to study A2AR ligand binding. Fraser et al. conducted 

radioligand binding assays on the purified and membrane-bound A2AR expressed in P. pastoris 

SMD1163 (Fraser, 2006). Displacement binding assays were performed on the membrane-bound 

receptor using ZM241385, xanthine amine congener (XAC), NECA, and theophylline, to displace [3H]-

ZM241385. The IC50 values were calculated, which represent the concentration of the unlabelled drug 

required to displace 50% of the radioligand, and showed that ZM241385 had the highest affinity as an 

antagonist, with a Log IC50 of -8.5. These findings provide valuable information regarding the 

pharmacological properties of the membrane-bound A2AR expressed in P. pastoris. Moreover, the 

results indicated that this receptor showed native-like pharmacological properties and could specifically 

bind to ZM241385 with a high affinity, comparable to that of the receptor expressed in mammalian 

cells. This suggested that the membrane-bound receptor had a native-like structure, and demonstrated 

the validity of P. pastoris as an expression system (Fraser, 2006). 

Similarly, Yang et al. conducted competition radioligand binding assays on the membrane-bound A2AR 

expressed in mammalian HEK293 cells using unlabelled ZM241385 to displace [3H]-ZM241385. A 

displacement curve was obtained, with a pKi value of 8.9 (Yang et al., 2017). Comparable experiments 

were performed on the A2AR, A1R, and A3R expressed in mammalian cells using ZM241385 (Guo et al., 
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2016; Arruda et al., 2017) and on the A2AR displacing [3H]-ZM241385 with other ligands such as caffeine 

and CGS21680 (Bonaventura et al., 2015) . 

Despite their advantages, radioligand binding assays are subjected to multiple sources of bias that may 

affect data accuracy and reliability. If different receptor isoforms exist, they may have different affinities 

for radioligands, which can lead to skewed observations. Variations in assay conditions, such as buffer 

composition, temperature, and incubation time, can lead to changes in radioligand binding 

characteristics and kinetics. Moreover, endogenous ligands in sample preparation can compete with 

the radioligand for receptor binding, thus biasing the results observed. Finally, the use of nonhuman 

expression systems for the expression of human receptors may have an impact on binding 

characteristics. (Magnani et al., 2008; Singh et al., 2012; García-Nafría et al., 2018). 

Alternative techniques have been developed to study receptor-ligand interactions. Massink and 

colleagues developed and validated an LC-MS binding assay for the A2AR using ZM241385. A deuterated 

isotope of ZM241385 served as an internal standard, and the unbound ligand was separated from the 

receptor-bound ligand in the cell membrane preparation and detected in the pM range. Saturation and 

displacement binding assays were conducted, and the results were in good agreement with those 

obtained using radioligand binding assays. Hence, their study validated the use of MS for studying 

receptor-ligand binding, and provided a potential alternative to conventional radioligand binding assays 

(Massink et al., 2015). 

Grime et al. used fluorescence correlation spectroscopy (FCS) to characterize the binding capability of 

the A2AR-SMALP expressed in P. pastoris. The specific binding of CA200645 to the A2AR-SMALP was 

investigated, and the authors demonstrated that fluorescent ligand binding resulted in a biphasic 

autocorrelation curve. Moreover, a displacement binding assay of the fluorescent ligand was conducted 

using FCS with ZM241385. These results indicated that ZM241385 competed for the ligand binding site 

of the A2AR-SMALP, and prevented CA200645 binding. The calculated Log Ki for ZM241385 was -8.2 ± 

0.5, which was not significantly different from the previously reported affinity of ZM241385 binding to 

A2AR in the original membranes. Furthermore, this was comparable to the results obtained by 

radioligand binding assays in the previous studies. Hence, fluorescent ligands could be used to study 

the pharmacology of GPCRs and replace radiolabelled ligands (Grime et al., 2020).  

 

4.2 AIMS AND OBJECTIVES  

The work reported in this chapter aimed to explore how oxidative stress induced by acrolein or AAPH 

could impact the structure, folding, and conformational dynamics of the A2AR. The first objective was 
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to determine whether the purified A2AR was properly folded and active after purification assessing the 

conformational changes that the receptor can undergo by tryptophan fluorescence. The second 

objective was to determine whether the oxidative treatments affected its conformational changes. The 

third objective was to determine whether ligand binding and the oxidative treatments affected protein 

stability as assessed by thermal unfolding. The forth objective was to study whether oxidation affected 

ligand binding using radioligand binding assays. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Tryptophan fluorescence measurements 

Fluorescence measurements were made using a PTI QuantaMaster 300 fluorimeter with continuous Xe 

arc excitation. Emission spectra were obtained by exciting the protein at 280 nm, and emission spectra 

were measured between 290 and 500 nm. Excitation slit widths of 10 nm (±0.8 nm) and emission slit 

widths of 20 nm (±3.2 nm) were used for all measurements with a scan speed of 1000 nm/min for 3 

accumulation scans.  

Samples of A2AR-SMALP, A2AR-DIBMALP, A2AR-DDM, and L-Tryptophan control (Sigma-Aldrich) at 50 

µg/mL in membrane buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol) containing SMA at 2.5% 

(w/v) or DDM at 2% (w/v) were placed individually in a 0.3 cm quartz fluorescence cuvette (Starna 

Scientific). Trp fluorescence was also measured for the membrane buffers (50 mM Tris/HCl pH 8, 500 

mM NaCl, 10% glycerol, or 300 mM NaCl, 20 mM HEPES, pH 7.5), dimethyl sulfoxide (DMSO), the A2AR 

antagonist ZM241385, and the A2A2 agonist NECA as negative controls. Alternatively, the A2AR-SMALP 

was treated with acrolein (ACR) or 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH) at final 

concentrations of 20 µM, 40 µM, and 100 µM for 24 hours, and Trp fluorescence was measured. 

To determine the effect of ligand binding on the A2AR, ZM241385 and NECA were titrated into the 

cuvette at concentrations from 1 pM and 100 pM, up to final concentrations of 10 µM and 1 mM, 

respectively. To study the effect of sample dilution on the fluorescence signal after titration, the protein 

preparation was titrated with membrane buffer. The emission intensity of tryptophan was measured 

at each titration point. The resulting intensity data were adjusted to take into account the effect A2AR-

SMALP dilution. 

For data analysis, fluorescence results were analysed using SpectraGryph 1.2 - spectroscopy software 

and the percentage of tryptophan signal was calculated taking into account the dilution effect by 

titration and apo A2AR-SMALP, A2AR-DDM, or Trp control as 100% of the signal. GraphPad Prism 8 was 

used to plot the % of Trp signal results, and the data were expressed as the mean ± standard deviation 
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(SD), for n=3. For statistical data analysis, the percentage of Trp fluorescence at each ligand 

concentration was compared between the A2AR-SMALP samples treated with different ACR and AAPH 

concentrations through an ordinary One-way ANOVA and Tukey's multiple comparisons test. Statistical 

significance was set at p-value <0.05. 

 

4.3.2 Thermal unfolding by CPM fluorescence  

7-Diethylamino-3-(4'-Maleimidylphenyl)-4-Methylcoumarin (CPM) probe stock was prepared at 5 

mg/mL, and aliquots were stored at -80oC and protected from light. CPM was diluted to 200 µg/mL in 

SMA buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol, 2% w/v SMA2000) or DDM buffer (50 

mM Tris/HCl pH 8, 500 mM NaCl, 10% glycerol, 2% DDM w/v), vortexed, and allowed to equilibrate for 

1 h at room temperature protected from light. A2AR-SMALP and A2AR-DDM samples were prepared at 

final concentrations of 150, 100, 50, 25, or 12.5 µg/mL in SMA or DDM buffer, respectively, and 45 µL 

of the sample was mixed with 5 µL of CPM.  

To study the effect of ligand binding on the thermal stability of the A2AR-SMALP and A2AR-DDM, 1 µM 

ZM241385 and 10 µM NECA were added to the mixture. To study the effect of incubating the protein 

preparations at higher temperatures, A2AR-SMALP and A2AR-DDM were incubated at 37oC or room 

temperature for 1 h. To study the effect of the oxidative treatments acrolein and AAPH on the protein 

thermal unfolding, A2AR-SMALP and A2AR-DDM were pre-incubated for 20 min at room temperature 

with CPM. Acrolein or AAPH were added to final concentration of 100 µM and incubated for 1 h at room 

temperature. The sample preparation was mixed by pipetting up and down and allowed to equilibrate 

on ice for 10 min protected from light.  

The samples were transferred to PCR white-opaque 96-well plates, which were sealed and transferred 

to the LightCycler® 480 System (Roche Diagnostics). The PCR machine was pre-set to allow the 

temperature to equilibrate at 20oC and fluorescence was measured at an excitation wavelength of 465 

nm and an emission wavelength of 510 nm using SYBR Green filter from 20 to 99oC with a ramp rate of 

3.6oC/min. For data analysis and calculation of the melting temperatures (Tm), fluorescence results 

were plotted against the temperature range, and the first derivative of the blank-subtracted 

fluorescence results was calculated using GraphPad Prism 8.  

4.3.3 Radioligand binding assays on the membrane-bound A2AR 

Saturation and displacement binding assays were performed on the membrane-bound A2AR. 

Membrane preparations (10 mg protein/mL) in membrane buffer (50 mM Tris/HCl pH 8, 500 mM NaCl, 

10% glycerol) were diluted to 0.5 mg/mL of protein in binding buffer (50 mM Tris/HCl pH 8, 500 mM 
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NaCl). Additionally, 0.5 U/mL of adenosine deaminase were added to the membrane preparations to 

degrade any adenosine released from P. pastoris membranes. To study the effect of the oxidative 

treatments on the pharmacology of the A2AR, membranes at 10 mg/mL were treated with acrolein and 

AAPH at final concentrations of 20 mM and 1 mM, respectively, and incubated overnight at 37oC. 

Alternatively, the membranes were treated with vehicle (membrane buffer) and incubated overnight 

at 37oC. 

All radioligand-binding assays were performed using the A2AR antagonist [3H]ZM241385 diluted in 

Binding Buffer. For displacement binding assays, [3H]ZM241385 was diluted to a final concentration of 

1 nM (40.000 cpm/5 µL), and 500 µL of membranes was incubated with 5 µL of radioligand and 5 µL of 

unlabelled ZM241385, which was previously diluted to reach final concentrations of 10 pM, 100 pM, 1 

nM, 10 nM, 100 nM, and 1 µM. For the saturation binding assays, [3H]ZM241385 dilutions were 

prepared to reach final concentrations of 0.1, 0.5, 1, 5, 10, and 20 nM, and 5 µL of each radioligand 

dilution was added to 500 µL of the membrane sample. To determine total binding, 5 µL of DMSO was 

added to each membrane sample together with the radioligand dilution, whereas to determine non-

specific binding, 5 µL of unlabelled ZM241385 at a final concentration of 1 µM was added to each 

sample tube. All samples were tested in duplicate. The membrane samples were incubated with the 

ligands at room temperature for 30 min and centrifuged at 14.000 rpm and 4oC for 5 min. The 

membrane pellets were washed twice with ddH2O to discard the unbound ligand and resuspended in 

100 µL of SolvableTM solution overnight at room temperature. Optiphase ‘Hisafe’ scintillation cocktail 

(1 mL) was added to each sample tube and mixed well by vortexing. Counts per minute (cpm) were 

counted. The results were analysed using GraphPad Prism 8, and statistical differences between the 

non-treated and oxidized membranes were determined by Multiple T-test. Statistical significance set at 

a p-value<0.05.  

 

4.4 RESULTS 

4.4.1 The effect of A2AR ligand binding on tryptophan fluorescence 

 

Tryptophan fluorescence measurements were performed to study the effect of ligand binding on the 

conformational changes in the A2AR-SMALP. The fluorescence of the A2AR-SMALP in the absence of any 

ligand was measured, and the spectrum exhibited a broad peak with maximum intensity at ~340 nm 

(Supplementary Figure 8.23). These results indicated that the fluorescence of tryptophan residues of 

the A2AR could be measured in low-concentration protein preparations (~50 µg/mL); therefore, changes 

in its conformation could be monitored.  
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A2AR-SMALP tryptophan fluorescence after antagonist ZM241385 and agonist NECA addition was 

measured to study whether any changes were observed upon ligand binding. A2AR-SMALP showed a 

broad peak in the emission spectrum at ~340 nm (Figure 4.3A), and an increase in its intensity, 

accompanied by a red shift, was observed upon the addition of ZM241385 at 1 µM. This indicated that 

the A2AR was folded in the SMALP, and its conformation could be modified upon antagonist binding. In 

contrast, NECA addition at 10 µM caused a decrease in the fluorescence intensity (Figure 4.3B). A 

greater decrease in the fluorescence peak was observed when the concentration of NECA was 

increased to 100 µM. Thus, NECA induced the opposite effect on the Trp fluorescence of the A2AR-

SMALP compared to the antagonist ZM241385. Furthermore, the red shift observed after the addition 

of ZM241385 was not obtained after NECA binding.  

          A                B 

 

Figure 4.3. Fluorescence of the A2AR-SMALP in the absence and presence of ligands . The fluorescence 
emission of A2AR-SMALP was measured between 290 and 500 nm after excitation at 280 nm before 
(apo) and after the addition of (A) the antagonist ZM241385 and (B) the agonist NECA. The results are 
presented as raw data (n=1). 

 

The decrease in Trp fluorescence intensity after ligand addition due to dilution of the sample must be 

considered. The effect of diluting the sample on the intensity of Trp fluorescence was assessed by the 

addition of 2 µL of Tris-HCl buffer 10 times, simulating titration experiments. A broad peak was 

observed in the emission spectrum corresponding to the tryptophan fluorescence of the A2AR-SMALP 

(Figure 4.4A), and the intensity of fluorescence decreased at each dilution step. This indicated that the 

fluorescence intensity is affected by the concentration of the protein in the sample, and must be 

considered when analysing the effect of ligand binding. The percentage decrease in the Trp 

fluorescence signal at each dilution step was calculated considering the fluorescence of apo A2AR-

SMALP as 100% (Figure 4.4B). The results showed that the dilution of the sample by the addition of 2 

µL of buffer decreased the Trp signal by an average of 3.5% per step, and after ten dilution steps, the 

Trp signal decreased by 40%. These results were used to normalise the Trp fluorescence signal after the 

addition of ligands by titration.  
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Figure 4.4. Dilution effect on A2AR-SMALP fluorescence emission. The fluorescence emission of apo A2AR-
SMALP (blue) and after the addition of 2 µL of Tris-HCl buffer for 10 dilution steps was measured 
between 290 and 500 nm after excitation at 280 nm. The results are presented as (A) raw data and (B) 
percentage Trp signal of the dilution effect on the overall fluorescence, considering apo A2AR-SMALP as 
100%. Data are presented as the mean of all replicates (n=3) ± SD.  

 

The effect of antagonist ZM241385 binding to the A2AR-SMALP on the Trp fluorescence signal was 

studied by the addition of increasing concentrations of the ligand from 1 pM to 10 µM by titration 

(Supplementary Figure 8.25). The percentage Trp fluorescence signal was calculated by normalizing the 

fluorescence intensity to the decrease in the signal due to the dilution effect (Figure 4.5A). The data 

demonstrated an increase in the Trp fluorescence signal after the addition of the antagonist, with a 

greater increase above 100 nM, provoking a final 40% increase in Trp fluorescence. In contrast, 

ZM241385 addition to the Trp control did not increase the fluorescent signal. Similarly, the effect of 

the agonist NECA binding to the A2AR-SMALP on the Trp fluorescence signal was studied by titration of 

increasing concentrations of the ligand (Supplementary Figure 8.26). NECA progressively decreased the 

Trp signal with a greater decrease above 10 µM, reducing it to 60%. Hence, the addition of the agonist 

to the A2AR-SMALP preparation induced an opposite effect on the emission of the Trp fluorescence 

compared to the addition of the antagonist ZM241385. Conversely, NECA addition to the Trp control 

did not decrease the fluorescent signal (Figure 4.5B).  
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Figure 4.5. Ligand-induced changes in overall A2AR-SMALP fluorescence. The fluorescence emission of 
apo A2AR-SMALP and Trp control after the addition of increasing concentrations of the (A) antagonist 
ZM241385 and (B) agonist NECA by titration were measured between 290 and 500 nm after excitation 
at 280 nm. Results are presented as percentage Trp signal of dose-dependent effect of ligand binding 
on the overall fluorescence, considering apo A2AR-SMALP and apo Trp control to be 100% and normalized 
by the dilution effect. Data are presented as the mean of all replicates (n=3) ± SD. 

 

To assess whether the A2AR-SMALP was able to undergo conformational changes upon ligand binding 

from the active to the inactive conformation, 10 µM NECA was added to the A2AR-SMALP preparation, 

and increasing concentrations of the antagonist ZM241385 were added by titration (Figure 4.6A). An 

initial 3% increase in Trp signal was observed with NECA addition, and ZM241385 caused a biphasic 

increase in the signal, with a greater increase above 100 nM, provoking a final 44% increase. Thus, a 

similar increase in the Trp fluorescence signal was observed when the antagonist was bound to the 

A2AR-SMALP in the absence or presence of NECA at saturating concentrations.  

To determine whether the A2AR-SMALP was able to undergo conformational changes upon ligand 

binding from the inactive to the active conformation, 1 µM ZM241385 was added to the A2AR-SMALP 

preparation and increasing concentrations of the agonist NECA were added by titration (Figure 4.6B). 

Antagonist binding induced a 20% increase in fluorescence, and although NECA slightly increased Trp 

fluorescence, the signal decreased at 10 µM NECA, with a greater decrease at 1 mM NECA. This resulted 

in an 85% decrease in the signal. Thus, 1 mM NECA caused a 15% decrease in Trp fluorescence 

compared to apo A2AR-SMALP. This was consistent with the results obtained when the agonist was 

added to the protein preparation in the absence of the antagonist.  
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Figure 4.6. Conformational transition of A2AR-SMALP upon agonist and antagonist binding. The 
fluorescence emission of apo A2AR-SMALP after the addition of (A) NECA at 10 µM and increasing 
concentrations of the ZM241385, and (B)  ZM241385 at 1 µM and increasing concentrations of the NECA 
by titration were measured between 290 and 500 nm after excitation at 280 nm. The results are 
presented as percentage of Trp signal of dose-dependent effect of NECA and ZM241385 binding on 
overall fluorescence. The apo A2AR-SMALP was considered to be 100%, and the data were normalized to 
the dilution effect. Data are presented as the mean of all replicates (n=3) ± SD. 

 

The effect of agonist and antagonist binding on the conformational changes of the A2AR was studied for 

the protein solubilized with detergent DDM. A Trp control was prepared in DDM buffer and included in 

the experiment. The effect of diluting the sample on the intensity of the Trp signal was assessed by 

titration of the protein sample with 2 µL of DDM buffer 8 times. Sample dilution decreased the Trp 

signal by an average of 4% per step, and a total decrease in the Trp signal of 30% after 8 dilution steps 

(Supplementary Figure 8.29). These results were used to normalise the Trp fluorescence signal after 

the addition of increasing ligand concentrations by titration. 

The effect of adding ZM241385 to the A2AR-DDM and Trp control on the Trp fluorescence signal was 

studied by ligand titration. ZM241385 binding to the A2AR-DDM caused an initial decrease in the signal, 

and a noteworthy increase and a red shift at 10 µM (Figure 4.7A). Similarly, ligand addition from 1 pM 

to 100 nM decreased the fluorescent signal of the Trp control, whereas ZM241385 at 10 µM caused an 

increase in fluorescence emission, although a red shift did not occur in this case (Figure 4.7B).  
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Figure 4.7. ZM241385-induced changes in the overall fluorescence of A2AR-DDM and Trp control. The 
fluorescence emission of apo A2AR-DDM and Trp control after the addition of increasing concentrations 
of ZM241385 by titration was measured between 290 and 500 nm after excitation at 280 nm. The results 
are presented as (A) raw data for the A2AR-DDM, (B) raw data for the Trp control (n=1). 

 

Calculating the percentage of Trp signal corroborated that A2AR-DDM and Trp control in DDM buffer 

had similar fluorescence emission patterns caused by ZM241385 titration (Figure 4.8A), and did not 

show the same progressive increase in the fluorescence emission observed for the A2AR-SMALP. The 

effect of NECA addition to the A2AR-DDM and Trp control fluorescence was studied by ligand titration 

(Supplementary Figure 8.29). NECA caused a progressive decrease in fluorescence intensity in both the 

A2AR-DDM and Trp control in DDM buffer (Figure 4.8B). In contrast to the results obtained for A2AR-

SMALP, NECA binding did not notably decrease the Trp signal compared to the Trp control.  
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Figure 4.8. Ligand-induced changes in the overall fluorescence of A2AR-DDM and Trp control. The 
fluorescence emission of apo A2AR-DDM and Trp control after the addition of increasing concentrations 
of (A) ZM241385 and (B) NECA by titration was measured between 290 and 500 nm after excitation at 
280 nm. The results are presented percentage Trp signal of the dose-dependent effect of ligand binding 
on the overall fluorescence. Apo A2AR-DDM and apo Trp control were considered to be 100%. The data 
were normalized to the dilution effect and presented as the mean of all replicates (n=3) ± SD. 

 

4.4.2 The effect of acrolein and AAPH treatments on A2AR on tryptophan fluorescence upon ligand 

binding 

 

After validating the method for assessing Trp fluorescence in the A2AR-SMALP by studying receptor 

conformational changes upon ligand binding, the effect of the oxidative treatments on the folding 

status and the capability of the A2AR to undergo conformational changes was investigated. To induce 

oxidtion, the A2AR-SMALP was treated with AAPH and acrolein, and the Trp fluorescence was measured 

upon antagonist and agonist binding.  

The A2AR-SMALP was treated with different concentrations of acrolein and titrated with increasing 

concentrations of ZM241385 or NECA. An increase in the percentage of Trp signal was obtained after 

titrating the untreated A2AR-SMALP with the antagonist, and a similar increase was observed for the 

acrolein-treated protein (Figure 4.9A). No significant differences were observed between the untreated 

A2AR-SMALP and treated protein at different acrolein concentrations. NECA caused a decrease in Trp 

fluorescence at concentrations above 10 µM in the untreated and acrolein-treated samples, with 

similar patterns (Figure 4.9B). No significant differences between the untreated and treated A2AR-

SMALP with different acrolein concentrations were detected.  
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Figure 4.9. ZM241385- and NECA-induced changes in the overall fluorescence of the A2AR-SMALP 
treated with acrolein. The fluorescence emission of the untreated and treated A2AR-SMALP with 
increasing concentrations of acrolein, was measured between 290 and 500 nm after excitation at 280 
nm before (apo) and after the addition of increasing concentrations of (A) the antagonist ZM241385 
and (B) the agonist NECA by titration. The results are presented as the percentage of Trp signal of the 
dose-dependent effect of ZM241385 and NECA binding on overall fluorescence. The apo A2AR-SMALP 
was considered 100% of the signal. The data were normalized to the dilution effect and presented as 
the mean of all replicates (n=3) ± SD. Statistical differences were investigated by One-way ANOVA 
followed by Tukey's multiple comparison test, considering p-value<0.05 significant. 

 

The effect of lipid oxidation on the conformational changes of the A2AR was studied by treating the 

A2AR-SMALP with AAPH at different concentrations, and measuring the Trp fluorescence upon 

antagonist and agonist titration. An increase in the percentage of Trp signal was obtained after titrating 

the untreated A2AR-SMALP with the antagonist, and a similar increase in the fluorescence was observed 

for the protein treated with AAPH at different concentrations (Figure 4.10A). No significant differences 

were observed between the non-treated and treated A2AR-SMALP with AAPH at different 

concentrations. On the other hand, the A2AR-SMALP was titrated with the agonist NECA, which caused 

a decrease at concentrations above 10 µM. A similar Trp signal profile was observed when the AAPH-

treated A2AR-SMALP was titrated with NECA. Hence, no significant differences between the untreated 

and the treated A2AR-SMALP with increasing concentrations of APPH were detected.  
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Figure 4.10. ZM241385- and NECA-induced changes in the overall fluorescence of the A2AR-SMALP 
treated with AAPH. The fluorescence emission of the untreated and treated A2AR-SMALP with increasing 
concentrations of AAPH was measured between 290 and 500 nm after excitation at 280 nm before (apo) 
and after titration with increasing concentrations of (A) the antagonist ZM241385 and (B) the agonist 
NECA. The results are presented as the percentage of Trp signal of the dose-dependent effect of 
ZM241385 and NECA binding on overall fluorescence. The apo A2AR-SMALP was considered as 100% of 
the signal. The data were normalized to the dilution effect and presented as the mean of all replicates 
(n=3) ± SD. Statistical differences were investigated by One-way ANOVA followed by Tukey's multiple 
comparison test, considering p-value<0.05 significant. 

 

4.4.3 The effect of ligand binding and lipid oxidation by acrolein and AAPH on the A2AR thermal 

unfolding 

After observing that the conformational changes of the A2AR remained unaffected by oxidation under 

the experimental conditions, the goal shifted to studying whether the thermostability of the receptor 

was affected by oxidation. This investigation aimed to elucidate how oxidation could either disrupt or 

maintain the stability of the A2AR.  

The effect oxidative treatments with acrolein or APPH on the thermal stability of the A2AR was studied 

by measuring the fluorescence of CPM. CPM is a high-affinity probe that binds to cysteine residues. 

Upon interacting with reactive cysteines, the CPM dye transitions from a non-fluorescent to a 

fluorescent state, allowing easy detection of protein unfolding.  

SMA and DDM buffers in the presence of CPM and absence of A2AR did not show intrinsic fluorescence 

as the temperature increased (Supplementary Figure 8.30). Similarly, ZM241385, NECA, acrolein, AAPH, 

or encapsulated lipids in SMALPs did not show intrinsic fluorescence in the presence of CPM and 

absence of A2AR. These measurements were conducted as negative controls and ensured that 

fluorescence detected during the assay originated specifically from CPM binding to the A2AR.  
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In order to determine the optimal protein concentration to conduct the assay with the maximum 

sensitivity, the fluorescence caused by CPM binding to the A2AR-SMALP at different concentrations was 

measured and compared to the fluorescence of the SMA buffer containing the CPM dye  (Figure 4.11). 

An increase in fluorescence was observed as the temperature increased from ~50oC when the A2AR-

SMALP was at 100 and 150 µg/mL. This signified the initiation of the unfolding process of the A2AR-

SMALP. Instead, an increase in the fluorescence was detected at ~60oC when the A2AR-SMALP was at 

50 µg/mL, and this could not be observed for lower protein concentrations, compared to the 

fluorescence of the SMA buffer. This suggested that the protein concentration was too low to detect 

changes in fluorescence. In addition, there was a dose-dependent effect from 50 µg/mL up on the 

fluorescence intensity. The optimal protein concentration was determined to be 150 µg/mL since its 

fluorescence from 20 to 50oC was comparable to the fluorescence of the buffer, whereas the samples 

prepared at lower concentrations exhibited weaker fluorescence than the buffer, which resulted in 

negative values when the first derivative was calculated (Haffke et al., 2016). Thus, the A2AR was 

prepared at a concentration of 150 µg/mL protein for subsequent experiments.  
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Figure 4.11. Thermal unfolding of the A2AR-SMALP at different concentrations monitored by CPM 
fluorescence. Fluorescence caused by CPM binding to the A2AR-SMALP at different concentrations was 
measured by increasing the temperature from 20 to 100oC to determine the optimal protein 
concentration for the assay.  

 

The effect of ligand binding on the thermal stability of the A2AR was tested as a methodological control, 

as ligand binding is expected to stabilise the receptor. The fluorescence of the apo A2AR-SMALP in the 

presence of the vehicle DMSO, A2AR-SMALP bound to the ZM241385, and receptor bound to NECA was 

measured. The apo- and ligand-bound A2AR-SMALP showed an increase in fluorescence when the 

temperature increased from 35 to 100oC, compared to SMA buffer, and the three protein-containing 

samples exhibited a similar increase pattern as the temperature ramped (Figure 4.12A). To compare 
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the thermal unfolding profile of the apo- and ligand-bound A2AR-SMALP, and to determine their melting 

temperatures (Tm), the data were normalized by subtracting the fluorescence of the blank (SMA buffer 

with CPM) from the fluorescence of the protein-containing samples (Figure 4.12B). The results 

indicated that unfolding of the protein started at ~35oC and finished at ~60oC. This indicated that the 

A2AR-SMALP was completely unfolded at this temperature. An analogous profile for the increase in 

fluorescence was obtained for the three protein samples. To visualise changes in the fluorescence 

caused by protein unfolding with increasing the temperature, the first derivative of the blank-

subtracted results was calculated and plotted against temperature (Haffke et al., 2016) (Figure 4.12C). 

To calculate the sample Tm, a Gaussian nonlinear regression was performed on the first derivative 

results (Figure 4.12D). A progressive increase in the first derivative from 30 to 60oC was observed for 

the apo- and ligand-bound A2AR-SMALP, reaching a maximum point at 45 and 46oC, respectively. 

Therefore, no differences were detected in protein thermal unfolding caused by ligand binding using 

this methodology.  

          A                B 

            

          C                D 

         

Figure 4.12. Impact of ligand binding on thermal unfolding of the A2AR-SMALP monitored by CPM 
fluorescence. (A) Fluorescence caused by CPM binding to apo- (with the vehicle DMSO), ZM241385-
bound, and NECA-bound A2AR-SMALP, and the fluorescence of the SMA buffer was measured as the 
temperature increased from 20 to 100oC. (B) Fluorescence of the SMA buffer (blank) was subtracted 
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from the fluorescence of the apo-, ZM241385-bound, and NECA-bound A2AR-SMALP. (C) The first 
derivative of the blank-subtracted fluorescence data of apo-, ZM241385-bound, and NECA-bound A2AR-
SMALP were calculated and plotted against temperature. (D) Gaussian nonlinear regression was 
performed on the first-derivative data to calculate the Tm.  

 

The effect of ligand binding on the thermostability of the A2AR-DDM was also tested. Fluorescence 

caused by CPM binding to the apo-, ZM241385-, and NECA-bound A2AR-DDM was compared to the 

fluorescence of the DDM buffer (Figure 4.13A). Apo- and ligand-bound A2AR-DDM had higher 

fluorescence than the DDM buffer across the range of different temperatures, and the three protein-

containing samples showed a comparable fluorescence profile, with a subtle change at ~60oC. To 

compare the effects of ligand binding on A2AR-DDM thermal stability, the data were normalized (Figure 

4.13B). Subsequently, the first derivative was calculated, and a Lorentzian nonlinear regression was 

performed on the first-derivative data to calculate the Tm for optimal curve fitting (Figure 4.13C). The 

results displayed similar protein unfolding patterns for the apo-, ZM241385-, and NECA-bound A2AR-

DDM, as the three samples had a change in the fluorescence at approximately 60oC. In this case, a single 

peak was obtained when the first derivative was calculated, in contrast to the unfolding profile obtained 

for apo- and ligand-bound A2AR-SMALP, which showed a progressive increase in fluorescence (Figure 

4.12). Nonlinear regression data confirmed that the Tm of apo- and ligand-bound A2AR-DDM was 62oC, 

indicating protein unfolding at this temperature. 

 

A                B 

 

 

 

 

 

20 40 60 80 100

0

10

20

30

40

Temperature (
o
C)

F
lu

o
re

s
c

e
n

c
e
 (

4
6
5
-5

1
0
)

Buffer DDM

A2AR-DDM

A2AR-DDM + ZM

A2AR-DDM + NECA

40 60 80 100

-0.5

0.0

0.5

1.0

1.5

Temperature (
o
C)

N
o

rm
a
li
z
e
d

 f
lu

o
re

s
c
e
n

c
e

A2AR-DDM

A2AR-DDM + ZM

A2AR-DDM + NECA



 

132 
I. Company Marin, PhD Thesis, Aston University 2024 

 

C                D 

         

Figure 4.13. Impact of ligand binding on thermal unfolding of the A2AR-DDM monitored by CPM 
fluorescence. (A) Fluorescence caused by CPM binding to apo- (with the vehicle DMSO), ZM241385-
bound, and NECA-bound A2AR-DDM, and the fluorescence of the DDM buffer was measured as the 
temperature increased from 20 to 100oC. (B) The DDM buffer (blank) fluorescence was subtracted from 
the fluorescence of apo-, ZM241385-bound, and NECA-bound A2AR-DDM. (C) The first derivatives of the 
blank-subtracted fluorescence data for the apo-, ZM241385-bound, and NECA-bound A2AR-DDM were 
calculated and plotted against temperature. (D) Lorentzian nonlinear regression was performed on the 
first-derivative data to calculate sample Tm. 

 

Once it was determined that the thermal unfolding of the A2AR-SMALP and A2AR-DDM could be 

characterised using this methodology, the effect of treating the receptor with acrolein (ACR) and AAPH 

on its thermostability was tested. The fluorescence caused by CPM binding to ACR- and AAPH-treated 

A2AR was compared to the fluorescence of untreated A2AR. The results for A2AR-SMALP showed that the 

treated and untreated samples exhibited comparable fluorescence as the temperature increased 

(Figure 4.14A). As expected, untreated A2AR-SMALP and A2AR-SMALP treated with ACR or AAPH showed 

similar patterns when the first derivative was calculated, all of which showed a progressive increase 

from 40 to 60oC (Figure 4.14B). Nonlinear regression data showed a maximum peak at 54oC, indicating 

the unfolding of the protein in this temperature (Figure 4.14C). 
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Figure 4.14. Impact of oxidative treatment with acrolein (ACR) and AAPH at 100µM on the thermal 
unfolding of the A2AR-SMALP monitored by CPM fluorescence. (A) Blank-subtracted fluorescence caused 
by CPM binding to untreated, ACR-, and AAPH-treated A2AR-SMALP with temperatures increasing from 
20 to 100oC. (B) The first derivative of the blank-subtracted fluorescence data of the untreated, ACR-, 
and AAPH-treated A2AR-SMALP was calculated and plotted against temperature. (C) Gaussian nonlinear 
regression was performed on the first-derivative data to calculate the Tm.  

 

Similarly, untreated and treated A2AR-DDM showed comparable fluorescence patterns as the 

temperature increased, all of which exhibited a change in fluorescence at ~60oC (Figure 4.15A). The 

three samples showed a single broad peak at ~60oC when the first derivative was calculated (Figure 

4.15B), and nonlinear regression results confirmed that the three sample preparations had a maximum 

peak at 62oC, indicating that the treated and non-treated A2AR-DDM had similar Tm (Figure 4.15C).  
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C 

 

Figure 4.15. Impact of oxidative treatment with acrolein (ACR) and AAPH at 100µM on the thermal 
unfolding of the A2AR-DDM monitored by CPM fluorescence. (A) Blank-subtracted fluorescence caused 
by CPM binding to untreated, ACR-, and AAPH-treated A2AR-DDM with increasing temperature 20 to 
100oC. (B) The first derivative of the blank-subtracted fluorescence results for the untreated, ACR-, and 
AAPH-treated A2AR-DDM was calculated and plotted against temperature. (C) Lorentzian nonlinear 
regression was performed on the first-derivative data to calculate the Tm. 

 

4.4.4 The effect of acrolein and AAPH on the pharmacology of the P. pastoris membrane-bound 

A2AR 

To study the effect of the oxidative treatments on the membrane-bound A2AR, P. pastoris membranes 

were treated with acrolein or AAPH, and A2AR pharmacology was determined by displacement and 

saturation radioligand binding assays. The first approach was to characterize the ligand binding 

capability of the A2AR. Displacement binding assays of the radioligand [3H]ZM241385 with increasing 

concentrations of the unlabelled ZM241385 were performed. The results showed ligand competition 

at high concentrations of the A2AR-bound radioligand with a LogIC50 value of -6.36 and, thus, higher 

than the expected and previously published LogIC50 of -9 (Fraser, 2006) (Figure 4.16A).  

In case the higher values were due to adenosine released from the P. pastoris membranes and that 

could be competing with ZM241385, adenosine deaminase was added to the membrane samples to 

degrade adenosine (Figure 4.16B), and the effect of acrolein and AAPH on the binding capability of the 

A2AR were tested. The results for the untreated membranes were comparable to the previous results 

in the absence of adenosine deaminase, with LogIC50 of -5.663. This suggested that the competition at 

high concentrations of the radiolabelled ligand was not caused by the presence of adenosine released 

from the P. pastoris membranes and could be explained by the degradation and expiry of the unlabelled 

ZM241385. The results for treated samples showed lower binding of the [3H]ZM241385 on the A2AR 

after ACR and AAPH treatment, as the cpm signal was lower compared to the untreated membranes.  

Nonetheless, both membrane samples subjected to the treatments showed earlier displacement of the 
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radioligand, with LogIC50 of -8.568 and -8.473, respectively. These were comparable to the published 

LogIC50. 

Consequently, a new unlabelled ZM241385 was used to perform the displacement binding assay on the 

untreated and treated A2AR-membranes (Figure 4.16C). Membranes treated with ACR showed a 

prototypical radioligand displacement curve with a LogIC50 of -9.17, similar to the expected published 

LogIC50. However, untreated membranes and membranes treated with AAPH had low [3H]ZM241385 

binding, which complicated the data analysis.  
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Figure 4.16. Displacement radioligand binding assays on the untreated and acrolein- or AAPH-treated 
P. pastoris membrane-bound A2AR using [3H]ZM241385. Displacement binding assays on the untreated, 
or treated membrane-bound A2AR with acrolein or AAPH were performed using 1nM [3H]ZM241385 and 
increasing concentrations of the (A) old unlabelled antagonist ZM241385 in the absence of adenosine 
deaminase, (B) old unlabelled ZM241385 in the presence of adenosine deaminase at 0.5U/mL, and (C) 
new unlabelled ZM241385 in the presence of adenosine deaminase at 0.5U/mL. The results are 
presented as the mean of counts per minute (cpm) of the replicates (n=4) ± SD. 

 

Due to the inconsistency of the results obtained from the displacement binding assays, saturation 

radioligand binding assays were performed. Untreated and treated membranes were incubated with 

increasing concentrations of [3H]ZM241385, and to determine the non-specific binding, the assay was 
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conducted in the presence of 1 µM unlabelled ZM241385 (Figure 4.17A). Increasing concentrations of 

the radioligand increased the cpm signal, which suggested radioligand binding to the A2AR-membrane. 

The radioligand also increased the cpm signal in a dose-dependent manner of the three samples in the 

presence of unlabelled ZM241385, which demonstrated the non-specific radioligand binding. The 

unlabelled ligand caused a decrease in the cpm signal due to its binding to the A2AR. To determine the 

[3H]ZM241385 specific binding on the A2AR, the non-specific binding was subtracted from the total 

binding (Figure 4.17B). The data showed that no significant differences were detected among the 

untreated and treated membranes.  
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Figure 4.17. Saturation radioligand binding assays on the untreated and acrolein- or AAPH-treated P. 
pastoris membrane-bound A2AR using [3H]ZM241385. Saturation binding assays on the untreated, or 
treated membrane-bound A2AR with AAPH or acrolein, were performed using increasing concentrations 
of the radiolabelled [3H]ZM241385. (A) Total [3H]ZM241385 binding to the membrane-bound A2AR and 
radioligand non-specific binding was determined in the presence of unlabelled ZM241385 at 1 µM. (B) 
Specific [3H]ZM241385 binding was determined by subtracting the non-specific to total binding results. 
Data are presented as the mean of counts per minute (cpm) of the replicates (n=4) ± SD. Statistical 
differences were determined by One-way ANOVA followed by Tukey's multiple comparison test, 
considering p-value<0.05 significant.  

 

4.5 DISCUSSION 

The aim of this chapter was to address key questions regarding the conformational dynamics, folding 

state, stability, and ligand binding capability of the A2AR. The first objective was to study the 

conformational changes of the A2AR-SMALP and A2AR-DDM by tryptophan fluorescence upon ligand 

binding, and to investigate whether these conformational changes were affected by the oxidative 

treatments. The second objective was to investigate the thermal unfolding profile of the A2AR-SMALP 

and A2AR-DDM by CPM binding, and to determine whether their thermostability was affected by 

oxidation. The third objective was to assess the binding capability of the membrane-bound A2AR using 

radioligand binding assays and to determine whether this was affected by the oxidative treatments.  
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The key findings of this chapter were that Trp fluorescence, CPM fluorescence, and radioligand binding 

assays permitted the evaluation of the conformational changes, thermostability, and ligand binding 

capability of the A2AR, respectively. Moreover, these methodologies served to observe that these 

parameters were not perturbed by the oxidative treatments, indicating that the receptor was folded 

and responded to ligand binding under the oxidative conditions. 

The A2AR showed intrinsic fluorescence at 340 nm, originating from the six Trp residues in the construct. 

This allowed the investigation of conformational changes upon ligand binding using Trp fluorescence at 

low protein concentrations and small volumes of protein preparation. In contrast, the Trp control 

exhibited a fluorescence peak at 360 nm. ZM241385 binding to the A2AR-SMALP caused an increase and 

red-shift in fluorescence, whereas NECA caused a decrease, compared to the Trp control. The same Trp 

fluorescence characteristics were observed when A2AR-SMALP was initially saturated with NECA and 

titrated with ZM241385, and vice versa. An increase in Trp fluorescence of A2AR-DDM and Trp control 

in DDM buffer was observed with 1 µM ZM241385, although a red shift was observed in the A2AR-DDM, 

and no red shift was observed in the Trp control in DDM buffer. In both cases, a subtle decrease in the 

fluorescence was observed after titration with NECA. Finally, no significant differences were observed 

in the Trp fluorescence of acrolein- and AAPH-treated A2AR-SMALP compared to that of the untreated 

controls, suggesting that the A2AR was able to undergo conformational changes upon ligand binding 

under oxidising conditions.  

The fact that the A2AR-SMALP showed a fluorescence peak at 340 nm, whereas the Trp control at 360 

nm, suggests that Trp residues in the A2AR were surrounded by a more hydrophobic environment, 

according to Hellmann and Schneider (Hellmann and Schneider, 2019). 

Comparable to the present study, Routledge et al. studied the conformational changes of the A2AR-

SMALP upon ligand binding using Trp fluorescence (Routledge et al., 2020). Similar to the results 

obtained in this study, antagonist binding increased Trp fluorescence and caused Trp residues to move 

to a more polar environment, triggering conformational changes in the A2AR-SMALP. However, the 

authors did not observe changes in Trp fluorescence upon NECA binding, whereas a decrease in Trp 

fluorescence was observed in the current study, in contrast to the effect of antagonist binding. This 

suggested that changes in Trp fluorescence were a consequence of conformational changes in the 

receptor upon ligand binding. Moreover, the authors reported that apo A2AR-SMALP retained 

substantial characteristics of the active state, characterised by an open conformation of TM6 in a more 

polar environment (Routledge et al., 2020). These results are comparable to those obtained in the 

present study, as the antagonist induced changes in the Trp fluorescence. This indicated that the 

receptor underwent conformational changes from the apo state to the inactive state. Additionally, the 
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agonist and antagonist caused opposite changes in the fluorescence emission, suggesting that the 

receptor could transit to both active and inactive conformations from its apo state within the SMALP.  

On the other hand, O'Malley and colleagues investigated the conformational changes of the A2AR upon 

ligand binding by circular dichroism and measuring Trp fluorescence. Binding of agonist (N6-

cyclohexyladenosine) and antagonist (theophylline) did not alter the secondary structure of the protein 

(O’Malley et al., 2010). Instead, it induced conformational changes in its tertiary structure. In contrast 

to the results obtained in this study, the A2AR had a maximum peak at 328 nm, suggesting a nonpolar 

environment surrounding these residues, and antagonist binding did not alter the Trp fluorescence. In 

contrast, agonist binding caused a blue shift to 326 nm. Similar results were observed for the GPCR 

BLT1 receptor (Baneres et al., 2003). In opposition to the results obtained in this study, a decrease in 

the fluorescence signal was observed upon agonist and antagonist binding, indicating that the ligands 

might bury the tryptophan residues of the receptor. Furthermore, the authors noted that Trp 246 in 

the solvent-exposed region of the receptor plays a critical role in ligand binding in the orthosteric pocket 

(O’Malley et al., 2010).  

The fact that ZM241385 binding caused an increase in the fluorescence emission, whereas NECA 

binding caused a decrease could be explained by the existence of mixed populations of apo-

encapsulated A2AR-SMALP in different conformational states, which could be biased upon ligand 

binding through conformational changes. A2AR activation is a dynamic cooperative process in which key 

intermediates are frequently sampled, and apo A2AR can be found in different active and inactive states 

in the absence of a ligand (Ye et al., 2016). A2AR activation is dependent on the populations of functional 

states (Ye et al., 2016), and the addition of ligands alters the distribution of these conformational states 

(Prosser et al., 2017). Apo A2AR shows basal activity due to the presence of receptors in the active or 

intermediate active conformation, which can account for over 50% (Bertheleme et al., 2013). The 

present study confirmed the presence of active A2AR by observing the changes in Trp fluorescence upon 

exposure to an antagonist. These changes indicated the induction of an inactive conformation in the 

receptor, leading to a shift in the equilibrium distribution toward the inactive state. Moreover, the 

findings indicated that the A2AR was able to transition from the active to the inactive conformation and 

vice versa in the SMALP.  

ZM241385 caused a red shift in the Trp fluorescence of the A2AR, indicating that ligand binding modified 

the local environment of the residues, transitioning to a more excited state. However, a red shift was 

not observed in the Trp control, suggesting that the state of the Trp residues did not change. Some 

ligands can interact with Trp residues through hydrogen bonds and other interactions, which can lead 

to changes in fluorescence properties. In this case, DDM might facilitate the interaction of ZM241385 
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with the free Trp control in the sample, inducing an increase in the fluorescence intensity. This 

interaction and modification of the fluorescence properties did not occur in the absence of DDM and 

presence of SMA. Alternatively, the presence of DDM in the sample preparation together with the 

antagonist might influence the photophysics of Trp fluorescence, potentially leading to changes in 

signal intensity (Vivian and Callis, 2001; Akbar et al., 2016; Sindrewicz et al., 2019).  

Oxidative treatments did not affect the agonist or antagonist titration profiles, suggesting that the A2AR 

was still able to undergo conformational changes upon ligand binding after oxidative treatment. This 

might indicate that protein lipoxidation caused by ACR adduct formation on the receptor, or lipid and 

protein oxidation caused by AAPH did not affect the secondary and tertiary structure of the protein, 

allowing it to be properly folded and active. Alternatively, the experimental conditions of the oxidative 

treatments might not have been sufficient to affect the A2AR. Nevertheless, acrolein concentrations 

comparable to those used in this study, ranging from 20 to 100 μM, were sufficient to cause Protein 

Kinase A (PKA) lipoxidation, resulting in a significant reduction in protein activity (Sousa et al., 2019b). 

Other studies have demonstrated Phosphatase and tensin homolog (PTEN) lipoxidation and inactivation 

with 10 μM acrolein, and thus lower treatment concentrations than those used in the present study 

(Covey et al., 2010). Identical AAPH concentrations were used in the present study for comparison, 

considering that previous cell-based studies have substantiated the lipid peroxidation induced by these 

AAPH concentrations (Duan et al., 2016; Parathodi Illam et al., 2019). Considering that no effects on 

A2AR conformation were observed in this study, protein lipoxidation and lipid oxidation should be 

confirmed using alternative techniques, such as mass spectrometry (Maciel et al., 2014; Sousa et al., 

2019).  

Studying protein conformational changes using Trp fluorescence has some limitations. Trp fluorescence 

can be highly influenced by pH, ionic strength, buffer composition, and the presence of molecules other 

than the protein of interest in the sample, as observed in the present study for the A2AR and Trp control 

in DDM buffer.  

Trp residues in the transmembrane core of the A2AR, such as Trp129, might be buried in the protein 

structure. This makes their fluorescence less informative regarding conformational changes around 

their location as they are less accessible. Indeed, Routledge et al. suggested that Trp246 and Trp268 

are the responsible residues for the increase in fluorescence emission upon ZM241385 binding 

(Routledge et al., 2020). Additionally, Trp fluorescence may not be suitable for distinguishing between 

the different conformational states of the A2AR, as it does not fully capture the complexity of its 

conformational changes (Royer, 2006; Moon and Fleming, 2011).  
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Trp fluorescence measurements are highly specific as the A2AR ligands are used. However, these can be 

biased by protein contaminants in the sample, such as mADH in the A2AR-DDM preparation, which 

contribute to the overall fluorescence and attenuate signal changes after ligand binding. 

Buffer characteristics, environmental perturbations, temperature, sample dilution, and bubbles, can 

lead to variations in fluorescence intensity, thereby influencing the assessment of conformational 

changes. Moreover, ligand binding can also influence the fluorescence properties of the protein under 

study, which may not directly correspond to protein conformational changes.  On the other hand, 

quenching effects can lead to underestimation of conformational changes. Finally, variations in sample 

preparation, handling, and storage, as well as instrument sensitivity, settings, and calibration, can 

introduce bias in the fluorescence records (Ghisaidoobe and Chung, 2014; Talukder et al., 2014). 

After determining that the conformational changes in the A2AR were not affected by oxidation under 

the experimental conditions, the effect of oxidation on the thermostability of the receptor was tested 

by CPM binding. A2AR-SMALP at 150 µg/mL was optimal for the assay, which was consistent with 

previous studies on the thermostability of the A2AR (Alexandrov et al., 2008).  

A2AR-SMALP and A2AR-DDM experienced unfolding with increasing temperatures, suggesting that the 

protein was in a folded state before undergoing the unfolding process. This aligns with the findings of 

the Trp fluorescence assays. 

Agonist and antagonist binding did not affect the unfolding profile of the A2AR-SMALP and A2AR-DDM, 

which had Tm values of 45oC and 60oC, respectively. Different studies have demonstrated a lower Tm 

of ~30oC for the A2AR-DDM than that detected in the present study (Haffke et al., 2016; Nehmé et al., 

2017; Tippett et al., 2020), suggesting lower protein stability. Lebon et al. showed that the Tm for the 

NECA-bound A2AR was 28.5oC, whereas the Tm for the ZM241385-bound receptor was 32oC  (Lebon et 

al., 2011). O’Malley et al. detected lower A2AR-DDM Tm values than those observed in the present 

study; however, these values were similar to those observed for A2AR-SMALP (O’Malley et al., 2010). In 

contrast, Haffke et al. showed that the ligand-bound A2AR had Tm values of 60oC, comparable to those 

observed in the present study (Haffke et al., 2016).  

In contrast to the results observed in the present study, Haffke et al. observed that ligand binding 

stabilized detergent-solubilized A2AR (Haffke et al., 2016). Comparably, O’Malley and colleagues 

observed that agonist and antagonist binding increased A2AR-DDM thermostability by ~5oC (O’Malley 

et al., 2010), and Jun et al. observed that ZM241385 binding increased the thermostability of A2AR-

nanodisc and A2AR-DDM (Jun Ma, 2017). Similarly, Alexandrov et al. observed that FAAH antagonist 

binding increased the thermal stability of the detergent-solubilized membrane protein (Alexandrov et 
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al., 2008). In addition to ligand binding, A2AR thermostability is increased by G-protein binding (Nehmé 

et al., 2017). Nevertheless, the stabilizing effect of ligand binding may be compound-dependent. Park 

et al. observed that only caffeine and SCH442416 shifted the A2AR-DDM stability to a higher Tm, 

whereas the other tested compounds did not affect its thermostability, comparable to the results 

obtained in this study (Park et al., 2020). Similarly, Jaakola et al. reported an increase in the 

thermostability of the A2AR in the presence of specific antagonists, while they did not observe any 

changes upon agonist binding  (Jaakola et al., 2008). Comparable to the results observed in the present 

study, ligand binding did not modify APJ receptor thermostability (Alexandrov et al., 2008).  

Therefore, the stabilizing effect of ligand binding to GPCRs is controversial. The absence of changes in 

Tm values upon ligand binding can be explained by the principle of entropy, which states that 

spontaneous transformations in isolated systems proceed in the direction of increasing entropy. 

Considering that ligand binding stabilizes the orthosteric pocket of the receptor, a decrease in entropy 

in the protein region occurs, which can be compensated by an increase in entropy in other regions of 

the protein, including the transmembrane and cytosolic regions. This may be reflected in the CMP 

assay, in which no significant changes were observed in the thermostability of the protein by ligand 

binding (Dagan et al., 2013; Bigman and Levy, 2020). 

In contrast to the results observed in the present study, several studies demonstrated a higher stability 

of SMALP-encapsulated proteins than DDM-solubilized proteins (Dörr et al., 2014; Gulati et al., 2014; 

Rehan et al., 2017; Pollock et al., 2018). Jamshad et al. indicated that the A2AR-SMALP had a marked 

increase in thermostability compared to A2AR-DDM (Jamshad et al., 2015). The results obtained for the 

A2AR-SMALP were comparable to those observed in the present study using CPM fluorescence, whereas 

A2AR-DDM showed a lower Tm. However, the authors observed that thermal denaturation of the A2AR-

SMALP was a two-state process, in contrast to the results observed in the present study.  

In the present study, A2AR-DDM followed a two-state unfolding process, with folded and denatured 

states, whereas A2AR-SMALP unfolding was gradual. Alexandrov and colleagues observed that the GPCR 

APJ, followed a two-state unfolding model, which is comparable to the results obtained for the A2AR-

DDM in the present study (Alexandrov et al., 2008). Similarly, O’Malley et al. observed a single transition 

between folded and unfolded states of the A2AR-DDM (O’Malley et al., 2010). This is a general 

observation for α-helical membrane proteins, in which the unfolding processes proceed with only 

limited changes in their secondary structure (Grinberg et al., 2001). Hence, the unfolded state is 

typically achieved by the loss of tertiary structures, which displays an almost complete preservation of 

the α-helices (Vogel and Siebert, 2002). In contrast, Duy and Fitter suggested the loss of α-helical 

structures of the A2AR during the thermal unfolding process (Duy and Fitter, 2006). On the other hand, 



 

142 
I. Company Marin, PhD Thesis, Aston University 2024 

 

Naranjo et al. observed a gradual transition of the A2AR-DDM from the folded to the unfolded state as 

the temperature increased, so the data did not fit a single-transition unfolding model (Naranjo et al., 

2016). This is consistent with the results observed for the A2AR-SMALP in the present study, but not for 

the A2AR-DDM. Similarly, Hesketh et al. demonstrated that TRPM2-SMA showed a more gradual 

increase in the fluorescence signal as the temperature increased, compared to TRPM2-DDM. 

Comparable to the results obtained in the present study, the first derivative of TRPM2-SMA showed a 

higher area under the curve than that of TRPM2-DDM (Hesketh, 2020).  

Hence, most published studies have observed that the A2AR and other membrane proteins follow a two-

state unfolding model. However, in some studies, a progressive unfolding process was observed. 

SMALPs encapsulating the A2AR exert lateral pressure on the receptor, potentially hindering the 

unfolding process of the protein. As a result, the receptor may undergo a gradual unfolding process, 

leading to progressive dissociation of the transmembrane helices, which protrude from the SMALP 

gradually, thereby exposing the Cys residues to CPM. Instead, A2AR-DDM is not subjected to such lateral 

pressure and unfolding hindrance, allowing a more natural unfolding process of the protein.  

This phenomenon presumably influenced the Tm obtained for the A2AR-SMALP, which was lower than 

that obtained for the A2AR-DDM. This can be explained by the progressive thermal unfolding process of 

the A2AR-SMALP, which modified the fluorescence curve shape. Nevertheless, these results indicated 

that the unfolding of the A2AR-SMALP started at lower temperatures than that of the A2AR-DDM. 

However, it is worth noting that the A2AR-DDM preparation contained a higher percentage of the main 

contaminant, mADH, which contains six Cys residues. As a result, the presence of mADH in the sample 

preparation may influence in the overall fluorescence observed, thus contributing to the shifts in Tm.  

Moreover, Tm was not affected by lipid oxidation or protein lipoxidation on the A2AR-SMALP or A2AR-

DDM, although an early A2AR thermal unfolding and lower Tm were expected after oxidation. This was 

comparable to the results obtained by Trp fluorescence, which might indicate that the oxidative 

treatments did not destabilize the A2AR-SMALP or A2AR-DDM. Alternatively, this might suggest that the 

experimental conditions may not be sufficient to alter protein stability and adduct formation, and lipid 

oxidation should be confirmed using alternative techniques. An earlier oxidised A2AR thermal unfolding 

was expected, as thiol groups of cysteine residues are susceptible to oxidation, resulting in the 

formation of disulphide bonds when oxidised. This can be intramolecular when they occur within the 

same protein, or intermolecular when they occur between different proteins. The formation of 

disulphide bonds can alter the conformation and stability of proteins, leading to changes in their folding 

and structure. Eventually, this can result in protein denaturation and aggregation, leading to the 

disruption of the native protein structure and function. However, this might affect CPM binding, which 
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might challenge the interpretation of results, as alterations in the fluorescence signal could have been 

due to lower CPM binding (O’Malley et al., 2010). Nevertheless, as various publications have suggested, 

intramolecular S-S bonds in the A2AR are important for protein stability, which are preserved under 

oxidative stress conditions (O’Malley et al., 2010). 

Moreover, the Tm values observed in different experiments on the A2AR-SMALP were inconsistent. 

Instead, they were consistent for the A2AR-DDM in both experiments. The encapsulation of the A2AR in 

SMALPs can influence the unfolding process of proteins, which may alter the fluorescence results. 

Moreover, these discrepancies might be explained by the stability of the sample preparation, storage 

period, and conditions, which might differ in every sample preparation prior to the CPM assay. This is 

because multiple sample preparations were required to perform the assay due to the low yield of 

purified protein obtained after SMA solubilization. Instead, DDM offers a higher protein solubilization 

efficiency, and multiple sample preparations can be performed simultaneously.  

Studying A2AR unfolding by CPM binding has some limitations. Non-accessible cysteines and those 

forming disulphide bonds might not be suitable for studying protein thermal unfolding using this 

technique. This might be the case for non-accessible cysteines in the A2AR-SMALP due to the presence 

of surrounding lipids, or the disulphide bond formation under oxidative conditions. Moreover, the 

temperature ramp rate may affect the unfolding profile, and the choice of curve-fitting model 

introduces bias in the determination of the unfolding parameters. 

The presence of mADH in the A2AR-DDM sample might have influenced the unfolding results, as mADH 

has Cys residues to which CPM binds. This can have a different thermal unfolding profile than that of 

A2AR, which might bias the results obtained.  

A2AR-SMALP and A2AR-DDM had different fluorescence profiles, indicating that the solubilization 

method influenced the receptor thermal unfolding. In addition to protein solubilization, salt 

concentration, glycerol, detergent, buffer composition, sample storage, and handling can interfere with 

the stability of GPCRs (Alexandrov et al., 2008; Nehmé et al., 2017). Nevertheless, it has been suggested 

that different solubilization conditions do not significantly affect the thermal unfolding of the A2AR 

(Naranjo et al., 2016).  

Alternative methods for measuring protein thermal unfolding include circular dichroism (CD) (Jamshad 

et al., 2015), nanodifferential scanning fluorimetry (nanoDSF) (Haffke et al., 2016), Fluorescence 

Resonance Energy Transfer (FRET) (Jin et al., 2021), and intrinsic protein fluorescence (Naranjo et al., 

2016). These techniques provide information on protein secondary structures and can detect 

conformational changes, aggregation, and protein unfolding.  
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Once it was observed that the oxidative treatments did not affect A2AR conformational changes and 

unfolding, the binding capability of the A2AR under oxidation was confirmed by radioligand binding 

assays. Competition assays on the membrane-bound A2AR showed inconsistent results. A sigmoidal 

radioligand displacement curve with the expected IC50 value was obtained for acrolein-treated 

membranes. However, such displacement curves were not observed for the unoxidised or AAPH-

treated A2AR-membranes. On the other hand, saturation curves were obtained for the untreated or 

oxidised A2AR-membranes with Kd values in the range of 25-30 nM, and no significant differences were 

observed in the specific radioligand binding between samples. This indicated that the oxidative 

treatments did not affect the ligand-binding capability of the A2AR. 

The pharmacology of the A2AR using ZM241385 by radioligand binding assays has been extensively 

characterized in the literature. Fraser et al. conducted radioligand displacement assays on the A2AR-

membrane and observed a Log ZM241385 IC50 of -8.5, which is comparable to the results obtained for 

ACR-treated membranes in the present study (Fraser, 2006). This suggested that the membrane-bound 

receptor had a native-like structure under oxidative conditions, which aligned well with the results 

obtained from the Trp fluorescence and thermal unfolding experiments. In contrast, the authors 

observed a lower Kd (0.34 nM) for the A2AR-DDM (Fraser, 2006) in the saturation assays, suggesting 

higher receptor affinity for ligand binding compared to that of the A2AR-membranes in the present 

study.  

Similarly, lower ZM241385 Kd values than those observed in the present study have been obtained in 

previous publications, including 12 nM (Magnani et al., 2008), 9 nM (Singh et al., 2012), and 0.5 nM 

(García-Nafría et al., 2018). Moreover, displacement radioligand binding assays have been validated for 

the detergent-solubilized (McNeely et al., 2017; García-Nafría et al., 2018a) and membrane-bound A2AR 

(Singh et al., 2012) with ZM241385 Log IC50 values comparable to those observed for ACR-treated 

membranes in this study.  

In this study, the saturation of the receptor was not reached. This could be explained by the expiry of 

the radioligand or defects in protein folding and conformation, which might have affected the ligand 

binding to the orthosteric pocket. Nevertheless, this was less probable considering the results obtained 

from the displacement radioligand binding experiments, which indicated that it was possible to observe 

a sigmoidal displacement curve with the expected ZM241385 IC50 value following oxidation. 

Additionally, Trp fluorescence and unfolding assays suggested that the protein was folded and able to 

respond to ligand binding. Consequently, unexpected results from the radioligand binding assays may 

be attributed to inaccuracies during the experiment performance and sample preparation. 
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Studying the ligand binding capability of the membrane-bound A2AR using radioligand binding assays 

has some limitations. Nonspecific binding of radioligands to sample and tube components other than 

the target receptor may occur, leading to inaccurate measurements. Hence, nonspecific binding must 

be considered when interpreting the results. As an in vitro assay conducted on a membrane-bound 

receptor from P. pastoris membranes, this might not fully capture the complexity of ligand-receptor 

interactions in cells or living organisms. Radioligands have a limited shelf life owing to the decay of 

radioactive isotopes, which can affect the results over time (Bylund and Toews, 1993; De Jong et al., 

2005; McKinney and Raddatz, 2006). Buffer composition, temperature, and incubation time can lead 

to variations in radioligand binding characteristics and kinetics. Indeed, different buffer compositions 

can alter electrostatic interactions between the receptor and ligand. HEPES buffer has been previously 

used for radioligand binding assays on the A2AR, whereas Tris-HCl buffer was used in the present study 

(Fraser, 2006). In addition, fitting curves and algorithms can introduce bias in the determination of the 

binding parameters. 

Alternative techniques for studying receptor-ligand binding exist, including Fluorescence-Based Binding 

Assays such as FRET, Chemiluminescence-Based Assays, AlphaScreen/AlphaLISA Assays, Enzyme-Linked 

Immunosorbent Assay (ELISA), and Mass Spectrometry-Based Assays (Massink et al., 2015; Grime et al., 

2020).  

The study of the effect of oxidative treatments on conformational changes, thermostability, and ligand 

binding in the A2AR was developed for the first time. This was a pioneering study on the characterization 

of other membrane proteins and GPCRs for disease treatment through drug development.  

Furthermore, the resistance of A2AR to oxidative treatments holds potential significance in drug 

discovery and development to address inflammatory diseases in which lipid oxidation and oxidative 

stress occur. These methodologies can be alternatively applied to the study and characterization of 

other GPCRs subjected to different treatments or ligand binding. 

Various areas for future research can be proposed, based on the gaps identified in this study.  

Considering that it was possible to detect conformational changes in A2AR-SMALP, a methodology to 

study the conformational changes of DDM-solubilized A2AR by modifying the buffer conditions is 

needed. Importantly, to properly understand the effect of lipid or protein oxidation on the A2AR activity, 

lipid oxidation and protein lipoxidation after acrolein and AAPH treatment should be confirmed using 

alternative methodologies, such as LC-MS/MS. 

In conclusion, Trp fluorescence, thermal unfolding, and radioligand binding assays confirmed that the 

A2AR was properly folded, capable of binding the antagonist and agonist, and able to respond to ligand 

binding through conformational changes. Moreover, these assays showed that protein conformation, 
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thermostability, and ligand binding were not affected by oxidation under the experimental conditions. 

Nevertheless, lipid oxidation and protein lipoxidation should be confirmed using alternative techniques, 

such as mass spectrometry. These results offer insights into A2AR conformational changes, thermal 

unfolding profiles, and ligand binding in its native lipid environment under physiological and oxidative 

conditions, which are relevant for protein characterization, novel drug discovery, and drug 

development for treating diseases involving inflammation and oxidative stress. 
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5. CHAPTER 5 – A2AR EXPRESSION IN MAMMALIAN HEK293T CELLS AND THE EFFECT OF 

LIPID OXIDATION ON ITS FUNCTION 

5.1 INTRODUCTION 

5.1.1 The study of the function of the A2AR in its cellular context 

After observing that oxidation did not impact the conformation, stability, and ligand binding of the 

isolated A2AR under the experimental conditions, the goal was to explore the influence of lipid oxidation 

and protein lipoxidation on the functionality of the A2AR in a cellular context. The A2AR is a prototypical 

GPCR that plays a crucial role in modulating multiple physiological processes through the activation of 

the Gs protein and adenylate cyclase to produce the second messenger cAMP (de Lera Ruiz et al., 2014). 

Studying the activity of the A2AR in the context of oxidative stress in the cellular environment could offer 

relevant perspectives on its function and potential implications in pathological conditions characterized 

by inflammation and oxidative stress. 

Mammalian cells provide a natural environment for protein expression, allowing proper protein 

production and folding machinery. At the same time, they provide post-translational modifications, 

which are particularly important for proteins that require them to function. Moreover, mammalian cell 

cultures can be scaled up to produce large quantities of protein for biopharmaceutical applications. 

Choosing an appropriate cell line for the expression of a specific mammalian protein is crucial because 

of their unique characteristics. However, these systems are complex and expensive compared to 

bacteria or yeasts, and heterogeneity in post-translational modifications may occur. Culturing 

mammalian cells requires controlled and sterile conditions, specialized media, and serum supplements. 

Moreover, they typically produce lower protein yields than microbial systems, and grow more slowly, 

especially in the case of adherent cells. This leads to longer experiments and higher cost. Additionally, 

they are susceptible to microbial contamination, which requires precautionary measures while 

performing experiments (Khan, 2013; Hunter et al., 2019).  

 

5.1.2 Adenosine and A2AR in inflammation and oxidative stress in the cellular context  

Adenosine is an endogenous modulator that helps to maintain cellular and tissue homeostasis under 

pathological and stress conditions involving inflammation, including rheumatic diseases, neurological 

disorders, and cancer (Antonioli et al., 2019). Under physiological conditions, extracellular adenosine is 

maintained at low levels owing to its rapid metabolism and uptake. Nevertheless, adenosine levels in 

the extracellular compartment increase considerably during oxidative stress, inflammation, tissue 

injury, hypoxia, or high metabolic demand (Pasquini et al., 2021). Hence, adenosine is considered a 
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protective mediator against stress and tissue damage, as it plays a key role in regulating inflammation 

and immune responses (Borea et al., 2017). 

The increase in extracellular adenosine during oxidative stress and inflammation results from the 

release of Adenosine triphosphate (ATP) and other adenine nucleotides from the affected cells. 

Moreover, cellular metabolic changes during inflammation favour the release of adenosine into the 

extracellular compartments. Thus, the release of adenosine is used as a mechanism to downregulate 

inflammation and immune responses through the activation of adenosine receptors, such as the A2AR 

(Ohta and Sitkovsky, 2014) .  

In addition to activating GPCRs, extracellular adenosine can also be taken up by adenosine transporters 

in the plasma membrane and rapidly converted to Adenosine monophosphate (AMP) by adenosine 

kinase, contributing to the inhibition of inflammation (Howie et al., 2014). Alternatively, adenosine can 

be deaminated to form inosine, or phosphorylated to form ATP (Pasquini et al., 2021). 

Thus the A2AR has a strong anti-inflammatory function and participates in immune response control 

(Leone and Emens, 2018), preventing excessive inflammation. Furthermore, local adenosine levels can 

be high enough to activate both the A2AR and A2BR, and it has been observed that A2BR stimulation 

inhibits inflammation and is immunosuppressive (Koeppen et al., 2011).  

The relationship between A2AR activation or inactivation and oxidative stress in the treatment of 

inflammatory diseases has been extensively studied. El-Shamarka et al. suggested a close relationship 

between oxidative stress and the A2AR in the context of Parkinson’s disease (PD), in which oxidative 

stress-induced neurodegeneration occurs. Moreover, the accumulation of oxidatively damaged 

cytoplasmic organelles induces endoplasmic reticulum stress and dopaminergic cell death in PD. The 

authors reported that A2AR plays a key role in PD neuropathogenesis. They observed that the blockade 

of A2AR has anti-parkinsonian properties (El-Shamarka et al., 2020). Li et al. observed that A2AR inhibition 

with caffeine helped eliminate ROS and protected skin cells against oxidative stress-induced 

senescence, by activating cell autophagy. Hence, A2AR inhibition protected the cells against oxidative 

stress-induced damage (Li et al., 2018). Similarly, Wang et al. suggested that the A2AR is involved in the 

regulation of oxidative stress in various cell types, and stated that inhibition of the A2AR with caffeine 

helps protect cells against oxidative stress (Wang et al., 2022). Ribe et al. stated that the A2AR plays a 

functional role in regulating cardiac ROS production through Mitogen-activated protein kinase (MAPK) 

signalling and NADPH oxidase regulation. The authors observed that receptor blockade decreased ROS 

production in the heart. Similarly, it has been observed that A2AR blockade is a promising therapeutic 

strategy to enhance immune-mediated control in cancer, as it enhances T cell-mediated tumour 

regression, improves effector function, and increases anti-tumour responses (Leone and Emens, 2018). 
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In contrast, Castro et al. reported that A2AR stimulation enhanced mitochondrial metabolism and 

mitigated oxidative stress by reducing ROS-mediated injury while it improved mitochondrial function. 

Consequently, a lack of A2AR signalling would lead to an increase in the ROS burden and mitochondrial 

dysfunction. Mitochondrial dysfunction and oxidative stress are associated with multiple diseases, such 

as osteoarthritis (Castro et al., 2020). Morello et al. investigated the role of the A2AR in regulating 

inflammation and the immune response, and observed that receptor activation led to a downregulation 

of inflammatory networks and tissue injury, while it reduced ROS production in neutrophils (Morello et 

al., 2009). In addition, Milne et al. suggested that A2AR activation protected tissues against inflammatory 

damage caused by ischemia-reperfusion injury (IRI), including the liver, kidney, lung, and heart. This 

suggests a potential role of the A2AR in mitigating oxidative stress (Milne and Palmer, 2011). 

Ikram et al. studied the role of the A2AR in the pathology of Alzheimer’s disease (AD) and Parkinson’s 

disease (PD), and stated that oxidative stress can upregulate the expression of the A2AR. This can trigger 

dopaminergic neurodegeneration and neuroinflammation, contributing to the progression of 

neurodegenerative diseases (Ikram et al., 2020). Nevertheless, the mechanism by which oxidative stress 

upregulates A2AR production needs to be elucidated. 

 

5.1.3 A2AR internalization beyond its signalling dynamics in the cellular context 

GPCR desensitization refers to the process by which these receptors become less responsive to 

agonists, while they undergo internalization within the cell. This is a relatively rapid and extensive 

process that typically occurs within minutes to an hour (Calebiro et al., 2010). GPCR activation not only 

results in G-protein binding but also interact with other intracellular proteins such as β-arrestins (βarrs). 

These mediate agonist-induced receptor internalization through the clathrin-dependent endocytosis 

machinery. Nonetheless, the GPCR internalization process is complex and involves various mechanisms 

(Kang et al., 2014; Peterson and Luttrell, 2017; Ranjan et al., 2017). Indeed, receptor internalization is 

mediated by GPCR kinases (GRKs), which interact with the receptors and phosphorylate them at the 

serine, threonine, and tyrosine residues. The phosphorylated protein interacts with β-arrestins, along 

with the protein kinases PKA and PKC, which promote receptor desensitization and internalization. 

Once internalised, GPCRs can be recycled back to the plasma membrane or targeted for degradation  

(Calebiro et al., 2010).  

The C-terminal tail of the A2AR plays a critical role in its regulation; it contains specific amino acids that 

are potential phosphorylation sites and are important for β-arrestin interactions. In addition to 

phosphorylation, GPCRs undergo various post-translational modifications that play critical roles in 

regulating their function and internalization. These include ubiquitination, glycosylation, and 
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palmitoylation (Patwardhan et al., 2021). Understanding the role and regulation of GPCR internalization 

is crucial for unravelling the complexities of these proteins and developing targeted therapies for 

diseases associated with receptor dysfunction. Ubiquitination of lysine residues is required to control 

receptor signalling, trafficking, and degradation. Glycosylation, apart from being important for receptor 

formation and regulatory processes, including folding, transport, ligand binding, and dimerization, is 

also important for receptor internalization. Palmitoylation occurs by the addition of palmitic acid to 

cysteine residues, and is essential for protein conformation, stability, plasma membrane localization, 

signalling, and trafficking (Patwardhan et al., 2021; Tang et al., 2022).  

Whole-cell enzyme-linked immunosorbent assay (ELISA) is a highly sensitive technique that provides a 

semiquantitative measure of GPCR cell surface expression levels, allowing precise comparisons 

between different experimental conditions in intact cells. It uses specific antibodies against the 

receptor of interest, ensuring high specificity. Hence, it permits preservation of the cellular 

environment and receptor interactions with extracellular ligands and intracellular interactors. It is a 

versatile methodology that can be adapted for high-throughput screening of multiple cell types, 

including adherent and suspension cells, in a microplate format (Wang et al., 2007; Pandey et al., 2019). 

 

5.1.4 Characterizing A2AR function by measuring cAMP levels in the cellular context 

Characterization of the activation of downstream signalling pathways and receptor internalization 

provides insights into the function of the A2AR in the context of oxidative stress. Analysing the function 

of the A2AR by measuring cAMP levels in a cellular context provides specific advantages compared to 

measuring other signalling molecules. cAMP is a direct downstream secondary messenger of the A2AR, 

which provides a direct assessment of receptor activity. Alternative downstream signalling molecules 

can be influenced by other signalling pathways that are modified under the experimental conditions. 

Hence, measuring cAMP levels reduces potential bias in the results due to interference from unrelated 

pathways (Wang and Zhou, 2019). Nevertheless, its production is dependent on Gs-protein activation 

and adenylate cyclase activity in the A2AR signalling pathway. In contrast to the study of other adenosine 

receptors that bind Gi proteins and inhibit cAMP production, this methodology is easily applicable to 

the study of the A2AR; it couples the Gs protein and activates cAMP production (Prosser et al., 2017). 

Multiple validated and well-established techniques exist for measuring cAMP levels, including 

radioligand binding assays (Brown et al., 2009), ELISA (Luo et al., 2022), and assay kits, such as the 

AlphaScreen kit (Gao et al., 2023). These have been widely used in GPCR research, and offer sensitive 

and quantitative measurements, enabling the accurate assessment of intracellular cAMP levels in 

response to GPCR activation. Additionally, measuring cAMP levels has translational relevance, as its 
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signalling pathway is broadly conserved across multiple cell types and organisms, and its downstream 

signalling pathways have been extensively characterised (Pavlos and Friedman, 2017). Finally, it is a 

well-established pharmacological assay, as it allows direct evaluation of ligand and pharmacological 

compound binding targeting the A2AR. 

Measurement of intracellular cAMP levels for studying GPCR function has been commonly performed 

using the AlphaScreen cAMP Assay Kit. This has high sensitivity and allows the detection of low levels 

of cAMP, at the same time it does not imply radioactivity, unlike traditional assays. This offers a 

simplified workflow that reduces experimental variability and is suitable for high-throughput screening. 

This assay kit offers a wide dynamic range for measuring cAMP levels at various concentrations, which 

provides flexibility for studying different experimental conditions, and has been reported to yield robust 

and reproducible results if proper assay optimization and controls are carried out (Thakur et al., 2023).  

The AlphaScreen cAMP detection kit allows the quantitative detection of cAMP molecules based on the 

interaction and light emission between the Streptavidin-coated Donor and anti-cAMP-conjugated 

Acceptor beads. Streptavidin-coated Donor beads bind to biotinylated cAMP tracer, resulting in 

interaction with the anti-cAMP antibody conjugated to AlphaScreen Acceptor beads. This causes the 

beads to come into close proximity in the absence of endogenous cAMP. The excitation of the Donor 

beads at 680 nm triggers the release of singlet oxygen molecules, which diffuse towards the Acceptor 

beads, causing light emission at 520-620 nm. Competition by endogenous cAMP for interaction with 

the anti-cAMP antibody on the Acceptor beads results in a decreased signal owing to the separation of 

the Donor and Acceptor beads. Hence, the higher the endogenous cAMP production by the cells, the 

lower the AlphaScreen signal.  

 

5.2 AIMS AND OBJECTIVES 

The work reported in this chapter aimed to study the effect of lipid oxidation on the function of the 

A2AR in a mammalian expression system. Therefore, the first objective was to design a construct for the 

expression of the A2AR in mammalian cells and subclone it into the pcDNA3 expression vector. The 

second objective was to transfect mammalian HEK293T cells and optimize the transfection process to 

investigate the expression of A2AR in the cells. The third objective was to explore the impact of acrolein- 

and AAPH-induced oxidation on cell viability, with the aim of determining the optimal concentrations 

for inducing oxidation without compromising cell viability. The fourth objective was to study the effect 

of acrolein- and AAPH-induced oxidation on the activity of the A2AR by measuring cAMP production. 

The final objective was to study the effect of these oxidative treatments on A2AR cell surface expression, 

further expanding the understanding of receptor behaviour under oxidative stress conditions. 
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5.3 METHODS 

5.3.1 Design of the hA2AR sequence cloned in a pcDNA3 vector 

All the available sequences of the hA2AR in the membrane protein database “Membrane proteins of 

Known 3D structure” (mpstruc, Stephen White laboratory at UC Irvine and the Bridge Institute at USC) 

that had been employed to study the crystal structure of the A2AR were utilized (Supplementary Table 

8.8). The FASTA sequences of all relevant structures were obtained from the Protein Data Bank (PDB, 

177910 Biological Macromolecular Structures). The endogenous sequence of the human A2A Receptor 

published in UniprotKB - P29274 (AA2AR_HUMAN) (2002 – 2021 UniProt Consortium) was obtained as 

a FASTA file and included in the comparison. FASTA sequences were clustered using the multiple 

sequence alignment tool “Clustal Omega” from EMBL-EBI (EMBL-EBI, Genome Campus, Hinxton, 

Cambridgeshire, CB10 1SD, UK) (Supplementary Figure 8.32) to obtain the amino acid sequence. The 

reverse translation server “Sequence Manipulation Suite: Reverse translate” (2000, 2004 Paul Stothard) 

was used to obtain the nucleotide sequence. FLAG tag (DYKDDDDAMGQPVGAPPI), deca-histidine tag 

(HHHHHHHHHH) (Supplementary Table 8.9), Kozak consensus sequence (GCCACC), unstructured 

flexible linker (GGSGSG) (Supplementary Table 8.10) and EcoRI and NotI restriction sites were added to 

the sequence. The designed sequence was purchased from Eurofins Scientific cloned into a pEX-K248 

standard vector.  

 

5.3.2 DH5α E. coli cell transformation 

DH5α E. coli competent cells were transformed with the pcDNA3 empty vector and the pEX-K248-hA2AR 

plasmid. Aliquots of DH5α competent cells (50 µL) were thawed on ice for 30 min, and 100 ng of vector 

and plasmid were gently added to the cells. In each case, a positive control using 2.5 µL of the pUC 

plasmid and a negative control for the transformation were included in the experiment. All the tubes 

were mixed by flicking and incubated on ice for 30 min. The cells were subjected to heat shock at 42oC 

for 60 s, and the tubes were incubated on ice for 5 min. The cells were suspended in pre-heated S. O. 

C medium and incubated for 45 min at 37oC and 220 rpm. Finally, the cells were spread on LB agar 

plates containing the appropriate antibiotic (100 µg/mL ampicillin for cells transformed with the 

pcDNA3 vector and 50 µg/mL kanamycin for cells transformed with the pEX-K248-hA2AR plasmid) and 

incubated at 37oC overnight.  
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5.3.3 Growing transformed DH5α E. coli cells in LB medium 

Single colonies of transformed DH5α E. coli were used to inoculate 5 mL of Luria Broth (LB) medium 

containing the appropriate antibiotic. The inoculated cultures were incubated overnight at 37oC and 

180 rpm until they reached an OD600 of approximately 2.0. Alternatively, 5 mL of LB medium containing 

the appropriate antibiotic was inoculated with colonies from the transformation experiments and 

incubated overnight at 25oC and 180 rpm to generate glycerol stocks. For this, the cultures were diluted 

by ½ with sterile 50% glycerol and stored at -80oC.  

 

5.3.4 Plasmid extraction through Miniprep 

The pcDNA3 empty vector and pEX-K248-hA2AR plasmid were extracted from DH5α E. coli cells using 

the PureYieldTM Plasmid Miniprep System following the alternative protocol for larger culture volumes. 

Briefly, 1.5 mL of the bacterial culture was centrifuged for 30 s at maximum speed, and an additional 

1.5 mL of bacterial culture was added to the cell pellet. The centrifugation step was repeated, and the 

cell pellets were resuspended in 600 µL of water and mixed by inverting the tubes with 100 µL of Cell 

Lysis buffer. Cold neutralization solution (350 µL) was added to the tubes and mixed thoroughly by 

inversion. The tubes were centrifuged at 10000 g for 3 min and the supernatant was transferred to the 

columns without disturbing the cell pellet. The columns were then placed in collection tubes and 

centrifuged for 15 s. The flow-through was discarded, and 200 µL of Endotoxin Removal Wash solution 

were added to the columns and centrifuged at 10000 g for 15 s. Column wash solution (400 µL) was 

added to the column and centrifuged at 10000 g for 30 s. The columns were transferred to clean 

microcentrifuge tubes and 30 µL of Elution buffer were added directly to the column matrix and 

incubated at room temperature for 1 min. Finally, the columns were centrifuged at 10000 g or 15 s, 

and the flow-through containing the DNA of interest was stored at -20oC. The quality and plasmid 

concentrations were verified using a NanoDrop™ 2000/2000c Spectrophotometer (ND-2000, Thermo 

Scientific™) by measuring the absorbance at 230, 260, and 280 nm. 

 

5.3.5 Plasmid and vector digestions 

The extracted pcDNA3 vector and pEX-K248-hA2AR plasmid were digested with EcoRI and NotI 

restriction enzymes. The digestion reactions were prepared for 1 µg of plasmid with 12 units of EcoRI 

and 10 units of NotI, using H and D buffers, respectively, to a final volume of 20 µL. The digestion 

mixtures were incubated for 30 min at 37oC, and the enzymes were heat-inactivated at 65oC for 20 min. 

Vector and plasmid double digestion was performed under the same conditions with both enzymes 

using Multicore® Buffer.  
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5.3.6 Agarose gel electrophoresis 

DNA samples were analysed by electrophoresis on 0.9% agarose gels. All samples and the 1 KB DNA 

Ladder were prepared with 10X BlueJuice™ Gel Loading Buffer, and each well was loaded with 100 ng 

of sample. Electrophoresis was performed for 70-90 minutes at 75 V, and the gels were stained with 

SYBR™ Safe DNA Gel Stain for 30 min at 50 rpm. Finally, images were obtained using the G Box Gene 

System.  

 

5.3.7 Subcloning the hA2AR into the pcDNA3 vector 

The pcDNA3 empty vector and pEX-K248-hA2AR plasmid were double-digested with EcoRI and NotI, and 

200 ng of the digested products were loaded on a 0.9% agarose gel and subjected to electrophoresis. 

The agarose gel was visualized using a transilluminator, and bands corresponding to the double-

digested pcDNA3 and the hA2AR insert were excised to trim excess agarose.  

DNA was extracted from the gel using the MonoarchR DNA Gel Extraction kit (#T10205, New England 

Biolabs), following the manufacturer’s instructions. Briefly, excised DNA bands were transferred to 

microfuge tubes and weighed. Gel dissolving buffer was added to the gel slices at four volumes (in µL) 

per milligram of agarose gel, and the samples were incubated at 50oC by inverting the tubes periodically 

until the gel slices were completely dissolved. The samples were added to the columns placed in 

collection tubes and centrifuged for 1 min at 10000 g. The flow-through was discarded, and 200 µL of 

DNA Wash buffer was added to the column and centrifuged for 1 min. The columns were transferred 

to clean microfuge tubes and 10 µL of DNA Elution buffer was added directly to the centre of the matrix. 

The columns were incubated for 1 min at room temperature and centrifuged for 1 min at 10000 g to 

elute the DNA. DNA quality and concentration were assessed using a NanoDrop™ 2000/2000c 

spectrophotometer (ND-2000, Thermo Scientific™).  

The double-digested pcDNA3 and the hA2AR insert were ligated using T4 DNA ligase (Promega) following 

the manufacturer’s recommendations. The ligation reaction was prepared for 100 ng of vector at a 3:1 

ratio of insert:vector for a final volume of 20 µL. The ligation reaction was incubated overnight at 4oC 

and DH5α E. coli competent cells were transformed with the ligation product. LB agar plates containing 

ampicillin at 100 µg/mL were spread with the transformation product and incubated overnight at 37oC. 

The resulting colonies were used to inoculate 5 mL of LB medium containing ampicillin, and cell cultures 

were incubated overnight at 37oC and 180 rpm. The plasmids were extracted by Miniprep, double 

digested with EcoRI and NotI, and the digestion products were analysed by agarose gel electrophoresis. 

Finally, the clones obtained were sent to Eurofins Scientific for sequencing.  
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5.3.8 Mammalian cell culture 

Human Embryonic Kidney 293T (HEK293T) cells were cultured in high-glucose Dulbecco’s Modified 

Eagle’s Medium (DMEM) containing 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, 

1500 mg/L sodium bicarbonate, and phenol red. The medium was supplemented with 10% fetal bovine 

serum (FBS), penicillin (100 U/ml), and streptomycin (100 µg/ml). Cells were grown in T-25 or T-75 cm2 

flasks in a humidified incubator at 37oC and 5% CO2 until they reached 70-80% confluency. For 

subculturing, the cells were washed twice with sterile PBS 1X (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 

mM NaCl, 2.7 mM KCl) before addition of 2 mL of 1X trypsin-EDTA (0.25 % w/v) solution prepared from 

a 10X solution (5 g porcine trypsin and 2 g EDTA 4Na per litre of 0.9% sodium chloride). The cells were 

incubated with 1X trypsin-EDTA for 5 min in a humidified incubator at 37oC and 5% CO2, and diluted 

1/10 with DMEM complete medium.  

 

5.3.9 Mammalian Cell Counting and cell viability 

Cell suspensions were diluted 1:1 with filter-sterilised Trypan Blue stain (0.4%), and 10 µL of the mixture 

was loaded onto a chamber of a Neubauer haemocytometer. The number of living and dead cells in 

each section was recorded and the average was multiplied by the dilution factor to obtain the final 

number of X10⁴ cells/mL. Cell viability was calculated as the number of viable cells divided by the total 

number of cells and expressed as a percentage.   

 

5.3.10 Mammalian cell transfection with the pcDNA3-hA2AR  

For the analysis of mammalian cell transfection by Western Blotting, 9x105 HEK293T cells per well were 

seeded onto 6-well plates in 1 mL of high-glucose DMEM. The cells were incubated for 24 h at 37oC and 

5% CO2 until they reached 80-90% confluency. Alternatively, for the analysis of cell transfection by 

Whole Cell ELISA, 2.5x105 cells per well were seeded onto 24-well plates in 500 µL of DMEM.  

The cells were transfected with the cationic polymer polyethylenimine (PEI) or Lipofectamine 2000 

(Invitrogen). For cell transfection with PEI in 6-well plates, 100 µL of Gibco™ Opti-MEM™ medium was 

mixed with 2 µg of plasmid, and 4, 8, or 12 µL of PEI (1mg/ml, pH 7.5 in 1X PBS) was added to the mix. 

The mixture was vortexed for 15 s, incubated at room temperature for 10 min, and 600 µL of DMEM 

was added. The cell medium was aspirated, the cells were washed once with 1X (Phosphate buffered 

saline) PBS, and the transfection mix was added to each well to reach a final volume of 1 mL of complete 

medium per well. Alternatively, for cell transfection in a 24-well plate, 25 µL of Gibco™ Opti-MEM™ 

medium was mixed with 0.5 µg of plasmid, and 2 µL of PEI was added. After the incubation time, 150 
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µL of complete DMEM was added to the mix, and the cells were incubated with the transfection mix in 

a final volume of 500 µL per well. For cell transfection with Lipofectamine in 6-well plates, 150 µL of 

Gibco™ Opti-MEM™ medium was mixed with 3 µg of plasmid in a microcentrifuge tube, and 6, 9, 10, 

or 12 µL was added to 150 µL of Gibco™ Opti-MEM™ medium in a different microcentrifuge tube. DNA 

and Lipofectamine preparations were combined and incubated for 20 min at room temperature.  The 

medium in each well was aspirated, and 250 µL of the transfection mix was added. The wells were 

topped up to 1 mL with complete DMEM medium, and the plates were incubated for 48 h at 37oC and 

5% CO2. The cell medium was changed after 24 h of incubation. 

For transfection analysis by Western blotting, the cells were washed twice with ice-cold 1X PBS (137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and lysed with 250 µL RIPA buffer (150 mM 

NaCl, 1% Triton X-100 w/v, 0.5% sodium deoxycholate w/v, 0.1% SDS w/v, 50 mM Tris, pH 8 containing 

1X cOmplete™, EDTA-free Protease Inhibitor Cocktail (Roche) per well. Cells were detached by pipetting 

up and down, and the cell suspensions were transferred to microcentrifuge tubes and incubated for 45 

min and 4oC on an end-over-end rotor. Cell lysates were centrifuged at 3000 x g and 4oC for 10 min, 

and the protein-containing supernatant was collected and stored at -20oC until further analysis.   

For transfection analysis by whole cell ELISA, the cell medium was aspirated, and the cells were washed 

three times with 1X PBS. Paraformaldehyde at 3.7% (250 µL) was added to each well and the plates 

were incubated for 15 min at 4oC and 30 rpm. Paraformaldehyde was discarded, and the cells were 

washed three times with 1X PBS. The cells were blocked for 45 min at room temperature and 30 rpm 

with 250 µL of 1X PBS containing 2% BSA (w/v) and 0.05% Tween20 (v/v). The blocking solution was 

removed, and 125 µL of the primary antibody (monoclonal anti-polyhistidine produced in mouse, 

H1029 Sigma-Aldrich) diluted 1:2000 in 1X PBS and 2% BSA (w/v) was added to each well. The plates 

were incubated for 1 h at room temperature and 30 rpm, and the primary antibody solution was 

discarded. The cells were washed three times with 1X PBS and 0.05% Tween20 (v/v) and re-blocked 

with blocking solution for 15 min at room temperature.  The blocking solution was removed, and 125 

µL of the secondary antibody (anti-mouse HRP-conjugated) diluted 1:2000 in 1X PBS and 2% BSA (w/v) 

was added to each well. The plates were incubated for 1 h at room temperature and 30 rpm. The cells 

were washed three times with 1X PBS and 0.05% Tween20 (v/v), and 300 µL of Tetramethylbenzidine 

(TMB) substrate solution (Thermo Scientific™) was added to each well. The plates were incubated for 

30 min at room temperature and 30 rpm, and 100 µL of the reaction solution was mixed with an equal 

volume of 3M HCl in a 96-well plate. Finally, the absorbance was measured at 492 nm at room 

temperature using a Multiskan™ GO Microplate reader.  
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5.3.11 A2AR mini-prep purification by IMAC 

For A2AR mini-prep purification, HEK293T cell were lysed with RIPA buffer (150 mM NaCl, 1% Triton X-

100 w/v, 0.5% sodium deoxycholate w/v, 0.1% SDS w/v, 50 mM Tris, pH 8 containing protease inhibitor 

cocktail). A2AR was purified by mini-prep purification using 1 mL Pierce™ Spin Columns following the 

manufacturer’s instructions. Briefly, 100 µL of His-pur Ni-NTA resin bed was equilibrated with 10 CV of 

equilibration buffer (50 mM sodium phosphate, 0.3 M sodium chloride, pH 8) without imidazole, and 

the flow-through was discarded by centrifugation at 5000 x g for 30 s. The resin was recirculated with 

the cell lysates for 2 h at 4oC and the flow-through was discarded by centrifugation. The resin was 

washed with 20 CV of equilibration buffer and the wash fractions were discarded by centrifugation. The 

A2AR was eluted from the resin with 1 CV at a time of elution buffer (50 mM sodium phosphate, 0.3 M 

sodium chloride, 250 mM imidazole, pH 8). All centrifugation steps were performed at 4oC.  

 

5.3.12 Cell viability assays - MTT assay 

MTT assay was first described by Mosmann et al. (1983). For the standard curve, HEK293T cell dilutions 

were prepared from the original culture to seed 1x105, 8x10⁴, 7x10⁴, 6x10⁴, 5x10⁴, 4x10⁴, 3x10⁴, 2x10⁴ 

and 1x10⁴ of cells/well in a 96-well plate. For this, 10X cell dilutions with complete DMEM were 

prepared, and 100 µL was loaded onto the plates in quadruplicate. For the cell treatments, 3x10⁴, 4x10⁴, 

and 5x10⁴ of cells/well were seeded to be treated with acrolein or 2,2′-Azobis(2-

methylpropionamidine) dihydrochloride (AAPH), and the plates were incubated for 24 h at 37oC and 

5% CO2. The cells were treated with final concentrations of 5, 10, 20, 50, 100, 200, and 400 µM acrolein 

or 0.25, 0.5, 1, 2, 5, 10, and 15 mM AAPH. For this, 10X dilutions were prepared with PBS 1X for each 

desired final concentration, and 10 µL of the oxidative treatment was added to the wells, in a final 

volume of 100 µL. The cells were then incubated for 2 or 24 h at 37oC and 5% CO2. For both the standard 

curve and treatments, the medium was removed, and the wells were washed once with PBS 1X. The 

cells were incubated with 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 

solution at 0.5 mg/mL final concentration. For this, 10 µL of a 10X MTT solution in 1X PBS was added to 

each well containing 90 µL of high-glucose DMEM supplemented with 10% fetal bovine serum (FBS), 

penicillin (100 U/ml) and streptomycin (100 µg/ml) without phenol red.  All plates were incubated for 

3 h at 37oC and 5% CO2, and 100 µL of solubilization solution (10% SDS w/v in 10 mM HCl) was added 

to each well. To allow formazan crystals to solubilize, two different conditions were studied: plates were 

incubated for 30 min under agitation at room temperature, or overnight at 37oC and 5% CO2. Finally, 

absorbance was measured at 570 nm with a reference wavelength of 670 nm using a Multiskan™ GO 

Microplate reader.   
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5.3.13 Cyclic AMP (cAMP) measurements 

Cyclic AMP (cAMP) measurements were performed using the AlphaScreen cAMP Detection Kit 

(PerkinElmer). For this, 30000 HEK293T cells/well were seeded onto 96-well plates and incubated 

overnight at 37oC and 5% CO2 in 100 µL/well of complete DMEM, until 70-80% cell confluency was 

reached. The cells were transiently transfected with the pcDNA3-hA2AR plasmid and PEI following the 

previously optimized protocol and incubated at 37oC and 5% CO2 for 24 h. The cells were either treated 

with vehicle (1X PBS), AAPH at 250 µM, or acrolein at 20 µM. AAPH (2.5 mM) and acrolein (200 µM) 

were prepared in 1X PBS and filter-sterilized. For cell treatment, the cells were washed once with 1X 

PBS, 10 µL of each 10X treatment was added to 90 µL of complete DMEM, and plates were incubated 

for either 2 or 24 h at 37oC and 5% CO2. After the oxidative treatments, the cells were washed once 

with 1X PBS and starved in 90 µL/well of pre-warmed and sterile Stimulation Buffer (0.1% w/v BSA, 1 

mM 3-isobutyl-1-methylxanthine (IBMX) in phenol-free DMEM) for 1 h at 37oC and 5% CO2. When 

studying the effect of the two A2AR ligands simultaneously, the cells were starved in 80 µL/well of 

Stimulation Buffer. The cells were stimulated with 10 µL of 10X ligand serial dilutions for 30 min at 37oC 

and 5% CO2. Ligand serial solutions were prepared by making half-log dilutions in Stimulation Buffer, so 

the final ligand concentration in the assay ranged from 100 μM to 1 nM for Forskolin and NECA, or from 

1 μM to 10 pM for ZM241385. The effect of the antagonist ZM241385 was studied in the presence of 

316 nM NECA (calculated NECA EC75). A “no ligand” blank control was included on each occasion. The 

ligand-containing medium was aspirated, and 50 μL of ice-cold 98% ethanol was added to each well to 

lyse and dehydrate the cells. Ethanol was allowed to evaporate overnight at room temperature, and 

the plates were stored at -20oC until further analysis. Lysis Buffer (0.1% w/v BSA, 0.3% v/v Tween-20, 5 

mM HEPES buffer, pH 7.5) was added to each well (75 μL) and the cell lysates were incubated at room 

temperature on an orbital shaker for 10 min. For accurate cAMP measurements, the samples were 

further diluted ten times in Lysis Buffer. The Acceptor and Donor bead mixes were prepared following 

the manufacturer’s instructions under subdued lighting and kept away from light once diluted. Briefly, 

anti-cAMP AlphaScreen Acceptor beads were diluted to 100 µg/mL in Stimulation Buffer by making a 

1:50 dilution of the Acceptor bead stock solution. Biotin-cAMP (41.7 nM) and Streptavidin Donor bead 

(33.3 µg/mL) were mixed to obtain a 1.67X preparation in 1X Immunoassay Buffer by diluting the 1 µM 

biotin-cAMP stock 1:24 and the Donor bead stock 1:150. Prior to this, biotinylated cAMP tracer was 

dissolved in 1X PBS to make a 10 µM stock solution and further diluted in 1X PBS to obtain a 1 µM 

working solution. A 1X Immunoassay buffer (PerkinElmer AL000) was prepared by diluting the 10X 

stock. Biotin-cAMP and Streptavidin Donor bead mixture was prepared fresh every time and incubated 

for 30 min at room temperature in the dark before being added to the assay plate. To determine the 

sensitivity (IC50 value) and dynamic range (IC10 – IC90) of the cAMP assay, and to extrapolate the amount 
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of cAMP produced by the cells in the assay, a cAMP standard curve was prepared fresh prior to each 

assay.  For this, 5X cAMP standard serial solutions were prepared from the 50 µM cAMP standard 

supplied with the kit by making half-log dilutions in Stimulation Buffer, so final cAMP concentration in 

the assay ranged from 1 µM to 10 pM. A “no cAMP” blank control was included on each occasion. cAMP 

standards or samples (5 µL) were transferred to a 384-well white opaque Optiplate and, under reduced 

light conditions, 5 µL of the Acceptor bead and 15 µL of the Streptavidin Donor bead mixtures were 

added to each well. The plates were sealed, briefly centrifuged to collect the contents at the bottom of 

the plate, and incubated in the dark at room temperature for 1 h. Prior to fluorescence measurements, 

the plates were centrifuged again. For cAMP measurement, samples were excited with an excitation 

wavelength of 680 nm, and emission was measured between 520-620 nm using a Mithras LB 940 

Multimode Microplate Reader (Berthold Technologies).  

 

5.3.14 Receptor internalization by whole cell ELISA 

A2AR internalization in mammalian HEK293T cells was measured by whole cell ELISA, consistent with 

the experimental design for cAMP measurements. Briefly, 30000 cells/well were seeded in 96-well 

plates and incubated overnight at 37oC until 70-80% cell confluency was reached. The cells were 

transiently transfected with the pcDNA3-A2AR plasmid using PEI and incubated at 37oC for 24 h. The 

cells were either treated with 10 µL of 1X PBS (vehicle), AAPH (250 µM), or acrolein (20 µM), and 

incubated for 2 or 24 h at 37oC. The cells were starved in 90 µL/well of pre-warmed and sterile 

Stimulation Buffer (0.1% w/v BSA, 1 mM IBMX in phenol-free DMEM) for 1 h at 37oC and stimulated 

with 10 µL of 10X NECA to reach a final concentration of 1 µM in the well. The cells underwent NECA 

stimulation for various durations, ranging from 5 to 60 min at intervals of 5 min. After each desired 

incubation time, NECA-containing medium was aspirated, and cells were washed three times with 1X 

PBS and fixed with 3.7% paraformaldehyde for 15 min at room temperature. The cells were washed 

three times in 1X PBS and blocked with 50 µL of blocking solution (2% w/v BSA, 0.05% v/v Tween-20 in 

1X PBS) overnight at 4oC on an orbital shaker. The blocking solution was removed, and the cells were 

incubated with 20 µL of anti-A2AR primary antibody solution (5 µg/mL anti-A2AR primary antibody, 2% 

w/v BSA in 1X PBS) for 1 h at room temperature on an orbital shaker. The cells were washed thrice with 

washing solution (0.05% v/v Tween-20 in 1X PBS) and blocked in blocking solution for 15 min at room 

temperature on an orbital shaker. The blocking solution was removed, and the cells were incubated 

with 20 µL of the secondary antibody solution (1:3000 dilution of the HRP-conjugated anti-mouse 

secondary antibody, 2% w/v BSA in 1X PBS) for 1 h at room temperature with shaking. The cells were 

washed three times with washing solution, 100 µL of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate 
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solution was added to each well, and the plates were incubated at room temperature on an orbital 

shaker for 30 min in the dark. To stop the reaction, 50 µL of TMB substrate solution was transferred to 

a new plate and mixed with an equal volume of 3 M HCl. Finally, absorbance was measured at 492 nm 

using a Multiskan™ GO Microplate reader.  

 

5.4 RESULTS 

5.4.1 Final design of the hA2AR sequence to be cloned into the pcDNA3 vector 

To investigate the effect of lipid oxidation on the function of the A2AR, the expression of this receptor 

in mammalian cells was required. Hence, a DNA construct was created to induce A2AR overexpression 

in mammalian cells. This construct involved the incorporation of the optimal receptor sequence for 

protein expression and stability into a pcDNA3 plasmid. The receptor sequence consisted of the C-

terminal-truncated and de-glycosylated A2AR, which was obtained by clustering the published 

sequences in mpstruc database. These sequences had previously been used for structural studies of the 

A2AR. Two different tags, a FLAG tag and a deca-His tag, were added at the N-terminus and C-terminus 

of the A2AR sequence, respectively, for protein detection and purification. To ensure proper protein 

expression in mammalian cells, a Kozak consensus sequence was added upstream of the FLAG tag and 

initiating methionine. The GGSGSG unstructured flexible linker was also included at the C-terminus of 

the receptor. The EcoRI and NotI restriction sites were added upstream and downstream of the 

sequence, respectively. This sequence was designed to be inserted into the pcDNA3 vector, resulting 

in the generation of the pcDNA3-hA2AR plasmid (Figure 5.1). The nucleotide and amino acid sequences 

are shown in Supplementary Figure 8.33.  
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Figure 5.1. Design A2AR-pcDNA3 plasmid. The schematic representation of the A2AR insert and final 
construct of the A2AR cloned into the pcDNA3 vector obtained using SnapGene Software are shown.  

 

5.4.2 Transformation of DH5α competent cells with the pcDNA3 empty vector, extraction, and 

digestion. 

To obtain sufficient amounts of pcDNA3 empty vector (Figure 5.2A) for cloning purposes, E. coli DH5α 

competent cells were transformed with the empty vector and grown in ampicillin-containing medium 

to select for cells containing the vector. The pcDNA3 vector was extracted from the transformed cells 

and digested using EcoRI and NotI restriction enzymes. Plasmid digestion was analysed on an agarose 

gel (Figure 5.2B). A prominent band was observed on the gel aligning with the undigested pcDNA3 

empty vector at approximately 4 Kp. This suggested that most of the undigested vector was supercoiled, 

as its apparent length appeared shorter than its real size (5446 bp). On the other hand, a light band was 

observed at the top of the lane with an apparent length of 10 Kb, which corresponded to the nicked 

form of the vector. After vector digestion with EcoRI, a band was observed at 5446 bp, corresponding 

to the linearized vector. A light band was also obtained in the same lane, corresponding to the 

undigested and supercoiled vector. The vector was partially digested with NotI, as three bands were 

obtained in the lane, which coincided with the nicked, linearized (5446 bp), and supercoiled vector. 

Although vector digestion with NotI was less efficient than with EcoRI, both restriction enzymes were 

able to digest the vector, generating the corresponding ends with the restriction sites for cloning 

purposes.  
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A      B 

 

Figure 5.2. Amplification of the pcDNA3 empty vector by DH5α competent cell transformation, vector 
extraction, and digestion. (A) The pcDNA3 vector map was generated using SnapGene software. (B) The 
vector was subjected to digestion with the restriction enzymes EcoRI and NotI individually, and to double 
digestion with both restriction enzymes simultaneously. The resulting fragments were separated by 
electrophoresis on a 0.9% agarose gel to visualize the different bands and analyse the digestion pattern 
of the vector. 

 

5.4.3 Transformation of DH5α competent cells with the pEX-K248-hA2AR plasmid, extraction, and 

digestion.  

The A2AR sequence designed was obtained in a commercial pEX-K248 vector. To amplify the pEX-K248-

hA2AR plasmid for cloning the A2AR insert (Figure 5.3A), E. coli DH5α competent cells were transformed 

and grown in kanamycin-containing medium. Consequently, the plasmid was extracted, digested with 

EcoRI and NotI restriction enzymes, and analysed on an agarose gel (Figure 5.3B). A band was obtained 

on the gel corresponding to the undigested pEX-K248-hA2AR plasmid with an apparent length of 2.5 Kb. 

This suggested that most of the undigested plasmid was supercoiled, as its apparent length appeared 

shorter than its real size (3574 bp). After plasmid digestion with NotI, a unique band was obtained 

corresponding to the linearized vector with a length of 3574 bp. After plasmid digestion with EcoRI, two 

different bands were obtained. This was due to the presence of a second EcoRI restriction site at the 

position 1092 bp, downstream of the insert of interest.  A band matching with pEX-K248 (2483 bp) and 

a band matching with the hA2AR insert plus 24 bp (1091 bp) were obtained. After plasmid double 

digestion with EcoRI and NotI, a band corresponding to the pEX-K248 (2507 bp) and a second band 

corresponding to the hA2AR insert (1067 bp) were obtained. Hence, both restriction enzymes served to 

digest the pEX-K248-hA2AR plasmid, generating the corresponding ends with EcoRI and NotI restriction 

sites to obtain the insert of interest for cloning purposes. 
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Figure 5.3. Amplification of the pEX-K248-hA2AR plasmid by DH5α competent cell transformation, vector 
extraction, and digestion. (A) The pEX-K248-hA2AR plasmid map was generated using SnapGene 
software. (B) The plasmid was subjected to digestion with the restriction enzymes EcoRI and NotI 
individually, and to double digestion with both restriction enzymes simultaneously. The resulting 
fragments were separated by electrophoresis on a 0.9% agarose gel to visualize the different bands and 
analyse the digestion pattern of the plasmid. 

 

To clone the A2AR insert into the pcDNA3 empty vector, both the pEX-K248-hA2AR plasmid and the 

pcDNA3 vector were subjected to double digestion with EcoRI and NotI restriction enzymes. The 

digestion products were subsequently analysed by agarose gel electrophoresis to confirm the presence 

of the desired fragments. The bands corresponding to the A2AR insert and double-digested pcDNA3 

were excised, and the DNA was extracted from the gel (Figure 5.4A). Both DNA fragments were ligated, 

and the resulting ligation product was used to transform competent E. coli DH5α cells. Antibiotic-

resistant colonies were grown on LB agar plates containing ampicillin. Three colonies were obtained on 

the plates, indicating that the cells incorporated the pcDNA3-hA2AR plasmid and had ampicillin 

resistance. The three colonies were used to inoculate ampicillin-containing medium to amplify the 

plasmid of interest. The pcDNA3-hA2AR plasmid was extracted, digested with the restriction enzymes 

EcoRI and NotI, and analysed on an agarose gel (Figure 5.4B). The three colonies were transformed with 

the plasmid that incorporated the A2AR insert, as bands at 1067 bp were obtained in all lanes. In 

addition, bands corresponding to the double-digested pcDNA3 backbone were obtained in all lanes at 

4519 bp, together with less intense bands corresponding to the supercoiled and undigested plasmid, 

with an apparent length of 3500 bp. These results indicated that E. coli DH5α transformation was 
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successful, and the A2AR insert was correctly integrated into the pcDNA3-hA2AR plasmid in all three 

clones. 

A      B 

   

Figure 5.4. Subcloning the hA2AR insert from the pEX-K248 plasmid into the pcDNA3 vector. (A) The pEX-
K248-hA2AR plasmid and pcDNA3 empty vector were subjected to double digestion with the restriction 
enzymes EcoRI and NotI, and the resulting fragments were separated by electrophoresis on a 0.9% 
agarose gel. Bands corresponding to the hA2AR insert and double-digested empty vector were extracted 
from the gel and ligated with T4 DNA ligase. (B) pcDNA3-hA2AR was extracted from transformed DH5α 
cells and subjected to double digestion with EcoRI and NotI. The resulting fragments were separated by 
electrophoresis on a 0.9% agarose gel to visualize the different bands and analyse the digestion pattern 
of the plasmid. 

 

To confirm the integrity of the A2AR insert in the pcDNA3 plasmid, the clones were subjected to Sanger 

sequencing (Supplementary Table 8.11). Clone 3 had the highest insert integrity, so it was used to 

transfect mammalian cells for the expression of the A2AR.  

 

5.4.4 Mammalian HEK293T cell transfection with the pcDNA3-hA2AR plasmid and analysis of A2AR 

production 

To express the A2AR in a mammalian expression system, HEK293T cells were transfected with the 

pcDNA3-hA2AR plasmid, and cell transfection was optimized using different volumes of PEI or 

Lipofectamine. The expression of the A2AR in transfected cells was analysed by SDS-PAGE and western 

blotting using a specific primary antibody against the A2AR (Figure 5.5A), and the band intensity 

corresponding to the A2AR monomer was analysed by densitometry (Figure 5.5B). No bands were 

observed in the lane corresponding to non-transfected cells, indicating that it was not possible to detect 

endogenous A2AR expressed by the cells. This served as a negative control for transfection. In contrast, 

bands of ~42 KDa corresponding to the A2AR were observed in the lanes of transfected cells. This 
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suggested that transfection using both reagents led to the successful expression of the A2AR. The 

intensity of the A2AR bands increased as the volume of Lipofectamine was also increased, indicating a 

higher protein expression. A similar band intensity was detected in cells transfected with 4 and 8 µL of 

PEI per well, and a decrease was observed when 12 µL of PEI per well was used for a 6-well plate. 

Densitometric analysis indicated the A2AR bands in PEI-transfected cells were slightly less intense than 

those obtained in lipofectamine-transfected cells. Although maximum protein production was achieved 

with 12 µL of Lipofectamine, it was possible to detect the protein of interest when cells were 

transfected with lower amounts of Lipofectamine or with PEI.  
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Figure 5.5. Optimization of HEK293T cell transfection with the pcDNA3-hA2AR clone 3 using different 
volumes of Lipofectamine and PEI. HEK293T cells seeded onto 6-well plates were transiently transfected 
with 2 or 3 µg of pcDNA3-hA2AR clone 3 using different amounts of Lipofectamine or polyethylenimine 
(PEI), respectively. A non-transfected control using 1X PBS as the vehicle was included in this experiment. 
(A) For protein expression analysis, the cells were lysed and analysed by western blotting using a specific 
anti-A2AR primary antibody and HRP-conjugated secondary antibody. (B) Bands corresponding to the 
A2AR were analysed by densitometry using ImageJ software (n=1).  

 

Considering the results obtained and the transfection agent cost, HEK293T cells were transfected using 

8 µL of PEI per well for further experiments. A2AR expression on the cell surface was analysed by western 

blotting and whole cell ELISA using an anti-His tag primary antibody. Western blotting confirmed the 

absence of bands corresponding to the A2AR in non-transfected cells, or in cells treated with PEI in the 

absence of the plasmid (Figure 5.6A). In contrast, a strong band corresponding to the A2AR was observed 

in cells transfected with PEI and the plasmid, indicating correct transfection and protein production. 

Furthermore, smeared bands were observed in the lane corresponding to the transfected sample. 

Whole cell ELISA indicated that transfected cells showed a significant increase in absorbance at 492 nm 

compared to the non-transfected or vehicle-transfected cells (Figure 5.6B). This could be explained by 

higher antibody binding to the His-tagged protein, and thus, higher A2AR expression. 
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Figure 5.6. HEK293T cell transient transfection with pcDNA3-hA2AR clone 3 using 8 µL of PEI. HEK293T 
cells seeded onto 6-well plates were transiently transfected with 2 µg of pcDNA3-hA2AR clone 3 and 8 µL 
polyethylenimine (PEI). A non-transfected and a vehicle-transfected control with 1X PBS were included 
in this experiment. For the analysis of protein expression, the cells were either (A) lysed and analysed by 
western blotting using a specific anti-A2AR primary antibody and HRP-conjugated secondary antibody or 
(B) analysed by whole cell ELISA using an anti-His tag primary and HRP-conjugated secondary antibody. 
The His-tagged A2AR levels on the cell surface were detected by measuring the absorbance at 492 nm 
after the addition of the TMB substrate.  Data are presented as the mean of all replicates (n=3) ± SD. 
Statistical differences were determined by One-way ANOVA followed by Tukey's multiple comparison 
test (*p-value<0.05, **p-value<0.005 vs. non-transfected).  

 

To confirm the identification of the A2AR, the receptor was purified by small-scale IMAC and analysed 

LC-MS/MS. SDS-PAGE results showed that most of the A2AR did not bind to the resin as it eluted in the 

flow-through (FT) fraction, which had multiple protein bands comparable to the whole lysates (Figure 

5.7A). No bands were observed in the lanes corresponding to washes 1 and 2 (W1 and W2), and the 

A2AR eluted from the resin in the elution fractions, being more abundant in E1. Multiple protein bands 

were observed on the gel in E1, indicating the low purification efficiency of the A2AR. Western blotting 

confirmed the loss of some of the A2AR in the flow-through (Figure 5.7B). The A2AR was not lost during 

the washes, and it eluted mainly in E1, in which a strong band for the A2AR monomer was obtained, 

together with a smear on the lane. Thus, it was not possible to remove smears by IMAC purification. 

Interestingly, a strong signal was obtained on the top of the lanes of whole lysates, FT, and elution 

fractions, which could correspond to A2AR aggregates. Consequently, multiple protein bands indicated 

by the yellow arrows on the SDS-PAGE gel were analysed by in-gel digestion and LC-MS/MS to identify 

possible protein contaminants and confirm the presence of the A2AR in the samples.  
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Figure 5.7. A2AR mini-prep IMAC purification from HEK293T whole cell lysates. HEK293T cells seeded 
onto 6-well plates were transiently transfected with the pcDNA3-hA2AR plasmid. The cells were lysed, 
and the A2AR was purified by mini-prep IMAC purification. Whole lysates were recirculated with His-pur 
Ni-NTA resin equilibrated without imidazole. The resin was washed twice with wash buffer without 
imidazole, and the A2AR was eluted with elution buffer containing 250 mM imidazole. The results were 
analysed by (A) SDS-PAGE and Coomassie staining, and (B) western blotting using a specific primary 
antibody against the A2AR. Certain bands potentially corresponding to the A2AR (yellow arrows) were 
selected for identification by LC-MS/MS. 

 

The selected bands were digested in-gel with trypsin or chymotrypsin, and the resulting peptides were 

analysed by LC-MS/MS. The A2AR identifications with the highest position and score after trypsin and 

chymotrypsin digestion are shown in Table 5.1. The A2AR digested with trypsin was identified in the 29th 

position among all possible human identifications with a score of 104, and thus above the cut-off criteria 

for protein identification acceptance, which was set at 50. The A2AR digested with chymotrypsin was 

identified in the 93rd position with a score of 49, and thus below the cut-off criteria for protein 

identification. In both cases, the most probable identification of the A2AR corresponded to band 4 on 

the gel. Hence, the identification of the A2AR expressed in HEK293T cells was confirmed by western 

blotting, and LC-MS/MS data supported the identification, although low protein sequence coverage 

was obtained. 
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Table 5.1. Identification of the A2AR expressed in mammalian HEK293T cells by in-gel digestion and LC-
MS/MS.  

 

 

The A2AR digested with trypsin was identified with a total sequence coverage of 4%, and two unique 

peptides were detected (Figure 5.8A). The YNGLVTGTR peptide corresponded to part of the intracellular 

loop 2 (ICL2) and the intracellular side of the transmembrane helix 4 (TM4), whereas the 

QMESQPLPGER peptide corresponded to the intracellular loop 3 (ICL3) and the cytoplasmic ends of the 

transmembrane helices 5 (TM5) and 6 (TM6). The A2AR digested with chymotrypsin was identified with 

a total sequence coverage of 2%, and one unique peptide was detected (Figure 5.8B). The identified 

SHTNSVVNPF peptide corresponded to the central region of the transmembrane helix 7 (TM7). Hence, 

the identification of the A2AR in HEK293T cells using chymotrypsin digestion was below the acceptance 

criteria, which requires the detection of 2 unique peptides.  

A                  B                                                                                                                                                                                                                       

 

Figure 5.8. A2AR identification by LC-MS/MS after in-gel digestion with trypsin or chymotrypsin. Bands 
corresponding to the A2AR were in-gel digested with trypsin or chymotrypsin and analysed by LC-MS/MS. 
(A) Sequence coverage of the A2AR digested with trypsin, with the identified unique peptides highlighted 
in pink. (B) Sequence coverage of the A2AR digested with chymotrypsin, with the identified unique 
peptides highlighted in blue. 

 

5.4.5 The effect of acrolein and AAPH treatments on HEK293T cell viability measured by MTT assays 

To study the effect of lipid oxidation on the A2AR in mammalian cells, it was essential to establish the 

optimal concentrations of oxidants (AAPH and acrolein) for cell treatment, considering their impact on 
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cell viability. This essential step ensured that subsequent experiments accurately reflected the influence 

of lipid oxidation on the A2AR without significantly perturbing cell viability. 

To this end, MTT assays were performed, which are based on measuring cell mitochondrial activity by 

converting MTT reagent into formazan crystals, which has light absorbance at 450 nm (Mosmann, 

1983). To determine the optimal cell density to conduct the assay, a standard curve was generated 

(Figure 5.9). To optimize formazan solubilization, two different methods were tested: cells were 

incubated for 30 minutes at room temperature (RT) with the solubilization solution or, alternatively, at 

37oC overnight. In both cases, higher cell seeding density led to increased absorbance at 450 nm, 

indicating elevated formazan production and, therefore, mitochondrial activity. Samples incubated 

overnight at 37oC had higher absorbance values for a given number of cells per well, suggesting higher 

formazan solubilization. Furthermore, samples solubilized for 30 minutes at RT had higher standard 

deviation, indicating increased variability between replicates. Linearity of the standard curve was 

observed between 0 and 1 x105 cells/well in both cases, with R2 values of 0.9667 for O/N incubation at 

37oC, and 0.9838 for 30 minutes incubation at RT. Consequently, 40000 cells/well were seeded for 

subsequent experiments, as the absorbance values for this cell density fell within the linear range of 

the standard curve.  
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Figure 5.9. MTT assay standard curve to determine the optimal number of HEK293T cells seeded per 
well. Different numbers of HEK293T cells were seeded per well to determine the optimal cell density for 
MTT assays. Cell viability was determined by measuring the absorbance after incubating the plates for 
30 minutes at RT shaking, or overnight at 37oC. Results are expressed as the mean OD 570 – 670 nm of 
all replicates (n=4) ± SEM. 

 

To determine the optimal acrolein and AAPH concentrations to induce oxidative stress in cells without 

substantially reducing cell viability, HEK293T cells were treated with increasing concentrations of both 

oxidative treatments for 2 and 24 hours. Cell viability was determined by MTT assay, and the percentage 

of cell viability at each oxidant concentration was calculated.  
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Acrolein decreased cell viability in a concentration-dependent manner after 2 and 24 hours of 

treatment (Figure 5.10A). Acrolein at 100 µM significantly decreased cell viability in cells treated for 24 

hours, and acrolein at 200 and 400 µM significantly decreased cell viability in cells treated for 2 and 24 

hours. Therefore, viability percentages were comparable in cells subjected to acrolein treatment for 2 

or 24 hours at concentrations of 50 µM or lower, whereas cells exposed to higher concentrations 

showed a significant decrease in cell viability, according to One-way ANOVA. 

On the other hand, AAPH decreased cell viability in a concentration-dependent manner in cells 

subjected to a 24h treatment, whereas it had little effect on cells treated for 2h (Figure 5.10B). Cell 

treatment with AAPH up to 15 mM for 2h was not sufficient to significantly decrease cell viability, while 

cells treated with AAPH at 5 mM or higher concentrations for 24h showed a significant decrease in cell 

viability compared to the control, according to One-way ANOVA. 

To ensure appropriate cell viability, HEK293T cells were treated with 20 µM acrolein and 250 µM AAPH 

for further experiments, which maintained a cell viability higher than 85% in all cases.  

A      B 

  

Figure 5.10. The effect of acrolein and AAPH treatment on HEK293T cell viability. HEK293T cells were 
seeded at 40000 cells/well onto 96-well plates and treated with increasing concentrations of (A) acrolein 
or (B) AAPH for 2 and 24 hours. Cell viability was determined by MTT assay after formazan solubilization 
for 30 minutes at room temperature shaking. Data are presented as mean viability percentage of all 
replicates (n=3) ± SD. Statistical differences were determined by One-way ANOVA followed by Tukey's 
multiple comparison test (*p-value<0.05, **p-value<0.01 2h vs control; #p-value<0.05, ##p-value<0.01 
24h vs control). 

 

5.4.6 The effect of acrolein and AAPH on the function of the A2AR by measuring cAMP production 

The effect of a reactive aldehyde (acrolein) or radical generator (AAPH) on the function of the A2AR was 

studied by measuring the cAMP production using the AlphaScreen cAMP detection kit in cells subjected 

to treatments with acrolein and AAPH.  
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First, the cAMP assay was tested on untreated cells to determine its sensitivity (EC50 value) and dynamic 

range (EC10 – EC90). To extrapolate the amount of cAMP produced by the cells, a cAMP standard curve 

was prepared on each occasion. To accurately determine the cAMP levels, cell confluency and sample 

dilution were optimized to fit the sample measurements into the dynamic range of the cAMP standard 

curve. Cell confluency at 70-80% by the time of transfection was optimal, as higher cell densities 

saturated the assay and gave cAMP values outside the dynamic range of the standard curve.  

To determine the optimal cell lysate dilution, transfected HEK293T cells were stimulated with forskolin 

to induce cAMP production by adenylate cyclase activation (Figure 5.11A). The maximum capacity of 

cAMP production by the cells was determined by bypassing the activation of the A2AR. As cAMP 

concentrations in the standard curve increased, the AlphaScreen signal decreased, indicating that the 

free standard cAMP was competing for the anti-cAMP antibody on the acceptor bead and, thus, 

decreased the interaction with the Donor beads. Similarly, increasing concentrations of forskolin 

induced cAMP production in the cells, which could be translated into a decrease in the AlphaScreen 

signal.  

The dynamic range of the cAMP standard curve was between 85401 AlphaScreen cps (EC10), and 10802 

AlphaScreen cps (EC90). Results from HEK293T cell activation by forskolin without diluting the samples 

were between 14847 and 5459 AlphaScreen cps; hence, most of the data points of the curve were 

within the dynamic range of the standard. Cell lysates were subsequently diluted ten-fold, and cAMP 

values then ranged from 77957 to 14231 AlphaScreen cps, thus, fitting the dynamic range. This allowed 

the accurate quantification of the cAMP levels.  

Similarly, cAMP production stimulated by NECA in transfected and non-transfected HEK293T cells was 

measured.  Transfected cells were stimulated with increasing concentrations of NECA, and cell lysates 

were either undiluted or diluted ten-fold (Figure 5.11B). NECA stimulated cAMP production by 

activating the A2AR, as a decrease in the AlphaScreen signal was observed in an agonist-concentration-

dependent manner. The dynamic range of the cAMP standard curve was compressed between 117009 

AlphaScreen cps (EC10), and 13639 AlphaScreen cps (EC90). Undiluted samples ranged from 42613 to 

15776 AlphaScreen cps, whereas diluted samples ranged from 66494 to 15775 AlphaScreen cps. These 

results suggested that diluted and undiluted samples were in the dynamic range, although diluted 

samples were more centred. On the other hand, non-transfected cells had higher values of AlphaScreen 

cps, ranging from 157452 to 26513 AlphaScreen cps, which suggested lower endogenous cAMP 

production compared to the transfected cells. Furthermore, cAMP production by non-transfected cells 

had a NECA LogEC50 of -4.792, whereas it was -7.213 for the undiluted and transfected cells, and -7.173 

for the diluted and transfected cells. This suggested that lower concentrations of NECA were required 
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to induce 50% of the maximum cAMP production when cells were overexpressing the A2AR, compared 

to non-transfected cells. 

cAMP production was quantified by data interpolation with the cAMP standard curve. Forskolin induced 

an increase in cAMP levels in a concentration-dependent manner in both diluted and undiluted 

transfected samples (Figure 5.11C). Although higher cAMP values were obtained for the undiluted 

samples, it was not possible to calculate them for data points outside the dynamic range. Furthermore, 

these had high SD values, indicating a wide dispersion of the data when the samples were not diluted. 

In contrast, cAMP could be quantified for all the data points of the diluted samples. In this case, cAMP 

ranged from 0.04 fmol in the absence of forskolin, to 1.3 fmol with 100 µM forskolin.  

cAMP levels were quantified after NECA stimulation (Figure 5.11D). NECA increased cAMP production 

in a concentration-dependent manner in both non-transfected and transfected cells that were either 

diluted or undiluted. The highest cAMP production was detected in the undiluted transfected samples, 

in which cAMP ranged from 0.14 fmol in the absence of NECA to 0.86 fmol at 100 µM NECA with high 

SD values, whereas it ranged from 0.07 to 0.78 fmol in the diluted transfected samples. Therefore, 

NECA stimulation of transfected cells caused comparable cAMP production to forskolin stimulation 

after sample dilution (Figure 5.11C). Nevertheless, it is worth noting that the cAMP standard curve had 

higher AlphaScreen signal values compared to the standard curve for forskolin stimulation, indicating 

slightly lower cAMP concentrations. Finally, NECA stimulation also increased cAMP production in non-

transfected cells, although only a few data points could be calculated as most of them were not within 

the dynamic range. In this case, 100 µM NECA induced total production of 0.3 fmol of cAMP.  
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Figure 5.11. cAMP production measured as AlphaScreen signal and fmoles of cAMP in HEK293T cells 
stimulated by Forskolin and NECA. Transiently transfected HEK293T cells expressing the A2AR, or non-
transfected cells, were stimulated with (A) Forskolin or (B) NECA, and cAMP production was measured 
as AlphaScreen signal and plotted against the logarithm of the agonist concentration before and after 
sample dilution. cAMP production was quantified by interpolation with the cAMP standard curve after 
cell stimulation with (C) Forskolin or (D) NECA, and plotted against the logarithm of the agonist 
concentration. Data are presented as the mean of all replicates (n=3) ± SD.  

 

To study the effect of acrolein and AAPH on the function of the A2AR, transfected HEK293T were either 

treated with vehicle (1X PBS) as a negative control, or with acrolein and AAPH as oxidative treatments. 

cAMP production stimulated with NECA was measured after cell treatment for 2 and 24 hours (Figure 

5.12 A and B). 

All data points fell within the dynamic range of the standard curve. In both cases, the untreated controls 

had higher AlphaScreen signal values than the treated samples.  Therefore, a major production of cAMP 

in treated cells was observed after A2AR activation with NECA.  

NECA LogEC50 values were calculated (Table 5.2), and the results indicated that treated samples after 2 

and 24 hours had lower NECA EC50 values, suggesting that lower concentrations of agonists were 

required to induce 50% of the maximum cAMP production, compared to the untreated samples.  

cAMP levels were quantified by interpolation with the standard curves. In all cases, NECA increased the 

cAMP levels in a concentration-dependent manner (Figure 5.12C), and treated samples showed higher 

cAMP production than the untreated controls. Statistical analysis by One-way ANOVA indicated that 

acrolein and AAPH-treated samples had significantly higher values than the untreated control for all 

data points, including the apo control in the absence of NECA (Figure 5.12C). In contrast, the acrolein- 

and AAPH-treated samples were not significantly different. This suggested that the oxidative 

treatments induced cAMP production in cells in the absence of A2AR agonist, and NECA increased its 

production through A2AR activation.  
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Cells subjected to the treatments for 24h exhibited higher cAMP production than the untreated control 

(Figure 5.12D), consistent with the findings from the 2h treatment. Noticeably, cAMP levels with 100 

µM NECA in samples treated for 24h were 20-fold lower of those in samples treated for 2h. Statistical 

analysis indicated that acrolein and AAPH-treated samples had significantly higher cAMP values than 

the untreated control for all data points, including the apo control in the absence of NECA (Figure 

5.12D).  
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Figure 5.12. Effect of acrolein and AAPH on cAMP production in HEK293T cells stimulated with NECA. 
Transiently transfected HEK293T cells expressing the A2AR were either untreated or treated with acrolein 
and AAPH for (A) 2 or (B) 24 hours. cAMP production was measured as AlphaScreen signal and plotted 
against the logarithm of NECA (M). cAMP production was quantified by interpolation with a cAMP 
standard curve and plotted against the logarithm of NECA (M) after cell treatment for (C) 2 h or (D) 24 
h. Data are presented as the mean of all replicates (n=3) ± SD. Statistical differences were determined 
by One-way ANOVA followed by Tukey's multiple comparisons test (**p-value<0.01 acrolein vs 
untreated; ##p-value<0.01 AAPH vs untreated). 
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Table 5.2. NECA Log EC50  for cAMP production measured as AlphaScreen signal in untreated and treated 
HEK293T cells with acrolein and AAPH.  

 Untreated Acrolein AAPH 

2 hours -6.9 -7.27 -7.45 
24 hours -6.97 -7.21 -7.02 

 

To assess whether the increased cAMP production in treated cells was primarily due to A2AR activation, 

or whether it was influenced by downstream signalling pathways, non-transfected HEK293T cells were 

subjected to acrolein and AAPH treatments and cAMP production was stimulated using forskolin. All 

data points corresponding to the untreated, and acrolein- or AAPH-treated samples fell within the 

dynamic range of the standard curve. In both cases, the samples corresponding to the untreated 

controls had AlphaScreen signal values comparable to those of the treated samples, suggesting similar 

cAMP production, in contrast to the results obtained after NECA stimulation in transfected cells (Figure 

5.13A and B).  

Forskolin LogEC50 values were calculated (Table 5.3). In contrast to the results obtained after NECA 

stimulation (Figure 5.12), acrolein and AAPH-treated samples showed slightly higher forskolin LogEC50 

values compared to the untreated controls. These findings suggested that slightly higher concentrations 

of forskolin were needed to induce 50% of the total cAMP production in the treated cells, compared to 

untreaded cells.  

cAMP production induced by forskolin was quantified after the 2h treatments (Figure 5.13C). The 

results indicated that forskolin increased cAMP levels in a concentration-dependent manner and 

treated samples had slightly higher cAMP levels than the untreated control with 100 µM forskolin. 

Nevertheless, statistical analysis by One-way ANOVA indicated that no significant differences were 

detected between groups. This suggested that the oxidative treatments did not induce higher cAMP 

production by activating adenylate cyclase in cells and, thus, downstream the A2AR. Additionally, cAMP 

production induced by forskolin in non-transfected cells was substantially lower than that induced by 

NECA in transfected cells after the treatments (Figure 5.12).  

The results obtained after 24h of treatment indicated that forskolin increased cAMP production in a 

concentration-dependent manner, and cells subjected to the treatments had slightly higher cAMP 

production than the untreated control (Figure 5.13D). This is consistent with the results obtained for 

the 2h treatment. Indeed, cAMP levels in cells treated with acrolein were significantly higher than those 

in untreated cells stimulated with 100 µM forskolin, according to One-way ANOVA. However, AAPH-

treated samples did not show a significant increase in cAMP production compared to the untreated 

control, indicating that acrolein treatment could contribute to cAMP production stimulated with 
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forskolin at high concentration. Interestingly, the maximum cAMP values with 100 µM forskolin after 

24h of treatment were higher than those reached after 2h, in contrast to the results obtained after A2AR 

activation with NECA (Figure 5.12). 
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Figure 5.13. Effect of acrolein and AAPH on cAMP levels produced in HEK293T cells stimulated with 
Forskolin. HEK293T cells were either untreated or treated with acrolein and AAPH for (A) 2h or (B) 24h. 
cAMP production was measured as AlphaScreen signal and plotted against the logarithm of Forskolin 
(M). cAMP production was quantified by interpolation with a cAMP standard curve, and plotted against 
the logarithm of Forskolin concentration after cell treatment for (C) 2h or (D) 24h. Data are presented 
as the mean of all replicates (n=3) ± SD. Statistical differences were determined by One-way ANOVA 
followed by Tukey's multiple comparisons test (*p-value<0.05 acrolein vs untreated). 

Table 5.3. Forskolin Log EC50 for cAMP production measured as AlphaScreen signal in untreated and 
treated HEK293T cells with acrolein and AAPH.  

 Untreated Acrolein AAPH 

2 hours -7.06 -7.09 -6.82 
24 hours -6.76 -6.76 -6.9 
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5.4.7 Cell surface expression of the A2AR in transiently transfected HEK293T cells  

To determine whether the increase in cAMP production stimulated by NECA was due to a higher 

expression of the A2AR, receptor expression over time was tested by whole cell ELISA. Treated and 

untreated transfected cells were stimulated with NECA EC90 for a duration of one hour, with the 

interruption of receptor activation occurring at five-minute intervals. A decrease in the absorbance at 

492 nm was observed for the untreated and treated samples from 5 to 40 minutes, whereas a subtle 

increase in the signal at 60 min was obtained (Figure 5.14A). Although the initial signal of the acrolein-

treated samples was lower than that of the untreated and AAPH-treated cells, statistical analysis of the 

data by One-way ANOVA indicated that there were no significant differences between the three groups 

at 5, 20, and 40 minutes of stimulation. Nevertheless, acrolein and AAPH caused a significant increase 

in the signal at 60 minutes compared to the untreated control, but the treatments were not significantly 

different. This suggested an increase in the exposure of the A2AR on the cell surface of treated cells after 

receptor activation with NECA. 

Data corresponding to cells subjected to a 24h treatment suggested that there was an increase in the 

absorbance at 492 nm from 5 to 60 minutes of incubation for the untreated and AAPH-treated samples 

(Figure 5.14B). Acrolein-treated cells showed a similar pattern, with an increase in the signal from 5 to 

40 minutes of activation, whereas the signal decreased at 60 minutes. Nonetheless, the absorbance 

remained higher than the initial signal. Statistical analysis of the data indicated that there were no 

significant differences among the three experimental groups at different activation times. These results 

suggested that A2AR cell surface exposure did not differ between the groups over time upon activation 

with NECA.  
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Figure 5.14. Cell surface expression of the A2AR in HEK293T cells measured by whole cell ELISA. 
Transiently transfected HEK293T cells expressing the A2AR were either untreated or treated with acrolein 
and AAPH for (A) 2h or (B) 24h. After cell stimulation with the A2AR-agonist NECA at 1 µM, receptor 
expression on the cell surface over time was measured by whole cell ELISA. A specific primary antibody 
against A2AR and HRP-conjugated secondary antibody were used. The results were expressed as the 
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absorbance at 492 nm, corresponding to the TMB substrate signal. Data are presented as the mean of 
all replicates (n=3) ± SD. Statistical differences were determined by One-way ANOVA followed by Tukey's 
multiple comparison test (*p-value<0.05 acrolein vs untreated; #p-value<0.05 AAPH vs untreated). 

 

 

5.5 DISCUSSION 

This study aimed to examine the effect of oxidative stress and lipid oxidation products on A2AR function 

in mammalian cells. The first step was to create a construct to express the A2AR and clone it into an 

expression vector. HEK293T cells were transfected, and the transfection process was optimized. Next, 

the effect of acrolein and AAPH as oxidative treatments on cell viability was measured to determine the 

optimal treatment concentrations without harming cells. Lastly, the effect of the oxidative treatments 

on A2AR activity was investigated by measuring cAMP production and its effect on A2AR cell surface 

expression.  

The key findings of this chapter were that the sequence that was designed and subcloned for the 

expression of the A2AR in mammalian cells served to express the functional protein, as verified by 

measuring the production of cAMP. Moreover, the oxidative treatments were found to upregulate the 

production of cAMP through the activation of the A2AR, indicating that the function of the receptor was 

not impaired by the oxidative treatments. 

The FLAG- and His-tagged C-terminal truncated A2AR sequence was successfully designed and 

subcloned into the pcDNA3 vector and transfected into HEK293T cells using PEI. A2AR overexpression 

was confirmed by western blotting, although the quality of the blots was not ideal. The A2AR was 

identified by LC-MS/MS, albeit with low scores and sequence coverage. It was found that acrolein and 

AAPH treatments decreased cell viability in a concentration-dependent manner, with the optimal 

concentrations being 20 µM for acrolein and 250 µM for AAPH without perturbing cell viability. 

Forskolin and NECA induced cAMP production in HEK293T cells in a dose-dependent manner, with a 

higher NECA EC50 value in non-transfected cells. In cells subjected to the oxidative treatments, 

increased cAMP production was observed with NECA stimulation compared to that in untreated 

controls, which was not observed with forskolin. No differential A2AR cell surface expression was 

detected between untreated and treated cells. 

The C-terminal truncated sequence of the A2AR used in the present study encodes a stable, functional, 

and degradation-resistant protein (Prosser et al., 2017). Moreover, it is well known that the long C-

terminal tail is dispensable for receptor folding and dimerization (Hinz et al., 2018). Most structural 

studies of the A2AR have considered the use of C-terminal truncated sequences appropriate for their 
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investigations, similar to this study (Jaakola et al., 2008; Doré et al., 2011; Hino et al., 2012; Cheng et 

al., 2017; García-Nafría et al., 2018b; Lee et al., 2020). Notwithstanding, the cDNA sequence encoding 

the A2AR has been used for protein expression in mammalian cells for functional and pharmacological 

studies (Arnault Massink et al., 2015; Jamshad et al., 2015; Franco et al., 2019; McGraw et al., 2019). 

In the present study, the C-terminal truncated A2AR was expressed in transiently transfected HEK293T 

cells using lipofectamine and PEI as transfection agents. Different transient transfection methods have 

been validated to characterize the A2AR in mammalian cells. Similar to the methodology employed in 

the present study, transient transfection of mammalian cells using PEI has been used on several 

occasions to contribute to the characterization of the A2AR (Suzuki et al., 2011; Jamshad et al., 2015; 

Lanznaster et al., 2019). However, alternative transfection methods, including lipofectamine (Hinz et 

al., 2018), TransFectinTM Lipid Reagent (Fernández-Dueñas et al., 2012, 2013), and calcium phosphate 

precipitation (Ferré et al., 2002) have been used. On the other hand, stable cell lines expressing the 

A2AR have been used on several occasions (Mediavilla-Varela et al., 2017; Masih et al., 2020; Skopál et 

al., 2023). Mammalian cell transient transfection has certain limitations. This commonly results in lower 

protein yields than those achieved in stable cell lines, thus limiting experiments in which substantial 

amounts of protein are required. Moreover, protein expression has a limited duration, as the plasmid 

is diluted during cell division. Hence, it is unsuitable for studying protein activity for longer than 72 h, 

which limits the characterization of the A2AR under oxidative conditions. Consequently, to ensure 

efficient protein expression, the effect of the oxidative treatments on the function and expression of 

the A2AR in the present study was studied for a maximum duration of 24h. Moreover, each transfection 

may result in different protein yields, leading to batch-to-batch variability, which can affect the cAMP 

production after A2AR stimulation with NECA. Finally, transfection reagents can be cytotoxic, affect cell 

viability, and induce cell stress, altering the activity of the A2AR (Savage et al., 2013; Stepanenko and 

Heng, 2017; Fus-Kujawa et al., 2021).  

Several strategies were attempted to demonstrate the A2AR expression, including western blotting, 

whole cell ELISA, and protein identification by LC-MS/MS. Western blotting and whole-cell ELISA were 

used as qualitative techniques to detect the A2AR. However, the limitation of these techniques is that 

they do not allow the transfection efficiency to be determined. In the present study, a smear on the 

western blot was observed when detecting the A2AR. This could be attributed to the cell lysate 

preparation using a detergent, resulting in a thick solution. This could influence the migration of 

proteins through SDS-PAGE gel, preventing protein packing into single bands. Alternatively, incomplete 

A2AR denaturation during sample preparation can result in the formation of protein complexes, leading 

to smearing (Mahmood and Yang, 2012). 
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Incomplete protein denaturation can also result in an ineffective A2AR in gel digestion by trypsin and 

chymotrypsin, leading to the low sequence coverage observed by LC-MS/MS. The A2AR structure can 

hinder protease accessibility to potential cleavage sites if the secondary structure of the protein is not 

fully denatured in the gel (Min et al., 2015). Moreover, insufficient sample amounts containing low 

protein concentrations and other impurities can reduce the digestion efficiency. This may be the case 

in the present study, where a low protein concentration was obtained from cell transfection in whole 

lysates, without prior protein purification. Alternative proteases, and digestion strategies, as well as 

protocol optimization and protein purification, can be employed.  

Once the A2AR was properly expressed in mammalian cells, the effect of acrolein and AAPH on the 

function of the A2AR was studied, and cell viability assays were performed on HEK293T cells subjected 

to oxidative treatments. MTT assays have been used previously to assess the effect of oxidative stress 

on mammalian cell viability (Guan et al., 2012; Chang and Pumera, 2013; Bala et al., 2022). The findings 

of the current work align with previous publications regarding the decrease in cell viability induced by 

AAPH at the specific concentrations and incubation times (Duan et al., 2016; Hu et al., 2017; Ariza et 

al., 2018; Parathodi Illam et al., 2019). In contrast, higher concentrations of AAPH, in the range of 30-

60 mM,  were required to induce a reduction in HaCaT cell viability comparable to that in HEK293T cells 

in the present study (Maciel et al., 2014; Chou et al., 2019). This could be due to the higher sensitivity 

of HEK293T cells to AAPH than that of other cell lines, or to the development of antioxidant resistance 

in cells after treatment with high concentrations of oxidants (Cui et al., 2004). Similarly, the findings of 

this study align with prior publications regarding the decrease in cell viability induced by acrolein at the 

specific concentrations and incubation times (Wang et al., 2016; Sousa et al., 2019; Gupta et al., 2021). 

The acrolein concentrations used in these studies, which were comparable to those used in the present 

study (20 μM), were lower than those found under physiological conditions in human serum (50 μM) 

(Satoh et al., 1999; Lovell et al., 2001; Hamann et al., 2008). Nevertheless, other studies on HEK293T 

cells demonstrated a higher cell sensitivity to acrolein than that observed in the present study (Jaganjac 

et al., 2010). Comparably, studies on HT22 cells demonstrated that treatment with 25 μM acrolein for 

24h significantly decreased cell viability (below 80%) (Huang et al., 2013). However, the 2h treatment 

did not decrease cell viability, which is comparable to the results of this study. Similar results were 

reported in other studies  (Zhang et al., 2011; Yin et al., 2020). Comparably, 1 μM acrolein significantly 

decreased PC12 cell viability compared to that of the untreated control (Luo et al., 2005).  

Although lipid oxidation and oxidative stress could not be confirmed in the present study, these 

previous studies demonstrated that AAPH and acrolein at the concentrations used induced oxidative 

stress and an inflammatory response in cells in a dose- and time-dependent manner by activating COX-

2 (Chou et al., 2019), and increasing ROS levels (Hu et al., 2017; Ariza et al., 2018, Yin et al., 2020) and 
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TBARs levels (MDA) (Duan et al., 2016; Huang et al., 2013; Parathodi et al., 2019). On the other hand, 

AAPH and acrolein decreased cellular antioxidant activity, inhibiting Nrf2 (Chou et al., 2019), GPx 

activity (Hu et al., 2017), GHS, and catalase levels (Zhang et al., 2011; Parathodi et al., 2019; Gupta et 

al., 2021), compared to the unoxidised control. Hence, different studies have evaluated the effect of 

APPH and acrolein on cell viability, and it has been demonstrated that both induce oxidative stress and 

lipid peroxidation in cells. Consequently, it is hypothesised that lipid oxidation should be occurring 

under the treatment conditions used in the current study. 

Once appropriate oxidative treatment conditions had been established, the effect on A2AR function in 

its native environment was explored by measuring cAMP levels. Similar to the present study, cAMP 

production in HEK293T cells overexpressing the A2AR has been reported in numerous studies (Arnault 

Massink et al., 2015; Igonet et al., 2018; Franco et al., 2019; Lanznaster et al., 2019). These 

demonstrated an increase in cAMP levels stimulated by A2AR agonists in a dose-dependent manner, as 

observed in here. Other articles have demonstrated inhibition of cAMP production by A2AR antagonists 

(Brandon et al., 2006; Yang et al., 2017; Sorrentino et al., 2019). Thus, the measurement of cAMP to 

investigate A2AR function has been thoroughly validated, including its application in assessing the folding 

and functional state of the receptor in cells. 

Forskolin, which directly activates the adenylate cyclase, is typically used as a control for cAMP assays. 

Some authors have reported higher cAMP production after adenylate cyclase stimulation than after 

A2AR stimulation (Franco et al., 2019), while other studies suggested greater cAMP production with 

NECA than forskolin, which is more similar to the results obtained in this study, and with comparable 

EC50 values (Goulding et al., 2018). 

The NECA EC50 values observed in the present study are in good agreement with pharmacologically 

proven data  (Yan et al., 2003; Gao et al., 2004; Welihinda et al., 2016; Muller and Stein, 2022), although 

lower values have been obtained in other studies (Brandon et al., 2006), indicating higher affinity and 

receptor response to agonist binding. Interestingly, Klinger and colleagues investigated the role of the 

C-terminal tail of the A2AR expressed in HEK293 cells in regulating cAMP production. They compared 

the A2AR stimulation with CGS21680 in cells expressing the full-length receptor to that in cells expressing 

the C-terminal truncated receptor. The results suggested that the truncated receptor showed reduced 

constitutive activity, resulting in lower basal cAMP levels, compared to the full-length A2AR (Klinger et 

al., 2002). These findings suggested that the C-terminal tail of the A2AR plays a key role in regulating 

receptor activity and cAMP levels. 

A similar NECA EC50 value but lower cAMP concentrations would be expected in non-transfected cells 

compared to transfected cells, caused by agonist binding to the A2AR. However, the results showed that 
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the NECA EC50 value for cAMP production in non-transfected cells was higher than that in transfected 

cells. Comparable results were obtained by Igonet et al. (2018). Higher NECA EC50 values could be 

explained by the activation of other adenosine receptors in HEK293T cells. NECA is a potent agonist of 

adenosine receptors, with Ki values of 6.2, 14, 20, and 330 nM for A3R, A1R, A2AR, and A2BR, respectively. 

Hence, it activates with higher affinity A1R and A3R, and with lower affinity the A2BR, compared to the 

A2AR (Gao et al., 1999; Matharu et al., 2001). A1R and A3R couple to the Gi protein, which inhibits 

adenylate cyclase and decreases cAMP production. Instead, A2BR, similarly to A2AR, couples to the Gs 

protein; therefore, it activates cAMP production through adenylate cyclase. Considering that HEK293T 

cells express the A2BR natively (Gessi et al., 2005), the higher EC50 value in non-transfected cells could 

correspond to the activation of this adenosine receptor by NECA (Kalhan et al., 2012; Gao et al., 2018; 

Goulding et al., 2018). Gao et al. demonstrated that NECA and forskolin significantly increased cAMP 

levels in HEK293T cells that endogenously express the A2BR. However, NECA had a pEC50 value of 6.5, 

which was lower than that detected in non-transfected cells in the present study (Gao et al., 2023). In 

contrast, other studies did not observe cAMP production in non-transfected HEK293T cells stimulated 

with A2AR agonists (Massink et al., 2015). Hence, it has been demonstrated that the A2AR and A2BR are 

natively expressed in HEK293T cells, and both can be stimulated with NECA, although some controversy 

exists regarding the observed EC50 values, depending on the cell lines and experimental conditions. 

Once the functionality of the A2AR was confirmed, the effect of stress induced by acrolein and AAPH 

was investigated. The observed increase in cAMP levels in the absence of ligands in cells overexpressing 

the A2AR could be explained by an increase in extracellular adenosine during oxidative stress, which 

activates the receptor to modulate inflammation and stress (Pasquini et al., 2021). Moreover, an 

increase in cAMP levels through specifically stimulating the A2AR with NECA was observed, suggesting 

upregulation of the receptor under these conditions, potentially to modulate oxidative stress and 

inflammation (Castro et al., 2020). Additionally, an increase in basal cAMP levels in cells under oxidative 

stress could be attributed to the activation of adenylate cyclase and a decrease in the activity of 

phosphodiesterases to counteract ROS production (Tanzarella et al., 2019). Hussain et al. suggested 

that disruption of the redox balance can influence cAMP production by activating adenylate cyclase 

(Hussain et al., 2023). Nevertheless, in contrast to the statements by Tanzarella et al. and Hussain et 

al., Shim and colleagues observed that oxidative stress can decrease cAMP levels and PKA activity in 

astrocytes, which was associated with a protective mechanism against oxidation (Shim et al., 2018). 

Hence, it has been suggested that an increase in cAMP levels might accelerate cell dysfunction during 

oxidative stress. 
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Despite these observations, an increase in the basal levels of cAMP in treated non-transfected cells with 

acrolein and AAPH was not observed in the present study, in comparison to the untreated controls. This 

suggests that differences in cAMP levels are probably related to A2AR expression and activity. 

Investigating the effect of oxidation on the activity of the A2AR in a cellular context using oxidants, such 

as AAPH and acrolein, reflects a more physiologically relevant environment than isolated proteins or in 

vitro systems. This can provide insights into how oxidative stress may modulate GPCR function, and its 

implications in diseases involving A2AR signalling, including inflammation, neurodegenerative disorders, 

and cardiovascular diseases (Leone and Emens, 2018; Li et al., 2018; Castro et al., 2020; El-Shamarka et 

al., 2020; Ikram et al., 2020; Wang et al., 2022). However, this methodology has some limitations. 

Cellular environments are highly complex, making it challenging to isolate the specific effects of lipid 

oxidation on the activity of the A2AR from alternative cellular responses. This is because oxidants, such 

as AAPH, can induce oxidative stress that affects various cellular components beyond this receptor 

(Zhao et al., 2018). This leads to non-specific side effects and makes it challenging to attribute the 

observed changes solely to the activity of the A2AR. Moreover, the results observed under oxidative 

conditions may be induced by changes in the membrane properties or downstream cell signalling (Itri 

et al., 2014). Oxidative stress dynamics are influenced by the intensity and duration of cell exposure to 

oxidants; therefore, understanding how these dynamics affect the A2AR in a cellular context can be 

complicated. Additionally, different cell types may respond differently to oxidant treatments, and GPCR 

activity may be influenced by specific cellular environments (Baccouch et al., 2022). 

It is well established that GPCRs typically undergo internalization and trafficking from the plasma 

membrane into endosomes upon activation by an agonist (Pandey et al., 2019). Measuring receptor 

internalization is a key readout for investigating ligand-binding GPCR function, and whole-cell ELISA has 

recently emerged as an attractive approach (Pandey et al., 2019).  

Pandey et al. demonstrated agonist-induced A2AR internalization in HEK293T cells measured using 

whole-cell ELISA (Pandey et al., 2019), which could not be observed in here. A 20% decrease in A2AR 

surface expression was detected 5 and 10 min after activation, and a 30% decrease was observed from 

20 to 60 min after activation. Agonist-induced A2AR internalization has been demonstrated in other 

studies (Burgueño et al., 2003; Genedani et al., 2005; Brand et al., 2008). In contrast, other studies have 

suggested that the A2AR is resistant to agonist-induced internalization (Charalambous et al., 2008; 

Zezula and Freissmuth, 2008). This resistance could be explained, in part, by the constitutive activity of 

the A2AR, which might lead to receptor internalization, independent of agonist activation (Klinger et al., 

2002). 
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Mundell et al. suggested that the C-terminal truncated receptor was resistant to NECA-induced 

internalization, as measured by whole-cell ELISA (Mundell and Kelly, 2011). Instead, internalization of 

the wild type A2AR was demonstrated. Similar experiments were performed on the A2BR (Mundell et al., 

2010) and a subtle decrease in the C-terminal truncated A2AR cell surface expression was also observed, 

although it was maintained at >90% 30 min after ligand addition, and its expression increased after 60 

min of activation (Mundell and Kelly, 2011). This was comparable to the results obtained in the present 

study after cell oxidation for 2h. Hence, the absence of receptor internalization and degradation upon 

agonist activation could be due to the use of the C-terminal truncated A2AR. Mundell et al. reported 

that the rat A2AR contains five serine residues in the distal C-terminus that are crucial for receptor 

desensitization and internalization, whereas the human A2AR contains a single serine residue (Mundell 

and Kelly, 2011). Therefore, the regulation of the A2AR may be species dependent.  

These results may also be attributed to inherent limitations in the methodology and potential 

inconsistencies in experimental results. For example, this methodology may not always distinguish 

between intracellular and membrane-localized receptors, and it can also detect receptors that are not 

fully functional or unproperly folded (Pandey et al., 2019). Hence, it may overestimate receptor cell 

surface expression depending on the experimental conditions. Further optimization is required for a 

more accurate interpretation of the effects of these oxidative treatments on A2AR cell surface 

expression over time upon activation (Pandey et al., 2019). Additional work is required to gain a more 

comprehensive understanding of the A2AR turnover dynamics under oxidative stress conditions. 

Despite receptor endocytosis, it has been observed that these proteins have persistent signalling 

function to cAMP and MAPK pathways into endosomes. This intracellular signalling function is believed 

to have specific outcomes that differ from those of the plasma membrane (Calebiro et al., 2010). Hence, 

although receptor internalization had been confirmed in the present study, it could be still functional 

and activate adenylate cyclase to produce cAMP. This challenges the traditional understanding of GPCR 

signalling and highlights the relevance of considering the subcellular localization and function of the 

A2AR in determining its function and signalling properties. Consequently, further analysis of the effects 

of oxidative stress on A2AR function is required. 

The methodology employed in this chapter could be applied to study other GPCRs and membrane 

proteins in mammalian cells. Moreover, studying the effects of AAPH and acrolein on the function of 

the A2AR can be extrapolated to the study of other oxidised lipids or radical generators on the activity 

of this receptor, as well as their effect on cell viability.  

To further validate the results obtained, the effects of oxidative treatments on other downstream 

signalling pathways, including PKA expression, CREB phosphorylation, and anti-inflammatory 
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interleukin expression, should be tested. Moreover, analysing ERK phosphorylation, NF-kB, and 

proinflammatory interleukin expression, or alternative pathways, such as intracellular calcium levels, 

would be of great interest. On the other hand, the effect of the oxidative treatments on other adenosine 

receptors natively expressed in HEK293T cells, which contribute to the regulation of cAMP levels in the 

cells, should be considered. Alternatively, the study of the effect of oxidative stress on the function of 

the A2AR in an isolated system, rather than in a cellular context, could provide a more accurate 

understanding of the close relationship between the receptor and oxidation. In addition, an 

optimization of the study of receptor expression on the cell surface is proposed to further comprehend 

the increase in cAMP production in the cellular context under the experimental conditions. Finally, the 

oxidative stress induced by AAPH and acrolein should be assessed, and lipid oxidation could be 

confirmed by LC-MS/MS. 

In conclusion, the C-terminal truncated A2AR sequence served to overexpress the functional receptor in 

transfected HEK293T cells, whose viability was affected by acrolein and AAPH as oxidative treatments. 

The effect of treating HEK293T cells with increasing concentrations of AAPH on cell viability was shown 

for the first time. Similarly, determination of the influence of oxidative stress on the function of the 

A2AR in a cellular context, measured by cAMP production, has been pioneered. The function of this 

receptor was not impaired under oxidative stress conditions. Instead, the downstream receptor 

signalling pathways were upregulated, which could not be attributed to the reduced receptor 

internalization upon activation. This provides insights into the effects of oxidative stress on adenosine 

receptors and other GPCRs, which have been investigated as drug targets to treat inflammatory 

diseases involving oxidative stress. 
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6. CHAPTER 6 - CONCLUSION AND FUTURE PERSPECTIVES 

The overall aim of this study was to investigate the effects of oxidative stress, lipid oxidation, and 

protein lipoxidation on the activity of the A2AR. In order to achieve this, it was necessary to express the 

A2AR in two validated expression systems, P. pastoris SMD1163 and HEK293T mammalian cells, to study 

the receptor properties under physiological and oxidative stress conditions.  

P. pastoris was used for the expression and solubilization of the A2AR using polymers and detergents. 

SMA2000 was the most efficient polymer for the solubilization of the receptor, compared to different 

DIBMA polymers. This allowed A2AR solubilization and purification, together with its native membrane 

environment, permitting protein characterization in the presence of lipids, which are crucial for GPCR 

structure and function (Pan et al., 2022; Levental et al., 2023). In contrast, detergents, such as DDM, 

which are typically used for membrane protein characterization, strip out the surrounding lipids (Singh 

et al., 2012). This makes the use of polymers advantageous for membrane protein characterization 

(Jamshad et al., 2015). Moreover, A2AR solubilized with DDM could not be purified away from the mADH 

contaminant, which limited protein characterization in subsequent experiments. Instead, A2AR-SMALP 

could be isolated from other P. pastoris proteins after extensive optimization.  

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) was used to identify the in-

gel digested A2AR-SMALP using trypsin and chymotrypsin. Although the A2AR monomer and dimer could 

be identified after protein digestion optimization, the sequence coverage obtained was 4% for the 

monomer digested with trypsin, and 16% for the monomer digested with chymotrypsin. This low 

sequence coverage limited the identification of A2AR-oxidised lipid adducts under oxidative stress 

conditions. The sequence coverage was comparable to that obtained for the A2AR expressed in HEK293T 

cells. Despite this limitation, purified A2AR-SMLAP was identified by in-gel digestion and LC-MS/MS for 

the first time. This study pioneered the identification of the A2AR using LC-MS/MS with the aim of 

characterising protein-lipid adducts that may occur under oxidative stress conditions, and this approach 

could in the future be applied more broadly to study other membrane proteins. 

Additionally, A2AR solubilization with SMA2000 allowed the identification of annular lipids that surround 

the receptor and co-purify into the A2AR-SMALP. These lipids were compared to those in P. pastoris bulk 

membranes and those solubilized with SMA2000 prior to receptor purification. PC and PE were the 

predominant phospholipid classes across all three experimental groups, followed by PS. In contrast, PG, 

PI, and LPL signals were less abundant. The most abundant phospholipids contained mono- and 

polyunsaturated fatty acyl chains of 34, 36, or 38 carbon atoms. These findings are in good agreement 

with previous studies on the P. pastoris lipidome, which has been extensively characterized (Yu et al., 

2022), and fatty acid unsaturation has been suggested to contribute to GPCR activity (Yang and Lyman, 
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2019). The A2AR-SMALP showed some differences in its phospholipid content compared to that of P. 

pastoris bulk membranes. The A2AR-SMALP was enriched in anionic lipids, including PS, PG, and PI, which 

have been suggested to stabilize the active conformation of the receptor (Dawaliby et al., 2016; 

Bruzzese et al., 2018), whereas the bulk membranes were rich in zwitterionic lipids, including PC and 

LPE.  

There has been limited characterization in the literature of the lipids that co-purify with membrane 

proteins solubilized in lipid particles (Routledge et al., 2020); this study is the first to report an in-depth 

analysis of the co-purified A2AR lipid environment in SMALPs using novel mass spectrometry equipment 

and methodologies. Overall, this investigation contributes to the understanding of the importance of 

lipids in the functioning of membrane proteins, which have implications for receptor activity and the 

consequent cell signalling to modulate biological processes (Pan et al., 2022; Levental et al., 2023). A 

limitation of this methodology is that the lipids that form direct interactions with the A2AR cannot be 

identified. Instead, annular lipids were characterised, which can be closer to or further from the protein 

within the SMALP, and therefore can be more or less relevant to protein activity (Serebryany et al., 

2012).  

This methodology can be used to identify oxidised lipids that closely surround the A2AR and other 

membrane proteins under oxidative stress conditions. Alternatively, oxidised and unoxidised lipids that 

can be covalently attached to the A2AR could be identified by protein analysis using LC-MS/MS after 

protein digestion with a high sequence coverage (Sousa et al., 2019). Lipid oxidation can occur in 

inflammatory diseases, including cardiovascular and neurodegenerative diseases, and it may influence 

protein function (Zhong et al., 2019).  

Within the SMALP, the A2AR appeared to be folded and able to undergo conformational changes upon 

ligand binding according to the analysis of Trp fluorescence and radioligand binding assays. Notably, 

addition of the antagonist to the apo A2AR-SMALP increased Trp fluorescence, which suggests that 

protein conformational changes were occurring (Ghisaidoobe and Chung, 2014). This suggested that a 

considerable number of apo receptors were sampled in the active or intermediate active 

conformations. This could be explained by the constitutive activity of the apo A2AR in a favourable lipid 

environment enriched in anionic lipids, such as PG (Ye et al., 2016; Bruzzese et al., 2018), as 

corroborated by LC-MS/MS in the present study. Moreover, the A2AR-SMALP was able to transition from 

the active to the inactive conformation and vice versa upon the addition of ligands, whereas this could 

not be detected for the A2AR-DDM. The work reported in this study demonstrated that ligand binding 

and membrane protein conformational changes can be studied using Trp fluorescence in its native 

environment without protein modification in agreement with previous studies (Routledge et al., 2020). 
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Treatment with AAPH and acrolein did not prevent the A2AR-SMALP from radioligand binding or 

undergoing conformational changes. This suggested that the oxidative treatments did not cause major 

modifications to the secondary and tertiary structures of the protein, allowing it to remain properly 

folded and responsive to ligand binding (Fraser, 2006). However, lipid oxidation and protein lipoxidation 

induced by the oxidative treatments could not confirmed, representing a limitation of this study. This 

could be addressed in the future through the analysis of oxidised lipids using LC-MS/MS and improving 

the A2AR sequence coverage observed by in-gel digestion and LC-MS/MS to detect the formation lipid-

protein covalent adducts. 

These results are in good agreement with the thermal unfolding profile of the untreated and treated 

A2AR-SMALP and A2AR-DDM, which showed similar melting temperatures using CPM fluorescence and 

suggested that the oxidative treatments did not modify the thermostability of the solubilized protein. 

Nevertheless, these results should be considered in terms of methodological limitations, as Trp 

fluorescence, CPM fluorescence, and radioligand binding assays can be highly influenced by the sample 

solubilization method, buffer composition, and the presence of other protein contaminants, such as 

mADH in the A2AR-DDM sample (Alexandrov et al., 2008; Nehmé et al., 2017). It is possible that the lack 

of effect of the oxidative treatments on A2AR activity was due to a lack of oxidative modification on the 

lipids and the receptor, which could not be detected in this study. However, previous studies have 

demonstrated using LC-MS/MS that AAPH and acrolein, with equal concentrations to the ones used in 

this study, have resulted in lipid oxidation and protein lipoxidation, consequently reducing protein 

activity (Covey et al., 2010; Duan et al., 2016; Parathodi Illam et al., 2019; Sousa et al., 2019). The 

novelty of this study was the investigation into the effects of oxidative treatments on conformational 

changes, thermostability, and ligand binding on the A2AR. This contributed to the understanding of the 

behaviour of membrane proteins under oxidative stress conditions.  

It was demonstrated that the function of the A2AR expressed in mammalian HEK293T cells was not 

impaired by the oxidative treatments when measuring cAMP levels. Instead, cAMP production was 

upregulated in the transfected cells treated with AAPH and acrolein. The oxidant concentrations used 

in this study did not significantly reduce cell viability; however, they previously have been shown to 

induce oxidative stress and lipid peroxidation in cells (Luo et al., 2005; Huang et al., 2013; Yin et al., 

2020). Indeed, under these conditions, cAMP production increased with the A2AR agonist in a dose-

dependent manner. In contrast, this was not observed after adenylate cyclase activation with forskolin 

in the non-transfected cells, showing that adenylate cyclase was not responsible for the effect. Instead, 

this suggested an upregulation of the A2AR resulting in an increase in cAMP in response to oxidative 

stress as a negative feedback loop to control inflammation (Tavares et al., 2020). As no change in A2AR 

cell surface expression was detected, this suggested that the activity of the A2AR was upregulated under 
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oxidative stress conditions. Investigating receptor internalization upon ligand binding under oxidative 

stress conditions would be of great interest for understanding the upregulation of downstream 

signalling pathways. These results were consistent with those from the characterization of the 

solubilized A2AR-SMALP under oxidative conditions; the in vitro analysis of the A2AR conformation, 

stability, and ligand binding under oxidative treatments, and the study of the protein function in the 

cellular environment revealed no impairment.  

The effect of activating or inhibiting the A2AR on the treatment of inflammatory conditions has been 

extensively explored (Leone and Emens, 2018; Li et al., 2018; Castro et al., 2020; El-Shamarka et al., 

2020; Ikram et al., 2020; Wang et al., 2022) but, this is the first report of the impact of oxidative stress 

on the function, structure, and conformation of the A2AR. Investigating the effect of oxidation on the 

activity of the A2AR in a cellular context reflects a more physiologically relevant environment than 

isolated proteins or in vitro systems. Nonetheless, cellular environments are highly complex, making it 

challenging to isolate the specific effects on the A2AR from alternative cellular responses (Zhao et al., 

2018). To overcome this, more extensive characterization of A2AR downstream signalling pathways 

could be explored, including the analysis of PKA expression and ERK phosphorylation. Additionally, lipid 

peroxidation and A2AR lipoxidation on HEK293T cell should be confirmed to make this study robust. 

Demonstrating the presence of oxidised lipids around the protein or protein lipoxidation would help 

determine the mechanism by which this membrane protein can be modulated under oxidative stress 

conditions (Duan et al., 2016; Illam et al., 2019).  

Overall, this study demonstrated the feasibility of characterizing the ligand binding capability, 

conformational changes, and thermostability of the A2AR expressed in P. pastoris in its native lipid 

environment using SMA2000. Moreover, this approach allowed characterization of the lipid 

environment that was co-purified with the receptor by LC-MS/MS. The methodology enabled 

investigation of the effect of lipid oxidation and protein oxidation on the A2AR properties, revealing no 

significant alterations compared to unoxidised controls. This aligns with the observations of oxidation 

effects on the function of the A2AR expressed in mammalian cells, where cAMP was upregulated under 

oxidative conditions. However, it remains essential to confirm lipid oxidation and protein lipoxidation 

using LC-MS/MS to comprehensively understand the impact of oxidative treatments on this membrane 

protein.  

In the realm of biochemistry, this study contributed to the characterization of a membrane protein in 

its lipid environment under oxidative conditions, and the results challenge conventional assumptions 

regarding membrane protein susceptibility to oxidative stress. The results point to the importance of 

investigating lipid peroxidation in the receptor-lipid environment, as well as the analysis of protein 
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lipoxidation on the A2AR and other membrane proteins to expand the understanding of oxidative impact 

on protein structures. In terms of cell signalling, in a cellular context with intricate regulatory responses 

to oxidative stress, an upregulation of the A2AR and its capacity to increase cAMP production under 

oxidative conditions highlights its potential in modulating inflammatory processes. In the broader 

context of pathophysiology, these findings have implications for understanding diseases where 

oxidative stress plays a significant role, and contribute to understanding the role of the A2AR in the 

cellular anti-inflammatory response under oxidative conditions, representing a natural mechanism 

against oxidative damage in vivo. 
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8. APPENDICES 
 

 

Figure 8.1. Expression of the A2AR in Pichia pastoris. The A2AR was expressed in P. pastoris SMD1163 with 
the pPICZB-A2AR plasmid. The expression was assessed by SDS-PAGE and Western blotting with a specific 
primary antibody against the A2AR.  

A         B 

 

Figure 8.2. Solubilization of the A2AR with SMA2000 and DIBMA free acid at 2.5% (w/v). The A2AR was 
solubilized from the membrane preparation using (A) SMA2000 at 2.5% (w/v) and (B) DIBMA free acid 
at 2.5% (w/v). Protein solubilization was monitored by SDS-PAGE and Western blotting using a specific 
primary antibody against the A2AR. 
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Figure 8.3. Solubilization of the A2AR with DIBMA polymers at 5% (w/v). The A2AR was solubilized from 
the membrane preparation using DIBMA free acid, DIBMA monosodium salt, and Glyco-DIBMA at 5%. 
Protein solubilization was monitored by SDS-PAGE and Western blot using a specific primary antibody 
against the A2AR. 

 

A         B 

 

Figure 8.4. Finding the optimal imidazole concentrations for the purification of the A2AR-SMALP. 
Solubilized membranes were recirculated with His-select resin. (A) The resin was washed with 1, 5, and 
10 mM imidazole. (B) The A2AR-SMALP was eluted from the resin using 20, 40, 60, and 250 mM 
imidazole. Protein elution was analysed by Western blotting using an anti-A2AR primary antibody.  
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Figure 8.5. Large-scale purification of the A2AR-SMALP. P. pastoris cells expressing the A2AR were broken 

using acid-washed glass beads to obtain the membrane preparation in Tris-HCl buffer. The A2AR was 

solubilized using 2.5% SMA2000 and purified using His-pur Ni-NTA resin. The resin was washed with 20 

mM imidazole, and A2AR-SMALP eluted with 60 mM imidazole. A2AR-SMALP elution was analysed by 

Western blotting analysis. 

 

Figure 8.6. Solubilization of the A2AR with 2% (w/v) DDM. The A2AR was solubilized from P. pastoris 

membranes with DDM. A2AR solubilization was monitored by western Blotting with a specific primary 

antibody against the A2AR. 
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  A                     B 

 

C                                               D 

 

Figure 8.7. A2AR-SMALP purification through affinity chromatography using Ni-NTA His-select affinity gel 
and high imidazole concentrations. The solubilized fraction containing the A2AR-SMALP was recirculated 
with a previously equilibrated resin with 10 mM imidazole. The column was washed with 20, 40, and 60 
mM imidazole and the A2AR-SMALP was eluted from the resin with 250 mM imidazole. The results were 
analysed by SDS-PAGE, Coomassie staining, and Western blotting using an anti-A2AR primary antibody. 
(A) SDS-PAGE and Coomassie staining of the membrane preparation, flow-through, and wash fractions. 
(B) SDS-PAGE and Coomassie staining of the elution fractions. (C) Western blot analysis of the membrane 
preparation, flow-through, wash, and elution fractions for the detection of the A2AR. (D) Densitometric 
analysis of bands corresponding to the A2AR detected by Western blotting in the different purification 
fractions (n=1).  
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Figure 8.8. A2AR-SMALP purification by affinity chromatography using His-select affinity gel (Sigma) Ni+2-
NTA resin. The solubilized fraction containing the A2AR-SMALP was recirculated with His-select affinity 
gel from Sigma, which was previously equilibrated without imidazole. The resin was washed with 1, 5, 
and 10 mM imidazole and the A2AR-SMALP was eluted with 60 and 250 mM imidazole. (A) Flow-through, 
wash, and elution fractions were analysed by SDS-PAGE and Coomassie staining, and (B) bands 
corresponding to the A2AR, P. pastoris main contaminant, and other contaminants were analysed by 
densitometry (n=1).  
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Figure 8.9. A2AR-SMALP purification by affinity chromatography using Ni-NTA agarose (Invitrogen) Ni+2-
NTA resin. The solubilized fraction containing the A2AR-SMALP was recirculated with Ni-NTA agarose 
(Invitrogen) previously equilibrated without imidazole. The resin was washed with 1, 5, and 10 mM 
imidazole and the A2AR-SMALP was eluted with 60 and 250 mM imidazole. (A) Flow-through, wash, and 
elution fractions were analysed by SDS-PAGE and Coomassie staining, and (B) bands corresponding to 
the A2AR, P. pastoris main contaminant, and other contaminants were analysed by densitometry (n=1).  

 

 



 

229 
I. Company Marin, PhD Thesis, Aston University 2024 

 

  A                                 B 

Elution 1 Elution 2 Elution 3 Elution 4

0

1000

2000

3000

4000

Generon – Surper Ni-NTA affinity resin

Elution

%
 B

a
n

d
 i
n

te
n

s
it

y

A2AR

Main contaminant

Other contaminants > mw

Other contaminants < mw

 

Figure 8.10. A2AR-SMALP purification by affinity chromatography using Super Ni-NTA affinity resin 
(Generon) Ni+2-NTA resin. The solubilized fraction containing the A2AR-SMALP was recirculated with 
Super Ni-NTA affinity resin (Generon) previously equilibrated without imidazole. The resin was washed 
with 1, 5, and 10 mM imidazole and the A2AR-SMALP was eluted with 60 and 250 mM imidazole. (A) 
Flow-through, wash, and elution fractions were analysed by SDS-PAGE and Coomassie staining, and (B) 
bands corresponding to the A2AR, P. pastoris main contaminant, and other contaminants were analysed 
by densitometry (n=1). 

  A                                 B 

 

Figure 8.11. A2AR-SMALP and P. pastoris main contaminant elution from His-pur Ni-NTA resin with 60 
mM imidazole. The solubilized fraction containing the A2AR-SMALP was recirculated with previously 
equilibrated His-pur Ni-NTA resin without imidazole. The resin was washed with 1, 5, and 10 mM 
imidazole and the A2AR-SMALP eluted with 60 mM and 1 CV at a time for a total of 10 elution steps. 
Results were analysed by SDS-PAGE and Coomassie staining for (A) Flouthrough, wash fractions and 1-
5 elution fractions, and (B) 6-10 elution fractions.  

 

 

 

 



 

230 
I. Company Marin, PhD Thesis, Aston University 2024 

 

   A       B 

 

Figure 8.12. Large-scale purification of the A2AR-SMALP prepared with the C3 cell disrupter in HEPES 
buffer. P. pastoris cells expressing the A2AR were broken using the C3 cell disrupter to obtain the 
membrane preparation in HEPES buffer, from which the A2AR was solubilized using SMA2000 at 2.5%. 
The solubilized fraction containing the A2AR-SMALP was recirculated with a previously equilibrated His-
pur Ni-NTA resin without imidazole. The resin was washed with 10 mM imidazole, and A2AR-SMALP was 
eluted with 60 mM imidazole. The elution fractions were analysed by (A) SDS-PAGE and Coomassie 
staining and (B) Western blotting using an anti-A2AR primary antibody.  

   A       B 

 

Figure 8.13. Large-scale purification of the A2AR-SMALP prepared with the C3 cell disrupter in HEPES 
buffer increasing imidazole concentrations to wash the resin. P. pastoris cells expressing the A2AR were 
broken using the C3 cell disrupter to obtain the membrane preparation in HEPES buffer, from which the 
A2AR was solubilized using SMA2000 at 2.5%. The solubilized fraction containing the A2AR-SMALP was 
recirculated with a previously equilibrated His-pur Ni-NTA resin without imidazole. The resin was washed 
with 20 mM imidazole, and A2AR-SMALP eluted with 60 mM imidazole. The elution fractions were 
analysed by (A) SDS-PAGE and Coomassie staining and (B) Western blotting using an anti-A2AR primary 
antibody.  
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      A               B 

 

Figure 8.14. Large-scale purification of the A2AR-SMALP prepared with the C3 cell disrupter in HEPES 
buffer using different SMA2000 and resin stocks. P. pastoris cells expressing the A2AR were broken using 
the C3 cell disrupter to obtain the membrane preparation in HEPES buffer, from which the A2AR was 
solubilized and purified using (A) SMA2000 at 2.5% from the same stock used for previous experiments 
and reused resin and (B) SMA2000 at 2.5% from a new stock and resin. The solubilized fraction 
containing the A2AR -SMALP was recirculated with a previously equilibrated His-pur Ni-NTA resin without 
imidazole. Resins were washed with 20 mM imidazole and A2AR-SMALP was eluted with 60 mM 
imidazole. Flow-through, wash, and elution fractions were analysed by SDS-PAGE and Coomassie 
staining.  

 

   A                 B 

 

Figure 8.15. Large-scale purification of the A2AR-SMALP prepared with the Glass beads or the French 
press in HEPES buffer. P. pastoris cells expressing the A2AR were broken using (A) acid-washed Glass 
beads or (B) the French press, to obtain the membrane preparation in HEPES buffer, from which the A2AR 
was solubilized using SMA2000 at 2.5%. The solubilized fractions containing the A2AR-SMALP were 
recirculated with a previously equilibrated His-pur Ni-NTA resin without imidazole. The resins were 
washed with 20 mM imidazole, and A2AR-SMALP eluted with 60 mM imidazole. The flow-trhough, wash, 
and elution fractions were analysed by SDS-PAGE and Coomassie staining.  
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Figure 8.16. Densitometric analysis of the bands corresponding to the A2AR-SMALP and other 
contaminants detected by SDS-PAGE and Coomassie staining in the different elution fractions. A2AR-
SMALP was prepared using different cell-breaking methods: glass beads (GB) or French press (FP), and 
different buffers: Tris-HCl and HEPES. A2AR-SMALP elution was compared to the elution of other 
contaminants in different purification tests (n=1).  

 

Figure 8.17. Analysis of the 5X concentrated A2AR-SMALP and A2AR-Glyco-DIBMALP in different buffers. 
Purified A2AR-SMALP GB and A2AR-Glyco-DIBMALP GB prepared in Tris-HCl buffer and A2AR-SMALP GB 
and A2AR-SMALP FP prepared in HEPES buffer were concentrated five times and the results were 
analysed by SDS-PAGE and Coomassie staining.  
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   A                 B 

     

Figure 8.18. A2AR monomer identification by LC-MS/MS after trypsin in-gel digestion. Bands 
corresponding to the A2AR monomer were in-gel digested with trypsin and analysed by LC-MS/MS. (A) 
Fragmentation spectrum of the YNGLVTGTR peptide and Y and B ion coverage. (B) Fragmentation 
spectrum of the QMESQPLPGER peptide and Y and B ion coverage. Covered ions are highlighted in red, 
whereas non-covered ions are presented in black. 
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   A                 B 

      

C 

 

Figure 8.19. A2AR dimer identification by LC-MS/MS after chymotrypsin in-gel digestion. Bands 
corresponding to the A2AR dimer were in-gel digested with chymotrypsin and analysed by LC-MS/MS. (A) 
Fragmentation spectrum of the AIAIDRY peptide and Y and B ion coverage. (B) Fragmentation spectrum 
of the EDVVPMNY peptide and Y and B ion coverage. (C) Fragmentation spectrum of the SHTNSVVNPF 
peptide and Y and B ion coverage. Covered ions are highlighted in red whereas non-covered ions are 
presented in black. 
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G 

 

Figure 8.20. A2AR monomer identification by LC-MS/MS after chymotrypsin in-gel digestion. Bands 
corresponding to the A2AR were in-gel digested with chymotrypsin and analysed by LC-MS/MS. (A) 
Fragmentation spectrum of the LNSNLQNVTNY peptide and Y and B ion coverage. (B) Fragmentation 
spectrum of the AAADIAVGVL peptide and Y and B ion coverage. (C) Fragmentation spectrum of the 
AITISTGF peptide and Y and B ion coverage (D) Fragmentation spectrum of the SLLAIAIDRY peptide and 
Y and B ion coverage (E) Fragmentation spectrum of the AIGLTPMLGW peptide and Y and B ion coverage 
(F) Fragmentation spectrum of the FEDVVPMNY peptide and Y and B ion coverage (G) Fragmentation 
spectrum of the SHTNSVVNPFIY and Y and B ion coverage. Covered ions are highlighted in red whereas 
non-covered ions are presented in black. 
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B 

C 

Figure 8.21. Low-energy base peak intensity (BPI) chromatograms for comparative lipid profiling of P. 
pastoris bulk membranes, SMA-solubilized fraction, and purified A2AR-SMALP. Lipids were extracted 
following the MTBE method from (A) P. pastoris bulk membranes, (B) SMA-solubilized fraction, and (C) 
purified A2AR-SMALP. Lipids were resuspended in IPA and analysed by LC-MS/MS in ESI negative ion 
mode. An ACQUITY Premier CSH C18 Column (1.7 µm, 2.1 x 100 mm) was coupled to the SELECT SERIES 
Cyclic ion mobility separation (IMS) mass spectrometry system (Waters) in single pass Q-cIM-TOF mode.  

 

A 

 

 

B 

C 

Figure 8.22. Low-energy (MS) combined spectra in the 100-2000 m/z range for comparative lipid 
profiling of P. pastoris bulk membranes, SMA-solubilized fraction, and purified A2AR-SMALP. Lipids were 
extracted following the MTBE method from (A) P. pastoris bulk membranes, (B) SMA-solubilized fraction, 
and (C) purified A2AR-SMALP. Lipids were resuspended in IPA and analysed by LC-MS/MS in ESI negative 
ion mode. An ACQUITY Premier CSH C18 Column (1.7 µm, 2.1 x 100 mm) was coupled to the SELECT 
SERIES Cyclic ion mobility separation (IMS) mass spectrometry system (Waters) in single pass Q-cIM-TOF 
mode.  
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Table 8.1 Phosphatidylcholine (PC) species detected by LC-MS/MS in ESI positive mode.  

 

Table 8.2. Phosphatidylethanolamine (PE) species detected by LC-MS/MS in ESI positive mode.  

 

 

Table 8.3. Phosphatidylserine (PS) species detected by LC-MS/MS in ESI positive mode.  

 

 

 

 

 

Adducts Description Formula m/z 
Mass 
Error 
(ppm) 

RT 
(min) 

CCS 
(angstrom^2) 

Score 
Fragment 

Score 

M+H, M+Na, M+K PC(32:1) C40H78NO8P 732.5545 0.97 3.98 185.67 43.5 25.3 

M+H, M+Na, M+K PC(32:2) C40H76NO8P 730.5388 0.92 3.06 183.61 43.7 26 

M+H PC(34:1) C42H82NO8P 760.5825 -3.42 3.52 185.54 52.3 66 

M+H, M+Na PC(34:2) C42H80NO8P 758.5724 3.96 4.12 187.60 40.3 10.7 

M+H, M+Na, M+K PC(34:3) C42H78NO8P 756.5565 0.25 3.26 185.56 52.8 67.3 

M+H, M+Na, M+K PC(34:4) C42H76NO8P 754.5397 2.09 2.66 183.50 53.8 76.8 

M+H, M+Na, M+K PC(36:1) C44H86NO8P 788.6177 0.68 6.71 197.37 49.5 50.7 

M+H, M+Na, M+K PC(36:2) C44H84NO8P 786.6044 4.64 5.49 193.48 46.4 40.3 

M+H, M+Na, M+K PC(36:3) C44H82NO8P 784.5892 5.20 4.39 189.51 49.9 57.8 

M+H PC(36:4) C44H80NO8P 782.5734 5.04 5.37 187.50 39.2 4.93 

M+H, M+Na, M+K PC(36:6) C44H76NO8P 778.5387 0.74 2.32 185.47 53.9 79.5 

 

Adducts Description Formula m/z 
Mass 
Error 
(ppm) 

RT 
(min) 

CCS 
(angstrom^2) 

Score 
Fragment 

Score 

M+H, M+K PE(34:1) C39H76NO8P 718.5391 0.21 5.77 181.57 49.1 48.8 

M+H, M+Na, M+K PE(34:2) C39H74NO8P 716.5238 1.78 4.64 179.46 51.1 62.9 

M+H, M+Na, M+K PE(36:1) C41H80NO8P 746.57 0.72 4.64 189.68 45.8 34.2 

M+H, M+K PE(36:2) C41H78NO8P 744.5554 0.89 5.90 183.54 46.5 41.2 

M+H PE(36:3) C41H76NO8P 742.5397 2.10 4.79 181.46 46.9 41.6 

M+H, M+Na PE(36:4) C41H74NO8P 740.5236 1.57 3.78 179.35 53.2 78.5 

M+H, M+Na, M+K PE(38:2) C43H82NO8P 772.5873 2.92 4.78 191.56 46.7 39.4 

M+H, M+Na, M+K PE(38:3) C43H80NO8P 770.5716 0.13 3.77 189.57 47 37.7 

M+H, M+Na, M+K PE(38:4) C43H78NO8P 768.5552 1.79 3.07 187.55 45.4 32 

M+H, M+Na, M+K PE(40:2) C45H86NO8P 800.6166 0.32 6.15 199.24 50.5 60.6 

 

Adducts Description Formula m/z 
Mass 
Error 
(ppm) 

RT 
(min) 

CCS 
(angstrom^2) 

Score 
Fragment 

Score 

M+H PS(32:1) C38H72NO10P 734.4961 -0.73 3.00 181.50 58.5 99.3 

M+H, M+Na PS(33:1) C39H74NO10P 748.5092 -4.21 3.46 181.43 45.5 40.7 

M+H, M+Na, M+K PS(34:1) C40H76NO10P 762.5287 0.95 3.99 185.54 47.2 44.8 

M+H, M+Na, M+K PS(34:2) C40H74NO10P 760.5119 -0.51 3.18 183.48 45.9 38.1 

M+H, M+Na PS(34:3) C40H72NO10P 758.4965 -0.25 2.63 181.39 55 82.3 

M+H, M+Na, M+K PS(36:2) C42H78NO10P 826.5003 -5.87 4.12 195.28 41.7 19.4 

M+H, M+Na, M+K PS(36:3) C42H76NO10P 786.5287 0.99 3.31 185.43 44.2 31.7 

M+H, M+Na PS(36:4) C42H74NO10P 784.5126 0.33 2.67 183.38 41 12.5 

M+H PS(38:2) C44H82NO10P 816.5709 -4.95 5.51 148.77 36.8 0 

M+H, M+Na, M+K PS(38:7) C44H72NO10P 844.4481 -5.12 4.02 191.27 35.4 0.59 
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Table 8.4. Phosphatidylglycerol (PG) species detected by LC-MS/MS in ESI positive mode.  

 

Table 8.5. Phosphatidylinositol (PI) species detected by LC-MS/MS in ESI positive mode.  

 

 

Table 8.6. Lysophosphatidylcholine (LPC) species detected by LC-MS/MS in ESI positive mode. 

 

 

 

 

 

 

Adducts Description Formula m/z 
Mass 
Error 
(ppm) 

RT 
(min) 

CCS 
(angstrom^2) 

Score 
Fragment 

Score 

M+NH4 PG(24:0) C30H59O10P 628.4197 2.08 1.47 141.53 37.4 0 

M+NH4 PG(34:2) C40H75O10P 764.5428 -1.15 3.32 189.59 38.9 0.889 

M+NH4 PG(36:3) C42H77O10P 790.5598 0.66 5.38 189.48 38.5 7.15 

M+NH4 PG(36:4) C42H75O10P 788.5446 1.33 4.13 187.47 39 6.63 

M+NH4 PG(38:5) C44H77O10P 814.5551 -5.16 4.39 148.77 51.1 71.1 

M+NH4 PG(38:6) C44H75O10P 812.539 -5.82 3.49 146.19 50 66.9 

 

Adducts Description Formula m/z 
Mass 
Error 
(ppm) 

RT 
(min) 

CCS 
(angstrom^2) 

Score 
Fragment 

Score 

M+NH4 PI(30:0) C39H75O13P 800.5316 4.21 4.15 191.44 34.5 1.21 

M+NH4 PI(32:0) C41H79O13P 828.5642 5.64 5.53 197.20 33.6 0.802 

M+H, M+NH4, M+Na, M+K PI(33:0) C42H79O13P 840.5601 0.45 3.32 199.08 42.9 41.9 

M+H, M+NH4, M+Na, M+K PI(34:0) C43H81O13P 875.5057 1.04 3.83 198.95 46.1 42.9 

M+H, M+NH4, M+Na, M+K PI(34:1) C43H79O13P 873.4899 0.93 3.04 197.04 40.7 18.1 

M+H, M+NH4, M+Na, M+K PI(36:0) C45H83O13P 901.5211 0.76 3.94 202.63 46 39.4 

M+H, M+NH4, M+Na, M+K PI(36:1) C45H79O13P 876.5603 0.32 2.52 198.94 53.3 71.1 

M+H, M+NH4, M+Na, M+K PI(36:2) C45H75O13P 872.5282 0.10 1.75 195.11 44.5 34.7 

M+NH4, M+K PI(40:0) C49H87O13P 953.5544 1.92 2.06 218.62 36.8 0 

M+NH4, M+Na, M+K PI(40:3) C49H89O13P 955.5717 3.66 2.09 207.99 43.5 30.5 

 

Adducts Description Formula m/z 
Mass 
Error 
(ppm) 

RT 
(min) 

CCS 
(angstrom^2) 

Score 
Fragment 

Score 

M+H LPC(12:0) C20H42NO7P 440.2764 -1.64 0.72 118.67 39.7 14.4 

M+H, M+K LPC(14:0) C22H46NO7P 468.3071 -2.96 1.13 128.04 38.5 0 

M+H, M+K LPC(16:0) C24H50NO7P 496.3397 -0.10 0.98 139.56 42.4 13 

M+H LPC(16:1) C24H48NO7P 494.324 -0.21 0.82 133.84 38.9 11.5 

M+H, M+Na LPC(17:1) C25H50NO7P 508.3395 -0.55 0.90 136.64 41.1 22.6 

M+H, M+K LPC(18:0) C26H54NO7P 524.3712 0.22 1.23 147.52 39.2 0.726 

M+H, M+Na, M+K LPC(18:1) C26H52NO7P 522.3558 0.74 1.00 142.15 52.7 69.1 

M+H, M+Na, M+K LPC(18:2) C26H50NO7P 520.3395 -0.44 0.87 136.56 42.5 18.7 

M+H, M+Na, M+K LPC(18:3) C26H48NO7P 518.3254 2.40 0.78 133.68 35.8 11.9 

M+H, M+Na, M+K LPC(20:1) C28H56NO7P 550.3865 -0.91 1.24 147.34 37.4 0 

M+H LPC(22:2) C30H58NO7P 576.4043 3.31 2.73 157.36 35.9 0 
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Table 8.7. Lysophosphatidylethanolamine (LPE) species detected by LC-MS/MS in ESI positive mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adducts Description Formula m/z 
Mass 
Error 
(ppm) 

RT 
(min) 

CCS 
(angstrom^2) 

Score 
Fragment 

Score 

M+H, M+Na LPE(16:0) C21H44NO7P 454.2927 -0.30 1.02 121.84 42.5 16.4 

M+H LPE(16:1) C21H42NO7P 452.277 -0.44 0.86 115.20 36.7 0 

M+H, M+Na, M+K LPE(18:0) C23H48NO7P 482.3242 0.15 1.29 130.97 39.6 2.77 

M+H, M+Na, M+K LPE(18:1) C23H46NO7P 480.3088 0.69 1.04 124.84 46.9 37 

M+H, M+Na LPE(18:2) C23H44NO7P 478.2931 0.58 0.89 118.39 46.3 49.3 

M+H, M+K LPE(18:3) C23H42NO7P 476.2773 0.31 0.80 115.03 34.9 5.72 

M+H LPE(18:4) C23H40NO7P 474.2615 -0.04 0.76 131.03 31.4 0 

M+H LPE(20:0) C25H52NO7P 510.3532 -4.30 1.09 142.23 37.6 0 

M+H, M+K LPE(22:0) C27H56NO7P 538.3863 -0.72 1.39 150.04 38.6 0 

M+H, M+K LPE(22:1) C27H54NO7P 536.3711 0.05 1.11 144.77 39.7 9.35 
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                       A        B 

 

                       C        D 

 

E 

 

Figure 8.23. Intrinsic fluorescence of the buffers, ligands, and A2AR-SMALP. The fluorescence emissions 
of (A) Tris-HCl buffer, (B) HEPES buffer, (C) ZM241385 in Tris-HCl buffer, (D) NECA in Tris-HCl buffer, and 
(E) A2AR-SMALP in Tris-HCl buffer were measured between 290 and 500 nm after excitation at 280 nm. 
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          A                B 

 

          C                D 

 

Figure 8.24. Fluorescence of the A2AR-SMALP in the absence and presence of the antagonist ZM241385. 
The fluorescence emission of (A) A2AR-SMALP prepared with Glass Beads (GB) and Tris-HCl buffer, (B) 
A2AR-SMALP prepared with GB and HEPES buffer, (C) A2AR-DIBMALP prepared with GB and in Tris-HCl 
buffer, and (D) A2AR-SMALP prepared with French press (FP) in HEPES buffer were measured between 
290 and 500 nm after excitation at 280 nm before (apo A2AR-SMALP or apo A2AR-DIBMALP; blue) and 
after the addition of 1 µM ZM241385 (orange). The results are presented as raw data together with 
each SDS-PAGE gel lane corresponding to the purified, concentrated, and encapsulated A2AR.  
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A 

 

B 

 

Figure 8.25. ZM241385-induced changes in overall A2AR-SMALP fluorescence. The fluorescence emission 
of apo A2AR-SMALP and Trp control after the addition of increasing concentrations of the antagonist 
ZM241385 by titration were measured between 290 and 500 nm after excitation at 280 nm. Results are 
presented as (A) Raw data for the A2AR-SMALP, (B) Raw data for the Trp control and (C) Percentage Trp 
signal of dose-dependent effect of ZM241385 binding on the overall fluorescence, considering apo A2AR-
SMALP and apo Trp control to be 100% and normalized by the dilution effect. Data are presented as the 
mean of all replicates (n=3) ± SD. 
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          A                B 

 

Figure 8.26. NECA-induced changes in overall A2AR-SMALP fluorescence. The fluorescence emission of 
apo A2AR-SMALP and Trp control and after titration with increasing concentrations of the agonist NECA 
were measured between 290 and 500 nm after excitation at 280 nm. The results are presented as (A) 
Raw data for the A2AR-SMALP, (B) Raw data for the Trp control. 

 

 

Figure 8.27. ZM241385-induced changes in the overall fluorescence of A2AR-SMALP after the addition of 
saturating concentrations of NECA. The fluorescence emission of apo A2AR-SMALP after the addition of 
the agonist at 10 µM and increasing concentrations of the antagonist ZM241385 by titration were 
measured between 290 and 500 nm after excitation at 280 nm. The results are presented as (A) raw 
data and (B) percentage of Trp signal of dose-dependent effect of NECA and ZM241385 binding on 
overall fluorescence. The apo A2AR-SMALP was considered to be 100%, and the data were normalized to 
the dilution effect. Data are presented as the mean of all replicates (n=3) ± SD. 
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Figure 8.28. NECA-induced changes in the overall fluorescence of A2AR-SMALP after the addition of 
saturating concentrations of the antagonist ZM241385. The fluorescence emission of apo A2AR-SMALP 
after the addition of the antagonist at 1 µM and increasing concentrations of the agonist NECA by 
titration was measured between 290 and 500 nm after excitation at 280 nm. The results are presented 
as (A) raw data and (B) percentage of Trp signal of the dose-dependent effect of ZM241385 and NECA 
binding on the overall fluorescence, considering apo A2AR-SMALP to be 100%. The data were normalized 
to the dilution effect and presented as the mean of all replicates (n=3) ± SD. 

          A                B 

  

          B                C 

 

Figure 8.29. NECA-induced changes in the overall fluorescence of A2AR-SMALP. The fluorescence 
emission of apo A2AR-DDM and Trp control after the addition of increasing concentrations of the agonist 
NECA by titration was measured between 290 and 500 nm after excitation at 280 nm. The results are 
presented as (A) raw data for the A2AR-DDM, (B) percentage of Trp signal of the dilution effect on the 
overall fluorescence considering apo A2AR-DDM as 100%, (C) raw data for the Trp control in DDM buffer, 
and (C) percentage Trp signal of the dose-dependent effect of NECA binding on the overall fluorescence. 
Apo A2AR-DDM and apo Trp control were considered to be 100%.  
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          A                B 

 

          C                D 

 

Figure 8.30.Non-specific CPM fluorescence in SMA buffer, DDM buffer, and SMA-encapsulated lipid in 
the presence of A2AR agonist and antagonist, or oxidative treatments acrolein (ACR) and AAPH.  (A) Non-
specific CPM fluorescence in SMA buffer and in the presence of A2AR antagonist ZM241383, A2AR agonist 
NECA, and oxidative treatments ACR and AAPH. (B) Non-specific CPM fluorescence in DDM buffer and 
in the presence of ZM241383, NECA, ACR, and AAPH. (C) non-specific CPM fluorescence in SMA buffer 
and SMA-encapsulated lipids in the absence or presence of ZM241383, NECA, ACR, and AAPH. (D) non-
specific CPM fluorescence in SMA buffer and non-incubated or incubated SMA-encapsulated lipids at 
room temperature (RT).  
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A                B 

   

C                D 

  

Figure 8.31. Effect of incubating A2AR-SMALP and A2AR-DDM at 37oC or RT for 1 hour on protein thermal 
unfolding monitored by CPM fluorescence. (A) A2AR-SMALP and (B) A2AR-DDM were incubated at 37oC 
for 1 hour and their thermal unfolding profiles were compared to those of the non-incubated A2AR-
SMALP and A2AR-DDM controls, respectively, by measuring CPM fluorescence. Alternatively, (C) A2AR-
SMALP and (D) A2AR-DDM were incubated at room temperature (RT) for 1 hour, and their thermal 
unfolding profiles were compared to those of the non-incubated A2AR-SMALP and A2AR-DDM controls, 
respectively.  
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Table 8.8. Structural studies publications of the human Adenosine A2a receptor and Protein Data bank 
(PDB) references that had been considered for the design of the sequence of interest for this project and 
can be found in “Membrane proteins of Known 3D structure” (mpstruc) database.  

   Protein 
PDB Code Links Reference 

(links are 
to PubMed) 

A2A adenosine receptor: Homo sapiens  E  (expressed in S. frugiperda), 2.6 Å 

In complex with a high-affinity subtype-selective antagonist ZM241385. 
Engineered protein: T4 lysozyme inserted between TM helices V and VI. 

3EML 
•  

 

Jaakola et 
al. (2008). 

A2A adenosine receptor with bound agonist (UK-432097): Homo 

sapiens  E  (expressed in S. frugiperda), 2.71 Å 

Reveals structural changes in helices III, V, & VI relative to inactive, 
antagonist-bound form. Engineered protein: T4 lysozyme inserted between 
TM helices V and VI. 

3QAK 
•  

 

Xu et 
al. (2011). 

A2A adenosine receptor (engineered) with bound adenosine: Homo 

sapiens  E  (expressed in Trichoplusia ni), 3.00 Å 

With synthetic agonist NECA, 2.6 Å:2YDV 

2YDO 
•  

 

Lebon et 
al. (2011). 

A2A adenosine receptor in complex with caffeine: Homo 

sapiens  E  (expressed in S. frugiperda), 3.60 Å 

Engineered protein, designated A2A-StaR2: A54L, T88A, R107A, K122A, 
L202A, L235A, V239A, S277A 
In complex with ZM241385, 3.30 Å: 3PWH 
In complex with XAC, 3.31 Å: 3REY 

3RFM 
•  

 

Doré et 
al. (2011). 

A2A adenosine receptor in complex inverse-agonist antibody: Homo 

sapiens  E  (expressed in Pichia pastoris), 2.70 Å 

The structure was determined with bound mouse Fab2838 in the presence 
of the antagonist ZM241385. 
High-occupancy ZM241385 structure, 3.10 Å: 3VGA 

3VG9 
•  

 

Hino et 
al. (2012). 

A2A adenosine receptor in complex with ZM241385: Homo 

sapiens  E  (expressed in S. frugiperda), 1.80 Å 

Engineered protein: Apocytochrome b562 replaces loop 3 of wild-type 
protein. 
Structure reveals stabilizing cholesterol molecules, 23 ordered lipids, and 57 
ordered waters. 

4EIY 
•  

 

Liu et 
al. (2012). 

A2A adenosine receptor (engineered) with bound CGS21680 (P21): Homo 

sapiens  E  (expressed in Trichoplusia ni), 2.60 Å 

P212121 space group, 2.60 Å: 4UG2 

4UHR 
•  

 

Lebon et 
al. (2015). 

A2A adenosine receptor with bound engineered G protein: Homo 

sapiens  E  (expressed in Trichoplusia ni), 3.4 Å 

5G53 
•  

 

Carpenter et 
al. (2016). 

A2A adenosine receptor by by serial millisecond crystallography 

(SMC): Homo sapiens  E  (expressed in Trichoplusia ni), 2.14 Å 

by serial femtosecond crystallography (SFX), 1.70 Å: 5NM4 
by cryo-EM, 1.95 Å: 5NM2 

5NLX 
•  

 

Weinert et 
al. (2017). 

A2A adenosine receptor with bound miniGs heterotrimer: Homo 

sapiens  E  (expressed in Trichoplusia ni), 4.11 Å 

cryo-EM structure 

6GDG 
•  

 

García-
Nafría et 
al. (2018). 

A2A adenosine receptor with bound ZM241385: Homo sapiens  E  (expressed 

in S. frugiperda), 1.85 Å 
XFEL structure using transient ligand exchange starting with LUF5843. See 
also 6PRZ 

6PS7 
•  

 

Ishchenko et 
al. (2019). 

A2A adenosine receptor in complex with ZM241385: Homo 

sapiens  E  (expressed in S. frugiperda), 2.25 Å 

Structure obtained from SFX experiments under atmospheric pressure. 

6JZH 
•  

 

Shimazu et 
al. (2019). 

A2A adenosine receptor with SRP2070_Fab complex: Homo 

sapiens  E  (expressed in Spodoptera frugiperda), 3.40 Å 

Engineered protein: Apocytochrome b562 (BRIL) replaces loop 3 of wild-type 
protein 

7C6A 
•  

 

Miyagi et 
al. (2020). 

http://www.ncbi.nlm.nih.gov/PubMed/
https://www.rcsb.org/structure/3EML
https://www.ncbi.nlm.nih.gov/pubmed/18832607
https://www.ncbi.nlm.nih.gov/pubmed/18832607
https://www.rcsb.org/structure/3QAK
https://www.ncbi.nlm.nih.gov/pubmed/21393508
https://www.ncbi.nlm.nih.gov/pubmed/21393508
https://www.rcsb.org/structure/2YDV
https://www.rcsb.org/structure/2YDO
https://www.ncbi.nlm.nih.gov/pubmed/21593763
https://www.ncbi.nlm.nih.gov/pubmed/21593763
https://www.rcsb.org/structure/3PWH
https://www.rcsb.org/structure/3REY
https://www.rcsb.org/structure/3RFM
https://www.ncbi.nlm.nih.gov/pubmed/21885291
https://www.ncbi.nlm.nih.gov/pubmed/21885291
https://www.rcsb.org/structure/3VGA
https://www.rcsb.org/structure/3VG9
https://www.ncbi.nlm.nih.gov/pubmed/22286059
https://www.ncbi.nlm.nih.gov/pubmed/22286059
https://www.rcsb.org/structure/4EIY
https://www.ncbi.nlm.nih.gov/pubmed/22798613
https://www.ncbi.nlm.nih.gov/pubmed/22798613
https://www.rcsb.org/structure/4UG2
https://www.rcsb.org/structure/4UHR
https://www.ncbi.nlm.nih.gov/pubmed/25762024
https://www.ncbi.nlm.nih.gov/pubmed/25762024
https://www.rcsb.org/structure/5G53
https://www.ncbi.nlm.nih.gov/pubmed/27462812
https://www.ncbi.nlm.nih.gov/pubmed/27462812
https://www.rcsb.org/structure/5NM4
https://www.rcsb.org/structure/5NM2
https://www.rcsb.org/structure/5NLX
https://www.ncbi.nlm.nih.gov/pubmed/28912485
https://www.ncbi.nlm.nih.gov/pubmed/28912485
https://www.rcsb.org/structure/6GDG
https://www.ncbi.nlm.nih.gov/pubmed/29726815
https://www.ncbi.nlm.nih.gov/pubmed/29726815
https://www.ncbi.nlm.nih.gov/pubmed/29726815
https://blanco.biomol.uci.edu/mpstruc/#id_6PRZ_21_3
https://www.rcsb.org/structure/6PS7
https://www.ncbi.nlm.nih.gov/pubmed/31709066
https://www.ncbi.nlm.nih.gov/pubmed/31709066
https://www.rcsb.org/structure/6JZH
https://www.ncbi.nlm.nih.gov/pubmed/31798359
https://www.ncbi.nlm.nih.gov/pubmed/31798359
https://www.rcsb.org/structure/7C6A
https://www.ncbi.nlm.nih.gov/pubmed/32669569
https://www.ncbi.nlm.nih.gov/pubmed/32669569
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A2A adenosine receptor with bound UK432097, D52N mutant: Homo 

sapiens  E  (expressed in P. pastoris), 2.60 Å 

S91A mutant, 2.90 Å: 5WF6 
Engineered protein: T4 lysozyme inserted between TM helices V and VI 

5WF5 
•  

 

White et 
al. (2018). 

A2A adenosine receptor in complex with theophylline: Homo 

sapiens  E  (expressed in Trichoplusia ni), 2.0 Å 

Engineered protein: Apocytochrome b562 replaces loop 3 of wild-type 
protein 
in complex with caffeine, 2.1 Å: 5MZP 
in complex with PSB36, 2.8 Å: 5N2R 

5MZJ 
•  

 

Cheng et 
al. (2017). 

A2A adenosine receptor in complex with Chromone 4d: Homo 

sapiens  E  (expressed in Trichoplusia ni), 1.92 Å 

engineered protein: Apocytochrome bRIL562 in intracellular loop 3. 
in complex with Chromone 5d, 2.13 Å: 6ZDV 

6ZDR 
•  

 

Jespers et 
al. (2020). 

A2A adenosine receptor, structure using XFEL-SFX diffraction: Homo 

sapiens  E  (expressed in Spodoptera frugiperda), 2.0 Å 

6WQA 
•  

 

Lee et 
al. (2020). 

A2A adenosine receptor in EROCOC17+4, LCP-SFX at 293 K: Homo 

sapiens  E  (expressed in Spodoptera frugiperda), 1.80 Å 

at 277 K, 1.80 Å: 6LPJ 
at 100 K, 2.00 Å: 6LPL 

6LPK 
•  

 

Ihara et 
al. (2020). 

A2A adenosine receptor with bound nonriboside partial agonist: Homo 

sapiens  E  (expressed in Spodoptera frugiperda), 3.12 Å 

Engineered protein. Nine thermo-stabilizing mutations. Apocytochrome 
b562 inserted in 3rd intracellular loop. 

7ARO 
•  

 

Amelia et 
al. (2021). 

A2A adenosine receptor: Homo sapiens  E  (expressed in S. frugiperda), 2.6 Å 

In complex with a high-affinity subtype-selective antagonist ZM241385. 
Engineered protein: T4 lysozyme inserted between TM helices V and VI. 

3EML 
•  

 

Jaakola et 
al. (2008). 

A2A adenosine receptor with bound agonist (UK-432097): Homo 

sapiens  E  (expressed in S. frugiperda), 2.71 Å 

Reveals structural changes in helices III, V, & VI relative to inactive, 
antagonist-bound form. Engineered protein: T4 lysozyme inserted between 
TM helices V and VI. 

3QAK 
•  

 

Xu et 
al. (2011). 

A2A adenosine receptor (engineered) with bound adenosine: Homo 

sapiens  E  (expressed in Trichoplusia ni), 3.00 Å 

With synthetic agonist NECA, 2.6 Å:2YDV 

2YDO 
•  

 

Lebon et 
al. (2011). 

A2A adenosine receptor in complex with caffeine: Homo 

sapiens  E  (expressed in S. frugiperda), 3.60 Å 

Engineered protein, designated A2A-StaR2: A54L, T88A, R107A, K122A, 
L202A, L235A, V239A, S277A 
In complex with ZM241385, 3.30 Å: 3PWH 
In complex with XAC, 3.31 Å: 3REY 

3RFM 
•  

 

Doré et 
al. (2011). 

A2A adenosine receptor in complex inverse-agonist antibody: Homo 

sapiens  E  (expressed in Pichia pastoris), 2.70 Å 

The structure was determined with bound mouse Fab2838 in the presence 
of the antagonist ZM241385. 
High-occupancy ZM241385 structure, 3.10 Å: 3VGA 

3VG9 
•  

 

Hino et 
al. (2012). 
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Figure 8.32. Multiple alignment results of all considered sequences of the hA2aR (see Figure, 
Appendix) through using Clustal Omega tool.  

 

Table 8.9. Amino acid and nucleotide sequence encoding for both FLAG and His10 tags, and its respective 
protein terminus location, chosen to be incorporated to the human adenosine A2a receptor sequence.  

 FLAG tag Deca-Histidine tag 

Amino acid sequence DYKDDDDAMGQPVGAPPI HHHHHHHHHH 

Nucleic acid sequence GACTACAAGGACGATGACGATGCCATGGG
TCAGCCAGTTGGCGCACCACCGATC 

CATCACCATCATCATCACCACCA
CCATCAC 

Protein terminus Amino terminus Carboxy terminus 

 

Table 8.10. Amino acid and nucleotide sequence encoding for both Kozak consensus sequence and 
unstructured flexible linker, and its respective protein terminus location, chosen to be incorporated to 
the human adenosine A2a receptor sequence.  

 Kozak consensus sequence Unstructured flexible linker 

Amino acid sequence AT GGSGSG 

Nucleic acid sequence GCCACC GGAGGGTCTGGCTCTGGG 

Protein terminus Amino terminus Carboxy terminus 
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A 

5’GAATTCGCCACCATGGACTACAAGGACGATGACGATGCCATGGGTCAGCCAGTTGGCGCACCACCGATCATGGGCTCAAGCGTGTACA
TAACCGTCGAACTGGCCATTGCAGTGCTGGCAATTCTGGGGAATGTTCTGGTATGCTGGGCCGTGTGGCTGAATAGCAATCTGCAGAATG
TGACGAACTACTTTGTCGTCAGTCTGGCTGCAGCCGATATAGCAGTTGGGGTCTTGGCCATTCCCTTTGCTATCACCATCTCCACAGGGTTC
TGCGCTGCTTGCCATGGATGCCTGTTCATAGCCTGCTTCGTGCTTGTGCTCACTCAGAGTTCCATCTTTTCACTCCTCGCCATTGCGATCGAC
CGTTATATTGCGATTCGAATACCACTGAGGTACAATGGCTTGGTCACCGGAACAAGAGCCAAAGGCATCATCGCTATCTGTTGGGTGCTCT
CATTCGCCATAGGGCTGACACCCATGCTTGGATGGAACAATTGCGGCCAACCCAAGGAAGGCAAGAACCACAGCCAGGGTTGTGGTGAA
GGACAAGTGGCCTGTTTGTTCGAGGATGTAGTGCCCATGAACTACATGGTGTACTTCAACTTCTTCGCATGTGTGCTGGTTCCCCTGTTGC
TGATGCTGGGCGTCTATCTGCGGATATTTCTCGCGGCACGCAGACAGCTGAAACAGATGGAGTCTCAGCCTCTTCCTGGTGAAAGAGCTC
GCAGTACTCTGCAGAAGGAGGTTCATGCCGCTAAAAGCCTCGCCATCATTGTGGGACTGTTTGCGCTTTGTTGGCTCCCTCTGCACATTAT
CAACTGCTTCACCTTCTTTTGCCCTGACTGTAGCCACGCTCCTCTGTGGCTCATGTATCTGGCAATCGTCCTTTCCCACACTAATAGCGTAGT
GAACCCGTTCATCTATGCCTATCGGATCAGGGAGTTTCGCCAGACATTTCGGAAGATTATCAGGTCCCACGTGTTGCGACAACAGGAGCCA
TTTAAAGCCGCTGGAGGGTCTGGCTCTGGGCATCACCATCATCATCACCACCACCATCACGCGGCCGC3’ 

 

B 

N-t ATMDYKDDDDAMGQPVGAPPIMGSSVYITVELAIAVLAILGNVLVCWAVWLNSNLQNVTNYFVVSLAAADIAVGVLAIPFAITISTGFCAAC 
HGCLFIACFVLVLTQSSIFSLLAIAIDRYIAIRIPLRYNGLVTGTRAKGIIAICWVLSFAIGLTPMLGWNNCGQPKEGKNHSQGCGEGQVACLFEDVV
PMNYMVYFNFFACVLVPLLLMLGVYLRIFLAARRQLKQMESQPLPGERARSTLQKEVHAAKSLAIIVGLFALCWLPLHIINCFTFFCPDCSHAPLW
LMYLAIVLSHTNSVVNPFIYAYRIREFRQTFRKIIRSHVLRQQEPFKAAGGSGSGCHHHHHHHHHH C-t 

Figure 8.33. Design of the de-glycosylated A2AR construct. (A) Nucleotide sequence of the A2AR construct. 
(B) Amino acid sequence of the A2AR construct. 

 

Table 8.11. Clone TubeSeq Sanger sequencing by Eurofins Genomics. The clones were subjected to 
TubeSeq Sanger sequencing to Eurofins Genomics using the Primer Synthesis T7 
(TAATACGACTCACTATAGGG).  

 

A      B 

 

Figure 8.34. Analysis of A2AR expression in transiently transfected HEK293T cells with PEI or 
Lipofectamine. HEK293T cells seeded onto 6-well plates were transiently transfected with 2 µg of the 
pcDNA3-hA2AR plasmid using 8 µL of polyethylenimine (PEI). Alternatively, cells were transfected with 3 
µg of the plasmid using 12 µL of Lipofectamine. The plasmids used for transfection were obtained from 
E. coli DH5α clones generated by cell transformation with the cloning ligation product. A non-transfected 
control was included in this experiment. For the analysis of protein expression, cells were lysed and 
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analysed by (A) SDS-PAGE and Coomassie staining, and (B) Western blotting using an anti-His tag 
primary antibody and HRP-conjugated secondary antibody.  
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Figure 8.35. cAMP production measured as AlphaScreen signal and fmoles of cAMP in HEK293T cells 
stimulated by NECA and blocked by ZM241385. The production of cAMP in transiently transfected 
HEK293T cells expressing the A2AR was (A) stimulated by NECA or (B) blocked by ZM241385 in the 
presence of 316 nM NECA (calculated NECA EC75) and measured as AlphaScreen signal plotted against 
the logarithm of the ligand concentration. cAMP production was quantified by interpolation with the 
cAMP standard curve (C) after cell stimulation with NECA or (D) after inhibition by ZM241385, and 
plotted against the logarithm of the agonist concentration. Data are presented as the mean of all 
replicates (n=3) ± SD. 

 

 

 

 

 

 

 


