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1 Introduction 

 

1.1 G Protein-coupled Receptors  

 

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

proteins in the human body.[1] They are integral membrane proteins comprised of 

seven transmembrane α-helices. Physiologically, GPCRs can be activated by a 

variety of diverse agonists ranging from photons[2] and small ions[3], over small 

molecule hormones[4] and neurotransmitters,[5] to peptides[6] and even proteins.[7] 

GPCRs are classified into six main families, based on evolutionary, structural, and 

functional homology: class A (rhodopsin-like receptors), class B (secretin receptors), 

class C (metabotropic glutamate receptors), class D (fungal mating pheromone 

receptors), class E (cyclic adenosine monophosphate [cAMP] receptors), and class 

F (frizzled/smoothened receptors).[8,9] Class A includes the olfactory receptors and 

represents the largest group of GPCRs. They are further divided into four sub-

branches, designated α, β, γ, and δ branches.[10] The GRAFS system provides an 

alternative classification for vertebrate GPCRs into five families since class D and E 

are not found in vertebrates: Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2 and 

Secretin (Figure 1).[11,12]  

 A significant amount of approximately 34 % of all drugs that are currently 

approved by the US Food and Drug Administration (FDA) target GPCRs.[1] 

Importantly, 224 non-olfactory GPCRs have not yet been investigated in clinical 

trials,[1] representing a huge potential for future drug development. 
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Figure 1. Phylogenetic tree of GPCRs. 
GPCRs are named according to their Uniprot entry name.[13] The dotted red circle highlights 
the family of adenosine receptors. The figure was modified based on Stevens et al.[14] 
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1.1.1 Signaling Pathways 

 

The canonical signaling pathway of GPCRs describes the transduction from signals 

to different effectors via the activation of heterotrimeric guanine nucleotide-binding 

proteins (G-proteins). G-protein heterotrimers consist of three widely-expressed 

subunits with various different combinations (20α-, 6β-, and 11γ-subunits).[15] One 

β-subunit typically forms a constitutive heterodimer with another γ-subunits that 

cannot be dissociated under physiological conditions.[16] In the inactive, 

heterotrimeric state of G-proteins, α-subunits are bound to guanosine-5′-

diphosphate (GDP). G-protein activation leads to the exchange of GDP for 

guanosine-5′-triphosphate (GTP) which conformationally separates the α-subunit 

from the βγ-subunits (Figure 2).[17] Importantly, both the  α- and γ-subunits are post-

translationally modified to attach several different lipids (e.g., palmitoylation or 

myristylation for α-subunits and isoprenylation for γ-subunits) which restricts their 

localization to the plasma membrane, even in the active and separated state.[16] 

While the βγ dimer is capable of regulating different downstream effectors on its 

own through protein-protein interactions (e.g., with potassium or calcium 

channels),[18] the α-subunit generally determines the canonical signaling pathway of 

GPCRs. However, the G-protein signal is also terminated by the α-subunit through 

its own GTPase activity that hydrolyzes GTP to GDP (Figure 2). GTP hydrolysis can 

be accelerated by so-called regulators of G-protein signaling (RGS) proteins.[17] 

Moreover, GPCR activation leads to intracellular phosphorylation through G protein-

coupled receptor kinases (GRKs).[19] The phosphorylated receptor attracts so-called 

arrestins that desensitize GPCR activation by internalization of the GPCR through 

clathrin-mediated endocytosis (Figure 2).[20]  



Introduction 1.1 

4 
 

 

Figure 2. GPCR activation, desensitization and the G-protein cycle. 
Top panel: The figure depicts the activation of a GPCRs, following movement of helices V 
and VII that triggers GDP-GTP exchange in the G-protein α-subunit. The α-subunit 
dissociates from the βγ-subunit and activates effector proteins (here shown for adenylate 
cyclase). GTP hydrolysis inactivates the Gα-protein following reassembly of the Gαβγ-
trimer. Bottom panel: Receptor desensitization is initiated by receptor phosphorylation and 
arresting coupling.  
 

 

G-proteins can be classified into four different subfamilies depending on 

their α-subunits: Gαs, Gαi/o, Gαq/11 and Gα12/13. Gαs and Gαi/o proteins regulate cAMP 

production either by stimulation (Gαs) or inhibition (Gαi/o) of adenylate cyclase. 

Gαq/11 activation leads to the hydrolysis of the membrane phospholipid 

phosphatidylinositol-4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and 1,4,5-

inositol trisphosphate (IP3) through stimulation of phospholipase Cβ (PLCβ). While 

DAG remains in the cell membrane and is capable of activating membrane-bound 

protein kinase C, IP3 can freely diffuse to the endoplasmic reticulum (ER) and is 

responsible for calcium release from the ER into the cytosol by activation of ligand-

gated calcium channels. The activation of Gα12/13 leads to the stimulation of small 

GTPases like Ras.[15] 
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Recent publications have suggested the existence of G-protein-

independent signaling pathways mediated by arrestins.[21–24] Thus, extracellular-

signal regulated kinases (ERK) may be activated solely by the interaction with 

activated arrestins or by GPCR-arresting complexes. ERK activation generally 

triggers a large downstream cascade that leads to various physiological effects 

including proliferation, differentiation and growth.[25] However, arrestin-dependent 

signaling remains one of the most controversial topics in GPCR signaling,[26] as 

studies showed that any downstream signaling was abolished without the presence 

of active G-proteins.[27,28]   
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1.1.2 Adenosine Receptors 

 

Adenosine receptors belong to the α-

branch of class A GPCRs[29] (Figure 1, 

red circle) activated by the purine 

nucleoside adenosine (Figure 3). 

Adenosine is omnipresent in the 

human body and can be formed by 

dephosphorylation of its respective 

nucleotides (e.g., starting from 

adenosine triphosphate [ATP]) by 

various ectonucleotidases.[30] 

 

 

Figure 3. Chemical structure of 
adenosine.

Adenosine mainly acts by extracellular activation of four different 

subtypes of adenosine receptors, namely adenosine A1, A2A, A2B, and A3 receptor 

(A1AR, A2AAR, A2BAR, and A3AR, respectively). Importantly, adenosine displays 

different affinities for the receptor subtypes with very low affinity for the A2BAR 

compared to the A2AAR (~1000-fold difference).[31]  

A1 and A3ARs mainly couple to Gi proteins and thereby inhibit intracellular 

cAMP synthesis, while A2A and A2BARs are Gs-coupled thereby enhancing cAMP 

production. Adenosine receptors play important roles in the body, e.g. in the 

regulation of the central nervous system, the cardiovascular system, and immune 

functions.[32,33] This implies their involvement in several pathophysiological 

conditions and diseases, underlining the importance of the discovery of selective 

ligands.  
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1.2 Therapeutic Relevance of the Adenosine A2A Receptor 

 

In the brain, the A2AAR is almost exclusively expressed at high levels in the caudate 

putamen (striatum) whereas, in the periphery, high A2AAR expression is found in 

cells of the cardiovascular system and in immune cells.[34] A2AAR activation results 

in vasodilatation and suppression of the immune system. While A2AAR agonists 

have been developed as short-acting diagnostics for coronary artery imaging 

(Regadenoson, Figure 4),[35] A2AAR antagonists can improve symptoms of 

neurodegenerative diseases (e.g. Istradefylline for Parkinson’s Disease [PD],  

Figure 4)[36] and are clinically investigated as novel checkpoint inhibitors for the 

treatment of cancers.[37] 

 

 

Figure 4. Chemical structures of approved A2AAR ligands. 
A2AAR agonist Regadenoson (left), (non-selective) adenosine receptor antagonist Caffeine 
(center), and A2AAR antagonist Istradefylline (right).[32,38] 
 

 

1.2.1 Neurodegenerative Diseases 

 

Neurodegenerative diseases represent a variety of disorders that can be 

characterized by a loss of functional neurons in the central nervous system 

(CNS).[39] Although a genetic predisposition is likely, the comprehensive origin of 

neurodegenerative diseases is often not fully understood. However, the risk of 

suffering from a neurodegenerative disease increases dramatically with age and 

may frequently result in dementia.[40] With growing life expectancies, 
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neurodegenerative diseases represent an ever-increasing challenge for health care 

and require the development of new therapies and diagnostics.[41] The A2AAR has 

evolved as a suitable target for the treatment of neurodegenerative diseases like PD 

and Alzheimer’s disease.[42] 

 

1.2.1.1 Parkinson’s Disease 

 

PD is the second most prevalent neurodegenerative disease worldwide and the 

most common movement disorder.[43] The main hallmarks of PD are a loss of 

dopaminergic neurons in the substantia nigra and decreased dopamine signaling 

leading to major symptoms namely tremor, rigidity and bradykinesia.[44] Current 

treatment options are principally based on increasing the synaptic dopamine 

concentration using its precursor Levodopa in combination with the inhibition of 

metabolic enzymes.[45]  

The degradation of dopamine mainly takes place via two physiological 

enzymes: catechol-O-methyl-transferase (COMT) and monoamine oxidase B 

(MAO-B).[45] MAO-B is one of two MAO isoforms (A and B) which are covalently 

linked to flavin adenine dinucleotide (FAD) and located in the outer mitochondrial 

membrane. While both enzymes catalyze the oxidative deamination of biogenic 

amines including dopamine, MAO-B is predominantly expressed in the basal 

ganglia, and upregulated in PD patients.[46] Elevated MAO-B activity under levodopa 

treatment is associated with an increased production of reactive oxygen species 

which may contribute to neuronal cell death and PD progression.[47,48] Moreover, 

recent studies have suggested that MAO-B increases the biosynthesis of γ-

aminobutyric acid (GABA), thereby inhibiting dopaminergic neurons.[49,50] A MAO-B 

blockade can be achieved by irreversible or competitive inhibition using approved 

drugs that improve motor symptoms of PD patients.[48] However, PD patients may 

experience “off time” (i.e. periods when Parkinson’s symptoms intensify) potentially 

resulting from the main therapy focus on enhancing dopaminergic signaling. 

Therefore, additional disease-modifying drugs that either delay PD progression or 

help reduce Levodopa consumption are urgently needed. 

The blockade of the A2AAR by antagonists is established as an attractive 

non-dopaminergic treatment for PD. Moreover, the A2AAR is an emerging target for 
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neurodegenerative diseases in general[42] with the additional potential benefit of 

neuroprotection.[51] In the brain, the A2AAR is almost exclusively expressed in the 

caudate-putamen (striatum) at high levels.[44] Moreover, the A2AAR was observed to 

be upregulated in early-stage PD patients[52] which correlated with the severity of 

the disease.[53] The concomitantly increased A2AAR activation directly inhibits 

dopamine D2 receptor signaling by A2A/D2 receptor heterooligomer formation[54] and 

the Gs-coupled A2AAR additionally counteracts Gi-coupled D2 receptor signaling on 

the second messenger level, i.e. cyclic adenosine monophosphate production.[55]  

The first and to date only FDA-approved and selective A2AAR antagonist is the 

xanthine derivative Istradefylline (NourianzTM) which is structurally related to 

Caffeine (Figure 4). In combination with Levodopa, Istradefylline improved motor 

symptoms and reduced “off time” in PD patients without the risk of worsening 

dyskinesia that can occur at peak dopamine levels.[36]  

 

1.2.2 Cancer Immunotherapy 

 

Conventional methods for the treatment of cancer include surgical tumor removal, 

chemotherapy, radiation therapy and, in most cases, a combination of these 

methods. While non-targeted methods can be effective in the eradication of 

malignant cells, a major downside is the lack of selectivity because it also targets 

healthy cells and therefore results in with severe adverse effects.[56] Emerging 

strategies in the therapy of cancer are based on the activation of the endogenous 

immune system thereby removing malignant cells. Cancer cells have evolved to 

evade the human’s immune response and can modulate so-called immune 

checkpoints, i.e., regulators of the immune system.[57] Therapeutically relevant 

immune checkpoints include the cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4), the programmed cell death protein 1 (PD-1) and its ligand PD-L1. These 

immune checkpoints can be blocked by checkpoint inhibitors in order to reduce 

immune evasion of tumor cells. All currently approved checkpoint inhibitors are 

monoclonal antibodies.[58]  

 The A2AAR represents a novel target for cancer immunotherapy that can 

be efficiently blocked by small molecules.[59] The A2AAR is highly expressed on 

lymphocytes, and its activation leads to immunosuppression (Figure 5).[60,61] While 

extracellular adenosine concentrations are typically low, an adenosine upsurge can 
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occur in the microenvironment of tumors, mainly due to induced cell death by 

increased cellular stress and chemotherapy.[59,62] Dying cells release intracellular 

ATP that is rapidly metabolized to adenosine through ectonucleotidases (e.g., CD39 

and CD73; CD refers to cluster of differentiation). Thereby, high concentrations of 

adenosine are formed in close proximity to tumor cells, capable of inhibiting the 

human immune response and protecting cancer cells from an attack by the immune 

system.[63] A blockade of the A2AAR would counteract the upsurge of adenosine in 

the tumor microenvironment and support classical methods for the treatment of 

cancer.[59] Currently, multiple clinical trials of A2AAR antagonists for the treatment of 

malignancies are ongoing.[64] 

 

Figure 5. The A2AAR as immune checkpoint. 
The figure depicts the formation of adenosine as a metabolic product of ATP that is 
extensively released as a result of cell death. Adenosine activates A2AARs on the surface 
of cancer and immune cells promoting cancer survival. 
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1.2.3 Polypharmacology 

 

In contrast to the development of highly selective drugs that act at one specific 

target, polypharmacology represents an emerging strategy to design drugs that 

mediate their effects through multiple pharmaceutical targets.[65] Although off-target 

effects of drugs are frequently associated with toxicity and adverse effects, it has 

been shown that various so-called ‘dirty drugs’ that act on many different targets, 

for example the antipsychotic drugs Clozapine or Aripiprazole, are difficult to replace 

with a target-selective substance.[66] Especially CNS disorders, neurodegenerative 

diseases and malignancies are complex and multifactorial, and therefore difficult to 

effectively target by a single selective drug.[67] The approval of one drug that 

engages multiple targets in contrast to multiple drugs that each acts on one target 

bears the potential advantage of less adverse effects due to a reduced metabolic 

burden to the human body, i.e., less potential to interact with metabolic enzymes or 

other drugs. Nevertheless, polypharmacology still remains a challenge for drug 

discovery as different targets often represent different protein families, each with a 

fundamentally different binding pocket architecture.[67,68] 

 Polypharmacology is highly relevant to this study, as we discovered dual-

targeting A2AAR antagonists and MAO-B inhibitors that have great potential for the 

treatment of PD,[69] and elucidated their binding mode on both targets using X-ray 

crystallography. Moreover, we solved the A2AAR crystal structure of two dual A2A 

and A2BAR antagonists that are clinically relevant for cancer immunotherapy.[70] One 

of these antagonists (Etrumadenant) is currently under investigation in clinical trials 

for the treatment of different cancers. [71] 
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1.3 Structural Biology of G Protein-coupled Receptors 

 

The very first GPCR crystal structure was determined of the light-sensitive 

photoreceptor Rhodopsin in 2000.[72] Nevertheless, it took seven more years for the 

elucidation of the first non-Rhodopsin crystal structures: the β2-adrenergic receptor 

in 2007,[73] followed by the β1-adrenergic receptor in 2008.[74] This represented a 

tremendous discovery that was awarded with the Nobel Prize in Chemistry in 

2012.[75] 

Crystallographic procedures for membrane proteins require protein 

extraction from and purification out of their membranes, which generally results in 

destabilization and aggregation of the receptor.[76] Importantly, there is a correlation 

between high receptor expression, increased receptor thermostability and 

successful GPCR crystal formation.[77] This has led to various strategies for the 

optimization of GPCR crystallization, and specifically for restraining GPCRs in a 

desired state to enhance its stability and increase the crystallization success: 1) 

Stabilizing point mutations: Suitable mutations have to be identified experimentally 

by investigating many different mutations for receptor expression and stability. 

However, the design of thermostabilizing mutations can also be facilitated by 

directed-evolution,[78–80] or by computational methods through knowledge from 

existing crystal structures.[81] 2) Complex formation with antibodies or nanobodies: 

These can be used to stabilize the inactive[73,82,83] or active state of GPCRs.[84,85] 3) 

Stabilizing ligands: Different GPCR conformations are stabilized by high-affinity 

ligands, ideally with long residence time, to reduce flexibility.[86] 4) Detergents: 

Solubilization with detergents is required to isolate GPCRs from their native 

membranes. Several different detergents are now commercially available and are 

continuously improved for their efficiency, mildness and micelle size.[87,88] 5) Fusion 

proteins: Although detergents are used to isolate GPCRs from their membranes, 

crystal growth generally requires hydrophilic crystal contacts[89] that are mostly 

lacking in hydrophobic GPCRs. Hence, hydrophilic fusion proteins can be inserted 

into the intracellular or extracellular surface of the receptor.[90] The N-terminus or the 

intracellular loop (ICL) 3 represent the most frequent fusion sites, but also the ICL2 

has been replaced with a fusion partner in the crystallization of class B GPCRs.[91] 

6) Lipidic cubic phase (LCP): Crystallization techniques have greatly advanced, and 

crystallization in LCP has facilitated the structure elucidation of GPCRs.[92] 
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Cryo-EM methods have recently become increasingly feasible for the 

structure elucidation of GPCRs,[93,94] especially in the active state and in complex 

with intracellular effectors like G-proteins,[95] arrestins,[96] or RGS.[97] While X-ray 

crystallography thus far still remains the gold standard for obtaining inactive state 

GPCR structures, mainly due to size limitations in cryo-EM without GPCR signaling 

complexes,[98] upcoming publications (preprints) present different strategies for 

overcoming the hurdles of cryo-EM for solving inactive state GPCR structures.[99–

101] 

 

1.3.1 The Structure of the Adenosine A2A Receptor 

 

The human A2AAR consists of 412 amino acids and comprises a long and 

presumably flexible C-terminal domain whereas the N-terminus starts with 

transmembrane helix I (Figure 7). Eight cysteine residues of the A2AAR form four 

extracellular disulfide bridges that connect the extracellular loop (ECL) 2 with helix 

III and the ECL3 with helix VI (Figure 7). While the A2BAR represents the closest 

homolog of the A2AAR,[102,103] the ECL2 shows the largest variety and has been 

identified as important determinant for subtype selectivity and for the adenosine 

affinity difference observed between A2A and A2BARs.[31,104]  

The A2AAR was the fourth GPCR that had been successfully crystallized 

yielding a crystal structure in 2008,[105] but by now reached over 60 Protein Data 

Bank (PDB) entries.[106] These include structures in complex with 20 different A2AAR 

antagonists,[107] one partial agonist (in the inactive state),[108] (see Table 1 for an 

overview) and four different A2AAR agonists (including adenosine,[109] 5′-N-

ethylcarboxamide adenosine [NECA],[109] UK-432097[110] and CGS21680[111], 

please refer to Figure 9 for chemical structures). Moreover, two A2AAR structures 

have been solved in complex with the full agonist NECA and either together with a 

mini-Gαs protein by X-ray crystallography[112] or with the full mini-Gαsβ1γ2 

heterotrimer and the stabilizing nanobody (Nb) 35 by cryogenic electron microscopy 

(cryo-EM) (Table 2).[95]  

A comparison of three A2AAR structures in different activation states is 

shown in Figure 6. The binding pocket of A2AAR antagonists and agonists share 

similarities but also distinct differences. For example, both antagonists and agonists 

show similar hydrogen bonding interactions to N2536.55. In the active conformation, 
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W2466.48 and S2777.32 adopt different conformations.[113] The ribose moiety of 

adenosine and its derivatives forms direct hydrogen bonding to S2777.32, an 

interaction that has never been observed for A2AAR antagonists (Figure 6b and d). 

It is well understood that GPCR activation results in an outward movement of helix 

VI which is necessary in order to make room for the accommodation of the C-

terminal helix of G-proteins.[114] However, the extent of helix VI movements 

significantly varies for different GPCRs, especially for the intermediate-active 

states.[115] Intermediate-active GPCR states are mostly observed for structures 

obtained without the presence of a signaling partner.[116] Although the outward 

movement of helix VI is significantly smaller in the intermediate-active state of the 

A2AAR (Figure 6c), the binding pocket of A2AAR intermediate-active state structures 

is nearly identical to the binding pocket of the fully-active, G-protein-bound 

structures (Figure 6b and d). In the presence of Gαs, helix VI shows an outward 

movement of approximately 14 Å away from the receptor core in the A2AAR.[112] 

 

 

Figure 6. Structural comparison of the different A2AAR conformational states. 
Overlay of three different A2AAR structures (middle) and their binding pockets in the a) 
inactive state (in complex with antagonist ZM241385, PDB 4EIY, blue), b) the agonist-
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bound intermediate state (in complex with adenosine, PDB 2YDO, purple) and d) the G-
protein-bound fully active state (in complex with NECA, PDB 6GDG, green). The G-proteins 
are represented in yellow (Gαs), cyan (Gβ1) and pink (Gγ2). Nb35 is shown in red. c) 
Conformational changes of helix VI upon activation. The yellow helix represents the C-
terminal helix of Gαs. 
 

 

 To date, the co-crystal structures of 22 different A2AAR antagonists have 

been published (please refer to Figure 8 for chemical structures), however, the 

majority (18) was exclusively co-crystallized using the so-called “stabilized receptor” 

(StaR) A2A-StaR2 (Table 1), either with or without the intracellular fusion partner[90] 

apocytochrome b562RIL (bRIL). This A2AAR mutant comprises nine additional point 

mutations (Figure 7), two of which are directly located inside the orthosteric ligand 

binding pocket (T883.36A and S2777.42A). These mutations were not only shown to 

abolish agonist binding[117] but may also negatively affect the affinity of certain 

antagonist scaffolds.[118] We recently established a putative new gold standard for 

the structure elucidation of the A2AAR in its inactive state by developing the single 

A2AAR mutant A2A-PSB1-bRIL (with PSB referring to Pharmaceutical Sciences 

Bonn).[107] Importantly, although the mutational load is significantly reduced, this 

construct evolved with superior thermostability compared to the A2A-StaR2 and the 

previously established A2AAR crystallization construct that does not contain 

additional point mutations but also has the long and flexible A2AAR C-terminus 

truncated (designated A2A-ΔC-bRIL). The development of A2A-PSB1-bRIL is 

discussed in detail in section 3.2. 
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Figure 7. Snake-plot of the human A2AAR. 
The snake plot was generated using the GPCRdb database.[119] Cysteines that form 
disulfide bridges are highlighted in yellow and connected by yellow dotted lines. The 
S913.39K mutation in the thermostabilized construct A2A-PSB1-bRIL is shown in blue. All 
point mutations in the A2A-StaR2 are highlighted in pink. 
 

 



In
tro

d
u

ctio
n
 

1
.3

 

 

1
7
 

  

Table 1. Complete list of all published inactive-state A2AAR structures in the PDB as of June 2022.  
The table was modified from Claff et al.[107] and complemented with new structures. All structures were obtained by X-ray diffraction with 7RM5 
as an exception whose crystal structure was determined using microcrystal electron diffraction. 

PDB Identifier Ligand 
A2AAR 
construct 

Resolution 
(Å) 

Method 
H264-E169 
ionic lock 

pH value during 
crystallization 

Ref. 

3EML ZM241385 A2A-ΔC-T4L 2.60 LCP intact 5.5 – 6.5 [105] 

4EIY 
5K2A 
5K2B 
5K2C 
5K2D 
5UVI 

5JTB 
5VRA 
6AQF 
6MH8 
6JZH 
6PS7 

6WQA 
6LPJ 
6LPK 
6LPL 
7RM5 

ZM241385 

 
A2A-ΔC-bRIL 
 
(+ N154Q in 
6AQF) 

1.80 – 4.20 LCP intact 4.8 – 5.0 [120–131] 

3PWH ZM241385 A2A-StaR2 3.30 vapor diffusion open 8.0 – 8.75 [117] 

3VGA    3VG9 ZM241385 
A2A-ΔC + 
N154Q 

2.70 – 3.10 LCP intact/open 6.5 [82] 

5IU4 
5NLX 
5NM2 

5NM4 
5OLG  

6S0L 
6S0Q 

ZM241385 A2A-StaR2-bRIL 1.72 – 2.14 LCP intact 5.0 – 5.4 [132–134] 

3REY 
Xanthine amine 
congener (XAC) 

A2A-StaR2 3.31 vapor diffusion open 8.0 – 8.75 [117] 

3RFM Caffeine A2A-StaR2 3.60 LCP open 8.0 – 8.75 [117] 

5MZP Caffeine A2A-StaR2-bRIL 2.10 LCP intact 5.0 [135] 

3UZA 4g A2A-StaR2 3.27 vapor diffusion open 8.0 – 8.75 [136] 

3UZC 4e A2A-StaR2 3.34 vapor diffusion open 8.0 – 8.75 [136] 

5OLZ 4e A2A-StaR2-bRIL 1.90 LCP intact 5.3 – 5.4 [134] 

5OM1 4e A2A-StaR2-bRIL 2.10 LCP intact 5.3 – 5.4 [134] 

5OM4 4e A2A-StaR2-bRIL 2.00 LCP intact 5.3 – 5.4 [134] 
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Table 1.     (continued) 

PDB Identifier Ligand 
A2AAR 
construct 

Resolution 
(Å) 

Method 
H264-E169 
ionic lock 

pH value during 
crystallization 

Ref. 

5IU7 12c A2A-StaR2-bRIL 1.90 LCP intact 5.3 – 5.4 [132] 

5IU8 12f A2A-StaR2-bRIL 2.00 LCP intact 5.5 [132] 

5IUA 12b A2A-StaR2-bRIL 2.20 LCP intact 5.3 – 5.4 [132] 

5IUB 12x A2A-StaR2-bRIL 2.10 LCP intact 5.5 [132] 

5MZJ Theophylline A2A-StaR2-bRIL 2.00 LCP intact 5.1 [135] 

5N2R PSB-36 A2A-StaR2-bRIL 2.80 LCP open 5.1 [135] 

5OLH Vipadenant A2A-StaR2-bRIL 2.60 LCP intact 5.3 – 5.4 [134] 

5OLO Tozadenant A2A-StaR2-bRIL 3.10 LCP open 5.3 – 5.4 [134] 

5OLV LUAA47070 A2A-StaR2-bRIL 2.00 LCP intact 5.3 – 5.4 [134] 

5UIG Cmpd-1 
A2A-ΔC-bRIL  
(Modified N- 
and C- terminus 

3.50 vapor diffusion intact 6.5 [137] 

6GT3 Imaradenant A2A-StaR2-bRIL 2.00 LCP intact 5.3 – 5.4 [138] 

6ZDR Chromone 4d A2A-StaR2-bRIL 1.92 LCP intact 4.7 – 5.4 [139] 

6ZDV Chromone 5d A2A-StaR2-bRIL 2.13 LCP intact 4.7 – 5.4 [139] 

7ARO 
LUF5833 

(Partial agonist) 
A2A-StaR2-bRIL 3.12 LCP open 5.3 – 5.4 [108] 

7XP4 PSB-2113 A2A-PSB1-bRIL 2.25 LCP Intact 5.2 [107] 

7PYR PSB-2115 A2A-PSB1-bRIL 2.60 LCP intact 5.2 [107] 
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Table 2. Complete list of all published agonist-bound A2AAR structures in the PDB as of June 2022. 
6GDG was obtained by cryo-EM whereas all other structure were determined using X-ray diffraction. 

PDB 
Identifier 

Ligand 
A2AAR  

construct 
Complex 
proteins 

Resolution 
(Å) 

Method 
H264-E169 
ionic lock 

pH value during 
crystallization/ 

cryo-EM 
Ref. 

2YDO Adenosine A2A-GL31a) - 3.00 vapor diffusion Intact 7.6 [109] 

2YDV NECA A2A-GL31a) - 2.60 vapor diffusion intact 6.4 [109] 

3QAK UK-432097 A2A-ΔC-T4L - 2.71 LCP open 5.0 – 5.5 [110] 

4UG2 CGS21680 A2A-GL31a) - 2.60 LCP Intact 7.0  [111] 

4UHR CGS21680 A2A-GL31a) - 2.60 LCP intact 4.8 [111] 

5G53 NECA 
A2A-ΔC 

+N154ECL2A 
Mini-Gαs 3.40 vapor diffusion Intact 5.7 [113] 

5WF5 UK-432097 
A2A-ΔC-T4L 
+S913.39A 

- 2.60 LCP open 5.0 [126] 

5WF6 UK-432097 
A2A-ΔC-T4L 
+D522.50N 

- 2.90 LCP open 5.0 [126] 

6GDG NECA 
N-Thioredoxin-

A2A-ΔC 
+N154ECL2A 

Mini-Gαsβ1γ2 
+ Nb35 

4.11 Cryo-EM unresolved 7.5 [95] 

7EZC UK-432097 

A2A-ΔC-bRIL 
+I923.40N, 
L953.43A, 
I2386.40Y 

- 3.80 LCP open 8.2 [140] 

a) The A2A-GL31 construct contains five point mutations: L482.46A, A542.52L, T652.63A, Q893.37A, N154ECL2A. 
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Figure 8. List of all co-crystallized A2AAR antagonists as summarized in Table 1. 
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Figure 9. List of all co-crystallized A2AAR agonists as summarized in Table 2. 
 

 

1.3.2 Allosteric Sodium Binding Pocket 

 

It is well understood that sodium ions can regulate several class A GPCRs and act 

as negative allosteric modulators.[137] Thereby, sodium ions can decrease agonist 

binding without greatly affecting the affinity of antagonists[120,137] or partial 

agonists.[138] Up to now, several crystal structures have been solved featuring a 

sodium ion bound within the seven transmembrane bundle in a pocket that is highly 

conserved in many class A GPCRs.[137] In fact, in these structures, the sodium 

binding pocket residue positions were almost identical (within 0.5 – 1.5 Å). Even the 
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positioning of structural water molecules within the sodium binding pocket were 

found to be conserved among functionally distant receptors such as the A2AAR, the 

1-adrenergic receptor or the -opioid receptor, emphasizing the structural 

conservation of the sodium binding pocket within class A GPCRs.[3] Additionally, it 

has been shown that the sodium binding pocket is crucial for a functional receptor 

to initiate downstream signaling[126], and due to its location close to the ligand 

binding pocket, it is also available for ligand design.[3,80,139] 

 The A2AAR was the first GPCR with structural evidence of a sodium 

binding pocket.[120] Residues of helices I, II, III, VI and VII are involved in the 

formation of that pocket, partly due to water-mediated interaction over a longer 

distance rather than direct effects on the sodium ion. Although A1AR crystal 

structures have been solved,[135,140] the resolution of these structures was not 

sufficiently high to resolve a structural sodium ion. However, the superposition of 

A2A and A1AR structures shows that the residues which interact with the sodium ion 

in the adenosine receptors are virtually in the same conformation as the respective 

residues in the A1AR (Figure 10), indicating that it may also contain an intact sodium 

binding pocket in the inactive state. These findings are consistent with 

pharmacological studies showing that the agonist affinity at the A1AR decreases 

with high sodium concentrations.[141] Even in cases where high sodium 

concentrations do not interfere with the binding affinity of GPCR ligands, it cannot 

be ruled out that the respective GPCR has an allosteric sodium binding pocket. This 

was shown for the β1-adrenergic receptor at which high sodium concentrations did 

not impact on agonist affinity, nevertheless, a sodium ion could be observed in the 

crystal structure reported in the same framework showing a highly conserved 

positioning and water network.[137,142]  

 The amino acid alignment of residues that are involved in the binding of 

an allosteric sodium ion in the A2AAR shows that all amino acids are conserved 

among adenosine receptors and in various species including in human, rat and 

mouse species (Figure 10), suggesting that all adenosine receptors are allosterically 

regulated by sodium ions. Moreover, pharmacological evidence for a potential 

sodium regulation of adenosine receptors is available for all subtypes: A1
[141], 

A2A
[120,143], A2B

[138,144], and A3
[145,146]. 
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Figure 10. Potential sodium binding pocket in adenosine receptor subtypes. 
Left: Superposition of the A2AAR sodium binding pocket (orange, PDB 4EIY)[120] and the 
same residues in the A1AR crystal structure (cyan, PDB 5UEN).[140] The sodium ion in PDB 
4EIY is shown as a purple sphere. Right: Sequence alignment of residues that form the 
sodium binding pocket in the A2AAR crystal structure are conserved among A1, A2A, A2B, and 
A3ARs of human, rat and mouse. Sequence alignment of sodium binding pocket residues 
was done with the GPCRdb online tool.[119] 
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1.4 Methods  

 

1.4.1 Spodoptera frugiperda Sf9 Insect Cell Expression 

 

All A2AAR constructs were expressed using a modified Bac-to-Bac baculoviral insect 

cell expression system (ThermoFisher, Cat. #10359016). The A2AAR constructs are 

sub-cloned into a pFastBac1 expression vector that has the original polyhedrin 

promoter exchanged to the baculoviral glycoprotein 64 (GP64) promoter (GP64-

pFastBac1).[147] The A2AAR gene is transposed into the baculoviral genome using 

Escherichia coli (E. coli) strain DH10BAC prior to the transfection of the Sf9 cell line 

from Spodoptera frugiperda (Sf9) insect cells. Thereby, a recombinant baculoviral 

genome is achieved (so-called Bacmid) that can be purified and transfected directly 

into Sf9 insect cells. This system has the advantage that no subsequent separation 

of the wildtype (wt) baculoviral genome from the recombinant genome has to be 

performed which is the case for other baculoviral expression systems.[148] The 

baculovirus is yielded from the cell supernatant four days after transfection 

(designated P0 viral stock). The P0 virus is then used to infect a larger amount of 

Sf9 insect cells. The supernatant of 40 mL of infect insect cell culture yields a P1 

viral stock with higher viral titers than the P0 viral stock. Sf9 insect cell transfection 

and infections were performed as previously described.[107,149] A transfection and 

expression control is carried out using flow cytometry based assays as described in 

the next sections. 

 

1.4.1.1 Transfection Control 

 

A transfection control can be achieved by detecting the baculoviral protein GP64 

that is expressed on the surface of infected insect cells. The detection of GP64 is 

performed using flow cytometry (Guava easyCyte HT, Merck) and a fluorescence-

labeled antibody (GP64 coupled to Phycoerythrin, Expression Systems Cat. #97-

201). Successfully transfected insect cells express GP64 in their surface and show 

yellow fluorescence whereas wt insect cells are non-fluorescent. The fluorescence 

shift can be detected and quantified (Figure 11). The GP64-assay is routinely 
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determined to measure the transfection efficiency of Sf9 insect cell transfections 

prior to utilizing the result virus for subsequent infections.  

 

 

Figure 11. GP64-assay result to measure the transfection efficiency of Sf9 insect 
cells. 
In this particular control measurement, the transfection efficiency was determined to be 
89.8%. 
 

 

1.4.1.2 Expression Control 

 

The abovementioned GP64-assay does not provide any information on the 

expression rate of the desired recombinant protein. Therefore, another flow 

cytometry-based assay is employed in order to detect an N-terminal FLAG epitope 

tag[150] that is attached to all A2AAR constructs. While the original FLAG tag 

consisted of the amino acids DYKDDDDK,[150] our A2AAR constructs contain the 

reduced sequence DYKDDDD that is still recognized by an anti-FLAG antibody 

conjugated to fluorescein isothiocyanate (FITC) (GenScript Cat. #A01632).  The 

FLAG-assay is performed on a Guava easyCyte HT (Merck). Wt Sf9 insect cells are 

non-fluorescent whereas cells that express the desired recombinant protein show 

green fluorescence due to the FITC fluorophore (Figure 12a). The surface 

expression is measured with intact cells whereas a representative total expression 

can be determined by the addition of Octoxinol 9 (Triton X-100) to permeabilize the 
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cell membrane (Figure 12b). 7-Aminoactinomycin is used to determine cell viability 

as it strongly binds to DNA and shows red fluorescence. Thus, Triton X-100 treated 

cells represent dead cells due to its cell permeability (Figure 12c and d).  

The FLAG expression assay is routinely performed to control the 

successful expression of A2AAR constructs prior to purification. In the example 

shown in Figure 12 for A2AAR construct A2A-PSB2-bRIL, more than 90 % of the Sf9 

insect cells are shown to be expressing the FLAG-tagged A2AAR. Additionally, the 

total expression measurement did not increase the expression level, indicating that 

the receptor is completely expressed on the cell surface.  

 

Figure 12. FLAG-assay to determine the surface and total expression of A2AAR 
constructs. 
a) Surface expression (92.3 %) and b) total expression (91.7 %) of A2A-PSB2-bRIL (red) 
compared to untransfected wt Sf9 insect cells (blue). c) Surface expression and d) total 
expression of the same cells but with living and dead cell differentiation. 
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1.4.2 GPCR Purification by Immobilized Metal Ion Affinity 

Chromatography 

 

In their work in 1975, Porath et al. laid out the fundamental principles for immobilized 

metal ion affinity chromatography (IMAC) and demonstrated that certain human 

serum proteins exhibit affinity for heavy metal ions.[151] In the early days, proteins 

that naturally contain a high amount of aromatic amino acids on their surface (e.g. 

bovine pancreatic ribonuclease, human albumin, interferons or avidin) were purified 

using IMAC. Due to great methodology advances in molecular biology, recombinant 

proteins were successfully engineered to contain IMAC affinity tags (e.g. multiple 

histidine residues) that are able to form stable complexes with heavy metal ions 

such as Ni2+ or Co2+.[152,153] Thus, IMAC would allow for the preparation of highly 

pure recombinant proteins using different insoluble matrices that are linked to heavy 

metal ions.[154,155] The immobilized protein would subsequently be washed and 

finally eluted by competitive displacement using imidazole, chelating agents, or pH 

gradients. [156]  

All discussed A2AAR constructs in this thesis contain a C-terminal 

polyhistidine-tag (10 histidine repetitions) and were purified by IMAC (Co2+ matrix) 

using imidazole as the elution reagent. No further purification steps were performed 

in order to yield the purified A2AAR protein.  
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1.4.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is used to 

determine the protein purity of the purified A2AAR. We utilize homemade 10 % SDS-

PAGE gels casted using bis-2-amino-2-(hydroxymethyl)propane-1,3-diol (bis-Tris) 

buffer due to their extended shelf life and higher band resolution. Figure 13 shows 

an SDS-PAGE control gel using bovine serum albumin (BSA). The control was 

performed to show that dithiothreitol (DTT) can successfully be used to reduce 

disulfide bonds in our gel setting. The non-reduced BSA sample shows two bands: 

1. higher molecular weight band that corresponds to a BSA dimer (arrow in Figure 

13)[157] and 2. a monomer band that elutes at lower molecular weight compared to 

reduced BSA samples due to multiple intact intramolecular disulfide bonds.  

 

 

Figure 13. SDS-PAGE of BSA using homemade bis-Tris gels. 
300 ng BSA were applied per well using different incubation procedures with and without 
the reducing agent DTT. BSA dimers (arrow) can be observed in the two wells from the right 
that were incubated without DTT. Proteins were detected using a Coomassie blue staining 
solution. 
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The BSA control was important as multiple bands can also be observed at some 

conditions for the A2AAR or purified GPCRs in general. High molecular weight bands 

are frequently observed for membrane proteins with very different explanation 

approaches.[158–163] Briefly, these references imply 1. incomplete detergent binding, 

2. metal gel-shift by multiple histidine residues, 3. incomplete reduction of highly 

stable disulfides, 4. aggregates by high incubation temperatures in loading dye, 5. 

glycosylation or 6. possible GPCR dimers. Therefore, it was initially presumed that 

multiple bands in SDS-PAGE gels of GPCRs may exist due to the formation of 

GPCR oligomers, similarly to BSA. In fact, the larger GPCR bands are often shown 

to be twice the size of the monomer band and multiple publications refer to the larger 

molecular weight GPCR bands as dimers or oligomers.[134,164,165] We tested the 

effect of DTT and loading dye incubation by western blot analysis using anti-His and 

anti-A2AAR antibodies (ThermoFisher, Cat. #MA1-21315 and antibodies-online, Cat. 

#ABIN1535559) on purified proteins of the A2A and A2BAR (Figure 14). Different 

concentrations of DTT did not seem to change the SDS-PAGE pattern. However, 

higher incubation temperatures with loading dye (70 °C compared to 37 °C) did 

slightly increase the amount of high molecular weight bands for the A2BAR (Figure 

14a). It is unlikely that more GPCR oligomers form at 70 °C and therefore, multiple 

GPCR bands could be attributable to irreversible GPCR aggregation at higher 

temperatures. The addition of DTT did not change the amount of high molecular 

weight bands for both receptors. The A2AAR western blot clearly showed that the 

high molecular weight bands are reactive to specific A2AAR antibodies, therefore 

clearly contain the A2AAR ECL2 peptide sequence. Furthermore, it was discovered 

that the dilution of a purified A2AAR sample for crystallization from a concentrated 

protein did show a significant reduction of higher molecular weight bands on the 

SDS-PAGE gel (please refer to Figure 26c). Therefore, it is likely that high salt and 

high detergent concentrations in the purification buffers facilitate protein aggregation 

when the sample is incubated with loading dye, especially at higher temperatures. 

Taken all evidence together, it is likely that higher molecular weight bands in SDS-

PAGE do not correspond to possible GPCR oligomer formations. Hence, the SDS-

PAGE analysis in this thesis will not refer to these bands as oligomers or impurities. 
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Figure 14. Western blot of purified A2A and A2BARs. 
Top: Western blot using anti-His antibodies. Bottom: Western blot using anti-A2AAR 
antibodies. The epitope for the latter antibody is the A2AAR ECL2. Similar protein amounts 
were applied to each lane. HRP refers to horseradish peroxidase. 
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1.4.4 Size-Exclusion Chromatography 

 

In this thesis, size-exclusion chromatography (SEC) is used to assess the amount 

of protein aggregation in the final protein sample. The first separation of peptides 

and amino acids by SEC was performed by Lindqvist and Storgårds in 1995 who 

used a starch column as a molecular sieve. [166] Nowadays, SEC columns are 

packed with porous particles that are available with a variety of sizes to cover a wide 

molecular weight range for different protein preparations.[167] The size and 

hydrodynamic volume of a protein determines its elution profile during SEC. Larger 

molecules can pass by the pores of the SEC column whereas smaller proteins enter 

the pores and get restrained. Therefore, larger proteins (e.g. aggregates) exhibit a 

shorter elution time than smaller proteins.[167] Routinely, proteins can be detected 

using a UV detector at 280 nm absorption.  

  In this thesis, SEC is used to determine the monodispersity (or 

i.e., uniformity) of the GPCR protein sample by assessing its protein aggregation. 

Therefore, SEC is used as a final quality control step prior to crystallization 

experiments. A typical SEC profile of a protein sample compared to its buffer 

produced by our methods is shown in Figure 15. Here, the monodisperse protein 

fraction elutes at approximately 4.2 min which represents the GPCR in detergent 

micelles. Here, no protein aggregation peak is visible right before the protein. 

Further SEC analyses will only focus on showing the elution time range between 2 

and 6 min that represents the A2AAR and other proteins (Figure 15). The peak height 

of the GPCR peak serves as an indicator for protein yield whereas routine protein 

quantification is not performed in order to avoid the loss of valuable protein sample.  

 

Figure 15. Size-exclusion chromatography analysis example. 
a) Full size-exclusion chromatogram of the A2AAR compared to a buffer control. b) Zoomed 
section of the SEC result displaying the important and discussed protein signal. 
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1.4.5 Thermostability Assessment 

 

It is of great importance to utilize a reliable pre-crystallization assay to determine 

receptor stability and hence choose only the most promising candidates for 

crystallization trials.[168,169] In this thesis, a fluorescence-based thermal stability 

assay is used to assess the thermostability of purified proteins.[168] The assay is 

performed using a real-time PCR cycler in a low volume format (50 µL  

total volume). The assay relies on the reagent N-[4-(7-diethylamino-4-methyl-3-

coumarinyl)phenyl]maleimide (CPM) which exhibits weak fluorescence in its 

unbound form. However, when CPM reacts with nucleophiles (e.g., cysteines), it 

forms a covalent bond and emits fluorescence light upon excitation (Figure 16).  

 

 

Figure 16. Reaction scheme of the thiol-specific reaction of CPM with solvent-
exposed cysteines. 
 
 

In buffer systems with physiological pH values (pH 7.4), CPM mostly targets free 

thiols that naturally occur in cysteines. In membrane proteins and specifically in 

GPCRs, hydrophobic cysteines are often buried inside the transmembrane domain 

and are not surface-exposed. Thus, these cysteines are not accessible for the 

reaction with CPM as long as the protein is folded correctly. In the CPM-based 

thermostability assay, the protein solution is gradually heated, which results in the 

unfolding of the protein and, ultimately, in its denaturation. Upon progressive 

unfolding, formerly buried cysteines become surface-exposed and react with CPM 

which generates a fluorescence signal (Figure 17). The advantage of this 

thermostability assay is its small-scale format which utilizes only small amounts of 

protein.  
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The melting temperature (TM) is used to compare the thermostability of 

different protein preparations. It represents the temperature at 50 % protein 

unfolding, i.e., the temperature at 50 % of the fluorescence signal (Figure 17). It is 

determined by a Boltzmann-sigmoidal fit of the measured data. The top value of the 

sigmoidal fit has to be constrained to 100 % due to the characteristic negative 

gradient of the thermostability curve when approaching 100 °C. 

 

 

Figure 17. Principle of the CPM-based thermal shift assay. 
The protein sequence of the GPCR is shown in green cylinders. Non-fluorescent CPM is 
depicted in grey stars whereas covalently-bound and fluorescent CPM is shown in yellow 
stars. 
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1.4.6 Crystallization of Membrane Proteins in Lipidic Cubic Phase 

 

Protein crystallography has been used for many decades to yield reliable structural 

information of proteins at near atomic resolution.[170] However, crystallography of 

membrane proteins is often more challenging than crystallizing soluble proteins and 

has only recently become accessible.[171] Membrane proteins can be crystallized 

using (1) in-surfo or (2) bilayer methods.[172] In-surfo methods use the solubilized 

protein solution directly for vapor-diffusion type crystallization whereas bilayer 

methods rely on an artificial cell membrane that imitates the bilayer lipid phase. LCP 

crystallization represents a bilayer method that is also known as in-meso 

crystallization and requires the solubilized membrane protein to be reconstituted into 

a biscontinuous lipidic mesophase.[173] Landau and Rosenbusch pioneered the 

development of LCP crystallization methods and demonstrated the first 

crystallization of a membrane protein in LCP in 1996.[174] Their crystals diffracted up 

to 3.7 Å but no structure was reported. Ever since, LCP methods have been 

continuously optimized and enabled the elucidation of many GPCRs in the following 

decades.[169] A stable LCP forms after mixing protein solution with lipids in a 2 to 3 

ratio at 20 °C (water content 40 % [w/w]) (refers to Pn3m in Figure 18). The 

monoacylglycerol monoolein (1-oleoyl-rac-glycerol) represents the most popular 

lipid for GPCR crystallography.[175] Precipitant solution is added to the LCP bolus 

during crystallization experiments. The additional water in the precipitant solution is 

capable of diffusing into the protein-containing mesophase (labeled with B in Figure 

18 – Pn3m + water).[173] 
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Figure 18. Phase diagram of lipid-water compositions at different temperatures. 
The blue dash represents phase changes that may happen due to phase composition 
modifications during crystallization experiments at 20 °C: A cubic phase type Pn3m, B two-
phase system with a type Pn3m cubic phase and second phase of water, C cubic phase of 
type la3d, D lamellar liquid crystalline phase, E solid phase. Figure was taken without 
modifications from Caffrey and Cherezov.[173] 
 

 

The exact mechanism for crystal formation in LCP is still not fully understood. 

However, Martin Caffrey has formulated the hypothesis that the precipitant solution 

destabilizes the LCP system and enables the formation of aqueous channels 

throughout the mesophase.[176,177] This so-called molecular sponge allows the 

protein to diffuse into lamellar phases which ultimately leads to crystal nucleation 

(Figure 19). The theory is supported by the fact that LCP protein mobility correlates 

with successful crystal growth.[178] Several factors influence the probability of 

successful crystal nucleation in LCP such as protein stability and purity, precipitant 

composition (polyethylene glycol [PEG], pH, salts, additives) and environmental 

conditions (temperature and humidity).[179] 

 One key advantage of crystallizing GPCRs in LCP represents the fact 

that some membrane proteins are more stable when embedded into LCP.[180] 
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Moreover, the artificial membrane environment during LCP crystallization is closer 

to the natural setting of a GPCR in the lipid bilayer of the cell membrane when 

compared to a solubilized GPCR in detergent micelles.[181] LCP crystallization 

experiments were found to be more robust to protein contamination than in-surfo 

methods and therefore require less extensive purification procedures.[182] However, 

the handling of the viscous and sticky cubic phase represents one limitation in LCP 

crystallization and requires a certain amount of expertise.[175]  

 

 

 

Figure 19. Illustration of the proposed mechanism taken place during LCP 
crystallization. 
The yellow to brown colored structure represents lipid, the GPCR is depicted in blue and its 
fusion protein in green, purple depicts cholesterol. Figure taken without modifications from 
Cherezov et al.[178] 
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2 Aim of the Thesis 

 

Tremendous technical and methodological advances over the past two decades 

have greatly advanced GPCR structural biology, and structural insights into ligand 

binding sites have been indispensable for the understanding of how ligands block 

or activate GPCRs.[183,184]  

 

The aim of this thesis was divided into three research goals: 

 

1. Continue the master thesis effort to solve agonist-bound δ-opioid receptor 

crystal structures. 

 

2. Establish methods for membrane protein purification, protein analysis and 

(membrane) protein crystallization at the Pharmaceutical Institute of the 

University of Bonn.  

 

3. These methods should then be applied to structural studies on adenosine 

receptors, and specifically on the A2AAR as a proof-of-principle study.  

 

Crystallization and structure determination of the A2AAR in complex with one or more 

proprietary ligands would not only prove the successful implementation of all 

relevant structural biology methods, but also provide valuable insight into the binding 

mode of new A2AAR ligands. This information could subsequently be used to 

optimize the new chemical classes of adenosine receptor ligands and increase both 

their potency and selectivity. Moreover, this could accelerate the translational 

development of novel drugs, e.g., for neurodegenerative diseases and for the 

immunotherapy of cancer. 
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3 Results and Discussion 

 

3.1 Publication I: Elucidating the Active δ-Opioid Receptor Crystal 

Structure with Peptide and Small-molecule Agonists 

 

3.1.1 Publication Details 

 

The results of this chapter were published in the journal Science Advances in 

November 2019 with the title “Elucidating the active δ-opioid receptor crystal 

structure with peptide and small-molecule agonists”.[80] The publication was co-

authored by the following people: Tobias Claff, Jing Yu, Véronique Blais, Nilkanth 

Patel, Charlotte Martin, Lijie Wu, Gye Won Han, Brian J. Holleran, Olivier Van der 

Poorten, Kate L. White, Michael A. Hanson, Philippe Sarret, Louis Gendron, Vadim 

Cherezov, Sebold Katritch, Steven Ballet, Zhi-Jie Liu, Christa E. Müller, and 

Raymond C. Stevens. Please refer to Appendix I for the publication’s full text and 

supplementary materials.  

While parts of this effort were exerted during the framework of my Master 

of Science graduate thesis, a substantial amount of work including crystal 

optimization, structural analysis and manuscript preparation was performed as part 

of my doctoral thesis. All of my experimental contribution for this publication was 

performed at the ShanghaiTech University in Shanghai, China. 

 

3.1.2 Previous Work 

 

Within the framework of my Master of Science graduate thesis titled “Lipidic Cubic 

Phase Crystallization of the Human δ-Opioid Receptor”, I had substantially 

optimized the δ-opioid receptor for protein crystallization experiments and was able 

to generate initial crystal hits in LCP. This work was done during a research stay at 

the iHuman institute of the ShanghaiTech University in Shanghai (China). The thesis 

concluded with initial crystals diffracting to 3.4 Å resolution and crystal hits in 

complex with two additional, structurally diverse ligands. However, a crystal 

structure of the δ-opioid receptor had not yet been solved during the course of the 

master’s program.  
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3.1.3 Publication Summary and Contributions 

 

Opioids (e.g., morphine) are well-known powerful analgesics and indispensable for 

global health care. However, the unrivaled analgesic potency is accompanied with 

potentially lethal adverse effects such as respiratory depression.[185] Moreover, the 

United States is currently facing an opioid epidemic with drug overdose to become 

the main cause of accidental deaths.[186] The opioid family consists of three GPCR 

subtypes: the µ-, κ-, and δ-opioid receptors (MOP, KOP, and DOP). While the 

analgesic potency and the side effects of opioids are largely attributed by the 

MOP,[187] DOP activation has become an attractive target to develop safer 

analgesics for the treatment of chronic pain.[188] 

While crystal structures of the DOP in the inactive state and in complex 

with antagonists had been solved, the binding pocket of agonists remained elusive. 

In this work, we reported the first crystal structures of the DOP in complex with two 

structurally diverse agonists. For this purpose, the human wt DOP was genetically-

engineered to stabilize the agonist-bound conformation for crystallization 

experiments. The mutation design was inspired by a directed evolution study 

performed on the KOP that showed great stabilization of the agonist-bound state.[189] 

This yielded a crystallization construct of the DOP bearing nine thermostabilizing 

point mutations. Three of these mutations (N902.45G, D952.50G, and N1313.35S) are 

located in or close to the allosteric sodium binding pocket and facilitated the 

expulsion of sodium and the collapse of the pocket. These mutations were crucial 

for very high thermostability of the DOP construct in the complex of agonists. 

However, none of the nine point mutations affected the high-affinity binding of both 

crystallized agonists.  

With the optimized DOP construct in hands, we solved the crystal 

structure of the thermostabilized DOP in complex with the peptide agonist 

KGCHM07 at 2.8 Å resolution and in complex with the small-molecule agonist DPI-

287 at 3.3 Å resolution. We extensively analyzed the binding pose of both ligands 

and their activation states including a comparison to previously published opioid 

receptor structures. Thereby, we identified key factors for opioid receptor activation 

involving polar networks around the conserved D1283.32 and a deeper penetration 

of agonists into the opioid receptor binding pocket, when compared to antagonists. 

Our findings were supported by a comprehensive mutagenesis study (Binding and 
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functional assays were performed by co-authors). Furthermore, we were able to 

describe crucial differences between small molecule and peptide ligand recognition. 

For instance, we revealed a large side chain rotation of residue W2846.58 that is 

necessary to accommodate the large peptide ligand in the binding pocket. Residue 

R291 of the ECL3 was found to substantially change its conformation during DOP 

activation. We proposed R291ECL3 as a cationic counterpart for the carboxylate 

function of naturally occurring opioid peptides, the so-called “address” moiety 

according to the “message-address concept”.[190] The ECL3 is particularly diverse 

between opioid receptors and has been suggested as important factor for opioid 

selectivity.[191] In fact, we provided a structural understanding for selectivity 

determinants of DOP selective N,N-diethylbenzamide derivatives involving residues 

of the ECL3 and the adjacent ends of helices VI and VII.  

The DOP construct optimization, the thermostability assessment of the 

optimized protein construct in complex with suitable DOP agonists, and the 

screening for suitable precipitant conditions for LCP crystallization experiments 

were conducted during the course of my abovementioned master thesis and this 

work is therefore not considered part of this doctoral thesis. Initial crystal hits of the 

thermostabilized DOP in complex with different ligands were generated during my 

master thesis but only showed X-ray diffraction to 3.4 Å resolution with incomplete 

datasets.  

Thus, the effort was continued during my doctoral thesis. I started to 

optimize the crystal hits in order to yield well-diffracting crystals. Consequently, 

multiple rounds of crystallization experiments were performed to generate crystals 

of DOP in complex with the peptide agonist KGCHM07 that were used to solve its 

crystal structure to 2.8 Å resolution. Additionally, new crystals of the DOP in complex 

with DPI-287 were generated. The diffraction data for this co-crystal structure could 

then be completed and the resolution slightly increased to 3.3 Å. For this publication, 

I generated the DOP crystals, processed the initial datasets of the DOP-DPI-287 

complex and was able to solve an initial structure by molecular replacement. 

However, the final structure determination of both structures and their refinements 

were conducted by co-authors with minor contributions from my side. Furthermore, 

I performed structural analysis, the comparison with previously solved crystal 

structures and created all publication figures. Finally, I was responsible for 

manuscript writing and editing with contribution from all co-authors.  
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3.2 Publication II: Single Stabilizing Point Mutation Enables High-

resolution Co-Crystal Structures of the Adenosine A2A 

Receptor with Preladenant Conjugates 

 

3.2.1 Publication Details 

 

The results of this chapter were published in the journal Angewandte Chemie in April 

2022 with the title “Single stabilizing point mutation enables high-resolution co-

crystal structures of the adenosine A2A receptor with Preladenant conjugates”.[107] 

The publication was co-authored by the following people: Tobias Claff, Tim A. 

Klapschinski, Udaya K. Tiruttani Subhramanyam, Victoria J. Vaaßen, Jonathan G. 

Schlegel, Christin Vielmuth, Jan H. Voß, Jörg Labahn, and Christa E. Müller. Please 

refer to Appendix II for the publication’s full text and supplementary materials. The 

publication was designated as a “hot paper” by Angewandte Chemie, and featured 

on the inside cover of the respective issue.  

 

3.2.2 Publication Summary and Contributions 

 

This publication marks an important milestone as it represents the very first crystal 

structures solved by crystals generated in the Müller lab at the University of Bonn; 

it thus confirms the successful establishment of GPCR structural biology methods 

in Bonn. Herein, we solved crystal structures of the A2AAR in complex with two 

conjugates of the important A2AAR antagonist Preladenant. Preladenant bears a 

novel tricyclic scaffold and had been previously discovered possessing unrivalled 

potency and selectivity towards the A2AAR.[192] It was the first non-xanthine 

antagonist that entered the clinical development as an antiparkinsonian drug and 

was evaluated in phase III clinical trials.[193] However, Preladenant ultimately failed 

to provide sufficient evidence for efficacy, presumably due to an imperfect trial 

design, and its development was therefore discontinued.[194] Nevertheless, 

Preladenant still represents one of the most potent and most selective A2AAR 

antagonists, but its co-crystal structure and exact binding mode had remained 

elusive. We modified Preladenant to attach PEG linkers of different lengths. The 

most potent derivative bearing 4 PEG units (PSB-2113) was then conjugated to a 
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boron-dipyrromethene (BODIPY) fluorophore to yield a fluorescence-labeled A2AAR 

antagonist (PSB-2115) that could potentially be used to visualize the A2AAR in living 

cells. 

In parallel, we optimized the previously published A2AAR crystallization 

construct (A2A-ΔC-bRIL) that had not contained additional point mutations to 

improve its stability and therefore facilitate its co-crystallization with different A2AAR 

antagonists. We mutated a serine residue (S913.39) inside the highly conserved 

allosteric sodium binding pocket to the basic lysine (S913.39K) which had previously 

been observed to be beneficial for GPCR stability.[195,196] We showed that the basic 

amine of the lysine side-chain mimics the protonated sodium ion inside the allosteric 

sodium binding pocket and additionally displaces three structural water molecules 

without affecting overall helix geometry. Thereby, the mutation significantly reduced 

protein flexibility and locks the GPCR in its inactive state, which is beneficial for 

antagonist co-crystallization. This resulted in a substantial thermostability increase 

by the introduced mutation. Importantly, the stability of the new A2AAR crystallization 

construct (designated A2A-PSB1-bRIL) was even higher than the stability of the so-

called stabilized receptor (StaR) A2A-StaR2-bRIL[117,132] that had represented the 

best and most stable A2AAR crystallization construct. The A2A-StaR2 construct has 

been indispensable for our understanding of A2AAR antagonist binding pockets but 

bears nine point mutations, two of which (T883.36A and S2777.42A) are located 

directly inside the orthosteric ligand binding pocket interfering with agonist 

binding[109] and, in case of S2777.42A, possibly also with the binding of antagonist 

scaffolds.[118] With our work, we provided a new gold standard for the crystallization 

of the A2AAR in complex with antagonists bearing a significantly reduced number of 

mutations. 

Subsequently, we used A2A-PSB1-bRIL to crystallize both of our new 

Preladenant conjugates, PSB-2113 and PSB-2115, and solved their high-resolution 

crystal structures at 2.25 and 2.60 Å resolution. The new structures revealed that 

the tricyclic scaffold of Preladenant displaces an “unhappy water molecule”[197] from 

the ligand binding pocket providing an explanation for the enhanced potency of 

Preladenant. Moreover, we suggested that the more restricted tricyclic scaffold is 

responsible for its high A2AAR selectivity as the exit vector of the side-chain attached 

to N7 is sterically fixed and therefore less flexible when compared to the bicyclic and 

less selective A2AAR antagonist ZM241385.  
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Although we were able to fully resolve the Preladenant core of PSB-2113 and PSB-

2115, only weak electron density could be observed for the PEG linker and no 

density was detected for the BODIPY fluorophore in PSB-2115 suggesting high 

flexibility of the respective moieties. Nevertheless, we could show for the first time 

that the addition of a rather large fluorophore does not interfere with the binding 

mode of the antagonist scaffold itself.  

 For this publication, I took the lead on investigation, methodology, 

validation and manuscript writing. Therefore, I cloned the A2AAR constructs, 

expressed them in Sf9 insect cells, purified and analyzed the proteins, crystallized 

A2A-PSB1-bRIL in LCP, and prepared crystals for data collection that was then 

performed in collaboration with the group of Prof. Dr. Jörg Labahn. The structures 

were solved using molecular replacement and refined by Dr. Udaya K. Tiruttani 

Subhramanyam. Moreover, I performed the thermostability assessment of A2A-

PSB1-bRIL and related constructs. I analyzed, interpreted and compiled results and 

generated the figures.  
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3.3 Discovery and Crystal Structure-guided Optimization of Dual 

Adenosine A2A Receptor and Monoamine Oxidase B Blockers 

 

3.3.1 3H-Imidazo[4,5-b]pyridines as Dual-target Lead Compounds 

Blocking both A2AAR and MAO-B  

 

3.3.1.1 Previous Work 

During a high-throughput screening 

campaign that was previously carried 

out by colleagues on both A2AAR and 

MAO-B, a 3H-imidazo[4,5-b]pyridine 

scaffold was discovered and 

subsequently used as a lead to 

develop dual-targeting drugs that 

blocks both targets (Figure 20).  

 

Figure 20. Hit compound discovered 
by high-throughput screening on the 
A2AAR and MAO-B.

The hit compound was (moderately) potent on both A1 and A2AAR but 

showed only micromolar MAO-B inhibitory potency (hA2A IC50 0.20 µM, hA1 IC50 0.40 

µM, MAO-B IC50 6.3 µM). Subsequently, the novel scaffold was characterized and 

extensively optimized in order to increase affinity, inhibitory potency, and drug-like 

properties on both targets, ultimately leading to the indazole-substituted 3H-

imidazo[4,5-b]pyridine that was used for the structural biology in this study. Table 3 

provides an overview of all discussed 3H-imidazo[4,5-b]pyridines that were 

previously characterized. The complete optimization procedure and the synthesis of 

these compounds is not part of this thesis and will be published elsewhere.  
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3.3.1.2 Pharmacological Characterization of Selected Compounds 

The indazole-imidazo[4,5-b]pyridines were modified in positions C5, C6 

and N4′ in order to create a preliminary structure-activity relationship. While 

substituents at the N4′ positions were not required for high A2AAR affinity, both larger 

substituents (propan-2-ol and methoxyethyl) were able to increase the MAO-B IC50 

by 4- to 5-fold. On the other hand, the substitution pattern at the C5- and C6-

positions were essential for A2AAR affinity and MAO-B inhibition. The removal of the 

C5-methyl group was detrimental for A2AAR affinity regardless of the tested 

combination of C6-substitutions whereas the C5-methyl group removal is tolerated 

by MAO-B when combined with a cyclopropyl in 6 position. Moreover, three different 

halogen substitutions (F, Cl, Br) were investigated at the C6-position. The MAO-B 

inhibitory potency increased with atom radius in the order of F, Cl, and Br whereas 

the A2AAR affinity showed a negative trend in the same sequence. 

 All investigated imidazo[4,5-b]pyridines with triple-substitutions 

additionally showed low to moderate binding affinity at other adenosine receptor 

subtypes but the optimization of the imidazo[4,5-b]pyridines scaffold yielded several 

potent blockers of both the A2AAR and MAO-B. Specifically, larger N4′-substitution 

disfavored A2BAR binding and increased selectivity.  

However, sub-nanomolar affinities or potencies could not be reached. 

Therefore, we started a structural biology campaign to obtain co-crystal structures 

with both targets to identify the exact binding mode of the imidazo[4,5-b]pyridines 

scaffold and employ structure-based optimization to further enhance the properties 

of the dual-target inhibitors. PSB-21007 was chosen for structural studies as it 

showed the highest dual-potency and superior selectivity towards the A1AR.  
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Table 3. Affinities for the human ARs and inhibitory potencies towards MAO-B of 
novel 3H-imidazo[4,5-b]pyridine derivatives.a) 

 

1 - 6 

 

7 - 9 

 

 

Target 
Human  

A1AR 

Human 

A2AAR 

Human 

A2BAR 

Human  

A3AR 

Human 

MAO-B 

IC50 ± SEM 

(nM) 
  

Ki ± SEM (nM)  
(or % inhibition at 1 µM, n = 2) 

 
vs. radioligands 

Cmpd. R1 R2 [3H]CCPA [3H]MSX-2 [3H]PSB-603 [3H]PSB-11 

1 F H 136 ± 19 35.0 ± 5.2 37.8 ± 9.8 223 ± 28 419 ± 20 

2 F CH3 1,420 ± 342 47.2 ± 7.4 65.8 ± 32.4 142 ± 46 442 ± 26 

3 F 
 

763 ± 109 69.8 ± 9.2 208 ± 41 132 ± 18 118 ± 23 

4 

(PSB-

21007) 

F 
 

1,900 ± 652 50.3 ± 7.1 183 ± 8 292 ± 22 83.3 ± 14.9 

5 Cl 
 

650 ± 142 89.4 ± 21.8 303 ± 41 88.5 ± 7.0 6.25 ± 1.09 

6 Br 
 

759 ± 42 105 ± 3 158 ± 15 51.7 ± 7.0 3.62 ± 0.20 

7 F 
 

(9 %) 521 ± 138 (30 %) (32 %) 800 ± 81 

8 
cyclo-

propyl  
(10 %) 1,660 ± 237 (19 %) 291 ± 41.9 37.1 ± 4.5 

9 
SO2 

CH3  
(-5 %) 5,320 ± 892 (32 %) (40 %) 475 ± 63 

a) Ki and IC50 values were determined as means from three independent experiments ± 
standard error of the mean (SEM), performed with the purified human MAO-B enzyme or 
on Chinese hamster ovary (CHO) cell membranes expressing the respective human wt 
adenosine receptor. Radioligand binding experiments were performed by Christin Vielmuth. 
MAO-B inhibitions assays were performed by Dr. Miriam Schlenk and Dr. Meryem Köse. 
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3.3.2 Crystal Structure of the A2AAR in Complex with PSB-21007 

 

3.3.2.1 Removal of a Glycosylation Site to Reduce Protein 

Microheterogeneity 

We previously developed the optimized A2AAR crystallization construct A2A-PSB1-

bRIL that contains a single point mutation (S913.39K) inside the allosteric sodium 

binding pocket to stabilize the inactive conformation which significantly enhanced 

protein thermostability.[107] For the co-crystallization of PSB-21007, we used the 

same construct but with the addition of another point mutation (N154ECL2A) with the 

aim to remove a putative glycosylation site in the ECL2 of the A2AAR. This construct 

is from now on referred to as A2A-PSB2-bRIL.

Mutations of the asparagine 

in position 154 to either alanine or 

glutamine had previously been used for 

A2AAR crystallization to eliminate post-

translational N-linked glycosylation that 

is expected to inhibit crystal growth due 

to micro-heterogeneity[82,117] (for an 

overview of all published A2AAR crystal 

structures, please refer to Table 1 and 

Table 2). Evidence of N-linked 

glycosylation is missing in available 

A2AAR crystal structures and N154ECL2 

is largely modeled to be buried inside 

the ECL2. In fact, N154ECL2 from A2AAR 

PDB accession code 4EIY[120] only 

shows 5.2 Å²  of solvent-accessible 

surface in  the modeled  conformation 

(Figure 21). This indicates that the non- 

 

Figure 21. Residue N154ECL2 is buried 
inside the ECL2 in the A2AAR crystal 
structure with the PDB accession code 
4EIY 
The A2A-PSB2-bRIL-PSB-21007 complex 
is shown in blue and PDB 4EIY in green. 
The solvent accessible surface is shown in 
black and its area calculated from the 
colored dot surface. 

glycosylated form of the A2AAR is the one that predominantly crystallizes. However, 

we employed SDS-PAGE to demonstrate that A2A-PSB1-bRIL (bearing the wt 

N154ECL2) is still partially glycosylated whereas A2A-PSB2-bRIL (bearing N154ECL2A) 

successfully lost N-linked glycosylation (Figure 22). Glycosylated proteins typically 
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migrate more slowly in SDS-PAGE and generate higher molecular weight 

smearing.[198] In fact, despite having only a single glycosylation site, smearing could 

be observed for the A2A-PSB1-bRIL while a sharper band was detected for the 

N154ECL2 mutants indicating the effective loss of glycosylation (Figure 22). 

Moreover, the glycosylation of A2A-PSB1-bRIL could be prevented during 

expression by the glycosylation inhibitor Tunicamycin[199] or cleaved off by the 

enzyme peptide-N-glycosidase F (PNGase F)[200] applied to the purified protein.  

The affinity of PSB-21007 to A2A-PSB1-bRIL is nearly identical compared 

to the wt A2AAR (Ki 89.9 ± 30.5 nM vs. 50.3 ± 12.3 nM; ΔpKi 0.27; p = 0.1132 using 

the paired two-tailed t-test) demonstrating that the S913.39K mutation virtually does 

not alter ligand binding. The affinity of PSB-21007 to A2A-PSB2-bRIL has not been 

tested separately but it is not expected that the glycosylation removal (N154ECL2A) 

affects A2AAR affinity as the residue is not located close to the ligand binding pocket. 

 

Figure 22.  SDS-PAGE analysis of the A2AAR glycosylation state. 
a) SDS-PAGE of A2A-PSB1-bRIL compared to different N154 mutations in the same protein 
background to remove N-linked glycosylation. The red arrow points to the characteristic 
glycosylation smear. A2A-PSB1-bRIL plus N154A indicates the crystallization construct A2A-
PSB2-bRIL. The protein marker originated from the same SDS-PAGE gel. b) The effect of 
Tunicamycin and PNGase F on the SDS-PAGE mobility of A2A-PSB1-bRIL, compared to 
N154Q in A2A-PSB1-bRIL. Equal protein amounts were loaded onto the gel. Both the 
addition of Tunicamycin during A2A-PSB1-bRIL expression or PNGase F treatment of the 
purified protein resulted in the removal of the characteristic glycosylation smear. The band 
for PNGase F (≈36 kDa) is visible directly under the A2AAR band (≈48 kDa). The 
glycosylation SDS-PAGE analysis was performed by Jonathan G. Schlegel. 
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3.3.2.2 Purification and Crystallization of the A2A-PSB2-bRIL-PSB-21007 

Complex 

The A2A-PSB2-bRIL-PSB-21007 complex was purified and analyzed according to 

section 1.4. The size-exclusion chromatogram and the SDS-PAGE showed high 

purity and monodispersity of the purified protein (Figure 23a and c). The TM of the 

complex was determined to be 72.4 °C (Figure 23b). Diffraction quality crystals are 

shown in Figure 23d with an average size of 50 µm. The crystals grew in the 

following precipitant condition: 30 % (w/v) PEG with the average molecular mass of 

400 (PEG400), 400 mM (NH4)2HPO4 (pH 7.4 at 25 °C). 

 

Figure 23.  Protein analysis and crystallization of A2A-PSB2-bRIL-PSB-21007. 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), b) thermostability assessment (in the presence of 12.5 µM PSB-21007) and c) SDS-
PAGE of the purified A2A-PSB2-bRIL-PSB-21007 complex. The data points in the melting 
curve and the TM in panel b are shown as means ± SEM from three independent 
experiments. The SDS-PAGE was loaded with three different samples (1 protein sample 
before concentration, 2 and 3 final protein sample used for crystallization, but diluted ~200- 
and ~100-fold with water; equal sample volumes were applied). d) Crystals of A2A-PSB2-
bRIL-PSB-21007 in LCP used to obtain high-resolution diffraction data. 
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3.3.2.3 The A2AAR Binding Pocket of PSB-21007 

We obtained the structure of A2A-PSB2-bRIL-PSB-21007 at 2.65 Å resolution. Data 

collection and structure determination were performed in collaboration by Prof. Jörg 

Labahn and Dr. Udaya K. Tiruttani Subhramanyam from the Centre for Structural 

Systems Biology in Hamburg. PSB-21007 was well resolved inside the orthosteric 

binding pocket of the A2AAR (Figure 24). The N4 of PSB-21007 (for atom numbering 

please refer to Figure 24c) forms a direct but relatively weak hydrogen bond (N-H 

distance 2.42 Å, 168°) to N2536.55 (Figure 24b), which represents a key anchor 

interaction similarly observed for other A2AAR antagonists, e.g. ZM241385[120] 

(Figure 24e) and agonists, e.g. adenosine and its derivatives.[109] The interaction of 

PSB-21007 to N2536.55 is further supported by water-mediated hydrogen bonds to 

N3 and N4 whereas ZM241385 forms direct hydrogen bonding to N2536.55 via its N7 

amino group (for ZM241385 atom numbering please refer to Figure 24f). Therefore, 

the hydrogen bond network to N2536.55 is somewhat stronger for ZM241385 

compared to PSB-21007 and also extends to E169ECL2 (Figure 24e), which likely 

contributes to the higher affinity of ZM241385 compared to PSB-21007 (Ki 0.8 nM[201] 

vs. 50.3 nM). The N1 of PSB-21007 is involved in a water network work that couples 

the ligand to helices I and II. We were able to resolve five structural water molecules 

connecting N1 to Y91.35 and H2787.43 as well as to the backbones of A592.57 and 

A632.61 (Figure 24b and e). This very space can potentially be targeted during the 

optimization of PSB-21007 to enhance A2AAR affinity. PSB-21007 might be 

additionally substituted in its C7 position to achieve this goal. On the contrary, further 

extension of ZM241385 at its N3 position to target this pocket might be more difficult 

to achieve. 

The 5-methyl group is located inside a partially hydrophobic pocket formed 

by M1775.38, L2496.51, H2506.52, and N2536.55 (Figure 24b and d). We observed that 

the 5-methyl group is essential for A2AAR affinity in this series of 3H-imidazo[4,5-

b]pyridines. Its removal possibly creates energetically unstable water molecules as 

the pocket may not be favorable for water. The fluorine in position 6 occupies 

another hydrophobic pocket formed by V843.32, L853.33, and W2466.48 (Figure 24d 

and e) which also tolerates slightly larger substituents like chlorine or bromine. More 

voluminous substituents like cyclopropyl or SO2CH3 would not fit into the same 

binding pose explaining their detrimental effect on A2AAR affinity.  
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The 3H-imidazo[4,5-b]pyridines and the indazole of PSB-21007 are not 

ideally coplanar but rotated by ≈30° to each other through the rotatable C2-C1′ bond. 

Their aromatic core structures are stabilized by π-π stacking interactions to 

F168ECL2 (Figure 24b and d). Additionally, the indazole forms hydrophobic contacts 

to I662.64, S672.65, E169ECL2, M2707.35, and I2747.39 (Figure 24d and e). The N4′-

methoxyethyl residue extends towards the extracellular surface of the A2AAR and is 

stabilized by L167ECL2 and L2677.32 (Figure 24b, d and e). Its location close to the 

receptor’s surface may contribute to the fact that the N4′-extension is not essential 

but also not disruptive for A2AAR affinity.  

 

 

Figure 24.  Crystal structure of the A2AAR in complex with PSB-21007. 
a) Overview of the structure of A2A-PSB2-bRIL. b) Zoom into the A2AAR ligand binding 
pocket of PSB-21007. The 2Fo – Fc electron density of PSB-21007 is shown in yellow mesh, 
contoured at 1 σ. Residues A265ECL3 to M2707.35 were hidden for enhanced visualization 
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but the respective residues can be observed in panel e. c) Chemical structure of PSB-21007 
including atom numbering. d) 2D-interaction diagram of the A2A-PSB2-bRIL-PSB-21003 
binding pocket with blue spheres representing water molecules. Black dashed lines 
represent hydrogen bonds and green dashed lines represent π-π interactions. Solid green 
lines outline the binding pocket surface. e) Ligand binding pocket comparison between the 
A2AAR binding pockets of PSB-21007 and ZM241385 (PDB 4EIY). The binding pocket view 
is rotated by 180° compared to panel b. Residues C166ECL2 to F168ECL2 were hidden for 
better binding pocket visualization. f) Chemical structure of ZM241385 including atom 
numbering. Protein figures were created with PyMOL 2.4.1. 
 

3.3.3 Crystal Structure of MAO-B in Complex with PSB-21007 

The crystal structure of MAO-B in complex with PSB-21007 was obtained in 

collaboration by Prof. Claudia Binda and Andrea Gottinger at the Università di Pavia 

(Italy). The structure was solved at 1.4 Å resolution now representing the highest 

resolution MAO-B structure available. MAO-B crystallized as a homodimer 

consisting of two subunits that are rotated against each other by approximately 180° 

(Figure 25a). The C-terminal hydrophobic helix of MAO-B is considered to be its 

anchor to the outer mitochondrial membrane resulting in a perpendicular orientation 

of MAO-B to the membrane plane (Figure 25a and c).[202]  

PSB-21007 could be well resolved inside the binding pocket with its indazole 

ring occupying the substrate cavity and the 3H-imidazo[4,5-b]pyridine bound in the 

entrance cavity. The N4′-methoxyethyl extension of PSB-21007 shows direct 

contact with the covalent co-factor FAD (Figure 25b). Importantly, this moiety 

partially occupies a sub-pocket formed by Y398, T399, G434, Y435 and FAD 

thereby displacing one structural water molecule that is typically observed between 

inhibitor and FAD in co-crystal structures of MAO-B with irreversible[203] or 

reversible[204] inhibitors. The same sub-pocket harbors another water molecule 

forming hydrogen bonds to C172, Y188, and Y435 whose displacement could 

potentially be targeted in lead optimization, especially since we showed that the 

A2AAR tolerates different N4′-substitutions. The removal of the methoxyethyl side-

chain of PSB-21007 resulted in a ≈5-fold potency loss at MAO-B consistent with the 

observed interactions. The indazole ring is additionally stabilized by π-π interactions 

to F343 (T-shaped) and Y398 (stacked) as well as hydrophobic contacts to Y60, 

L171, Q206 and Y326 (Figure 25b and c). 

On the other hand, Y326 engages in T-shaped π-π interactions to the 3H-

imidazo[4,5-b]pyridine scaffold in the entrance cavity and forms a weak hydrogen 

bond to its N1 atom (H-N distance 2.8 Å) (Figure 25b and c). The position of C172 
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is favorable for a weak π-sulfur interactions to both aromatic core structures (with 

distances from 5.0 – 5.9 Å). The N1 is connected to E206 and the backbones of 

P102 and I199 via structural water molecules (Figure 25b and c). A loop spanning 

from F99 to Y112 closes the entrance cavity in proximity to the mitochondrial 

membrane and was previously termed “gating switch” as it likely opens up the 

binding pocket for the substrate.[205] The 5-methyl group occupies a hydrophobic 

pocket formed by P104, W119, L164, and F168, thereby stabilizing the dynamic 

gating switch in the closed conformation. The 6-fluorine atom additionally forms 

hydrophobic contacts to P104 of the gating switch and to I316. Similarly to the A2AAR 

binding pose, the C7 of the 3H-imidazo[4,5-b]pyridine ring faces towards a cavity 

that is occupied by five water molecules and connected to the surface of the gating 

switch through a solvent channel. This cavity may potentially be targeted by C7-

derivatization with polar residues to enhance MAO-B affinity of 3H-imidazo[4,5-

b]pyridines. At the same time, the exploration of C7 substituents may improve the 

dual activity as it also bears potential for increased A2AAR affinity as described 

above. 

 

Figure 25. Crystal structure of MAO-B in complex with PSB-21007. 
a) Structural overview of the MAO-B homodimer. PSB-21007 is shown in orange spheres 
and the covalently linked FAD is shown in yellow stick representation. b) MAO-B ligand 
binding pocket of PSB-21007. The 2Fo – Fc electron density is shown in orange mesh, 
contoured at 1.0 σ. c) Illustration of the MAO-B anchor in the outer mitochondrial membrane 
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with its C-terminus (C-term.). The C-terminal anchor has not been completely resolved in 
the crystal structure but is better resolved in chain A (left). d) 2D-interaction diagram of the 
MAO-B-PSB-21003 binding pocket with blue spheres representing water molecules. Green 
dashed lines represent π-π interactions, yellow dashed lines represent π-sulfur interactions 
and black dashed lines depict hydrogen bonds. Solid green lines outline the binding pocket 
surface. The orange dashed line illustrates the gating switch that covers the binding pocket 
entrance. Protein figures were created with PyMOL 2.4.1. 
 

 

3.3.4 Summary 

 

Novel 3H-imidazo[4,5-b]pyridine derivatives were discovered as dual-targeting 

A2AAR antagonists and MAO-B inhibitors. Moreover, two new crystal structures 

were obtained of the derivative with the highest dual potency (PSB-21007) in 

complex with the A2AAR on the one hand and MAO-B on the other hand. Hence, we 

were able to elucidate the binding mode of PSB-21007 to both targets. This 

structural information provides valuable insights into ligand binding pocket 

interactions and will greatly facilitate the optimization of this promising lead 

compound in order to increase the inhibitory potency at the MAO-B and the affinity 

at the A2AAR. 
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3.4 The Adenosine A2A Receptor Crystal Structure in Complex with 

the Novel Dual A2A/A2BAR Antagonist PSB-20327 

 

3.4.1 Purification and Crystallization of the A2A-PSB2-bRIL-PSB-20327 

Complex 

 
The A2A-PSB2-bRIL-PSB-21007 complex was purified and analyzed according to 

section 1.4. The size-exclusion chromatogram and the SDS-PAGE showed high 

purity and monodispersity of the purified protein (Figure 26a and c). The TM of the 

complex was determined to be 74.1 °C (Figure 26b). Diffraction quality crystals are 

shown in Figure 26d with an average length of 50 µm. The crystals grew in the 

following precipitant condition: 30 % (w/v) PEG400, 5 % (w/v) Tacsimate[206] pH 7.0 

(pH 7.4 at 25 °C). 

 

 

Figure 26. Protein analysis and crystallization of A2A-PSB2-bRIL-PSB-20327.  
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a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), b) thermostability assessment (in the presence of 25 µM PSB-20327) and c) SDS-
PAGE of the purified A2A-PSB2-bRIL-PSB-20327 complex. The data points in the melting 
curve and the TM in panel b are shown as means ± SEM from three different experiments. 
The SDS-PAGE was loaded with different samples (1 protein sample before concentration, 
2 final protein sample used for crystallization, but diluted ~100-fold with water; equal sample 
volumes were applied). d) Crystals of A2A-PSB2-bRIL-PSB-20327 in LCP used to obtain 
high-resolution diffraction data.  
 

 

3.4.2 The PSB-20327 Binding Pocket 

 

We obtained the structure of A2A-PSB2-bRIL in complex with PSB-20327 at 2.14 Å 

resolution. Data collection and structure determination were performed by 

Prof. Norbert Sträter and Dr. Renato Weiße from the University of Leipzig. PSB-

20327 is a xanthine-based dual A2A/A2BAR antagonist exhibiting nanomolar affinities 

for the A2A and A2BARs (Ki A2AAR 23.1 ± 6.2, Ki A2BAR 16.6 ± 3.6) and display high 

selectivity towards the A1 and A3ARs (Ki > 1000 nM).  PSB-20327 was generally 

well-resolved within the orthosteric binding site of the A2AAR. However, the terminal 

pyridine moiety is surface-exposed resulting in ambiguous electron density due to 

high flexibility.  

 The structure reveals that PSB-20327 is anchored inside the A2AAR 

ligand binding pocket by its xanthine moiety. The C6-carbonyl and N7 form a key 

hydrogen bond to N2536.55 as previously observed for other A2AAR antagonists and 

as elaborated in section 3.5.3 (Figure 27a). In contrast to PSB-21007, the hydrogen 

bond to N2536.55 in the PSB-20327 binding pocket is not bridged via a structural 

water molecule (please refer to section 3.3.2.3 for more details) which likely 

contributes to its high affinity. PSB-20327 represents a theophylline derivative 

modified at the N1, N3 and C8 positions. In fact, the xanthine scaffold of both 

structures aligns in their crystal structures, and the surrounding water network that 

is connected to the C2-carbonyl group is virtually identical (Figure 27c). Both 

xanthines are stabilized by π-π stacking interactions to F168ECL2 and show 

hydrophobic contacts to L2496.51. The N1-ethyl group of PSB-20327 forms 

additional hydrophobic contacts to V843.32 and L853.33 whereas the N3-cyclopropyl 

group extends towards helix II and VII with direct contact to I662.64 and I2747.39. This 

contact separates five structural water molecules from the bulk phase (Figure 27c, 
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bottom, water molecules on the left-hand side). The N9 of PSB-20327 is surface-

exposed, but interacting structural water molecules could not be resolved. 

 The extracellular salt bridge between E169ECL2 and H264ECL3 is disrupted 

by the C5-phenyl moiety and the sulfonamide of PSB-20327, while it is intact in the 

Theophylline structure (Figure 27c). The formation of the salt bridge may depend on 

both the crystallization method and the precipitation conditions, but also on the 

respective A2AAR antagonist as elaborated in Claff et al.[107] and in the next section. 

The phenyl moiety of PSB-20327 is stabilized by π-sulfur interactions to M2707.35 

(distance 4.2 Å) and by hydrophobic contacts to E169ECL2 and I2526.54. Additionally, 

one of the sulfonamide oxygen atoms forms a direct hydrogen bond to T256ECL3 and 

a water-mediated hydrogen bond to the backbone of A265ECL3. The piperazine ring 

forms direct contacts with L2677.32 and M2707.35 whereas the pyridine moiety 

extends towards the extracellular surface without obvious specific protein-ligand 

interactions. 

 

 

Figure 27. The A2AAR binding pocket of PSB-20327. 
a) PSB-20327 binding pose at the A2AAR. The receptor surface is shown in gray. b) 
Chemical structures and xanthine numbering of PSB-20327 and Theophylline. c) Structural 
comparison of the binding modes of PSB-20327 and Theophylline (PDB 5MZJ, crystallized 
with the A2A-StaR2-bRIL construct[135]). Protein figures were created with PyMOL 2.4.1. 
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3.4.3 The formation and pH dependence of the extracellular salt bridge 

between E169ECL2 and H264ECL3  

 

We have previously compiled an overview of all published A2AAR crystal structures 

including their E168ECL2-H264ECL3 salt bridge conformation (open/closed) and the 

pH during crystallization (please refer to Table 1 and Table 2 for an overview). In 

fact, the salt bridge was shown to be in the open conformation for the A2AAR 

structure obtained with xanthine PSB-36,[135] the former clinical candidate 

Tozadenant,[134] and the triazine derivatives “4g” and “4e”.[136] However, the majority 

of A2AAR crystal structures have been obtained with a closed, intact salt bridge.[107] 

Both ZM241385 and the triazine “4e” are the only A2AAR antagonists that have been 

crystallized in both open and closed conformation regarding the E169ECL2-H264ECL3 

salt bridge, depending on the applied crystallization conditions.[107,134] Thus, an 

acidic pH value (5.0 – 5.2) during A2AAR crystallization favored the closed 

conformation[120,134] of ZM241385 and “4e” whereas slightly alkaline pH values (8.0 

– 8.75) favored the open conformation.[117,136] Additionally, Imaradenant (a 

derivative of “4e”) also crystallized in the closed conformation at pH 5.3 – 5.4.[207] 

However, an alkaline pH does not force the open conformation as we showed for 

the first time with our new A2A-PSB2-bRIL-PSB-21007 structure that was obtained 

at pH 8.2 with intact E169ECL2-H264ECL3 salt bridge (please refer to section 3.3.2). 

 Here, we solved the A2A-PSB2-bRIL-PSB-20327 structure at pH 7.4, 

representing the first antagonist-bound A2AAR crystal structure whose crystals grew 

at physiological pH (pH 7.4). While we were able to co-crystallize A2A-PSB1-bRIL 

with PSB-20327 at pH 5.0 (Figure 28) and tested multiple crystals for their X-ray 

diffraction, no high-resolution data could be acquired (diffraction up to 7.5 Å). Only 

crystals obtained at physiological pH enabled us to solve the crystal structure of the 

A2A-PSB2-bRIL-PSB-20327 complex (Figure 26d). One possible explanation could 

be that the (partial) formation of the E169ECL2-H264ECL3 salt bridge at acidic pH may 

allow multiple conformations of PSB-20327 and hence only produced poorly 

diffracting crystals.  
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Figure 28. Crystal images of A2A-PSB1-bRIL-PSB-20327 diffracting up to 7.5 Å. 
a) Crystallized in 29 % (w/v) PEG400, 150 mM ammonium citrate, 100 mM Na-citrate pH 
5.0 and 1.6 % (w/v) 2,5-hexandiol. b) Crystallized in 30 % (w/v) PEG400, 170 mM 
ammonium citrate, 100 mM sodium citrate pH 5.0 and 1.6 % (w/v) 2,5-hexandiol. 
 

 

3.4.4 Summary 

 

Here, we obtained the crystal structure of the A2AAR in complex with PSB-20327, a 

new xanthine-based dual A2A/A2BAR antagonist. This structure represents the first 

antagonist-bound A2AAR crystal structure whose crystals were obtained at 

physiological pH values of 7.4. The structure provides valuable insights into the 

binding mode of this xanthine scaffold at the A2AAR, and into the formation of the 

extracellular salt bridge between E169ECL2 and H264ECL3. The new A2AAR structure 

does not provide additional information on the A2BAR binding mode which still 

remains to be elucidated. The new structural information can be used to optimize 

the A2AAR affinity of this xanthine scaffold, that had originally been developed for 

A2BAR inhibition. 
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3.5 The Adenosine A2A Receptor Crystal Structure in Complex with 

the Clinical Candidate Etrumadenant 

 

3.5.1 Pharmacological Characterization of Etrumadenant 

 

Etrumadenant was developed as a 

novel selective and peripherally 

restricted dual A2A/A2BAR antagonist 

that entered the clinical development 

for the treatment of peripheral 

cancers.[208–210] Etrumadenant com-

prises a novel and previously 

uncharacterized tetracyclic azolo-

pyrimidine scaffold (Figure 29). While 

the original patent of Arcus Bioscience 

only reported affinity ranges and no 

specific values  for  Etrumadenant,[209] 

 

 

Figure 29. Chemical structure of 
Etrumadenant.

a recent poster showed potencies for all human adenosine receptor subtypes 

without providing experimental details and statistical variations.[211] The authors 

reported the following potencies: A1AR 60 nM, A2AAR 1.4 nM, A2BAR 2.0 nM, and 

A3AR 411 nM. Thus, we determined the affinities on the human adenosine receptors 

and on the crystallization constructs by radioligand binding assays on CHO cell 

membranes expressing the respective adenosine receptor subtype (Table 4). Our 

data indicates that Etrumadenant is only 6-fold selective over the A1AR which stands 

in contrast to the previously reported 43-fold selectivity in regards to potency. 

Hence, Etrumadenant does not appear to be a selective dual A2A/A2BAR antagonist 

since it also exhibits substantial A1AR affinity. 
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Table 4. Binding affinities of Etrumadenant to the human adenosine receptors and 
to the crystallization construct A2A-PSB2-bRIL.a) 

Target vs. radioligand Ki ± SEM (nM) 

A1AR  [3H]CCPA 7.75 ± 1.28 

A1AR [3H]DPCPX 5.74 ± 1.34 

A2AAR [3H]MSX-2 0.96 ± 0.33 

A2BAR [3H]PSB-603 3.24 ± 0.50 

A3AR [3H]PSB-11 354 ± 120 

A2A-PSB2-bRIL [3H]MSX-2 0.78b) 

a) Ki values were determined as means from three independent experiments ± SEM 
performed on CHO cell membranes expressing the respective human wt adenosine 
receptor or on Sf9 insect cell membranes for crystallization construct A2A-PSB2-bRIL. b) 
preliminary results (n=1). Radioligand binding experiments were performed by Christin 
Vielmuth. 

 

 

3.5.2 Purification and Crystallization of the A2A-PSB2-bRIL-

Etrumadenant Complex 

 

The A2A-PSB2-bRIL-Etrumadenant complex was purified and analyzed according to 

section 1.4. The size-exclusion chromatogram and the SDS-PAGE showed high 

purity and monodispersity of the purified protein (Figure 30a and c). The TM of the 

complex was determined to be 74.1 °C (Figure 30b). Diffraction quality crystals are 

shown in Figure 30d with an average length of 60 µm. The crystals grew in the 

following precipitant condition: 30 % (w/v) PEG400, 7 % (w/v) Tacsimate[206] pH 7.0, 

100 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) pH 7.4, 1.8 % 

(w/v) 2,5-hexandiol. 
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Figure 30. Protein analysis and crystallization of A2A-PSB2-bRIL-Etrumadenant 
complexes. 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), b) thermostability assessment (in the presence of 25 µM Etrumadenant) and c) SDS-
PAGE of the purified A2A-PSB2-bRIL-Etrumadenant complex. The data points in the melting 
curve and the TM in panel b are shown as means ± SEM from three different experiments. 
The SDS-PAGE was loaded with two different samples (1 protein sample before 
concentration, 2 final protein sample used for crystallization, but ~50-fold diluted with water; 
equal sample volumes were applied). d) Crystals of A2A-PSB2-bRIL-Etrumadenant in LCP 
used to obtain high-resolution diffraction data.  

 

 

3.5.3 The Etrumadenant Binding Pocket 

 

We obtained the first crystal structure of the A2AAR in complex with Etrumadenant 

at 2.1 Å resolution. Data collection and structure determination were performed by 

Prof. Norbert Sträter and Dr. Renato Weiße from the University of Leipzig. The novel 

tetracyclic scaffold of Etrumadenant shows unique interactions to the A2AAR. 
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Importantly, its nitril group forms a direct hydrogen bond to T883.36 (N-O distance 

2.8 Å) representing a novel interaction that has never been observed in A2AAR co-

crystal structures with other antagonists (Figure 31). T883.36 goes through significant 

conformational changes during receptor activation and was shown to be directly 

involved in agonist binding.[113] Moreover, the mutation of T883.36 to alanine shifts 

the receptor equilibrium towards the inactive state.[212] Thus, the interaction of 

Etrumadenant with T883.36 by direct hydrogen bonding represents a novel 

interaction resulting in the stabilization of the A2AAR in its inactive state. Notably, the 

A2A-StaR2 construct that is extensively used to solve inactive state A2AAR crystal 

structures comprises a T883.36A mutation,[117] that would possibly affect the affinity 

of Etrumadenant.  

 The phenyl ring of Etrumadenant is stabilized by π-π interactions to 

H2506.52 (T-shaped) and W2466.48 (stacked) (Figure 31b). Its 2-methyl group comes 

in close contact to V843.32, L853.33 and F168ECL2 but is also exposed to a water 

network connecting the ligand to helices II and III (Figure 31b). The aminopyrimidine 

ring of Etrumadenant forms key anchor interactions by hydrogen bonding to N2536.55 

and E169ECL2 (Figure 31), similar to related moieties of other A2AAR antagonists 

(refer to blue circles in Figure 32b). The aminopyrimidine ring is additionally 

stabilized by π-π stacking interactions to F168ECL2 (Figure 31a).  

 The triazole ring of Etrumadenant connects the aminopyrimidine to the 

pyridine ring and forms water-mediated hydrogen bonding to H2787.43 and to the 

backbone A592.57, I803.28 and A813.29 (Figure 31b). The pyridine ring is located close 

to the entrance of the orthosteric ligand binding pocket at the extracellular ends of 

helices I and II with direct contact to Y91.35 and S672.65. The sidechain of Y91.35 has 

shown to be highly flexible in other A2AAR co-crystal structures[117,213] and adapts 

the hydrophobic pocket to the size of the ligand (as depicted for a selection of 

ligands in Figure 32). The relatively large Etrumadenant requires a great sidechain 

movement of Y91.35. The new conformational space of Y91.35 is occupied by an oleic 

acid in other A2AAR crystal structures in which the Y91.35 is located closer to the 

orthosteric binding pocket with involvement in hydrogen bonding to the structural 

water network (e.g. PDB 4EIY).[120] The hydrophilic head group of the oleate is 

displaced by the rotation of Y91.35 which is similarly observed in the structures of 

Imaradenant[207] and Vipadenant.[134] The tertiary alcohol that is attached to the 

pyridine shows three ambiguous rotamers. We modeled the rotamer conformation 
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that puts the alcohol in the closest proximity to a nearby water molecule thereby 

forming an intramolecular water-mediated hydrogen bond to pyrimidine nitrogen N3 

(Figure 31).  

 

Figure 31. The A2AAR binding pocket of Etrumadenant. 
a) Binding pocket of Etrumadenant with residues A265 to M270 clipped for enhanced 
visualization. b) Binding pocket of Etrumadenant rotated by 180° compared to panel a with 
parts of the ECL2 and residues L167 and F168 clipped. Black dashed lines represent 
hydrogen bonds whereas cyan-colored dashed lines show π-π interactions. Protein figures 
were created with PyMOL 2.4.1. 
 

 

Figure 32. Comparison of the Etrumadenant binding pocket with that of selected 
A2AAR antagonists reported in previous publications.[120,134,207,213] 
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a) The binding pose of Etrumadenant (blue) is compared to the binding pockets of 
ZM241385 (purple, PDB 4EIY), “Cmpd-1” (orange, PDB 5UIG), Vipadenant (green, PDB 
5OLH) and Imaradenant (red, PDB 6GT3). The blue-colored dashed arrow represents the 
conformational movement of Y2717.36 in the A2A-PSB2-bRIL-Etrumadenant structure. b) 
Chemical structures of the depicted antagonists. The dotted blue circles highlight structural 
similar moieties that form the key hydrogen bonding anchor to N2536.55. The protein figure 
was created with PyMOL 2.4.1. 
 

 

3.5.4 Summary 

 

The A2AAR crystal structure in complex with Etrumadenant was obtained, a drug 

that is currently in clinical trials for the immunotherapy of cancer. Etrumadenant 

bears a novel scaffold and adopts a binding mode that is significantly different from 

that of other A2AAR antagonists. For example, the binding mode of Etrumadenant 

revealed a novel hydrogen bonding interaction to T883.36, a residue that has 

previously been mutated in A2AAR crystallization constructs.[117] Moreover, we 

observed that Etrumadenant is not selective for the A2A and A2BARs but also exhibits 

significant A1AR affinity, which could, in fact, be counteracting the desired biological 

effects. 
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3.6 The Adenosine A2A Receptor Crystal Structure in Complex with 

the Novel Aminopyrazole Antagonist PSB-21417 

 

3.6.1 Purification and Crystallization of the A2A-PSB1-bRIL-PSB-21417 

Complex 

 
The A2A-PSB1-bRIL-PSB-21417 complex was purified and analyzed according to 

section 1.4. The size-exclusion chromatogram and the SDS-PAGE showed high 

purity and monodispersity of the purified protein (Figure 33a and c). However, the 

SDS-PAGE shows smearing as a result of protein glycosylation since the single 

mutant A2A-PSB1-bRIL was used for the crystallization (please refer to section 

3.3.2.1 for more details). Additionally, a minor impurity at around 30 kDa can be 

observed in Figure 33c. The TM of the complex was determined to be 72.2 °C (Figure 

33b). Diffraction quality crystals are shown in Figure 33d with an average length of 

40 µm. The crystals grew in the following precipitant condition: 29 % (w/v) PEG400, 

80 mM sodium thiocyanate, 100 mM sodium citrate pH 5.2, 2 % (w/v) 2,5-hexandiol. 
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Figure 33. Protein analysis and crystallization of A2A-PSB1-bRIL-PSB-21417. 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), b) thermostability assessment (in the presence of 25 µM PSB-21417) and c) SDS-
PAGE of the purified A2A-PSB1-bRIL-PSB-21417 complex. The data points in the melting 
curve and the TM in panel b are shown as means ± SEM from three different experiments. 
The SDS-PAGE was loaded with two different samples (1 protein sample before 
concentration, 2 final protein sample used for crystallization, but diluted ~50-fold with water; 
equal sample volumes were applied). d) Crystals of A2A-PSB2-bRIL-PSB-21417 in LCP 
used to obtain high-resolution diffraction data.  
 

 

3.6.2 The PSB-21417 Binding Pocket 

 
We obtained the crystal structure of the A2AAR in complex with PSB-21417 at 2.20 Å 

resolution. Data collection and structure determination were performed by 

Prof. Norbert Sträter and Dr. Renato Weiße from the University of Leipzig. 

PSB-21417 is an A2AAR antagonist with nanomolar affinity (Ki 5.07 nM) 

that was developed in our group[214] and comprises a 3-aminopyrazole scaffold 

(Figure 34c). PSB-21417 shows similarity to the previously discovered A2AAR 
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antagonist “Cmpd-1”, a dual-target drug that additionally blocks the N-methyl-D-

aspartate receptor subtype 2B (NR2B), but was independently developed.[213] The 

dual blockade of the A2AAR and NR2B has shown beneficial effects for the treatment 

of PD.[215] “Cmpd-1” was discovered comprising a novel 4-amino-1,2,3-triazole 

scaffold that is connected to a methylphenyl in position 2 and to methoxybenzyl in 

position 5 via an amidine function (refer to Figure 34e). In our compound, the 

amidine is substituted by an amide moiety that is attached to a 2-chloro-6-fluoro 

benzyl residue and the methylphenyl is replaced with the larger indazole moiety. 

Our 3-aminopyrazole core structure corresponds to the N1-deaza analog of the 

“Cmpd-1” scaffold. The pyrazole creates an additional optimization option by 

derivatization in the C5-position which is not accessible in aminotriazoles. The 

affinity of PSB-21417 to the A2AAR is two-fold higher than that of “Cmpd-1” (Figure 

34d). Moreover, PSB-21417 shows superior A1AR selectivity (65-fold vs. 14-fold) 

but has not yet been tested on NR2B.  

Here, we solved the A2AAR crystal structure in complex with PSB-21417 

at 2.20 Å resolution. A co-crystal structure of “Cmpd-1” with the A2AAR had been 

previously solved, but only reached 3.50 Å resolution, which had made it impossible 

to resolve structural water molecules.[213] However, we used the “Cmpd-1” co-crystal 

structure for comparison with our newly determined structure. While PSB-21417 

was generally well-resolved inside the orthosteric ligand binding pocket, the electron 

density of the halogenated phenyl ring was slightly weaker e.g., suggesting two 

conformations (with interchanged F,Cl-position). We have modeled the 

conformation where the 2-chloro substituent faces towards helices II and III as it 

showed stronger electron density for the chlorine atom and is therefore thought to 

be predominant. 

 The 3-aminopyrazole moiety of PSB-21417 forms key hydrogen bonds 

to N2536.55 and to E169ECL2 similarly as observed for “Cmpd-1” (Figure 34b). We 

were able to show that the network extends to T2566.58 via one structural water 

molecule (Figure 34a and b). Moreover, the 3-amino group forms an intramolecular 

hydrogen bond to the carbonyl of the amide which itself is involved in a water 

network that connects PSB-21417 to the backbones of I662.64, F168ECL2, and 

E169ECL2 (Figure 34a). The pyrazole (and the triazole of “Cmpd-1”) is further 

stabilized by hydrophobic contacts to L2496.51 and by typical π-π stacking 

interactions although it should be noted that F168ECL2 showed a large structural 
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heterogeneity in the “Cmpd-1” structure.[213] The amide nitrogen is connected to an 

isolated water network that extends to the sidechain of H2787.43 and the backbones 

of A592.57, I803.28, I813.29, and V843.32 via five structural water molecules. Displacing 

water molecules from the binding pocket by ligand modification represents an 

attractive goal in structure-based drug design.[197] Importantly, the amide in PSB-

21417 adopts a different conformation than the analogous carboximidamide in 

“Cmpd-1” which is rotated by approximately 180°. The C5 of PSB-21417’s pyrazole 

core directly faces towards the water system (Figure 34a and b). As mentioned 

above, PSB-21417 derivatization in the C5 position is synthetically accessible and 

may represent optimization potential to further enhance A2AAR affinity and likely 

selectivity. 

 The halogenated benzyl moiety occupies a hydrophobic pocket formed 

by Y91.35, A632.61, I662.64, S672.65, L2677.32, M2707.35, Y2717.39, and I2747.39. Although 

the same amino acids form the pocket to harbor the methoxyphenyl of “Cmpd-1”, 

both phenyl rings do not align in the same conformation and the pocket architecture 

is changed in the PSB-21417 structure with many different sidechain rotamers (e.g., 

please refer to S672.65, M2707.35, and Y2717.39 of Figure 34b).  

 The indazole moiety is stabilized by π-π interactions to W2466.48 and 

forms a direct hydrogen bond to T883.36 (N-O distance 3.1 Å) as similarly observed 

in our new A2A-PSB2-bRIL-Etrumadenant structure. As mentioned in section Figure 

31, this is the first time that hydrogen bonding between an A2AAR antagonist and 

T883.36 could be shown. The indazole core is further stabilized by hydrophobic 

contacts to V843.32, L853.33, M1775.38, and L2496.51 while its nitrogen atoms are 

involved in a water network connecting PSB-21417 to N1815.42 and H2506.52. This 

represents another interaction that so far has not been observed for A2AAR 

antagonists.  
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Figure 34. The ligand binding pocket of PSB-21417. 
a) PSB-21417 binding pose in the orthosteric binding pocket of the A2AAR. b) Comparison 
of the PSB-21417 binding pose to the structurally-related aminotriazole derivative “Cmpd-
1”[213] (PDB 5UIG). c) Chemical structure of PSB-21417. d) Binding affinity (Ki) of PSB-
21417 and “Cmpd-1” at adenosine receptors or NR2B determined by radioligand binding 
studies. Radioligand binding experiments for PSB-21417 were performed by Christin 
Vielmuth. The “Cmpd-1” data was taken from Sun et al.[213] e) Chemical structure of “Cmpd-
1”. Protein figures were created with PyMOL 2.4.1. 
 

3.6.3 Summary 

 

Here, we elucidated the binding mode of PSB-21417 at the A2AAR. PSB-21417 

represents a novel aminopyrazole derivative with high affinity towards the A2AAR, 

and was discovered independently from the previously published “Cmpd-1”. Both 

compounds exhibit a binding mode that shows similarities but also significant 

differences. Importantly, PSB-21417 exhibits a direct hydrogen bond to T883.36 that 

was simultaneously observed for the first time in our Etrumadenant co-crystal 

structure.   
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3.7 Crystallization Attempts of the Adenosine A2A Receptor in 

Complex with the Approved Drug Istradefylline and Related 8-

Ethinylxanthine Derivatives  

 

3.7.1 Purification and Crystallization of the A2A-PSB2-bRIL-Istradefylline 

Complex 

 

The A2A-PSB2-bRIL-Istradefylline 

complex was purified and analyzed 

according to section 1.4. The size-

exclusion chromatogram and the 

SDS-PAGE showed high purity and 

monodispersity of the purified protein 

(Figure 36a and c).  

 

Figure 35. Chemical structure of the 
approved drug Istradefylline.

The TM of the complex was determined to be 73.3 °C (Figure 36b). 

Despite the excellent protein characteristics, only small crystal hits could be 

obtained (Figure 36d). Importantly, crystal hits were obtained in almost every 

precipitant condition tested which is unlikely for protein crystals but suggests the 

crystallization of the compounds itself. Istradefylline shows relatively poor solubility 

and is photosensitive.[216] The obtained mini-crystals were not further analyzed for 

their X-ray diffraction. 
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Figure 36. Protein analysis and crystallization of A2A-PSB2-bRIL-Istradefyllin. 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), b) thermostability assessment (in the presence of 15 µM Istradefylline) and c) SDS-
PAGE of the purified A2A-PSB2-bRIL-Istradefylline complex. The data points in the melting 
curve and the TM in panel b are shown as means ± SEM from four different experiments. 
The SDS-PAGE was loaded with 10 µL of the protein sample before concentration. d) 
Crystals of A2A-PSB2-bRIL-Istradefylline or possibly just of Istradefylline in LCP. 
  



Results and Discussion 3.7 

 

73 
 

3.7.2 Purification and Crystallization of the A2A-PSB1-bRIL-PSB-20002 

Complex (first attempt) 

 

The A2A-PSB1-bRIL-PSB-20002 

complex was purified and analyzed 

according to section 1.4. The size-

exclusion chromatogram and SDS-

PAGE showed high purity and 

monodispersity of the purified protein 

(Figure 38a and c). 

 

Figure 37. Chemical structure of the 
xanthine derivative PSB-20002

The TM of the complex was determined to be 73.1 °C (Figure 38b). 

Crystal hits are shown in Figure 38d with an average size of 30 µm that grew in the 

following precipitant condition: 19 % (w/v) PEG400, 100 mM sodium thiocyanate, 

100 mM sodium citrate pH 5.2, 2 % (w/v) 2,5-hexandiol. At that time, we did not send 

the crystals for data collection. However, the crystallization experiment was 

repeated in an attempt to yield larger and more homogenous crystals. 
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Figure 38. Protein analysis and crystallization of A2A-PSB1-bRIL-PSB-20002 (1st 
attempt). 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), b) thermostability assessment (in the presence of 5 µM PSB-20002) and c) SDS-
PAGE of the purified A2A-PSB1-bRIL-PSB-20002 complex. The data points in the melting 
curve and the TM in panel b are shown as means ± SEM from three different experiments. 
The SDS-PAGE was loaded with two different samples (1 protein sample before 
concentration, 2 final protein sample used for crystallization, but diluted ~50-fold with water; 
equal sample volumes were applied). d) Crystals of A2A-PSB1-bRIL-PSB-20002 in LCP. 
 

 

3.7.3 Purification and Crystallization of the A2A-PSB1-bRIL-PSB-20002 

Complex (Second Attempt) 

 

The next crystallization attempt of A2A-PSB1-bRIL-PSB-20002 yielded larger 

crystals in a similar precipitant condition as before (Figure 39d): 15 % (w/v) PEG400, 

50 mM sodium thiocyanate, 100 mM sodium citrate pH 5.2, 2 % (w/v) 2,5-hexandiol. 

The protein concentration was comparable but slightly lower in the 2nd attempt 
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compared to the 1st attempt as judged by the size-exclusion chromatogram (Figure 

39a). However, the protein was yielded in very high purity (Figure 39c) and the TM 

of the complex was determined to be 73.9 °C. Crystals were harvested and analyzed 

for X-ray diffraction. Although single diffraction spots could be observed up to 3.3 Å 

resolution during an automatic raster screen of the crystal-containing loops,[217] data 

from two datasets did not yield sufficient completeness and quality to solve a high-

resolution crystal structure. 

 

Figure 39. Protein analysis and crystallization of A2A-PSB1-bRIL-PSB-20002 (2nd 
attempt). 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), b) thermostability assessment (in the presence of 5 µM PSB-20002) and c) SDS-
PAGE of the purified A2A-PSB1-bRIL-PSB-20002 complex. The data points in the melting 
curve and the TM in panel b are shown as means ± SD from two different experiments. The 
SDS-PAGE was loaded with three different samples (1 protein sample before concentration, 
2 and 3 final protein sample used for crystallization, but diluted ~200-fold (2), or ~100-fold 
(3) with water; equal sample volumes were applied). d) Crystals of A2A-PSB1-bRIL-PSB-
20002 in LCP. 
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3.7.4 Purification and Crystallization of the A2A-PSB2-bRIL-PSB-21033 

Complex 

 

The A2A-PSB2-bRIL-PSB-21033 

complex was purified and analyzed 

according to section 1.4. The size-

exclusion chromatogram showed high 

monodispersity of the purified protein 

(Figure 41a). However, the proteins 

were not analyzed by SDS-PAGE in 

this crystallization experiment. 
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Figure 40. Chemical structure of the 
xanthine-derivative PSB-21033.

The TM of the complex was determined to be 73.1 °C (Figure 41b). 

Despite the excellent protein characteristics, only small crystal hits could be 

obtained, similarly to the A2A-PSB2-bRIL-Istradefylline complex (Figure 42). Here, 

mini-crystals with an average size of 8 µm were obtained in 2 % (w/v) PEG400, 7 % 

(w/v) Tacsimate[206] pH 7.0, 100 mM HEPES-Na pH 7.4, 1.8 % (w/v) 2,5-hexandiol. 

Moreover, the LCP drop contained a large amount of precipitated protein. The mini-

crystals were not further analyzed for their X-ray diffraction. 

 

 

Figure 41. Protein analysis and crystallization of A2A-PSB2-bRIL-PSB-21033. 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL), and b) thermostability assessment (in the presence of 10 µM PSB-21033) of the 
purified A2A-PSB1-bRIL-PSB-21033 complex. The data points in the melting curve and the 
TM in panel b are shown as means ± SEM from three different experiments.  
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Figure 42. Crystal hits of A2A-PSB2-bRIL-PSB-21033 in LCP. 
 

 

3.7.5 Summary & Outlook: A2AAR Crystallization in Complex with 

Xanthine Derivatives 

 

Although highly stable, pure and monodisperse A2AAR complexes together with 

xanthine derivatives could be produced, their crystallization has not yet yielded well-

diffracting crystals. However, we have been able to produce a high-resolution crystal 

structure of our internal xanthin derivative PSB-20327 (please refer to section 3.4), 

even though its affinity is lower than that of the other tested ethinylxanthines, PSB-

20002 and PSB-21033. The clinical candidate and styrylxanthine Istradefylline only 

produced mini-crystals, presumably crystals of the antagonist itself. The best 

success regarding crystallization of these xanthine derivatives so far has been 

achieved with datasets that showed isolated diffraction spots up to ~3.3 Å resolution 

by crystals of the A2A-PSB1-bRIL-PSB-20002 complex. However, the quality of 

these datasets was not sufficient to solve the crystal structure. All of the tested 

xanthines have in common a rather low water solubility. Hence, they could only be 

supplemented in relatively low concentrations during protein purification and 

crystallization which might negatively affect their co-crystallization. Perhaps they 

additionally have relatively fast off-rates, which, however, remain to be determined. 

Therefore, xanthine derivatives with higher solubility and/or higher residence time 

might improve the chances of creating diffraction quality crystals in complex with the 

A2AAR.   
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3.8 Crystal Structure of the Adenosine A2A Receptor in Complex 

with the Potent Partial Agonist LUF5834 

 

A new chemical class of 2-thio-3,5-

dicyano-4-aryl-aminopyridine deriva-

tives were initially discovered as 

unselective adenosine receptor agonists 

by Bayer in 2001.[218] The authors 

showed that the derivatives can increase 

intracellular cAMP concentrations which 

was consistent with the activation of the 

A2BAR and less prominent in A2AAR-

transfected cells.  

 

 

Figure 43. Chemical structure of the 
partial agonist LUF5834

Three years later, Beukers et al. (re-)synthesized five 2-thio-3,5-dicyano-4-

aryl-aminopyridines and analyzed their binding affinity and potencies on all adenosine 

receptor subtypes.[219] The derivative bearing a p-OH-phenyl substituent (Figure 43) 

was named LUF5834 whereas the respective phenyl derivative was named LUF5833. 

Within this framework, it was discovered that 2-thio-3,5-dicyano-4-aryl-aminopyridine 

derivatives were actually partial agonists, hence, their adenosine receptor efficacy 

was lower than that of full agonists. LUF5833 and LUF5834 showed similar binding to 

all adenosine receptor subtypes and identical cAMP efficacy at the human A2AAR 

(55 %).[219] However, LUF5834 was slightly more selective with ~3-fold less affinity to 

the A3AR. Subsequently, LUF5834 was extensively characterized[220,221] and now 

represents an important and commercially available tool compound for the A2AAR and 

adenosine receptors in general.[222–225] 

A comparatively low resolution crystal structure of the A2A-StaR2-bRIL in complex 

with the partial agonist LUF5833 has already been obtained (3.12 Å) but water 

molecules, for example, could not be resolved.[108] Additionally, the authors reported 

that they „[…] also attempted to obtain a receptor crystal structure with LUF5834 but 

were unsuccessful“.[108] Importantly, the utilized A2A-StaR2-bRIL construct 

comprises two mutations inside the orthosteric binding pocket (T883.36A and 

S2777.42A).[117] Although it had been shown that both mutations did not affect the 

binding affinity of LUF5834, S2777.42A equalized the efficacy of the partial agonist 

LUF5834 and the full agonist NECA[220] which might contribute to the fruitless 
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experiments using the inactive state stabilized A2A-StaR2 construct. Therefore, we 

aimed to solve the crystal structure of A2A-PSB2-bRIL in complex with LUF5834 and 

at the same time increase the resolution of the co-crystal structure with this important 

partial agonist scaffold.  

 

3.8.1 Purification and Crystallization of the A2A-PSB2-bRIL-LUF5834 

Complex 

 

The A2A-PSB2-bRIL-LUF5834 complex was purified and analyzed according to 

section 1.4. The size-exclusion chromatogram showed high monodispersity of the 

purified protein (Figure 44a). SDS-PAGE analysis was not performed for the A2A-

PSB2-bRIL-LUF5834 complex. The TM of the complex was determined to be 73.1 

°C (Figure 44b). Diffraction-quality crystals are shown in Figure 45 with an average 

size of 30 µm. The crystals grew in the following precipitant condition: 23 % (w/v) 

PEG400, 90 mM sodium thiocyanate, 100 mM sodium citrate pH 5.2, 2 % (w/v) 2,5-

hexandiol. The crystals were used to solve the complex crystal structure at 2.43 Å 

resolution. 

 

 

Figure 44. Protein analysis and crystallization of A2A-PSB2-bRIL-LUF5834. 
a) SEC of the final protein sample used for crystallization (diluted 80-fold, injection volume 
30 µL) and b) thermostability assessment (in the presence of 50 µM LUF5834) of the purified 
A2A-PSB2-bRIL-LUF5834 complex. The data points in the melting curve and the TM in panel 
b are shown as means ± SEM from three different experiments. 
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Figure 45. Crystals of A2A-PSB2-bRIL-LUF5834 in LCP used to obtain high-resolution 
diffraction data. 
Crystals grew in LCP with the following precipitant conditions: 23 % (w/v) PEG400, 90 mM 
sodium thiocyanate, 100 mM sodium citrate pH 5.2, 2 % (w/v) 2,5-hexandiol. 
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3.8.2 The LUF5834 Binding Pocket 

 

We obtained the crystal structure of the A2AAR in complex with PSB-21417 at 2.43 Å 

resolution. Data collection and structure determination were performed by 

Prof. Norbert Sträter and Dr. Renato Weiße from the University of Leipzig. 

The partial A2AAR agonist LUF5834 co-crystallized in two alternate 

binding modes as depicted in Figure 46. The conformation with the phenol of 

LUF5834 facing towards T883.36 was determined as the predominant binding mode 

with an occupancy of 0.7. In the alternate conformation, the phenol shows contacts 

to residues of helices II, III, and VII (A632.61, V843.32, H2787.43). Additionally, the 

phenol forms a direct hydrogen bond to the backbone of A592.57 and A632.61. 

However, the direct hydrogen bond observed in most of the potent A2AAR ligands 

(agonists as well as antagonists) to N2536.55 is not observed in this alternate binding 

mode.   

 

 

Figure 46.  Alternate binding modes of LUF5834 to A2A-PSB2-bRIL. 
Two concurrent binding modes for LUF5834 to A2A-PSB2-bRIL could be observed with a 
predominant binding mode as represented in Figure 47 (occupancy 0.7) and a second 
binding mode as superposed here. Protein figure was created with PyMOL 2.4.1. 
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Figure 47. The A2AAR binding pocket of LUF5834. 
a) Binding pose of LUF5834 to the A2AAR. Hydrogen bonds are represented with black 
dashed lines. b) Chemical structure of LUF5834. Protein figures was created with PyMOL 
2.4.1. 
 

 

On the other hand, in the predominant binding mode (Figure 47a), the 

nitrile in position 5 (for numbering please refer to Figure 47b) forms a direct 

hydrogen bond to N2536.55. The interaction is further supported by a water-mediated 

hydrogen bond by the 6-amino group of LUF5834. The nitrile in position 3 is 

connected to H2787.43 via one structural water molecule (Figure 47a). A π-π 

stacking interaction between the pyridine moiety and F168ECL2 can be observed, 

similarly to other previously reported A2AAR structures. The imidazole moiety of 

LUF5834 is located in a pocket formed by Y91.35, S672.65, L2677.32, Y2717.36, and 

I2747.39. It forms a direct hydrogen bond to Y91.35 (Figure 47a). The phenol of 

LUF5834 faces towards the sodium binding pocket and is in close contact to 

W2466.48 of the CxWP motif.[226] This vicinity and the two alternate binding modes 

led to a minor bending of 2° from planarity of the phenol ring in our refined binding 

pose. The OH-group of the phenol is located in proximity to T883.36, presumably 

participating in a weak hydrogen bond (O-O distance 3.9 Å). T883.36 is mutated to 

alanine in the A2A-StaR2-bRIL construct which may contribute to the fact that co-

crystallization trials of LUF5834 with this construct failed previously.[108] T883.36 is 

also conformationally restricted in the constitutively inactive conformation of our A2A-

PSB2-bRIL construct as a result of the introduced S913.39K mutation as previously 
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elaborated.[107] In fact, T883.36 was modelled in two conformations when A2A-ΔC-

bRIL (no point mutations) was used for A2AAR crystallography; these results imply 

greater flexibility (PDB 4EIY)[120] of T883.36 in the unmutated receptor as compared 

to the S913.39K mutant. Therefore, LUF5834 may engage T883.36 in a more favorable 

conformation and perhaps forms a stronger hydrogen bond in the inactive state of 

the wt A2AAR. Importantly, LUF5834 binds to the S913.39K single mutant A2A-PSB1-

bRIL with 11-fold lower affinity compared to the wt A2AAR (Ki 29.8 ± 4.28 nM vs. 336 

± 66.8 nM; ΔpKi 1.26; p = 0.0126 using the paired two-tailed t-test), determined in 

three independent radioligand competition binding experiments vs. antagonist 

radioligand [3H]MSX-2 using Sf9 insect cell membranes expressing the respective 

receptor). The conformational restraints towards the inactive state through the 

S913.39K mutation would provide a plausible explanation for the reduced affinity at 

the stabilized crystallization construct. However, it is still unclear and has yet to be 

determined whether the affinity difference originates from the general 

conformational restriction in the A2AAR inactive state or from the conformational 

restriction of the T883.39 side chain.  

Although with lower affinity, we showed that LUF5834 is indeed able to 

bind the constitutively inactive state of the A2AAR and revealed its binding pose with 

our high-resolution crystal structure. However, the structure alone does neither 

provide a direct structural understanding of partial agonism nor explains the 

activation mechanism of this partial agonist at the A2AAR. Importantly, the structural 

mechanism of partial agonism in contrast to full agonism is still not fully 

understood.[227]  In contrast to partial A2AAR agonist LUF5834, we previously 

showed that the full agonist NECA does not show binding to A2A-PSB1-bRIL (at 

concentrations up to 3 mM and determined vs. antagonist radioligand [3H]MSX-2) 

whereas the affinity of antagonists and the radioligand itself was unaffected.[107] 

Hence, one explanation for the partial agonistic activity of LUF5834 may originate 

from binding affinity to both inactive and the active states of the A2AAR whereas full 

A2AAR agonists only exhibit affinity towards the active state. Therefore, the 

conformational selection of full agonist may be restricted to the active state which 

thus may result in the greater efficacy that can be observed in contrast to partial 

agonists.[219] Although partial agonism may not be explained by the same unique 

mechanism for all GPCRs, this hypothesis is supported by protein NMR experiments 
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performed on the β2-adrenergic receptor which revealed that the partial agonists 

indeed stabilized an equilibrium of both the inactive and active conformations.[228] 

Another theory for partial agonism assumes that partial agonists stabilize 

a conformational state that is different from that of full agonists, and thus, resulting 

in lower affinity towards the G-protein, ultimately leading to less effective nucleotide 

exchange. In fact, this hypothesis can also be supported by similar NMR 

experiments but with different labeling techniques[222] or by allosteric 

nanobodies.[229] 

Interestingly, no information with regards to the binding of LUF5833 to 

the crystallization construct A2A-StaR2-bRIL had been provided in the respective 

publication of this co-crystal structure.[108] The binding pose of LUF5833 in that 

structure is similar to the one that we observed for the dominant binding pose of 

LUF5834 (Figure 48). However, a crucial difference is observed for the conformation 

of ECL3 in the LUF5833 co-crystal structure showing a unique position, with 

H264ECL3 pointing towards the surface. This conformation had not been observed in 

any other A2AAR structure. In addition, the sidechain of E169ECL2 is rotated towards 

the ligand and interacts with the imidazole moiety of LUF5833. In our new structure 

of the A2AAR in complex with LUF5834, H264ECL3 instead forms an ionic lock to 

E169ECL2 as discussed in detail within section 3.4.3 (Figure 48).  

 

Figure 48. Structural comparison of the binding poses of LUF5834 and LUF5833. 
A2A-PSB2-bRIL-LUF5834 is represented as blue/orange and A2A-Star2-bRIL-LUF5833 
(PDB 7ARO) as green/purple. 
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3.8.3 Summary 

 

Here, we obtained an inactive state structure of the partial A2AAR agonist LUF5834 

in complex with the A2AAR. LUF5834 binds to the constitutively inactive construct 

A2A-PSB2-bRIL with significantly lower affinity compared to the wt A2AAR, which is 

consistent with its partial agonistic activity. Thus, the new structure provides 

valuable new insights into the structural biology of partial agonists. 
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3.9 Development of Nanobodies Against the Adenosine A2A 

Receptor by Llama Immunization 

 

3.9.1 Large-Scale Protein Production of A2A-ΔC for Llama Immunization 

 

Similar to human antibodies which consist of a heavy and a light chain, camelids 

(and llamas in particular) produce heavy chain-only antibodies.[230] While 

conventional antibodies are significantly larger, nanobodies only consist of the 

single variable domain of the camelid heavy-chain antibody (VHH).[231] Here, we 

produced large amounts of purified A2AAR with truncated C-terminus for the 

immunization of llamas with the aim to identify A2AAR specific nanobodies.  

In total, three liter of Sf9 insect cell culture were expressed in order to 

produce approximately 1.2 mg purified A2A-ΔC (protein quantified using methods 

developed by Bradford[232] with BSA for comparison). A2A-ΔC represents the wt 

A2AAR with its long and flexible C-terminus truncated (please refer to Appendix IV 

for the protein sequence). The construct is able to bind both antagonists and 

agonists as shown by increased thermostability (Figure 49b and d). A2A-ΔC can be 

activated by NECA and recruits G-proteins as previously reported by us.[107] 

Therefore, A2A-ΔC was chosen to yield nanobodies that could potentially stabilize 

both the inactive and active state A2AAR. However, the relative conformational 

flexibility is accompanied by lower stability. Figure 49 shows one out of six 

characterized batches with high protein purity and monodispersity (please refer to 

panels c and d). 

 Six immunization rounds were carried out by the Nanobody Core Facility 

at the University of Bonn, but unfortunately has not yielded nanobodies against the 

A2AAR. 
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Figure 49. Protein analysis of A2A-ΔC for llama immunization. 
a) SEC result of the unconcentrated purified protein (injection volume 30 µL). b) 
Thermostability assessment of A2A-ΔC and the effect of different A2AAR ligands on 
thermostability. Data is shown as means ± SD from three independent experiments. c) SDS-
PAGE of the purified protein. Left: protein before concentration, right: final concentrated 
protein used for immunization. Equal sample volumes were applied. d) Column graph 
representation of TM values from the thermostability assessment. Data is shown as means 
± SD from three independent experiments. Statistical analysis was performed by one-way 
ANOVA with Dunnett’s post-hoc test compared to the dimethyl sulfoxide (DMSO) control 
(*p < 0.05, **p < 0.01). 
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3.9.2 Large-Scale Protein Production of A2A-PSB2-bRIL for Llama 

Immunization 

 

In order to increase A2AAR stability and solubility, we decided to repeat llama 

immunization with our highly stable crystallization construct A2A-PSB2-bRIL. 

Although the construct evolved with superior stability, it represents the constitutively 

inactive state and thus cannot be activated anymore. Hence, only nanobodies 

against the inactive state are potentially generated. Moreover, the intracellular 

fusion partner bRIL enhances solubility but likely represents an additional 

immunogen for the llama. 

 Two liters of Sf9 insect cell culture expressing A2A-PSB2-bRIL were 

expressed and purified in two batches. The protein was obtained in high purity and 

monodispersity (Figure 50a and c). The addition of antagonists or of the partial 

agonist LUF5834 can further increase the stability of the already highly stable A2A-

PSB2-bRIL (Figure 50b and d) demonstrating correct protein folding. In total, 

approximately 1 mg of purified A2AAR was produced and submitted for llama 

immunization in six additional rounds which is currently ongoing work. 
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Figure 50. Protein analysis of A2A-PSB2-bRIL for llama immunization. 
a) SEC result of the unconcentrated purified protein (injection volume 30 µL). b) 
Thermostability assessment of A2A-PSB2-bRIL and the effect of different A2AAR ligands on 
thermostability. Data is shown as means ± SD from two independent experiments. c) SDS-
PAGE of the purified protein. Left two bands: 10 µL of protein before concentration, right 
two bands: 20 µL of protein before concentration. d) Column graph representation of TM 
values from the thermostability assessment. Data is shown as means ± SD from two 
independent experiments. 
 

 

3.9.3 Summary 

 

Large amounts of purified A2AAR were produced in order to immunize llamas for 

nanobody production. While a first attempt with A2AAR construct A2A-ΔC failed to 

produce A2AAR-reactive nanobodies, a second immunization attempt has been 

started with the more stable construct A2A-PSB2-bRIL. Llama immunization is 

currently ongoing. If successful, this work could result in the first A2AAR-reactive 

nanobodies that can potentially be utilized for further pharmacological 

characterization[233] of the A2AAR or even for therapeutic application.[234]
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4 Conclusions 

 

High-resolution protein structures of important drug targets facilitate the structure-

based drug discovery and the optimization of novel clinical candidates.[235–237] Due 

to major structural biology advances in the past two decades, structure-based drug 

design has substantially progressed and already demonstrated tremendous 

success.[238–241] However, the structure elucidation of GPCRs is far from being 

considered routine work and generally requires specialized expertise as well as 

extensive protein engineering. Within this study, important aims were achieved that 

have enabled structural biology studies of GPCRs (and other proteins): 

 

1. The effort to solve active state crystal structures of the DOP was continued 

and resulted in two crystal structures bound to structurally-diverse ligands 

(one peptide agonist and one small molecule agonist). 

 

2. A structural biology platform for (membrane) proteins was established at the 

Pharmaceutical Institute of the University of Bonn. This mainly includes the 

expression (in required quantity), purification, analysis and crystallization of 

recombinant proteins. 

 

3. The successful implementation of the established research platform was 

demonstrated by the structure elucidation of seven new GPCR crystal 

structures of the human adenosine A2A receptor in complex with six 

structurally diverse antagonists and one partial agonist, that were 

determined using crystals generated in Bonn (see Table 5).  

 

4. The obtained co-crystal structures were used to comprehensively analyze 

the ligand binding pocket of the co-crystallized ligands in order to evaluate 

their affinity determinants and to further increase their A2AAR affinity by 

subsequent lead optimization. 

 

Herein, the A2AAR was not only used as a showcase to demonstrate the successful 

establishment of the structural biology platform but also to enhance the structural 
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understanding of the A2AAR ligand binding pocket. Thus, although several crystal 

structures of the A2AAR had previously been obtained, a great majority was solved 

using highly mutated A2AAR constructs (Table 1 and Table 2). We were able to 

significantly reduce the mutational load and, importantly, avoided any ligand binding 

pocket mutations. The new construct was designed by introducing a single 

stabilizing point mutation (S913.39K) into a previously established A2AAR 

crystallization construct[120] and still displayed superior thermostability compared to 

previously established constructs. This mutant is suggested to become the new gold 

standard for the crystallization of the A2AAR in complex with A2AAR antagonists. Our 

thermostabilization strategy can likely by applied to other GPCRs due to the fact 

that the thermostabilizing mutation is located inside the conserved sodium binding 

pocket. 

 We utilized the new A2AAR crystallization construct to determine six new 

crystal structures of the A2AAR in complex with A2AAR antagonists (Table 5). 

Additionally, one new A2AAR co-crystal structure was solved with a partial agonist. 

The new structures enabled novel insights into previously unknown binding modes, 

and greatly facilitate future lead optimization. In fact, five of the six A2AAR 

antagonists were developed in-house and are currently being further optimized 

using the newly obtained structural information of their binding interactions.  

 
 

Table 5. Overview of crystal structures solved in this thesis. 

GPCR Construct Resolution (Å) PDB ID Ligand 

DOP bRIL-DOP 2.80 6PT2 KGCHM07 

DOP bRIL-DOP 3.30 6PT3 DPI-287 

A2AAR A2A-PSB1-bRIL 2.25 7XP4 PSB-2113 

A2AAR A2A-PSB1-bRIL 2.60 7YPR PSB-2115 

A2AAR A2A-PSB2-bRIL 2.65 undisclosed PSB-21007 

A2AAR A2A-PSB2-bRIL 2.14 undisclosed PSB-20327 

A2AAR A2A-PSB2-bRIL 2.11 undisclosed Etrumadenant 

A2AAR A2A-PSB1-bRIL 2.20 undisclosed PSB-21417 

A2AAR A2A-PSB2-bRIL 2.43 undisclosed LUF5834 
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5 Experimental Methods 

 

5.1 Protein Expression, Purification, Crystallization and Structure 

Elucidation 

 

5.1.1 Expression, Purification and Crystallization of A2AAR Construct 

A2A-PSB2-bRIL in Complex with PSB-21007 

 

The A2AAR construct A2A-PSB2-bRIL was cloned and expressed in Sf9 as previously 

established for A2A-PSB1-bRIL.[107] A2A-PSB2-bRIL differs from A2A-PSB1-bRIL by 

the addition of one extra point mutation (N154ECL2A) in order to remove N-linked 

glycosylation. Please refer to Appendix III and Appendix IV for full DNA and protein 

sequences of A2A-PSB1-bRIL and A2A-PSB2-bRIL. For a protein sequence 

alignment of A2A-PSB2-bRIL with the wt A2AAR refer to Appendix V. Sf9 insect cells 

from 900 mL infected cell culture were lysed and washed as previously described 

using low and high osmotic buffer.[107]  

Sf9 insect cell membranes were incubated with 25 µM PSB-21007 

(diluted from a 25 mM DMSO stock solution) and 2 mg mL-1 iodoacetamide for 60 

min. Membranes were then solubilized in an equal volume of solubilization buffer  

[100 mM HEPES pH 7.5 (4 °C), 1.6 M NaCl, 1.5 % (w/v) dodecyl-β-D-

maltopyranoside (DDM) and 0.3 % (w/v) cholesteryl hemisuccinate (CHS)] over 3 h 

while shaking (end-over-end) at 4 °C. Solubilized proteins were separated from the 

insoluble material by centrifugation and purified as previously described[107] using 

20 column volumes wash buffer I [50 mM HEPES pH 7.5 (4 °C), 800 mM NaCl, 0.5 % 

(w/v) DDM, 0.1 % (w/v) CHS, 10 % (v/v) glycerol, 20 mM imidazole pH 7.5 (4 °C), 8 

mM ATP, 10 mM MgCl2, and 25 µM PSB-21007] and 13 column volumes wash buffer 

II [50 mM HEPES pH 7.5 (4 °C), 800 mM NaCl, 0.05 % (w/v) DDM, 0.01 % (w/v) 

CHS, 10 % (v/v) glycerol, 50 mM imidazole pH 7.5 (4 °C), and 25 µM PSB-21007]. 

The synthesis of PSB-21007 will be published elsewhere. A2A-PSB2-bRIL-PSB-

21007 complexes were eluted using elution buffer [25 mM HEPES pH 7.5 (4 °C), 

800 mM NaCl, 10 % (v/v) glycerol, 220 mM imidazole, 0.025 % (w/v) DDM, 0.005 % 

(w/v) CHS, and 12.5 µM PSB-21007] and concentrated to 20 – 30 µL using 100 kDa 

cut-off Vivaspin concentrators (Sartorius). The protein was immediately used for 
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crystallization experiments while monodispersity and protein purity were assessed 

using analytical SEC and SDS-PAGE. 

The resulting protein-ligand complex were reconstituted into LCP by 

mixing of the protein with a molten lipid mixture [90 % (w/v) 1-oleoyl-rac-glycerin 

(Sigma), 10 % (w/v) cholesterol (Sigma)] in a 2 to 3 ratio using the two-syringe 

method.[173] The automatic crystallization robot Formulatrix NT8 was used to 

perform crystallization experiments by overlaying 50 nL mesophase with 800 nL 

precipitant solution on a 96-well glass sandwich plate (Marienfeld). The 

crystallization plates were sealed and stored at 20 °C and automatically imaged 

using the crystallization plate imager Formulatrix RockImager 54. Diffraction quality 

crystals grew in well F06 of the commercially available crystallization screening plate 

“PEG/Ion400” (Hampton Research, Cat. #HR2-460) with the following composition: 

30 % PEG 400, 400 mM (NH4)2HPO4 (pH 8.2 at 25 °C). The crystals reached their 

full size within a week and were directly harvested into liquid nitrogen using 25 – 75 

µm micromounts (MiTeGen). 

 

5.1.2 Data Collection of A2A-PSB2-bRIL-PSB-21007 Crystals and 

Structure Determination 

 

X-ray diffraction data of the A2A-PSB2-bRIL-PSB-21007 crystal were collected on 

the P11 high-throughput macromolecular crystallography beam line at PETRA III of 

the German Electron Synchrotron (DESY), Hamburg, Germany. Data were collected 

until 2.65 Å at 100 K using a microfocused beam (20 x 20 µm2) of ≈12.0 keV 

(1.0332 Å) with 1 % transmission at a rate of 100 ms per frame and an oscillation-

range of 0.1°. Data processing was performed with XDS, XSCALE and 

XDSCONV.[242] The structure was determined by molecular replacement with 

phenix.phaser[243] using the previously solved A2A-PSB1-bRIL-PSB-2113 

structure[107] as search model (PDB 7PX4). Then, the model was built with the ligand 

(PSB-21007) and other components using COOT.[244] Structural refinements were 

performed using phenix.refine.[245] Data collection and structure determination were 

performed by Prof. Jörg Labahn and Dr. Udaya K. Tiruttani Subhramanyam. 
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5.1.3 Expression, Purification and Crystallization of MAO-B in Complex 

with PSB-21007 

 

All experiments that led to the MAO-B structure including expression and purification 

were performed by Andrea Gottinger in the research group of Prof. Claudia Binda 

at the Università di Pavia (Italy). Human MAO-B was recombinantly expressed in 

Pichia pastoris and purified as previously reported.[246] The purified protein sample 

was concentrated to 50 μM using 30 kDa cut-off Amicon concentrators (Merck 

Millipore) in a buffer comprising 50 mM potassium phosphate buffer pH 7.5, 0.8 % 

(w/v) β-octylglucoside, 20 % (w/v) glycerol. The enzyme concentration was 

determined by measuring the flavin absorbance peak (ε456 = 12,000 M-1 cm-1) using 

a NanoDrop ND-100 spectrophotometer (Thermo Scientific).  

MAO-B was co-crystallized with PSB-21007 by the sitting-drop vapor 

diffusion as previously reported.[204] Prior to crystallization, the protein was gel-

filtrated in a buffer comprising 25 mM potassium phosphate pH 7.5, 8.5 mM 

Zwittergent 3-12 using a Superdex200 10-300 Increase column (Cytiva). Crystals 

were soaked into a mother liquor solution with 18 % (v/v) and flash-cooled in a steam 

of gaseous nitrogen at 100 K.  

 

5.1.4 Data Collection of MAO-B Crystals and Structure Determination 

 

X-ray diffraction data were collected at the beamline ID30A-1/MASSIF-1 of the 

European Synchrotron Radiation Facility in Grenoble (France). XDS[242] and the 

CCP4i suite[247] were used for data processing and scaling. The coordinates of 

MAO-B in complex with safinamide (PDB 2V5Z) excluding water and inhibitor atoms 

were used as the initial model for molecular replacement. Model building and 

refinement were performed using Coot[244] and REFMAC5,[248] respectively. Data 

collection and structure determination were performed by Prof. Claudia Binda and 

Andrea Gottinger. 
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5.1.5 Expression, Purification and Crystallization of A2AAR Construct 

A2A-PSB2-bRIL in Complex with Etrumadenant and PSB-20327 

 

The expression, purification and crystallization of A2A-PSB2-bRIL in complex with 

Etrumadenant and PSB-20327 was performed as described for the PSB-21007 

complex but with different antagonist concentrations and precipitant conditions. 50 

µM Etrumadenant (obtained from MedChemExpress, Cat. #HY-129393) was added 

before solubilization and Etrumadenant was supplemented to wash buffer I at 50 

µM, to wash buffer II at 25 µM and to the elution buffer at 25 µM. For the A2A-PSB2-

bRIL-PSB-20327 complex, 4 mM Theophylline was added prior to solubilization and 

exchanged to PSB-20327 during the subsequent purification. PSB-20327 was 

synthesized by Dr. Ahmed Temirak.[249] It was supplemented to wash buffer I at 50 

µM, to wash buffer II at 25 µM and to the elution buffer at 25 µM. The A2A-PSB2-

bRIL-20327 complex crystallized in LCP in well H11 of the commercially available 

crystallization screening plate “PEG/Ion400” (Hampton Research, Cat. #HR2-460) 

with the following composition: 30 % (w/v) PEG400, 5 % (w/v) Tacsimate[206] pH 7.0 

(pH 7.4 at 25 °C). The A2A-PSB2-bRIL-Etrumadenant complex crystallized in an 

optimized condition of the abovementioned crystallization screen comprising 30 % 

(w/v) PEG400, 7 % (w/v) Tacsimate pH 7.0 (Hampton Research Cat. #HR2-

755),[206] 100 mM HEPES-Na pH 7.4, 1.8 % (w/v) 2,5-hexandiol (Molecular 

Dimensions, Cat. #MD2-100-226). Crystals were harvested with micromounts 

(MiTeGen) similarly to the A2A-PSB2-BRIL-PSB-21007 crystals. 

 

5.1.6 Expression, Purification and Crystallization of A2AAR Construct 

A2A-PSB1-bRIL in Complex with PSB-21417 

 

The A2A-PSB1-bRIL-PSB-21417 complex was purified and crystallized as previously 

described with minor changes.[107] In particular, 50 µM PSB-21417 was added before 

solubilization and PSB-21417 was supplemented to wash buffer I and II as well as 

to the elution buffer at 25 µM. The A2A-PSB1-bRIL-PSB-21417 complex crystallized 

in LCP in the following precipitant condition: 29 % (w/v) PEG400, 80 mM sodium 

thiocyanate, 100 mM sodium citrate pH 5.2, 2 % (w/v) 2,5-hexandiol. Crystals were 

harvested as described before. PSB-21417 was synthesized by Dr. Tim Harms.[214] 
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5.1.7 Data Collection of A2A-PSB2-bRIL-Etrumadenant, A2A-PSB2-bRIL-

PSB-20327, A2A-PSB1-bRIL-PSB-21417 and A2A-PSB2-bRIL-

LUF5834 Crystals and Structure Determination 

 

X-ray diffraction data collection and structure determination was performed by 

Prof. Dr. Sträter and Dr. Renato Weiße from the University of Leipzig. Data was 

collected at the P13 and P14 beamlines of the DESY (Hamburg) using an automatic 

rastering strategy.[217] The structure determination was performed using molecular 

replacement with previously solved A2AAR structures 

 

5.1.8 Expression, Purification and Crystallization of A2AAR Construct 

A2A-PSB1-bRIL with PSB-20002 

 

The A2A-PSB1-bRIL-PSB-20002 complex was purified and crystallized as previously 

described with minor changes.[107] In particular, 10 µM PSB-20002 was added before 

solubilization and PSB-20002 was supplemented to wash buffer I at 10 µM, to wash 

buffer II at 10 µM and to the elution buffer at 5 µM. The A2A-PSB1-bRIL-PSB-20002 

complex only produced microcrystals in several conditions. The synthesis of PSB-

20002 was performed by Angelo Oneto and will be published elsewhere. 

 

5.1.9 Expression, Purification and Crystallization of A2AAR Construct 

A2A-PSB2-bRIL with Istradefylline, PSB-21033 and LUF5834 

 

The expression, purification and crystallization of A2A-PSB2-bRIL in complex with 

Istradefylline, PSB-21033 and LUF5834 was performed as described for the PSB-

21007 complexes but with different antagonist concentrations. 100 µM Istradefylline 

was added before solubilization and Istradefylline was supplemented to wash  

buffer I at 25 µM, to wash buffer II at 25 µM and to the elution buffer at 15 µM. All 

Istradefylline-containing solutions were strictly protected from light due to its light-

sensitivity.[216] 25 µM PSB-21033 was added before solubilization and PSB-21033 

was supplemented to wash buffer I at 20 µM, to wash buffer II at 10 µM and to the 

elution buffer at 10 µM. The synthesis of PSB-21033 was performed by Angelo 

Oneto and will be published elsewhere. 50 µM LUF5834 (obtained from Tocris, Cat. 
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#4603) was added before solubilization and LUF5834 was supplemented to wash 

buffer I and II as well as to the elution buffer at 50 µM. The A2A-PSB2-bRIL-LUF5834 

complex crystallized in LCP in the following precipitant condition: 23 % (w/v) 

PEG400, 90 mM sodium thiocyanate, 100 mM sodium citrate pH 5.2, 2 % (w/v) 2,5-

hexandiol whereas A2A-PSB2-bRIL-Istradefylline and A2A-PSB2-bRIL-PSB-21033 

only produced microcrystals in several conditions. LUF5834 co-crystals were 

harvested with micromounts (MiTeGen) similarly to the A2A-PSB2-BRIL-PSB-21007 

crystals. 

 

5.2 Protein Analysis 

 

5.2.1 SDS-PAGE Analysis 

 

Proteins were analyzed on homemade 10 % SDS-PAGE gels casted using bis-Tris 

buffer. Protein samples were prepared using NuPAGE loading dye (ThermoFisher, 

Cat. NP0007) supplemented with a final concentration of 50 mM DTT. Samples were 

incubated for 30 min at 37 °C prior to SDS-PAGE analysis using 3-(N-

morpholino)propanesulfonic acid (MOPS) running buffer without the addition of 

sodium bisulfite. SDS-PAGE gels were stained with Coomassie brilliant blue R-250 

and destained using hot water. In order to investigate the effect of Tunicamycin on 

A2AAR glycosylation, the respective insect cell culture was treated with 1 µg mL-1 of 

Tunicamycin (CaymanChemical, Cat. #11445) during infection. PNGase F (New 

England Biolabs, Cat. #P0704S) was used to cleave the glycosylation in the purified 

protein prior to SDS-PAGE analysis using 375 units in a total reaction volume of 

22.5 µL followed by incubation at 16 °C for 16 h. The glycosylation SDS-PAGE 

analysis was performed by Jonathan G. Schlegel. 
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5.2.2 Size-Exclusion Chromatography Analysis 

 

The SEC analysis was performed on an Agilent 1260 Infinity HPLC using a Sepax 

Nanofilm SEC-250 column. Proteins were analyzed over a time course of 20 min at 

0.5 mL min-1 using the following buffer: 25 mM HEPES pH 7.5 (4 °C), 500 mM NaCl, 

2 % (w/v) glycerol, 0.05 % (w/v) DDM, 0.01 % (w/v) CHS. Proteins were detected 

using a UV detector at 280 nm. 

 

5.2.3 Thermostability Assessment 

 

The thermostability of purified GPCRs in detergent micelles was performed as 

previously described using the fluorescent dye CPM.[107] In the case of sections 

3.9.1 and 3.9.2, the tested compounds were added to the purified APO proteins at 

a concentration of 10 µM (1 % final DMSO concentration). 

 

5.3 Pharmacological Characterization 

 

5.3.1 Radioligand Binding Assays 

 

Radioligand binding assays were performed by Christin Vielmuth on CHO cell 

membranes or Sf9 insect cell membranes expressing the human wt ARs or A2A-

PSB1-bRIL as previously described.[38,107] [3H]CCPA or [3H]DPCPX were used as 

radioligands for the A1AR whereas [3H]MSX-2 was used for the A2AAR, [3H]PSB-

603 was used for the A2BAR and [3H]PSB-11 was used for the A3AR. All assays 

were performed in 50 mM Tris buffer (pH 7.4 at room temperature). Test substances 

were incubated at room temperature with the respective membranes and 

radioligand for 60 min (A1AR), 30 min (A2AAR), 75 min (A2BAR) and 180 min (A3AR). 

The mixture was filtered through GF/B glass fiber filters using a Brandel harvester 

(Brandel, Gaithersburg, MD, USA). Filters were then washed four times with ice-

cold Tris-buffer (50 mM, pH 7.4). Filters containing the A2BAR were washed with the 

same ice-cold Tris-buffer but with addition of 0.1 % BSA. The remaining radioactivity 

was quantified after incubation for 9 h with scintillation cocktail (Beckmann Coulter) 

using a scintillation counter (Tricarb 2700TR). 
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5.3.2 MAO-B Inhibition Assays 

 

MAO-B inhibitions assays were performed by Dr. Miriam Schlenk and Dr. Meryem 

Köse as previously described.[250] Briefly, recombinant human MAO-B was obtained 

from Sigma (Cat. # M7441) and was used at a final concentration of approximately 

75 nM for each data point. The assays were carried out at room temperature in a 

96-well format using a 50 mM sodium phosphate buffer pH 7.4 in a final volume of 

200 µL. All test compounds were incubated for 30 min at room temperature with 

MAO-B prior to enzymatic measurements. The reaction was started with p-tyramine 

(Alfa Aesar A12220) and detected with Amplex red (Invitrogen A12214) using a 

microplate fluorescence reader (Polarstar BMG Labtech) at an excitation 

wavelength of 544 nm and detection wavelength of 590 nm over 45 min. Non-

specific MAO-B activity was determined in the presence of 1 µM Selegiline. 

 

5.4 Purification of A2A-ΔC and A2A-PSB2-bRIL for Llama 

Immunization 

 

The A2AAR constructs were expressed and purified as previously described for 

crystallization experiments but without the addition of any stabilizing ligand and with 

only 150 mM NaCl in the elution buffer. Protein quantification was done by Bradford 

assay with BSA as reference.[232] 
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Appendix III. DNA Sequences 

Mutations are highlighted in blue. Expression and purification tags are underlined. 

 

DNA Sequence of the A2A-PSB1-bRIL Coding Region 

ATGAAGACGATCATCGCCCTGAGCTACATCTTCTGCCTGGTGTTCGCCGACTACAAG

GACGATGATGACGGCGCGCCACCCATCATGGGCTCCTCGGTGTACATCACGGTGGAG

CTGGCCATTGCTGTGCTGGCCATCCTGGGCAATGTGCTGGTGTGCTGGGCCGTGTGG

CTCAACAGCAACCTGCAGAACGTCACCAACTACTTTGTGGTGTCACTGGCGGCGGCC

GACATCGCAGTGGGTGTGCTCGCCATCCCCTTTGCCATCACCATCAGCACCGGGTTC

TGCGCTGCCTGCCACGGCTGCCTCTTCATTGCCTGCTTCGTCCTGGTCCTCACGCAG

AGCAAGATCTTCAGTCTCCTGGCCATCGCCATTGACCGCTACATTGCCATCCGCATC

CCGCTCCGGTACAATGGCTTGGTGACCGGCACGAGGGCTAAGGGCATCATTGCCATC

TGCTGGGTGCTGTCGTTTGCCATCGGCCTGACTCCCATGCTAGGTTGGAACAACTGC

GGTCAGCCAAAGGAGGGCAAGAACCACTCCCAGGGCTGCGGGGAGGGCCAAGTGGCC

TGTCTCTTTGAGGATGTGGTCCCCATGAACTACATGGTGTACTTCAACTTCTTTGCC

TGTGTGCTGGTGCCCCTGCTGCTCATGCTGGGTGTCTATTTGCGGATCTTCCTGGCG

GCGCGACGACAGCTGGCTGATCTGGAAGACAATTGGGAAACTCTGAACGACAATCTC

AAGGTGATCGAGAAGGCTGACAATGCTGCACAAGTCAAAGACGCTCTGACCAAGATG

AGGGCAGCAGCCCTGGACGCTCAGAAGGCCACTCCACCTAAGCTCGAGGACAAGAGC

CCAGATAGCCCTGAAATGAAAGACTTTCGGCATGGATTCGACATTCTGGTGGGACAG

ATTGATGATGCACTCAAGCTGGCCAATGAAGGGAAAGTCAAGGAAGCACAAGCAGCC

GCTGAGCAGCTGAAGACCACCCGGAATGCATACATTCAGAAGTACCTGGAGCGCGCT

CGGTCCACACTGCAGAAGGAGGTCCATGCTGCCAAGTCACTGGCCATCATTGTGGGG

CTCTTTGCCCTCTGCTGGCTGCCCCTACACATCATCAACTGCTTCACTTTCTTCTGC

CCCGACTGCAGCCACGCCCCTCTCTGGCTCATGTACCTGGCCATCGTCCTCTCCCAC

ACCAATTCGGTTGTGAATCCCTTCATCTACGCCTACCGTATCCGCGAGTTCCGCCAG

ACCTTCCGCAAGATCATTCGCAGCCACGTCCTGAGGCAGCAAGAACCTTTCAAGGCA

CACCACCATCACCATCACCATCACCATCACTGA 
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DNA Sequence of the A2A-PSB2-bRIL Coding Region 

ATGAAGACGATCATCGCCCTGAGCTACATCTTCTGCCTGGTGTTCGCCGACTACAAG

GACGATGATGACGGCGCGCCACCCATCATGGGCTCCTCGGTGTACATCACGGTGGAG

CTGGCCATTGCTGTGCTGGCCATCCTGGGCAATGTGCTGGTGTGCTGGGCCGTGTGG

CTCAACAGCAACCTGCAGAACGTCACCAACTACTTTGTGGTGTCACTGGCGGCGGCC

GACATCGCAGTGGGTGTGCTCGCCATCCCCTTTGCCATCACCATCAGCACCGGGTTC

TGCGCTGCCTGCCACGGCTGCCTCTTCATTGCCTGCTTCGTCCTGGTCCTCACGCAG

AGCAAGATCTTCAGTCTCCTGGCCATCGCCATTGACCGCTACATTGCCATCCGCATC

CCGCTCCGGTACAATGGCTTGGTGACCGGCACGAGGGCTAAGGGCATCATTGCCATC

TGCTGGGTGCTGTCGTTTGCCATCGGCCTGACTCCCATGCTAGGTTGGAACAACTGC

GGTCAGCCAAAGGAGGGCAAGGCTCACTCCCAGGGCTGCGGGGAGGGCCAAGTGGCC

TGTCTCTTTGAGGATGTGGTCCCCATGAACTACATGGTGTACTTCAACTTCTTTGCC

TGTGTGCTGGTGCCCCTGCTGCTCATGCTGGGTGTCTATTTGCGGATCTTCCTGGCG

GCGCGACGACAGCTGGCTGATCTGGAAGACAATTGGGAAACTCTGAACGACAATCTC

AAGGTGATCGAGAAGGCTGACAATGCTGCACAAGTCAAAGACGCTCTGACCAAGATG

AGGGCAGCAGCCCTGGACGCTCAGAAGGCCACTCCACCTAAGCTCGAGGACAAGAGC

CCAGATAGCCCTGAAATGAAAGACTTTCGGCATGGATTCGACATTCTGGTGGGACAG

ATTGATGATGCACTCAAGCTGGCCAATGAAGGGAAAGTCAAGGAAGCACAAGCAGCC

GCTGAGCAGCTGAAGACCACCCGGAATGCATACATTCAGAAGTACCTGGAGCGCGCT

CGGTCCACACTGCAGAAGGAGGTCCATGCTGCCAAGTCACTGGCCATCATTGTGGGG

CTCTTTGCCCTCTGCTGGCTGCCCCTACACATCATCAACTGCTTCACTTTCTTCTGC

CCCGACTGCAGCCACGCCCCTCTCTGGCTCATGTACCTGGCCATCGTCCTCTCCCAC

ACCAATTCGGTTGTGAATCCCTTCATCTACGCCTACCGTATCCGCGAGTTCCGCCAG

ACCTTCCGCAAGATCATTCGCAGCCACGTCCTGAGGCAGCAAGAACCTTTCAAGGCA

CACCACCATCACCATCACCATCACCATCACTGA 
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DNA Sequence of the A2A-ΔC Coding Region 

ATGAAGACGATCATCGCCCTGAGCTACATCTTCTGCCTGGTGTTCGCCGACTACAAG

GACGATGATGACGGCGCGCCACCCATCATGGGCTCCTCGGTGTACATCACGGTGGAG

CTGGCCATTGCTGTGCTGGCCATCCTGGGCAATGTGCTGGTGTGCTGGGCCGTGTGG

CTCAACAGCAACCTGCAGAACGTCACCAACTACTTTGTGGTGTCACTGGCGGCGGCC

GACATCGCAGTGGGTGTGCTCGCCATCCCCTTTGCCATCACCATCAGCACCGGGTTC

TGCGCTGCCTGCCACGGCTGCCTCTTCATTGCCTGCTTCGTCCTGGTCCTCACGCAG

AGCTCCATCTTCAGTCTCCTGGCCATCGCCATTGACCGCTACATTGCCATCCGCATC

CCGCTCCGGTACAATGGCTTGGTGACCGGCACGAGGGCTAAGGGCATCATTGCCATC

TGCTGGGTGCTGTCGTTTGCCATCGGCCTGACTCCCATGCTAGGTTGGAACAACTGC

GGTCAGCCAAAGGAGGGCAAGAACCACTCCCAGGGCTGCGGGGAGGGCCAAGTGGCC

TGTCTCTTTGAGGATGTGGTCCCCATGAACTACATGGTGTACTTCAACTTCTTTGCC

TGTGTGCTGGTGCCCCTGCTGCTCATGCTGGGTGTCTATTTGCGGATCTTCCTGGCG

GCGCGACGACAGCTGAAGCAGATGGAGAGCCAGCCCCTGCCCGGTGAGCGCGCTCGG

TCCACACTGCAGAAGGAGGTCCATGCTGCCAAGTCACTGGCCATCATTGTGGGGCTC

TTTGCCCTCTGCTGGCTGCCCCTACACATCATCAACTGCTTCACTTTCTTCTGCCCC

GACTGCAGCCACGCCCCTCTCTGGCTCATGTACCTGGCCATCGTCCTCTCCCACACC

AATTCGGTTGTGAATCCCTTCATCTACGCCTACCGTATCCGCGAGTTCCGCCAGACC

TTCCGCAAGATCATTCGCAGCCACGTCCTGAGGCAGCAAGAACCTTTCAAGGCACAC

CACCATCACCATCACCATCACCATCACTGA  
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DNA Sequence of the A2A-ΔC-bRIL Coding Region 

ATGAAGACGATCATCGCCCTGAGCTACATCTTCTGCCTGGTGTTCGCCGACTACAAG

GACGATGATGACGGCGCGCCACCCATCATGGGCTCCTCGGTGTACATCACGGTGGAG

CTGGCCATTGCTGTGCTGGCCATCCTGGGCAATGTGCTGGTGTGCTGGGCCGTGTGG

CTCAACAGCAACCTGCAGAACGTCACCAACTACTTTGTGGTGTCACTGGCGGCGGCC

GACATCGCAGTGGGTGTGCTCGCCATCCCCTTTGCCATCACCATCAGCACCGGGTTC

TGCGCTGCCTGCCACGGCTGCCTCTTCATTGCCTGCTTCGTCCTGGTCCTCACGCAG

AGCTCCATCTTCAGTCTCCTGGCCATCGCCATTGACCGCTACATTGCCATCCGCATC

CCGCTCCGGTACAATGGCTTGGTGACCGGCACGAGGGCTAAGGGCATCATTGCCATC

TGCTGGGTGCTGTCGTTTGCCATCGGCCTGACTCCCATGCTAGGTTGGAACAACTGC

GGTCAGCCAAAGGAGGGCAAGAACCACTCCCAGGGCTGCGGGGAGGGCCAAGTGGCC

TGTCTCTTTGAGGATGTGGTCCCCATGAACTACATGGTGTACTTCAACTTCTTTGCC

TGTGTGCTGGTGCCCCTGCTGCTCATGCTGGGTGTCTATTTGCGGATCTTCCTGGCG

GCGCGACGACAGCTGGCTGATCTGGAAGACAATTGGGAAACTCTGAACGACAATCTC

AAGGTGATCGAGAAGGCTGACAATGCTGCACAAGTCAAAGACGCTCTGACCAAGATG

AGGGCAGCAGCCCTGGACGCTCAGAAGGCCACTCCACCTAAGCTCGAGGACAAGAGC

CCAGATAGCCCTGAAATGAAAGACTTTCGGCATGGATTCGACATTCTGGTGGGACAG

ATTGATGATGCACTCAAGCTGGCCAATGAAGGGAAAGTCAAGGAAGCACAAGCAGCC

GCTGAGCAGCTGAAGACCACCCGGAATGCATACATTCAGAAGTACCTGGAGCGCGCT

CGGTCCACACTGCAGAAGGAGGTCCATGCTGCCAAGTCACTGGCCATCATTGTGGGG

CTCTTTGCCCTCTGCTGGCTGCCCCTACACATCATCAACTGCTTCACTTTCTTCTGC

CCCGACTGCAGCCACGCCCCTCTCTGGCTCATGTACCTGGCCATCGTCCTCTCCCAC

ACCAATTCGGTTGTGAATCCCTTCATCTACGCCTACCGTATCCGCGAGTTCCGCCAG

ACCTTCCGCAAGATCATTCGCAGCCACGTCCTGAGGCAGCAAGAACCTTTCAAGGCA

CACCACCATCACCATCACCATCACCATCACTGA 
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Appendix IV. Protein Sequences 

Mutations are highlighted in blue. Expression and purification tags are underlined. 

 

 

Primary Sequence of A2A-PSB1-bRIL 

MKTIIALSYIFCLVFADYKDDDDGAPPIMGSSVYITVELAIAVLAILGNVLVCWAVW

LNSNLQNVTNYFVVSLAAADIAVGVLAIPFAITISTGFCAACHGCLFIACFVLVLTQ

SKIFSLLAIAIDRYIAIRIPLRYNGLVTGTRAKGIIAICWVLSFAIGLTPMLGWNNC

GQPKEGKNHSQGCGEGQVACLFEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRIFLA

ARRQLADLEDNWETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKS

PDSPEMKDFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYIQKYLERA

RSTLQKEVHAAKSLAIIVGLFALCWLPLHIINCFTFFCPDCSHAPLWLMYLAIVLSH

TNSVVNPFIYAYRIREFRQTFRKIIRSHVLRQQEPFKAHHHHHHHHHH- 

 

Primary Sequence of A2A-PSB2-bRIL 

MKTIIALSYIFCLVFADYKDDDDGAPPIMGSSVYITVELAIAVLAILGNVLVCWAVW

LNSNLQNVTNYFVVSLAAADIAVGVLAIPFAITISTGFCAACHGCLFIACFVLVLTQ

SKIFSLLAIAIDRYIAIRIPLRYNGLVTGTRAKGIIAICWVLSFAIGLTPMLGWNNC

GQPKEGKAHSQGCGEGQVACLFEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRIFLA

ARRQLADLEDNWETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKS

PDSPEMKDFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYIQKYLERA

RSTLQKEVHAAKSLAIIVGLFALCWLPLHIINCFTFFCPDCSHAPLWLMYLAIVLSH

TNSVVNPFIYAYRIREFRQTFRKIIRSHVLRQQEPFKAHHHHHHHHHH- 

 

Primary Sequence of A2A-ΔC 

MKTIIALSYIFCLVFADYKDDDDGAPPIMGSSVYITVELAIAVLAILGNVLVCWAVW

LNSNLQNVTNYFVVSLAAADIAVGVLAIPFAITISTGFCAACHGCLFIACFVLVLTQ

SSIFSLLAIAIDRYIAIRIPLRYNGLVTGTRAKGIIAICWVLSFAIGLTPMLGWNNC

GQPKEGKNHSQGCGEGQVACLFEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRIFLA

ARRQLKQMESQPLPGERARSTLQKEVHAAKSLAIIVGLFALCWLPLHIINCFTFFCP

DCSHAPLWLMYLAIVLSHTNSVVNPFIYAYRIREFRQTFRKIIRSHVLRQQEPFKAH

HHHHHHHHH- 
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Primary Sequence of A2A-ΔC-bRIL 

MKTIIALSYIFCLVFADYKDDDDGAPPIMGSSVYITVELAIAVLAILGNVLVCWAVW

LNSNLQNVTNYFVVSLAAADIAVGVLAIPFAITISTGFCAACHGCLFIACFVLVLTQ

SSIFSLLAIAIDRYIAIRIPLRYNGLVTGTRAKGIIAICWVLSFAIGLTPMLGWNNC

GQPKEGKNHSQGCGEGQVACLFEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRIFLA

ARRQLADLEDNWETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKS

PDSPEMKDFRHGFDILVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYIQKYLERA

RSTLQKEVHAAKSLAIIVGLFALCWLPLHIINCFTFFCPDCSHAPLWLMYLAIVLSH

TNSVVNPFIYAYRIREFRQTFRKIIRSHVLRQQEPFKAHHHHHHHHHH- 
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Appendix V. Protein Sequence Alignment of A2A-PSB2-bRIL with 

the Wildtype A2AAR 

 

The A2A-PSB2-bRIL protein sequence is depicted as (1) and the wt A2AAR as (2). 

Sequences were aligned with Clustal Omega.[251] The bRIL fusion protein is 

highlighted in orange and point mutations in blue. 

 

(1) MKTIIALSYIFCLVFADYKDDDDGAPPIMGSSVYITVELAIAVLAILGNVLVCWAVWLNS 60 

(2) -------------------------MPIMGSSVYITVELAIAVLAILGNVLVCWAVWLNS 35 

                           ********************************** 

  

(1) NLQNVTNYFVVSLAAADIAVGVLAIPFAITISTGFCAACHGCLFIACFVLVLTQSKIFSL 120 

(2) NLQNVTNYFVVSLAAADIAVGVLAIPFAITISTGFCAACHGCLFIACFVLVLTQSSIFSL 95 

 *******************************************************.**** 

  

(1) LAIAIDRYIAIRIPLRYNGLVTGTRAKGIIAICWVLSFAIGLTPMLGWNNCGQPKEGKAH 180 

(2) LAIAIDRYIAIRIPLRYNGLVTGTRAKGIIAICWVLSFAIGLTPMLGWNNCGQPKEGKNH 155 

 ********************************************************** * 

  

(1) SQGCGEGQVACLFEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRIFLAARRQLADLEDNW 240 

(2) SQGCGEGQVACLFEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRIFLAARRQLKQMESQP 215 

 ***************************************************** ::*.:  

  

(1) ETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMKDFRHGFDI 300 

(2) ------------------------------------------------------------ 215 

  

  

(1) LVGQIDDALKLANEGKVKEAQAAAEQLKTTRNAYIQKYLERARSTLQKEVHAAKSLAIIV 360 

(2) ------------------------------------LPGERARSTLQKEVHAAKSLAIIV 239 

                                        ********************* 

  

(1) GLFALCWLPLHIINCFTFFCPDCSHAPLWLMYLAIVLSHTNSVVNPFIYAYRIREFRQTF 420 

(2) GLFALCWLPLHIINCFTFFCPDCSHAPLWLMYLAIVLSHTNSVVNPFIYAYRIREFRQTF 299 

 ************************************************************ 

  

(1) RKIIRSHVLRQQEPFKAHHHHHHHHHH--------------------------------- 447 

(2) RKIIRSHVLRQQEPFKAAGTSARVLAAHGSDGEQVSLRLNGHPPGVWANGSAPHPERRPN 359 

 *****************     :                                      

  

(1) -----------------------------------------------------        447 

(2) GYALGLVSGGSAQESQGNTGLPDVELLSHELKGVCPEPPGLDDPLAQDGAGVS        412 
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