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1. Overview 

The human P2Y receptor (P2YR) family of G protein-coupled receptors (GPCRs) 

comprises eight subtypes which can be further subdivided into two groups: P2Y1-like 

(P2Y1, P2Y2, P2Y4, P2Y6, P2Y11) and P2Y12-like (P2Y12, P2Y13, P2Y14). These 

transmembrane-spanning receptors belonging to the δ-branch of rhodopsin‐like 

GPCRs are ubiquitously expressed in the human body and are involved in a plethora 

of physiological processes and pathological conditions making them an attractive 

target for drug intervention. Endogenously, P2Y receptors are activated by mono- 

(ADP, ATP, UDP, UTP) and dinucleotides (e.g., Ap4A), or by nucleotide sugars such 

as uridine 5'‐diphosphoglucose. The presence of phosphate groups in the endogenous 

ligands poses an obstacle from a drug design perspective: At the physiological pH 

value of 7.4 phosphate groups are negatively charged which decreases oral 

bioavailability of the compounds and their analogues. Since the di- and triphosphate 

groups are important to form selective, high-quality interactions with the receptor, 

discovery of lead compounds for drug development lacking charged functionalities with 

favorable physicochemical and pharmacokinetic properties represents a major 

challenge. 

The aim of this work was the elucidation of the three-dimensional architecture of P2Y 

and P2Y-related receptors and their complexes. Based on binding mode predictions 

from molecular docking studies of ligands at homology models of the receptors, 

structure-activity relationships (SARs) were investigated, and key interactions were 

identified through computational modeling supported by pharmacological assessment. 

The scientific process was reported in six publications – one extensive review and five 

primary research articles. After a general introduction (Section 2), each publication is 

presented in Sections 3-8 accompanied by an outline of the individual findings. 

The review “P2Y1-like nucleotide receptors — Structures, molecular modeling, 

mutagenesis, and oligomerization” covered in Section 3 of this work links findings from 

computer-aided drug discovery (CADD) approaches to in vitro assessment of P2YR 

subtype mutants with their respective agonists and antagonists. It introduces the P2YR 

family with respect to their degree of sequence similarity and their endogenous 

nucleotide ligands. The gathered information provides insights into the three-

dimensional context between ligand binding and key interactions with the target as well 

as the hetero-oligomerization of different P2YRs altering their pharmacological profile. 
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These results will facilitate the understanding of P2YR architecture including their 

interaction hot-spots and that of other GPCRs. 

The subject of Section 4 is the investigation of ligand binding modes at the human 

P2Y2R supported by mutagenesis studies. Endogenous nucleotide agonists and the 

P2Y2-selective antagonist AR-C118925 were docked at an updated homology model 

of P2Y2R. Based on the results, receptor mutants were created for pharmacological 

assessment. Complete loss of receptor activation by the endogenous agonist UTP or 

a significant decrease in potency confirmed the predicted involvement of those 

residues in the binding of the ligand hence defining the orthosteric binding site of 

P2Y2R. This report contributed to the understanding of different nucleotide binding 

modes, namely of those with a pharmacological agonist or antagonist profile, at P2YRs 

and will therefore contribute to future drug development for those targets. 

To further elucidate the binding mode of agonists and antagonists at purinergic 

GPCRs, two P2YR subtypes with the highest sequence similarity in the receptor family, 

namely P2Y2- and P2Y4Rs, were chosen for subsequent mutagenesis studies which 

are the subject of Section 5. Several key interactions between nucleotide agonists and 

anthraquinone antagonists were identified that are consistent with the proposed 

binding modes. Orthosteric and allosteric binding modes of anthraquinone-based 

antagonists were connected to the size of both receptors’ binding pockets which will 

contribute to future design of selective compounds. 

The collected findings on the binding mode of the selective P2Y2R antagonist AR-

C118925 are compiled for a virtual screening (VS) campaign “Discovery of P2Y2 

Receptor Antagonist Scaffolds through Virtual High-Throughput Screening” which is 

the subject of Section 6. 3.2 million molecules of the ZINC database were virtually 

screened and a selection of fifty-eight compounds has been purchased for 

pharmacological evaluation. The VS campaign led to the discovery of the first three 

novel drug-like scaffolds which represent perfect starting points for future drug 

development. The provided SAR and predicted binding modes can further be used for 

structure-guided ligand optimization. 

Investigation of anthraquinone-based antagonists of the P2Y4R subtype is presented 

in Section 7. An in-house synthesized library of anthraquinones related to the 

promiscuous compound Reactive Blue 2 (RB-2) was screened for their inhibition of 
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human P2Y4R as well as other P2YR subtypes which led to the discovery of several 

selective and potent P2Y4R antagonists with IC50 values in the nanomolar range. The 

SARs are further elucidated with molecular docking studies of RB-2 and the most 

potent selective antagonists at the generated homology model of human P2Y4R. 

The subject of Section 8 is the cannabinoid-activated orphan receptor GPR18. Given 

the interest of our group in the development of ligands and tool compounds for this 

scarcely investigated receptor, a homology model based on the human P2Y1R and two 

other receptors was generated to investigate the binding mode of GPR18 ligands. 

Molecular docking studies followed by 200 ns molecular dynamics (MD) simulations of 

the apo-form and two different antagonist-bound complex revealed important 

interaction patterns that help stabilizing the inactive form of the target receptor. The 

collected and analyzed predictions on the binding mode of the highly lipophilic 

compounds represent a valuable framework for the design of selective compounds 

targeting the scarcely investigated GPR18. 

Altogether, the findings of this work can be summarized as follows: 

i) Characterization of P2Y1-like receptor structures including the identification

of residues important for ligand recognition and binding

ii) SAR elucidation of P2YR ligands and their respective binding modes by

mutagenesis and molecular docking studies

iii) Discovery of novel drug-like P2Y2R antagonist scaffolds through a structure-

based virtual screening campaign of 3.2 million compounds at a validated

homology model

iv) Tracing of interaction patterns in a highly lipophilic binding pocket between

the P2YR-related GPCR GPR18 and its antagonists

This work will therefore contribute to the holistic understanding of these incredibly 

important drug targets and provide a groundwork for further development of future tool 

compounds for target validation studies and drug candidate design. 
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2. Introduction

2.1. G Protein-Coupled Receptors 

GPCRs belong to one of the most investigated drug targets largely due to their 

ubiquitous expression in the human body and their central involvement with 

physiological processes.1 They are activated by a plethora of chemically diverse 

endogenous ligands and transmit extracellular triggers to the intracellular lumen by 

several pathways. Most importantly, the accessibility of the exposed, druggable 

binding site allows intervention with their signaling by small molecules without the need 

of a difficult-to-achieve cell penetration. Their druggability has contributed to their 

popularity as a target class for therapeutic intervention which is reflected by the fact 

that around one-third of drugs approved by the Food and Drug Administration (FDA) 

act on GPCRs.2  

The purine- and pyrimidine sensitive P2YR family belongs to the δ-branch of GPCRs 

and is part of a series of purinergic receptors activated by various nucleosides and 

nucleotides. The P1 receptors, a GPCR family consisting of four members (A1, A2A, 

A2B, A3), are activated by adenosine and AMP, whereas the P2 receptors are 

responsive to purine and pyrimidine di- and triphosphates. P2 is subdivided into two 

groups: the seven-membered P2X (ligand-gated cation channels P2X1-7), and the 

P2Y group (GPCRs). The P2YR family consists of eight members:  P2Y1, P2Y2, P2Y4, 

P2Y6 and P2Y11 which belong to the P2Y1-like group, and P2Y12, P2Y13, P2Y14 that 

belong to the P2Y12-like group. 

One focus of this work is placed on two receptor subtypes of the P2Y1-like group, 

namely P2Y2- and P2Y4Rs. While human P2Y2R is endogenously activated by the 

nucleotides ATP and UTP, human P2Y4R is only sensitive towards UTP and is 

antagonized by ATP. They are the closest related receptors in the P2YR family, sharing 

a sequence identify of 48%, and a sequence similarity of 61%. 

While P2Y2R is extensively expressed in the endocrine, immune, and reproductive 

systems, cardiac and skeletal muscle, lung, and proximal digestive tract, P2Y4R was 

found to be expressed in brain, lung, heart, skin, and the gastrointestinal tract.3–5 The 

involvement of both receptors in pathological conditions identified them as a potential 

drug target for pharmaceutical intervention for the treatment of various diseases 

including cancer, inflammation, and neuro-degenerative diseases.5–8 
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Since the first reported observation of purinergic signaling evoking biological response 

in 1929 and the proposition of a distinct family of purinergic receptors in 1976, 

substantial research efforts have been directed at the development of compounds 

acting at purinergic receptors.9–11 Although significant process has been made for 

several receptors, only a moderate number of partially unselective ligands with 

unfavorable physicochemical properties for P2Y2- and P2Y4Rs has been reported.12,13 

A major subject of this work is the elucidation of differences in the conserved binding 

site responsible for the discrimination between the nucleotides ATP and UTP. 

Furthermore, computational prediction of novel antagonist scaffolds targeting P2Y2R 

was performed, and a selection of compounds was assessed for their activity. The 

obtained insights will become a cornerstone for future design of selective drugs 

targeting those receptors. 

Further focus of this work is put on another member of the δ-branch of GPCRs, human 

GPR18. To date, despite several attempts, no endogenous ligand was paired with this 

receptor, granting GPR18 the formal status of an ‘orphan receptor’. In the past, resolvin 

D2 and N-arachidonoylglycine (NAGly) has been proposed as the endogenous ligands 

of GPR18.14–17 Unfortunately, other groups were not able to reproduce the activation 

of GPR18 in β-arrestin recruitment assays.18 Although GPR18 shares low sequence 

homology with the cannabinoid receptors CB1 and CB2, its displays overlapping 

pharmacology with them as they are all activated by the natural lipophilic cannabinoid 

Δ9-tetrahydrocannabinol (THC).  

GPR18 is expressed in the gastrointestinal tract, testis, bone marrow, and the lymphoid 

tissues indicating involvement in immunomodulatory processes.15,19–24 Further, small 

molecules acting at GPR18 possess pharmaceutical relevance as drugs for the 

treatment of inflammation and cancer.25–28  

However, rational drug design of GPR18 ligands is impeded as its mechanisms of 

activation and signaling are poorly understood. Knowledge about the binding of ligands 

and their interactions with the target would contribute to elucidation of essential 

features required to trigger the desired therapeutic outcome. In the present work, 

docking and MD studies were performed to study the behavior of known binders of 

GPR18. Since no X-ray crystal structure of human GPR18 is available, a homology 

model based on human P2Y1R, murine μ-opioid receptor, and the zebrafish 
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lysophosphatidic acid receptor LPA6 as templated was generated. The preceding 

insights on putative binding sites of P2Y2- and P2Y4Rs and the architecture of GPCRs 

in general contributed to the assessment of the quality of the model and binding mode 

predictions. 

Ligands of the receptors investigated in this work (P2Y2R, P2Y4R, GPR18) represent 

opposite extremes on the chemical spectrum: The nucleotides contain a triphosphate 

group which is exceptionally hydrophilic as it is negatively charged at the physiological 

pH. THC, on the other hand, is a highly lipophilic compound with only two heteroatoms 

which may engage in H-bond interactions. Therefore, it is very likely that protein 

binding of THC is driven by lipophilic interactions similar to the binding of other alkyl 

group containing compounds like retinol.29 Structures of the discussed compounds are 

depicted in Figure 1. 

 

Figure 1. Structures of nucleotide triphosphates acting at human P2Y2- and P2Y4Rs, 

and Δ9-tetrahydrocannabinol (THC). 

 

Both hydrophilic and lipophilic extremes represent a challenging task from a drug 

discovery and lead optimization perspective. Exogenously applied drugs containing 

negatively charged phosphate groups are incapable to permeate the phospholipid 

bilayer of cells resulting in poor bioavailability. Additionally, phosphate groups are 

prone to hydrolyzation by phosphatase enzymes leading to decreased stability of the 

molecules. Replacement of the phosphate chain with bioisosteric groups results in 

most cases in a decrease of potency due to the fact that proper geometric interaction 

of the oxygens with the amino acid residues of the target generally plays an important 
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role in the bioactivity of the compound.30,31 Hence, mimicry of phosphate groups has 

been one of the most challenging objectives in medicinal chemistry in the past decades 

without a general guideline for success.32,33 In contrast, compounds displaying high 

lipophilicity are accompanied by a range of parameters affecting the attractiveness of 

a compound, including membrane permeability, selectivity, solubility, and toxicity.34,35 

Yet, compounds with high lipophilicity, such as THC and other lipophilic cannabinoids, 

can exhibit target promiscuity resulting in selectivity issues and adverse side 

effects.36,37 

For all those reasons, detailed insights and understanding of ligand binding modes are 

required for the design of novel tool compounds and drug candidates for these 

pharmaceutically relevant targets. The involvement of P2Y2R, P2Y4R and GPR18 in 

inflammation processes could provide the opportunity of future discovery of multitarget-

directed ligands for the treatment of a high range of diseases.38–40  
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2.2. Computer-Aided Drug Discovery 

The advent of the information age has led to paradigm shifts in areas relying on 

innovation including the drug discovery process in pharmaceutical companies and 

research facilities around the world. The trial-and-error strategy has been steadily 

displaced by rational and decision-driven drug design as it is cost-efficient and 

resource-friendly whilst still providing high-quality information for fast follow-up.41,42 

The ambitious goal to predict potent drug candidates before those are synthesized led 

to the emergence of a whole new field of technologies that have set themselves the 

task to support and accelerate the decision-making process during research and 

development. 

Among those innovations, computer-aided drug discovery (CADD) is the area of data 

generation and processing aimed to support hit identification, compound evolution, 

prediction of physicochemical and pharmacological properties, and assessment of the 

pharmacokinetic fate of a drug after application, contributing to every phase of drug 

development.12 Furthermore, CADD is widely used to predict potential development 

dead ends and toxicity issues ahead of time.43,44 CADD methods can be applied to 

prefilter molecule sets for metabolically instable substructures and compounds with a 

tendency to be identified as false positives from in vitro screens, the so-called pan-

assay interference compounds (PAINS). 

In general, CADD methods can be subdivided into two fields: structure-based drug 

discovery (SBDD) and ligand-based drug discovery (LBDD). While SBDD is applied to 

predict the orientation of a molecule within a 3D replication of the target (e.g., protein, 

DNA, RNA) to assess its interactions within the binding site, LBDD revolves around 

identifying bioactive molecules by relying on information about structures of known 

binders and non-binders agnostic of details to the target’s architecture. Here, insights 

and knowledge resulting from both perspectives adds valuable information to the SAR 

between a ligand and its addressed target structure. Both aim to discuss and elucidate 

what key features of the molecules lead to its binding and effect at the target. The 

resulting information can be used to elaborate on possible structural modifications of 

the lead molecule to fine-tune compound parameters and properties during the 

optimization process. 
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The guiding questions during lead compound identification and optimization are how 

to differentiate active from inactive compounds and how to improve the properties of a 

lead structure. In order to address those, knowledge about a ligand’s binding mode – 

the placement and orientation of the molecule at the target – is indispensable to make 

informed decisions. 

Molecular docking is a CADD method that aims to predict the preferred orientation of 

a molecule at a (predefined) binding site of the target forming a stable complex with 

favorable interactions. The prediction is not limited to a particular molecule size as it 

can be used for the prediction of the binding mode of a single ion up to the docking of 

a whole macromolecule (e.g., protein, DNA, RNA) at another target structure. 

This method is subsequently accompanied by the scoring of the complex which 

provides a quantitative numerical value assessing the quality of the formed interactions 

between target and docked molecule. In turn, this score value can be used to rank the 

so-called “poses”, different conformations of the molecule inside the binding site of the 

target, to detect the best docking predictions forming high-quality interactions. By 

transferring this premise to a set of different molecules, molecular docking with 

subsequent scoring can therefore be used to screen for compounds with the best 

interaction qualities with the target resulting in stable complexes for hit identification. 

This procedure of in silico screening of large molecule libraries usually containing 

hundred thousands to millions of individual entries named “virtual screening” (VS) can 

be applied to select a set of molecules that are likely to interact with the investigated 

target.45 After docking and scoring, only the top-ranking percentage of molecules is 

examined for potential hit candidates to be synthesized or commercially acquired for 

in vitro confirmation as those are deemed to form favorable interactions within the 

target binding site. Its appeal of differentiating potentially active versus inactive 

chemotypes without the necessity of the physical possession of the samples makes 

VS a cost-efficient and valuable method for enrichment of interesting chemistry for 

follow up. 

While standard high-throughput screening (HTS) campaigns usually deliver hit rates 

far less than 1%, VS can improve the rate up to 40% depending on the target class.46,47 

To compensate for the poor hit rates, HTS requires the screening of million-sized 

compound collections to provide sufficient numbers of chemotypes as hits for the 

progression of drug discovery campaigns. The physical libraries come with prohibitive 
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costs involving the maintenance and acquisition of the molecules, and the execution 

of the screening assays. In order to save resources, smaller institutions and companies 

can therefore use VS to bypass the setup of in-house libraries by focusing on 

commercially available compounds. After performing the screening with virtual 

products, the best candidates can be cherry-picked providing control over the chemical 

diversity of the set. A smaller sample size usually in the range of fifty to a few hundred 

compounds is ordered from a chemical compound supplier and validated in vitro and/or 

in vivo assays. 

It should be mentioned that although the scoring of a generated set of poses is a 

prerequisite for an objective processing of the data, it requires further assessment by 

medicinal and computational chemists. One of those is the validation of the docking 

protocol that is usually performed if the investigated structure contains a co-crystallized 

ligand. This ligand is redocked at the target and the generated poses are compared to 

the native X-ray complex. Under the premise that the best scoring pose should result 

in a congruent conformation with the investigated ligand, the root-mean-square 

deviation (RMSD) for the corresponding atom pairs of the native and predicted poses 

is calculated. For drug-like compounds RMSD values between 1 to 2 Å, depending on 

the size of the ligand and internal standards, are considered as adequate for docking 

protocol validation.48 

Furthermore, detailed assessment of the generated poses by visual inspection can be 

performed to compensate for inaccuracies and deficiencies of the docking method or 

modeling setup. This can be achieved by visually evaluating the complex of ligand and 

target including the binding pocket space occupation, shape complementarity, 

hydrogen bond network, interactions with key residues, intramolecular angle torsions, 

molecular overlap with known binders, conserved water molecules, and protonation 

state of the complex.49 Usually this step is applied to detect poses that receive a too 

high estimation since the scoring function cannot include the above mentioned 

parameters into the numerical value based on quantification of the target-ligand 

interaction qualities.  

Another challenge for the application of molecular docking is the conformational 

change of both ligand and target during the binding event. The revised concept of a 

“lock-and-key” model where the receptor remains rigid during ligand binding allows fast 

processing and generation of poses.50,51 It’s successor, the induced-fit hypothesis, is 
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more compatible as it covers additional experimental observations e.g. allosteric 

modulation of target activity. The induced-fit hypothesis describes that upon binding of 

a molecule, both the target and the ligand adapt to each other and mutually undergo 

conformational changes.52 And although the induced-fit model is more universal, it 

comes with some challenges for molecular docking. Mainly, the consequence of 

investigating both the ligand, which is handled flexible per standard in most docking 

protocols, and the target requires additional computation and assessment. The 

procedure involves iteration cycles of ligand positioning and rearrangement of the 

target during the adaptation event. Sampling of possible side chain conformations and 

protein backbone can therefore easily result in a combinatorial explosion of 

calculations which requires extensive computing resources compared to docking of a 

flexible ligand at a rigid target. 

In theory, all combinations of ligand and target being rigid/flexible possess a raison 

d'être depending on the investigated scenario. While semiflexible docking (target 

remains rigid, ligands handled as flexible) delivers better results for soluble targets with 

a high share of hydrophilic surface areas, full flexible docking (both target and ligands 

are flexible) is better suited for targets that undergo significant conformational changes 

during the ligand binding event like membrane-bound receptors and transporters.53 

Therefore, in regards to this work, the full flexible induced-fit docking (IFD) protocol 

was applied on a series of membrane-bound GPCRs to take the conformational 

flexibility of those receptors into account and to explore a broader range of possible 

binding modes of ligands. 

Yet, although several progresses have been made in the past decades, in silico 

methods have not reached the level of satisfactorily predicting drug candidates based 

purely on calculations and therefore still have to rely on experimental in vitro and in 

vivo validation. 

2.3. X-Ray Crystal Structures and Homology Modeling 

One major obstacle for CADD remains the availability of elucidated target structures. 

Although huge advances have been made in the past decades, high-resolution X-ray 

crystal structures remain a luxury of the few. This is especially true for the class of 

GPCRs: As membrane-bound receptors they pose several challenges for 

crystallization efforts such as the high flexibility of their loop regions, presence of 
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several conformations beyond that of active and inactive states, dependency on the 

lipid environment and the presence of interacting proteins, and crystal sizes generated 

in a lipidic cubic phase matrix being too small for high-resolution structure 

determination even in modern microfocus synchrotron beamlines.54–57 

In the past years, advances in electron cryo-microscopy (cryo-EM) have led to the 

emergence of this method for the elucidation of GPCR structures. After the first 

determination of a GPCR structure by cryo-EM in 2017, a boom of GPCR structure 

elucidation was observed.58–60 Cryo-EM offers certain benefits compared to X-ray 

crystallography: It can be performed on proteins containing highly flexible regions 

eliminating the need of truncation of N- and/or C-terminal domains, and does not 

necessarily require structure stabilization by mutation or thermostabilization with  

fusion partners (e.g. apocytochrome b562RIL, T4 lysozyme) allowing the determination 

of native wild type protein structures. As a result, the majority of the previously 

intractable GPCRs structures are nowadays solved by cryo-EM while X-ray 

crystallography takes the second place.54 

To date, six X-ray crystal structures of the P2YR family are available: two of P2Y1R 

(PDB-IDs: 4XNV, 4XNW) and four of P2Y12R (PDB-IDs: 4PY0, 4PXZ, 4NTJ, 7PP1).61 

Therefore, structure-based investigation at other receptors without any structural 

information, including those in the focus of this work, namely P2Y2- and P2Y4Rs, and 

GPR18, requires a workaround to generate 3D models of target structures for further 

analysis. The application of computational methods to generate models based on 

template structures provides the so-called ‘homology models’ for this purpose if no 

target structure is available. 

The two major premises of homology modeling (also known as ‘comparative modeling’) 

are (i) that the 3D structure of a macromolecule (e.g. protein) is determined by its amino 

acid sequence and (ii) the overall structure of a target class is evolutionary conserved 

leading to similar folding of related receptors sharing even low sequence similarity.62,63 

The latter aspect is of particular interest as insights gained from molecular modeling of 

receptors in the same branch can provide valuable insights to common key features 

and architecture (e.g. P2Y2R, P2Y4R, and GPR18 belong to the δ-branch of GPCRs). 

Prior to the homology modeling, the amino acid sequence of a protein of interest has 

to be aligned to one or more resolved template structure sequences. The sequence 
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similarity (percentage of amino acids sharing resemblance in their side chain features 

in the alignment) and sequence identity (percentage of amino acids with exact 

matching), as well as absence of alignment gaps in conserved regions (e.g., 

transmembrane regions), allow the evaluation of the quality of generated models. 

Several bioinformatic tools, such as Clustal Omega and Blast, are available to the 

public to perform multiple sequence alignment with the subsequent assessment of 

sequence similarity and identity.64–66 

For the sake of completeness, it should be mentioned that de novo generation of 

models without the need of a particular template structure, like in the case of homology 

modeling, represents an alternative to the abovementioned approach. Those neural 

network-based methods such as RoseTTAFold, and DeepMind’s AlphaFold 1 and 2 

which received broad media coverage in the past years, rely on deep learning 

algorithms to identify smaller features of a protein structure within a data set containing 

over 170,000 entries.67–70 The collected features are processed into data containing 

3D information coupled to an amino acid sequence which can be used to predict the 

structure of a given protein sequence. To date, over two hundred million structures can 

be publicly accessed via the AlphaFold database (https://alphafold.ebi.ac.uk/) 

operated by DeepMind and EMBL’s European Bioinformatics Institute (EMBL-EBI). 

Although the de novo methods provide accurate models for protein classes with high 

coverage of solved structures, their prediction quality drops for those with less available 

data, such as highly flexible membrane-bound receptors and transporters, intrinsically 

disordered proteins, and multi-chain protein complexes.71,72 To put this into 

perspective: AlphaFold 2 was trained with over 170,000 protein structures of which 

only 370 represented determined GPCR structures in various conformations (less than 

0.22%). Moreover, template-based homology modeling was described to outperform 

neural network-based methods especially in regards to the highly flexible loop regions 

which play a crucial role in ligand recognition of several GPCRs.73  
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2.4. Pharmacological Assessment 

As mentioned above, computational methods heavily rely on subsequent in vitro and/or 

in vivo validation of the results as a source for follow up. In the case of VS, the major 

goal is to predict small molecules which bind at the target of interest. After selection 

and acquisition of most promising candidates, the compounds are assessed in 

functional assays for their potency. Functional assays are used to investigate the 

ligand-mediated effects on a target structure by measuring changes in intracellular 

messenger concentration of signaling pathways, protein expression, ion flux, or 

enzyme activity. Two functional assays, calcium mobilization and β-arrestin 

recruitment assay, were applied in this work for pharmacological assessment of 

investigated ligands. 

2.4.1. Intracellular Calcium Mobilization Assay 

The activation of a Gq or Gi protein-coupled receptor leads to the dissociation of the G 

protein heterotrimer. The respective Gα and Gβγ subunits separately modulate the 

activity of several enzymes and ion channels of their pathways. Upon dissociation, Gβγ 

activates phospholipase C (PLC) which mediates the hydrolysis of PIP2 

(phosphatidylinositol 4,5-bisphosphate) to IP3 (inositol 1,4,5-trisphosphate) and DAG 

(diacyl glycerol).74 IP3, in turn, induces the release of intracellular Ca2+ from the 

endoplasmic reticulum into the cytosol through activation of IP3 receptors. 

The intracellular calcium mobilization assay is a cell-based second messenger assay 

based on complex formation of intracellular calcium with a calcium-sensitive 

fluorescent dye resulting in increased fluorescence intensity. Therefore, it is used to 

measure intracellular Ca2+ flux resulting from the activation of a GPCR by an agonist.75 

2.4.2. β-Arrestin Recruitment Assay 

β-Arrestin belongs to the four-membered family of cytosolic arrestin proteins that are 

ubiquitously expressed in all cell types of vertebrates and participate in GPCR 

desensitization, signaling, and intracellular trafficking.76,77 Alongside the agonist-

induced G protein mediated signaling, β-arrestin mediated signaling pathways act as 

multifunctional adaptors for many GPCRs. Since the β-arrestin activity is independent 

of the G-protein coupling of the receptor, β-arrestin recruitment assays became an 

essential tool in drug discovery, especially for cases where the G-protein coupling or 
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the endogenous ligand is unknown. Further, as agonist-induced activation of GPCRs 

can selectively trigger one of the two mentioned pathways leading to different 

pharmacological outcomes relevant for the treatment of a disease, β-arrestin 

recruitment assays can be used to screen for the so-called ‘biased’ ligands with the 

preferred pathway to avoid undesired effects associated with other pathways.78 

The functional β-arrestin recruitment assay employed in this work was developed 

based on galactosidase enzyme complementation technology from DiscoverX®.79 In 

this setup, GPCR cell lines co-express two inactive β-galactosidase enzyme 

fragments: an enzyme acceptor (EA) tagged to β-arrestin (β-arrestin-EA), and an 

enzyme donor fragment, ProLink™ (PK), tagged to a GPCR (GPCR-PK). Agonist-

induced receptor activation leads to the recruitment of β-arrestin-EA, resulting in the 

formation of a fully functional β-galactosidase by enzyme fragment complementation. 

The resulting active β-galactosidase hydrolyzes a substrate to generate a 

chemiluminescence signal that can be measured and quantified. 

2.5. Mutagenesis Studies 

The application of functional assays can be expanded to elucidate SARs of a protein-

ligand complex and to identify important interactions in the binding site. Subsequently, 

it is a powerful tool to corroborate the binding mode and binding position of a ligand if 

no X-ray crystal structure of the complex is available. 

During the ligand binding event conformational changes by both ligand and target 

structure take place which results in the formation of hydrophilic and lipophilic 

interactions in the binding site. The subsequent enthalpic and entropic effects 

determine the binding affinity of the ligand which can be quantified as a measurement 

for the strength of the binding interactions. In general, those interactions can be 

investigated in two ways: First, chemical modification of the ligand to explore the 

impacts of replacements, additions, or removals of molecule parts. Second, 

modification of the target binding site by site-directed mutagenesis where one or 

multiple residues are replaced. Both approaches aim to investigate the role of features 

in ligand binding and their contribution to the recognition and potency of the ligand.  

A rational investigation of replacement at both the ligand and the target structure can 

provide valuable insights on interaction partners between the small molecule and the 

target structure. Given a proposed binding mode from docking studies where an 
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aromatic ring system of a ligand interacts with a phenylalanine in a binding subpocket, 

two scenarios can be pursued to investigate the coherence of the proposed binding 

mode: Systematic investigation of close analogs with varying aromatic and non-

aromatic ring systems (e.g. exchange of a naphthyl group for an indolyl and cyclohexyl 

group, respectively), and the introduction of single point mutations (e.g. exchange of 

the phenylalanine residue for alanine, valine, and tyrosine, respectively). Changes in 

ligand potency in the stated scenarios would allow conclusions which of the 

interactions (lipophilic or aromatic) contributes to the overall binding affinity of the 

ligand. Ultimately, the results can support or dismiss the initial binding mode 

hypothesis. 

Insights into the binding mode and SARs of a ligand are a crucial element for the 

compound optimization and potency improvement as they allow the design and 

prediction of improved candidates. Identified key interactions between receptor and 

ligands can additionally serve as a filter for VS campaigns in which vital 

pharmacophore features of a compound can be set as constraint for the directed 

generation of docking poses. The resulting conformations display the needed chemical 

functionalities shared by known binders, hence enriching the likelihood to discover hit 

molecules.80,81 

In the present work mutagenesis studies were applied to investigate the binding mode 

of ligands to gain insights on compound selectivity and location of the binding sites. 

Especially ligand recognition and binding site differences of the closely related P2Y2- 

and P2Y4Rs will provide valuable information for future discovery of selective drugs. 

2.6. Tool Compounds 

Selectivity of agonists and antagonists is important for studying the roles of drug targets 

in physiology and pathophysiology in target validation campaigns. Yet, as mentioned 

above, only few unselective agonists and antagonists acting at human P2Y2- and 

P2Y4Rs has been reported.  

Anthraquinones were reported to promiscuously antagonize purinergic receptors, 

kinases, and endonucleotidases likely due to the negatively charged sulfonate groups 

imitating the phosphate chain of the endogenous nucleotide ligands.82 Likewise, 

polysulfonated anthraquinone derivatives face the same pharmacological and 

physicochemical problems as their agonist counterparts, namely poor bioavailability 
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and selectivity issues, which limits them to the scope of tool compounds. Derived from 

reactive blue 2 (RB-2) and suramin (see Figure 2), several potent P2Y4R antagonists 

have been investigated in this work for their putative binding modes.  

 

Figure 2. Structures of purinergic receptor antagonists. 

 

AR-C118925 is a P2Y2R selective antagonist which was developed by AstraZeneca.82 

The endogenous ligands ATP and UTP were considered as starting points for the drug 

discovery campaign which can still be recognized in the thiouracil motif. Introduction of 

lipophilic substituents in position five of the uracil ring led to the shift from agonism to 

antagonism. The replacement of the ribose moiety by a chemically less complicated 

furan group, and the introduction of the tetrazole as a phosphate group bioisoster 

resulted in AR-C118925. Although AR-C118925 displayed good P2Y2R selectivity over 

other purinergic receptors, the compound exhibited moderate permeability in Caco2 

cell experiments which indicates poor oral bioavailability.83 
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As for GPR18, synthetic imidazothiazinone derivatives were reported as 

antagonists.84,85 The scaffold emerged from a β-arrestin assay HTS campaign with 

THC as agonist. The subsequent optimization of the most potent hit molecule PSB-

CB-5 lead to the development of the GPR18 selective antagonist PSB-CB-27 (see 

Figure 3). 

 

Figure 3. Structures of GPR18 antagonists. 

 

Subsequently, the identification of an initial hit molecule requires optimization in order 

to increase the selectivity and/or affinity of the compound. Again, the prediction of 

promising molecule decorations or replacements can profit from structure-based 

approaches to enable rational strategies for compound evolution. Results of this work 

will therefore greatly contribute to the understanding of the targets’ binding sites and 

aid in future projects aiming to discover and develop novel tool compounds and drug 

candidates to study and address the receptors. 
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3. P2Y1-like Nucleotide Receptors - Structures, Molecular Modeling, 

Mutagenesis, and Oligomerization 

3.1. Introduction 

As initiative of this work to elucidate the binding mode of agonists and antagonists at 

P2YRs, available data on mutagenesis studies of P2Y1-like receptors (P2Y1,2,4,6,11) was 

collected and analyzed. This review provides a comprehensive overview on key 

residues involved in ligand binding and recognition, as well as the effects of mutants 

on ligand potency. Complementary sequence analysis contributed to the holistic 

understanding of the receptor architectures and conserved residues. Particular 

emphasis was put on agonistic and antagonistic nucleotide binding modes. A 

computational MD simulation study of P2Y1R proposed the involvement of an ionic lock 

between an aspartic acid and an arginine residue in agonist-induced receptor 

activation.86 Therefore, structural features in other P2YR subtypes were assessed for 

their capability to form analogous interactions as strategic targeting points for the 

design of drug candidates. Further, a breakdown on hetero-oligomerization of P2YRs 

with other GPCRs and P2YR subtypes was conducted to the obtain an overall picture 

on the complex pharmacology of those receptors. 

3.2. Publication 
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Abstract

The P2Y receptors (P2YRs) are G protein-coupled receptors (GPCRs) consisting

of eight members, subdivided into two groups, P2Y1- and P2Y12-like receptor

subtypes. They are activated by extracellular nucleotides and represent current

(P2Y2, P2Y12) or potential future drug targets. The chemical nature of the highly

polar endogenous agonists represents a challenge in the discovery and design of

potent and bioavailable compounds. A number of mutants and several homology

models of P2YR subtypes have been created and updated on the basis of the

recently published X-ray crystal structures of the human P2Y1 and P2Y12Rs. The

models were used for prediction of the binding sites of agonists and antagonists,

and mutants were constructed for confirmation. Pharmacological data on

mutants published for the P2Y1-like receptors (P2Y1, P2Y2, P2Y4, P2Y6, and

P2Y11R) were evaluated to analyze the role of specific amino acids and that of

corresponding amino acid residues in related P2Y receptor subtypes. In several

P2YR subtypes, an ionic lock between extracellular loop 2 and transmembrane

region VII was postulated to be essential for agonist-induced receptor activation.

Mutagenesis and homology modeling data suggest that the nucleotide antagonist

(10R,20S,40S,50S)-4-(2-iodo-6-methylaminopurin-9-yl)-1-[(phosphato)methyl]-

2-(phosphato)bicyclo[3.1.0]hexane (MRS2500), which was co-crystallized with

the human P2Y1R, binds differently from agonistic nucleotides to a site partly

overlapping with that of orthosteric agonists. Hetero-oligomerization of P2YRs

with other P2YR subtypes or other GPCRs may allosterically modulate receptor-

ligand interactions and/or G protein coupling. The collected information will con-

tribute to the understanding of the architecture of P2Y1-like nucleotide receptors

and will consequently be useful for the design of novel agonists and antagonists.
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Software > Molecular Modeling

KEYWORD S

GPCRs, molecular modeling, mutagenesis, P2Y receptors

1 | INTRODUCTION

G protein-coupled receptors (GPCRs) are cell surface receptors that are involved in physiological functions and pathological
processes. Therefore, they can be easily accessed by modulators and represent important targets for drug therapy. GPCRs
contain seven transmembrane-spanning α-helices. The N-terminus is exposed towards the extracellular space, while the C-
terminus is located in the intracellular lumen with three loops each connecting the α-helices intracellularly (ICL1-3) and
extracellularly (ECL1-3). GPCRs can be subdivided into six classes: A (rhodopsin-like, the largest family), B (secretin-like),
C (glutamate), D (fungal mating pheromone receptors), E (cyclic AMP receptors), and F (frizzled).1–4 Several GPCRs from
the A and B families contain an eighth α-helix in the C-terminus.5,6 Class A GPCRs can further be subdivided into four bra-
nches: α, β, γ, and δ.7,8 The α-branch includes five subgroups: prostaglandin, amine, opsin, melatonin, and adenosine
receptors. The β-branch includes receptors which recognize and bind peptides. The γ-branch comprises the SOG (somato-
statin, opioid, and galanin), the MCH (melanin-concentrating hormone), and chemokine receptors. The δ-branch consists
of four sub-branches which contains Mas-related (receptors related to the MAS1 proto-oncogene), glycoprotein, olfactory as
well as many orphan receptors. The purinergic receptor family is classified into P1 receptors activated by adenosine
(α-branch), and P2 receptors activated by nucleotides. The P2 receptors are further subdivided into ATP-gated ionotropic
P2X receptors (P2XR) and the δ-class metabotropic G protein-coupled P2Y receptors (P2YRs). P2XRs are ion channels per-
meable for Na+, K+, and Ca2+ ions.9,10 Seven different subunits exist (P2X1-P2X7) which form homo- or heterotrimeric
channels. Based on their sequence similarity and G-protein selectivity, the human P2YRs are grouped into two families:
the Gq protein-coupled “P2Y1-like” receptors (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11) and the Gi protein-coupled “P2Y12-like”

FIGURE 1 Schematic presentation of P2YRs embedded in a phospholipid bilayer and their preferred endogenous agonists. A

phylogenetic tree shows the degree of their relationship. The endogenous agonists activating the respective receptor at physiologically

relevant concentrations and the G protein coupling are shown at the top. Phylogenetic analysis was generated using Clustal Omega11–13
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receptors (P2Y12, P2Y13, and P2Y14) (see Figure 1).
14,15 The P2Y11R couples additionally to Gs proteins besides its ability to

activate Gq proteins. P2Y1, P2Y12, and P2Y13Rs are activated by ADP (1.01, for structures see Figure 2) but not by ATP
(1.02) at physiologically relevant concentrations, whereas the uracil nucleotide UDP (1.03) is an endogenous agonist of the
P2Y6R. The P2Y2R is sensitive toward both nucleotides, ATP and UTP (1.04). The human P2Y4R is activated by UTP. UDP-
glucose (1.05), as well other UDP-sugars including UDP-galactose, UDP-glucuronic acid, UDP-N-acetylglucosamine, and
UDP itself were reported to act as physiological P2Y14R agonists.16,17 P2YRs contain four conserved cysteine residues, one
each in the N-terminus, in helix III, in the ECL2, and in helix VII. Most often they form two disulfide bridges, one between
helix III and ECL2, and another one between the N-terminus and helix VII. Similarities between members of class A
GPCRs include an NSxxNPxxY motif (where x represents any amino acid) in transmembrane region (TM) VII and a DRY
or D(E)RY(F) motif at the intracellularly orientated end of TMIII.

Agonists of the P2Y1-like receptors (1.01–1.17) are shown in Figure 2, structures of P2Y1-like receptor antagonists
(2.01–2.15) in Figures 3 and 4, and P2Y12R antagonists (3.01–3.05) and adenosine receptor ligands (4.01–4.03) in Figure 5.

P2Y1-like receptors are currently in the focus as novel drug targets, in particular for inflammatory-related conditions
including neurodegenerative diseases.15 The P2Y2R agonist diquafosol (1.17) is approved for the treatment of dry eye
disease in Japan and other Asian countries including Korea, Thailand, and Vietnam.18 The P2Y12R is blocked by anti-
thrombotic drugs such as ticagrelor (3.01), cangrelor (3.02), clopidogrel (3.03), and prasugrel (3.04) (see Figure 5 for
structures). However, there is still a lack of selective, bioavailable ligands suitable for target validation studies of several
P2YR subtypes, which limits drug development.19 The recently published X-Ray crystal structures of the P2Y1R and the
P2Y12R provide a solid basis for computer-aided approaches towards rational ligand design and drug discovery.20,21 For
P2Y1, P2Y2, and P2Y11Rs a considerable number of mutagenesis studies has been published, which are useful for
predicting the orthosteric binding site. However, only a few studies on P2Y4 and P2Y6R mutants have been reported.
Therefore, it will be useful to investigate if the results obtained for one subtype could be translated to corresponding res-
idues in other P2YRs. This review article summarizes and evaluates mutagenesis studies of P2Y1-like receptors with
regard to residues presumably interacting with receptor agonists. It combines computational chemistry and mutagene-
sis approaches for predicting the three-dimensional structure of the receptors.

FIGURE 2 Structures of selected (proposed) P2Y receptor agonists
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2 | MUTANTS OF THE HUMAN P2Y1-LIKE RECEPTORS

Rational drug design makes use of various methods and tools, including pharmacophore modeling, homology model-
ing, molecular dynamics (MD) simulations, and docking studies. Mutagenesis (see Box 1) is a powerful tool to modify
single or multiple amino acid residues or to construct chimeric receptors. Subsequent testing of the amino acid residues'
role and function provides valuable insights. These studies are typically based on multiple sequence alignment of the
receptor of interest preferably with related structures to determine conserved and non-conserved residues. Sequence
alignment of the five P2Y1-like receptors is presented in Figure 6. Highly conserved residues often play a role in

FIGURE 3 Structures of selected P2YR antagonists

BOX 1 MUTAGENESIS

Mutagenesis describes the process of gene information altering and can be subdivided into two groups: random
and directed mutagenesis. Random mutagenesis occurs naturally or can be enforced by exposure to mutagens
(e.g., UV-light, ionizing radiation, chemicals, and viruses). In contrast, the directed methods involve the substi-
tution, insertion, deletion, or addition of a single mutation or whole sequences at a specific site, or a combina-
tion of those with the purpose of creating a gene with desired properties. Site-directed mutagenesis therefore
became a commonly used investigative tool in the field of protein function studies and drug design. Docking
studies on X-ray crystal structures or homology models allow predictions of the ligand binding mode at a
desired target but require validation by pharmacological data. Here, gene alteration can be used to engineer
proteins with single or multiple amino acid changes. Through exchange of the side chain functionality (lipo-
philic, hydrophilic, charged, aromatic, …) of the amino acids, predicted interactions between the ligand and the
protein can be confirmed or discarded. An example is the prediction of a ligand containing a phenyl moiety
binding in a lipophilic cavity at a target protein. The mutation of a phenylalanine in the cavity to valine
decreases the potency of the ligand, while no such effect is observed if the phenylalanine is mutated to tyrosine.
This observation may imply that π-π interactions between the phenyl moiety of the ligand and the protein are
important for its activity. The knowledge of key interactions and the spatial environment in the ligand binding
site is indispensable for rational drug design and ligand optimization to minimize time and material costs.

4 of 32 NEUMANN ET AL.

23



receptor function, targeting of those in mutagenesis studies has been a successful approach for identifying key residues
responsible for agonist-induced receptor activation. Small changes in the binding site or modification of extracellular
residues important for initial ligand binding can be crucial for ligand specifity.

To rationalize the effects of a mutation on the receptor-ligand interaction, 3D models are helpful visualization tools
which can be utilized for explaining structure–activity relationships (SARs).22,23 With the publication of the X-ray crystal
structure of bovine rhodopsin, the first GPCR X-Ray crystal structure had become available as a template for generating
homology models of other GPCR structures including P2YRs.24 Subsequent publications of X-Ray crystal structures of
GPCRs with higher sequence identity and similarity to P2YRs, including the β1-adrenergic receptor (α-branch of rhodopsin-
like receptors), the adenosine A2A receptor (α-branch), and, finally, the P2Y1 and P2Y12Rs belonging to the P2YR family of
the δ-branch of class A GPCRs, provided more closely related crystal structures as templates for homology modeling.25–29

Refinement of the models, based on newly published mutagenesis data, crystal structures, and MD simulations led to
improved models, which can be extended to the further applications including virtual screening and SAR studies.

2.1 | P2Y1R mutants

Several single point mutations, truncations, and chimeric receptors have been reported for the P2Y1R. Mutations and
their effects on agonist and antagonist potency, as well as residues important for protein–protein interactions are

FIGURE 4 Structures of selected P2YR antagonists
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summarized in Figure 7. In the following chapters, we will use the 3-letter amino acid code for specific residues, the
1-letter code for mutants, and the full names for general amino acid annotations.

2.1.1 | Ligand recognition

Jacobson et al. were one of the first research groups who performed mutagenesis studies on the human P2Y1R to iden-
tify residues participating in agonist-induced receptor activation.30 Based on a molecular modeling study and sequence
alignment of P2YRs with other GPCR sequences, 16 receptor mutants (15 single residue mutants and 1 double mutant)
were created and EC50 values of three agonists, 2-MeSADP (1.06), 2-MeSATP (1.07), and 2-hexylthio-AMP (1.08), were
determined. The mutations R128A, R310A, and S314A as well as the double mutation R310S_S314R led to a complete
abolishment of receptor activation by the three selected agonists. Among them, for the agonist 2-MeSATP a high impact
(>100-fold decrease) was observed for the mutants K280A, Q307A, R310K, a moderate impact (>10-fold decrease) for
H132A, Y136A, T221A, T222A, H277A and a low impact (<10-fold decrease) for F131A, F226A, S314T, and S317A.
Comparable results were observed for the other two agonists, 2-MeSADP and 2-hexylthio-AMP. The role of Arg310 was
further investigated by switching the amino acid residues between Arg310 and Ser314, due to hydrophilic interactions
with the residues. The constructed double mutant R310S_S314R failed to restore receptor activity, indicating that the

FIGURE 5 Structures of selected P2Y12R antagonists and A1AR agonists and antagonists
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conformation of Arg310 plays a key role in receptor function. Nucleoside diphosphates were typically 5- to 10-fold more
potent than the corresponding triphosphates. 2-MeSADP was found to be around 400 times more potent than
2-hexylthio-AMP. The results suggested that several charged amino acids (His132, Lys280, His277, and Arg310) may
interact with the phosphate chain of the agonists.

Out of the 15 mutants constructed by Jacobson et al., 11 mutants were further investigated for their effects on the
potencies of agonists and antagonists and to support the molecular modeling studies.31 Similar results were obtained:
K280A, Q307A, and R310K mutations resulted in a high decrease in potency (over 100-fold) for 2-MeSADP. F131A,
H132A, Y136A, T222A, F226A, H277A, and S314T led to a moderate decrease (5- to 60-fold) in potency. The T221A and
the S317A mutations had virtually no effect on the potency of 2-MeSADP. Additionally, modulatory effects of mutations
toward recognition of the antagonist MRS2179 (2.03) were observed: the H132A, Y136A, and T222A mutation led to a
two- to three-fold reduction in antagonist potency and therefore appeared to have a modulatory role in recognition of
the antagonist 2.03. Substitution of Ser314 with threonine reduced the affinity of the antagonist, indicating specific ste-
ric requirements for antagonist binding. Two extracellular disulfide bridges were confirmed to be essential for receptor
activation and receptor membrane trafficking: one between Cys42 (N-terminus) and Cys296 (ECL2), and the second
one between Cys124 (ECL1) and Cys202 (ECL2).32 Mutations of the cysteine residues (C42A, C124A, C202A, C296A)
resulted in receptors which were no longer activated by agonists. Thus, the disulfide bridges are essential for stable
receptor conformation and functionality. Asp204 is likely to be involved in the activation of the P2Y1R, whereupon
Glu209 and Arg287 are probably participating in the ligand recognition process. Since Asp204 is not likely to interact
with the phosphate chain of the nucleotide agonist but rather plays a role in receptor activation, interactions with other
residues are feasible. A large decrease in potency of 2-MeSADP and 2-MeSATP was observed upon mutation of further
residues of the extracellular loop regions (D204A/N/E, E209A, R287A/K/Q/E). The double mutants E209R_R287E and
E209A_R287A led to an almost complete lack of response even at high agonist concentrations (up to 100 μM). Moderate
effects were determined for the mutants R195A, K196A, K198A, D208A, E209D/Q/R R212A (ECL2), and R285A,
D289A, D300A, R301A (ECL3).

Systematic analysis of multiple sequence alignments of the P2Y receptors, and first homology modeling-aided analy-
sis attempts based on the bovine rhodopsin X-ray crystal structure led to the creation of several additional mutants
which were further investigated by Costanzi et al.33 A high impact on agonist potency was observed for the single

FIGURE 6 Sequence alignment of the human P2Y1-like receptor subtypes. Residues important for agonist-induced receptor activation

predicted by MD simulations are highlighted in blue. Amino acid residues mutated in more than one receptor subtype are highlighted in

red. Multiple sequence alignment was generated using Clustal Omega. MD, molecular dynamics

NEUMANN ET AL. 7 of 32

26



mutations R128A, R310A, S314A, C124A, C202A, E209A, and R287A/E resulting in a complete loss of receptor activa-
tion. The mutants K280A, Q307A, R310K, D204N/E, R287Q, H277A, and C296A showed a significant decrease in
potency (80- to 4,000-fold). Comparatively low effects (less than five-fold change) on the potency of 2-MeSADP was
observed for F131A, H132A, Y136A, T221A, T222A, F226A, S314T, S317A, K125A, R195A, K196A, K198A, D204A,
D208A, E209D, E209Q, E209R, R212A, R287K, D289A, D300A, and R301A, respectively. The potency of the agonist
2-MeSADP and that of the antagonist MRS2578 (2.06) were additionally studied on mutants of Tyr203, Tyr273, and
Tyr306. A dramatic loss of 2-MeSADP-induced receptor activation was observed for the single mutants Y203A and
Y273A, whereas the Y273A mutation had no major effect on the binding affinity of either the agonist 2-MeSADP or the
antagonist 2.06 as determined by radioligand binding versus the antagonist radioligand [3H]MRS2279 (2.01). Thus,
Tyr273 might play a key role in receptor activation. No significant changes were observed regarding the inhibitory
potency of antagonist 2.06.

FIGURE 7 Schematic diagram of available mutagenesis data of the human P2Y1R, and effects of mutations on agonist and antagonist

potencies. High impact was defined as at least 10-fold change in the potency of the agonist. Changes below a 10-fold difference in potency of

the agonist were defined as low impact
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In the publication of the P2Y1R X-ray crystal structures, Zhang et al. reported on additional structure-guided muta-
genesis of residues which were interacting with the co-crystallized antagonists MRS2500 (2.02) and BPTU (2.05).23 The
single mutants K46A, R195A, A286W, Y303F, and Y306F resulted in a more than 10-fold decrease in potency of the
antagonist 2.02, which binds close to the orthosteric site, but no effect was observed on the potency of the allosteric
antagonists BPTU, that binds at the periphery of the receptor close to the lipid membrane. A significant decrease (over
50-fold) in BPTU potency was found for the single mutation of amino acid residues present in TMII (T103W, A106W,
A106F, and A106L). Contrary, the mutations in TMII had no impact on the potency of the agonist 2-MeSADP and
nucleotide antagonist, 2.02. The single mutants K46A, R195A, A286W, Y303F, and Y306F had diverse effects on the
potency of the agonist 2-MeSADP and the nucleotide antagonist 2.02. Significant decrease in the potency of antagonist
2.02 was determined for these mutants and only minor effects on the potency of 2-MeSADP were observed. These
results indicated different binding interactions for the agonist 2-MeSADP as compared to the antagonist 2.02. A cavity
close to the orthosteric binding site most likely accommodates a phosphate group of 2.02. Further analysis is presented
in the section “Molecular modelling of P2Y1-like receptors.”

Guo et al. performed mutagenesis on residues likely participating in agonist-induced receptor activation. While only
moderate decreases in the potency of 2-MeSADP could be observed for the F131A, F226A, and K280R single mutants,
over 100-fold decreases in potency were observed for the H132A, H277A, K280A, Q307A, and R310K mutants.34

2.1.2 | C-Terminus

The truncation of the C-terminus (ΔThr330-Leu373) of the P2Y1R resulted in a complete loss of inositol phosphate gen-
eration and Ca2+ mobilization, indicating that it was required for Gq protein activation.35 In a study performed by Ding
et al., the domain between Arg340 and Leu373 showed no participation in Gq coupling of the P2Y1R. The C-terminus of
the P2Y1R was reported to regulate the inactivation gating of the transient inward (Tin) ion channel studied in oocytes
through the interaction of the region Arg340-Leu359 with the channel.36 The amino acid residues exchanged in the
double mutant R333A_R334A are located in the BBXXB (B representing basic amino acid residues and X any non-basic
amino acid residue) motif of the C-terminus, that is commonly involved in Gq coupling. This double mutant displayed
a similar behavior regarding inositol phosphate generation and Ca2+ mobilization as the truncated P2Y1R receptor,
indicating key roles for Arg333 and Arg334 in Gq protein-coupling.

In another study, Fam et al. investigated the role of threonine and serine residues in the C-terminus regarding their role
in the receptor downregulation by protein kinase C (PKC).37 The truncation of the predicted C-terminus at or beyond
Leu335 resulted in no functional receptor expression. Ca2+ responses were not suppressed by the PKC activator phorbol-
12-myristate-13-acetate (PMA) in the P2Y1R truncated at Leu335 or Ala338. Receptors truncated at residue Ala342 were
still expressed and activated by an agonist, but inhibition of Ca2+ mobilization by PMA was dramatically reduced. The
T339A mutant in the receptor truncated at Ala342, or the wild-type (wt) receptor eliminated Ca2+ response depression by
PMA after agonist-induced activation. Therefore, the authors concluded that Thr339 is required for PKC-dependent down-
regulation of Ca2+ responses, whereas Thr330, Ser336, and Ser343 are not involved in PKC-dependent downregulation.

Ser352 and Ser354 in the C-terminus of the human P2Y1R were found to be critical residues for agonist-induced
receptor internalization.38 The single mutants S352A, S354A, T358A, the double mutant S352A_S354A, as well as a
mutant, in which all threonine and serine residues following Thr339 in the C-terminus were mutated to alanine, were
constructed. Ser352 and Ser354 are the residues that are phosphorylated.

Results of the whole set of P2Y1R mutants involved in agonist and antagonist recognition are summarized in
Figure 8, where the respective positions of the mutated residues were colored in the cylindric presentation of the P2Y1R
X-ray crystal structure (PDB-ID: 4XNW). The mostly mutated regions included TMIII, V, VI, and VII, as well as ECL2.
Several charged residues most likely interact with the phosphate chain of the ligand, while aromatic residues interact
with the nucleobase as identified by mutagenesis data and confirmed by X-ray crystal structures. Interaction patterns
seem rather complex as residues distant from the predicted orthosteric binding site which cannot directly interact with
the ligands, still modulate receptor functionality (e.g., disulfide bridges maintaining proper receptor structure).

2.1.3 | Role of the extracellular domains

Hoffmann et al. investigated the role of extracellular domains in agonist recognition and ligand preferences.39 In their
study, the extracellular loops and the N-terminus of the human P2Y1R for those of the rat P2Y6R were exchanged.
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While the P2Y1R is activated by adenine nucleotides (ADP > ATP), the P2Y6R is activated by the uracil nucleotide
UDP. UDP itself showed a maximum effect of 32% at the human P2Y1R compared to the rat P2Y6R (=100%). Exchange
of the N-terminal residues 37–46 of the P2Y1R by the analogous sequence of the rat P2Y6R resulted in a chimeric recep-
tor with a poor cell surface expression level (6% of wt) which was still activated by the ADP derivative 2-MeSADP,
although it displayed a 7,000-fold decrease in potency. The other two constructs with a mutated sequence (residues
37–51, and 37–61, respectively) were not activated by high concentrations of the agonist 2-MeSADP (up to 100 μM).
However, a strong gain in UDP potency was observed for the chimeric receptor whose amino acid sequence 37–61 had
been exchanged for that of the rat P2Y6R.

Sequence exchange of the ECL1 of the P2Y1R (Tyr111-Met123) by the corresponding residues of the P2Y6R resulted
in a 330-fold decrease in the potency of 2-MeSADP. Chimeric receptors with a shorter ECL1 sequence replaced (resi-
dues Tyr111-Ile118) led to a similarly high, 460-fold decrease in potency. An extended sequence exchange of residues in
the P2Y1R for P2Y6R residues (Tyr111-Val133) had no further significant impact on the potency of 2-MeSADP. Even
ECL1 exchanges including Tyr110 (residues Tyr110-Ile118, Tyr110-Met123, and Tyr110-Val133) resulted in mutants
that were not activated by 2-MeSADP at high concentrations (up to 100 μM). The exchange of larger TMIII regions of
the P2Y1R showed a trend toward higher acceptance of UDP as an agonist.

Exchange of the ECL2 (residues Thr192-Tyr210) in the human P2Y1R by that of the rat P2Y6R resulted in a dramatic
reduction in the potency of 2-MeSADP (6500-fold decrease). Partial exchange (residues Thr192-Ser213, Thr192-Phe215,
Thr192-Met225) led to significantly diminished receptor surface expression levels and a complete loss of 2-MeSADP-
induced receptor stimulation, as well as unchanged low activation by UDP.

Among the five constructed chimeric mutants of ECL3 exchanges (Ile274-Phe298, Leu284-Phe298, Leu284-Tyr303,
Leu284-Gln307, and Leu284-Ala313), the chimeric receptor, in which P2Y1R residues Leu284-Phe298 were exchanged
for the analogous residues of the rat P2Y6R, was activated by 2-MeSADP (60-fold decrease in potency) and demon-
strated 50% of the maximal effect of UDP compared to the rat P2Y6R.

To further investigate the role of the amino acid clusters responsible for agonist recognition and agonist-induced
receptor activation, combinational chimeras were constructed. The double constructs Tyr110-Val133/Leu284-Phe298
(Construct 1) and Ser37-Val61/Tyr110-Val133 (Construct 2), and the triple constructs Ser37-Val61/Tyr110-Val133/
Leu284-Phe298 (Construct 3), and Ser37-Val61/Tyr111-Val133/Leu284-Phe298 (Construct 4), could not be activated by
2-MeSADP. Construct 2, Construct 3, and Construct 4 demonstrated increased acceptance of UDP as an agonist with
3- to 6.5-fold increase in potency (maximal effect of 90, 92, 86%, respectively). The double constructs Tyr111-Val133/
Leu284-Phe298 (Construct 5), Ser37-Val61/Tyr111-Val133 (Construct 6), and Ser37-Val61/Leu284-Phe298 (Construct 7)
were activated by 2-MeSADP albeit a dramatic drop in potency was observed. It can be deduced that the ECL2 plays a
major role in ligand recognition and acceptance. Although residues of TM regions involved in interactions with
2-MeSADP were not mutated, major differences in potency of 2-MeSADP and UDP were determined in the chimeric
receptors. This is supported by the key role of the conserved disulfide bridges which likely influence the flexibility and
proper folding of ECL2.

FIGURE 8 Schematic presentation of mutated residues depicted in the X-ray crystal structure of the human P2Y1R (PDB: 4XNW).

Transmembrane regions are presented as cylinders. Roman numbers indicate the transmembrane regions. Mutations of residues highlighted

in red led to a large decrease in potency or complete abolishment of the receptor's ability to be activated by agonists. Mutation of green

colored residues had no or low impact on agonist potency. Blue highlighted residues were shown to participate in the binding of different

antagonists
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2.2 | P2Y2R mutants

2.2.1 | Ligand recognition

A compilation of mutated residues which had an effect on agonist and/or antagonist potency at the P2Y2R is presented
in Figure 9. Species differences had been reported for the P2Y2R and the related P2Y4R. While ATP and UTP are able to
activate both, the human and the rat P2Y2R, the human P2Y4R is only activated by UTP while the rat P2Y4R is acti-
vated by both, ATP and UTP.40 At the mouse P2Y2R receptor, ATP and UTP both act as full agonists, while ADP and
UDP act as partial agonists.41 Several negatively charged amino acid residues present in the mouse as well as the
human P2Y2R sequence were mutated in the mouse P2Y4R to investigate their role in agonist binding and activation.
The agonists ATP, UTP, ADP, and UDP were tested on cells transfected with a wt or mutant mouse P2Y2R. Single muta-
tions H262L, R265L, and R292L caused a 100- to 850-fold decrease in the potency of the nucleoside triphosphate ago-
nists ATP and UTP, and a complete loss of the ability to be activated by the nucleoside diphosphate agonists ADP and
UDP. The single mutations K107I, R110L, and K289I had small effects on the potency of the four agonists. At the
K289R mutant, the agonists ADP and UDP were more potent (four- and seven-fold increased potency, respectively)
than ATP and UTP (300- and 26-fold decrease, respectively). Interestingly, the mutation R264L in the rat P2Y2R, which
corresponds to Arg265 in the human receptor, had no impact on basal or ATPγS-dependent activation, indicating that
Arg264 in the rat receptor may not be involved in agonist-induced signaling.42

FIGURE 9 Schematic tree diagram of available mutagenesis data for agonist and antagonist potencies of the human P2Y2R
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To investigate the role of residues involved in agonist binding and recognition, Hillmann et al. created human
P2Y2R mutants to test their effects on the potency of various agonists and antagonists.43 R272A led to a dramatic
decrease in the potency of the tested agonists UTP, ATP, Ap4A (diadenosine tetraphosphate), and Ip4U (1.16),
(350-, 185-, 4,400-, and 3,500-fold, respectively), similar to the S296A mutant (2000- to 3,700-fold decrease). A
three- to five-fold decrease in ATP potency was observed in the double mutant R177A_R180A as well as in the
single point mutants R177A, R180A, and Y118A. The Y118A mutant also led to a three-fold decrease in Ap4A
potency. The single mutants R194H and Y198A showed no significant changes in agonist potency. The created
mutants were used to further investigate the binding mode of the anthraquinone-derived antagonists Reactive Blue
2 (RB-2, 2.09) and PSB-0416 (2.11). The mutation of Tyr114 to alanine resulted in an over 50-fold decrease in the
potency of RB-2, whereas the double mutant R177A_R180A and the single mutant Y198A resulted in a moderate
10- and 4-fold decrease in potency. For the smaller antagonist 2.11 no significant changes could be observed in
the mutants.

Additional studies focused on the putative orthosteric binding pocket of the human P2Y2R and investigated
additional charged and aromatic residues of the TM regions and the ECL2.44 The single mutants R110A, R265A,
Y288A, and R292A led to complete abolishment of receptor activation by UTP. In addition to these mutants, the
Y114F, R194A, F261A, and Y288F mutants were no longer activated by the agonist Ap4A. Decreased UTP potency
was observed for the F111A, Y114F, H184A, S193A R194A/H, F261A, Y268F, Y269F, and Y288F mutants, while
the mutant Y114A had only a low impact on UTP potency. A significant decrease in Ap4A potency was observed
for F111A, Y114A, H184A, S193A, R194H, Y268F, and Y269F. This data is consistent with results from previous
P2Y1R mutagenesis studies as the corresponding residues showed similar effects on the potencies of agonists. For
all of those residues, participation in agonist binding in the orthosteric binding site or an effect on the flexibility
of ECL2 was hypothesized on the basis of an updated homology model combined with docking studies. The
results of all mutagenesis studies involving the residues that are important for agonist binding are summarized in
Figure 10.

In addition to investigation of agonists, a selected set of anthraquinone-(AQ-) derived antagonists (2.11–2.13) and
the thiouracil derivative AR-C118925 (2.16), a P2Y2R-selective competitive antagonist, were tested on all of those
mutants, that could be activated by UTP.45–47 A trend toward increased potency of 2.11–2.13 was observed for the
mutants Y114A, Y114F, R194H, F261A, Y268F, and Y288F, indicating an orthosteric binding mode of these AQ
derivatives.

The mutations Y114A, Y114F, and R194H had a significant effect on the smaller AQ derivative 2.11, whereas the
larger derivatives 2.12 and 2.13 showed no significant changes in potency at those and other mutants. The mutants
Y114F and R194H led to an increased potency of 2.13 indicating an orthosteric binding mode of medium-sized anthra-
quinone derivatives, since Tyr114 is placed deeply in the putative orthosteric binding pocket. Complete abolishment of
inhibition by RB-2 was observed for the mutants F111A, H184A, R194H, F261A, and Y269F, and a significant drop in
potency was found for the mutant Y114A leading to the assumption, that the large RB-2 possesses a different binding
mode than the smaller AQ derivatives.

2.2.2 | Role of the extracellular domains

In another mutagenesis study, Asp97 was mutated to glutamic acid for investigating the role of the RGD motif pre-
sent in the ECL1 of the P2Y2R, as the RGD motif is rare in the extracellular loop regions of GPCRs and shared by
the P2Y2R, P2Y6R and the histamine receptor H2.

48,49 The D97E mutant required ~1,000-fold higher concentrations
of the agonist UTP (785 μM) for receptor activation, compared to the wt receptor as determined in Ca2+ mobiliza-
tion assays (0.85 μM). Another study demonstrated that the RGD motif in the ECL1 acted as an integrin-binding
domain, and it was also required by the P2Y2R to activate Gq and G12, but not for Gq activation.48 The authors pos-
tulated that the P2Y2R forms a complex with the integrins αvβ3 and αvβ5. The αv integrin complex formation is
required for the P2Y2R to access heterotrimeric G proteins involved in chemotaxis. In the study of Erb et al. regard-
ing the integrin-binding motives of the human P2Y1R and P2Y2R, mutants of the ECL1 were created. Since the
RGD97 integrin-binding motif is not present in the human P2Y1R, the two aspartic acid-containing motifs KTD116
and FGD121 in the ECL1 of the P2Y1R were selected for mutagenesis experiments. The mutations D116E and
D121E resulted in similar Ca2+ mobilization ability compared to the wt, whereupon F119R resulted in a 34-fold
decrease in ADP potency.
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2.2.3 | Role of the intracellular domains

The triple mutant S243A_T344A_S356A on ICL3 and the C-terminus was created to test the hypothesis that phosphory-
lation of the P2Y2R may be implicated in agonist-induced desensitization.50 The triple mutant led to reduced phosphor-
ylation of the receptor upon activation with agonists but had no effect on the receptor's ability to activate calcium
mobilization.

2.3 | P2Y4R mutants

The role of the ECL2 of the human and the rat P2Y4R was studied by Herold et al.51 While the human P2Y4R is acti-
vated solely by UTP at physiological concentrations, the rat P2Y4R can be activated by ATP as well as by UTP. Several
chimeras targeting TM regions and ECLs of the human P2Y4R were exchanged for the corresponding sequences of the
rat receptor. Out of the 10 chimeras constructed, only those containing the rat ECL2, and the triple mutant
S177N_V183I_R190L resulted in receptors which responded to high concentrations of ATP (13- to 100-fold decrease in
potency compared to the rat wt P2Y4R). Although ATP was somewhat active on the single point mutants S177N, V183I,
and R190L, EC50 values could not be determined due to its low potency. ATP had no agonistic effect on the N178A and
K179N mutants.

In a study of the agonist-promoted regulation of the P2Y4R and P2Y6R, several residues of the C-terminus and the
ICL3 of the P2Y4R and the P2Y6R were investigated.52 The mutant S243A failed to inhibit agonist-induced internaliza-
tion. C-terminus-capped versions of the wt P2Y4R were created including deletion from Ala332, Asp343, and Asp355
upward, respectively. The P2Y4R/Ala332 and P2Y4R/Asp343 truncated receptors no longer showed the effect of agonist-
induced loss of cell surface P2Y4R expression or desensitization. The exchange of the C-terminus of the P2Y6R for that
of the P2Y4R failed to confer agonist-induced loss of surface receptors, indicating the additional participation of intra-
cellular loops in the regulation of P2Y4R desensitization. Since the C-terminus contains 11 serine and threonine resi-
dues as potential amino acids for phosphorylation, additional single and multiple point mutations were performed. The
triple mutant S333A_S334A_S339A and the double mutant S333A_S334A, as well as the full-length C-terminus with
serines and threonines mutated to alanine, had a greatly reduced capacity to undergo agonist-promoted internalization.
Mutation of individual serine residues led to the conclusion that Ser333 and Ser334 are key regulatory residues in
agonist-induced phosphorylation, desensitization, and internalization of the P2Y4R.

Results for the mutant S243A of the human P2Y4R led to the construction of the A237S mutant of the human
P2Y6R. However, the A237S single mutant failed to confer the capacity at P2Y6R to undergo rapid agonist-dependent
loss of surface receptors.

FIGURE 10 Schematic presentation of mutated residues in the human P2Y2R homology model based on the human P2Y1R X-ray

crystal structure. Transmembrane regions are presented as cylinders. Mutations of residues highlighted in red led to a large decrease in

potency or complete abolishment of the receptor's ability to be activated by agonists. Mutation of green colored residues had a moderate

impact on agonist potency. Purple-colored mutants led to a decrease in potency only for ATP
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Four hydrophobic residues near the C-terminus and two basic residues were found to be involved in the apical
targeting of the P2Y4R in epithelial cell models: a valine (Val338) and three leucine residues (Leu335, Leu337, and
Leu340) were found to disrupt the apical targeting and promote basolateral targeting if mutated to alanine.53 To investi-
gate the role of charged residues in the apical targeting sequence, the amino acid residues arginine, glutamate, and
lysine were mutated to alanine, resulting in four receptor mutants lacking the selected residue in the C-terminus. Muta-
tion of the glutamate and aspartate residues to alanine had no effect on targeting, while mutation of lysine and arginine
to alanine had a low but still significant impact. The study concluded that the apical targeting signal of the P2Y4R is
sequence-independent, as confirmed by inversion of a 23 amino acids sequence (Cys321-Asp343) of the C-terminus.
Similar results were published for the P2Y1R.

54

2.4 | P2Y6R mutants

Brüser et al. performed mutagenesis and molecular modeling studies to delineate the binding modes of the glyceryl
ester of prostaglandin E2 (PGE2-G, 1.13) and UDP, after identification of PGE2-G as a potent endogenous agonist of the
human P2Y6R (EC50 ≈ 1 pM).55 Four residues were mutated to alanine: Tyr75, Phe252, Tyr262, and Arg287. The
mutants Y262A and R287A led to a complete loss of the IP1 accumulation response to UDP-induced receptor activation,
while Y75A led to a two-fold decrease. Complete abolishment of activation by PGE2-G was observed for the Y75A,
F252A and R287A mutants. Mutagenesis data and docking studies led to the postulation of a binding pocket close to
TMIII, VI and VII for both agonists, whereupon PGE2-G appeared to extend further with its glycerol ester moiety
toward TMV.

2.5 | P2Y11R mutants

Based on homology modeling utilizing the bovine rhodopsin X-ray crystal structure and comparison with previously
published P2Y1R mutagenesis data, several P2Y11R mutants were created and tested for their response toward the
endogenous P2Y11R agonist ATP and its stable analog ATPγS.56 The ability of ATP to trigger a calcium signal due to
receptor activation was nearly abolished for the mutants R106A and R307A. Analogous mutations in the human P2Y1R
(Arg128 and Arg310) and the human P2Y2R (Arg110 and Arg292) had also been essential for ligand recognition by
those receptors. Furthermore, mutant Y261A (analogous to P2Y1R's Tyr273) was not activated by ATP. A significant
decrease in ATP potency was observed for E186A, R268A, and R268Q (10-, 750-, and 40-fold decrease, respectively). A
small effect was measured for F109I and A313N. The agonist ATPγS was tested on the mutants E186I, R268A, and
R268Q with similar results.

The residues Glu186 and Arg268 were additionally investigated with respect to their recognition of the R- and S-
isomers of ATPαS (1.10). The R268A mutant and the E186A_R268Q double mutant had the highest effect on the stereo-
specificity of the S- and R-isomers (20- and 10-fold, and 100- and 50-fold decrease, respectively), while the potency of
either isomer did not differ strongly for the mutants E186A and R268Q.57 Hetero-oligomerization of the P2Y11R with
the P2Y1R was studied using the R268A mutant of P2Y11R, which prohibited the functional interaction of the P2Y11R
with the P2Y1R. The association of the P2Y1R with the P2Y11R influenced the ligand selectivity of the P2Y11R.

58

The mutant A87T is a common single nucleotide polymorphism (SNP) of the P2Y11R which is associated with an
increased risk of acute myocardial infarction and increased levels of C-reactive protein, indicating involvement in
inflammatory reactions.59 The P2Y11R A87T polymorphism was present in 19.8% of controls and in 22.9% of acute myo-
cardial infarction patients.60 Alongside the A87T polymorphism, eight other single mutations with lower frequencies in
cohort (≤0.0075) from nine narcolepsy with cataplexy patients were studied. The mutants A64T, S166G, V272M, and
A87T had no significant effect on potency of benzoylbenzoyl-ATP (Bz-ATP, 1.12), a P2Y11R agonist. Significant effects
were measured in the R86C, E186K, Y261C and Y321H single mutants (9- to 28-fold decreases in potency). The R307W
mutant was no longer activated by high concentrations of 100 μM Bz-ATP, indicating a key role in the recognition of
Bz-ATP. Haas et al. studied the A87T mutant alongside the A87S/Y mutants in the presence of P2Y1R. The A87T
mutant was not activated by Bz-ATP, in the presence of P2Y1R while the A87S/Y mutants displayed a similar level of
activation as the wt receptor. The potency of 2-MeSADP decreased almost 10-fold for the A87T mutant, with no drastic
changes for the other mutants. ATP induced similar levels of activation for all mutants of the wt receptor. The effects of
P2Y1/P2Y11R heterodimerization are further discussed in the Section 6.
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2.6 | Assessment of mutants

GPCRdb is a database for GPCRs, which provides analysis tools, diagrams, and annotations of X-ray crystal structures,
mutants, and reference sequence alignments.3,4 The visual presentation of the data using the integrated web tools of
GPCRdb has allowed a straightforward comparison of the P2Y1-like receptors. In the following discussion, the
Ballesteros–Weinstein numbering system will be applied.61 We decided to limit that numbering system to this
section to keep the previous sections reader-friendly, but highlight the analogy of the compared residues in the follow-
ing discussion.

The analysis of the receptor sequences provides information about their phylogenetic relationships (see Table 1).
Multiple sequence alignment and phylogenetic analysis revealed that the P2Y2R and the P2Y4R are the most closely
related receptors within the P2Y1-like subgroup (see Figure 1).11–13 The human P2Y11R shares the lowest similarity and
identity with the other four receptor subtypes. No rat or mouse P2Y11R orthologs have been identified, indicating a
recent evolutionary separation of the P2Y11R from the other P2YR subtypes.62 Despite low sequence identities, homol-
ogy and mutagenesis studies of analogous counterparts in the other P2YR subtypes allowed prediction of binding sites
and mode of activation (e.g., prediction of allosteric (P2Y4R) and orthosteric agonist and antagonist binding sites
(P2Y2R) based on crystallized complexes of the human P2Y1R and P2Y12R). Since no crystal structure of agonist-bound
P2Y1-like receptors is available at this point, mutagenesis data, homology modeling approaches, MD simulations or a
combination of the above methods have to be used for predicting the binding poses of agonists and the activation mech-
anism of the receptors.

Arg1283.29 (P2Y1R), Arg110
3.29 (P2Y2R), and Arg1063.29 (P2Y11R) were found to be essential for agonist-induced

receptor activation. Homology modeling and mutagenesis studies of the human P2Y2R indicate an interaction of the
ribose moiety of UTP and Ap4A with Arg110.44 However, mutation of Arg110 in the murine P2Y2R showed little effect
on agonist potency. The difference in the role of this residue in different species is not fully understood yet. The envi-
ronment could influence the properties of the arginine, resulting in preference toward different agonists and
antagonists.40,41

Mutation of residues Phe1313.32 (P2Y1R) and Phe1093.32 (P2Y11R) had no impact on agonist potency. His1323.33

(P2Y1R) is not conserved in the P2Y1-like receptor subtypes: the analogous position is occupied by tyrosine in the
P2Y2R, P2Y4R, P2Y6R subtypes, and by threonine in the P2Y11R. Mutation of His132 led to a significant decrease in
potency of the agonist 2-MeSADP, and the mutation of the analogous residue Tyr114 (P2Y2R) reduced the potency of
the endogenous agonist UTP. Interestingly both mutations Y114A and Y114F resulted in a complete loss of response
to Ap4A.

The mutants Tyr1363.37 (P2Y1R) and Tyr1183.37 (P2Y2R) had a moderate or low impact on agonist potency. The
impact was higher for the Tyr136 mutant, while Tyr118 had only a low impact on ATP and Ap4A potency but no signif-
icant difference was observed for UTP. Alongside His132 and Thr222 in the human P2Y1R, Tyr136 appears to be
involved in binding of the antagonist 2.03.31

Arg2125.33 and Ser2135.34 are placed in the upper third part of the P2Y1R. The respective positions are swapped
in the P2Y2R: Ser193

5.33 and Arg1945.34. While the mutant R212A showed no effect on agonist potency, complete
loss of activation by Ap4A was observed for the mutant R194A, and decreased Ap4A and UTP potencies were
determined for the R194H mutant. Homology modeling approaches predicted a potential ionic lock between
Arg194 and Glu190 (P2Y2R). Interestingly, the triad of Arg212, Arg285, and Asp289 formed an ionic lock in the
X-ray crystal structure of the human P2Y1R. Based on this observation, the higher impact on P2Y2R agonists was
explained with a possibly modulated flexibility of the ECL2 in the mutants, leading to different effects on adenine
and uracil-based nucleotides. Mutation of Ser193 led to decreased potency of UTP and Ap4A possibly due to the
same mechanism.

Tyr2736.48 (P2Y1R) was postulated to participate in agonist-induced signal transduction, while the mutation Y273A
had no effect on agonist or antagonist binding affinity. The analogous P2Y11R Y261A mutation could not be activated
by agonist anymore, indicating a conserved role for P2Y1R and P2Y11R. Mutations of Phe2526.48 (P2Y6R) showed no sig-
nificant effect on UDP potency, but greatly impaired P2Y6R activation by PGE2-G.

The three basic residues Lys2806.55 (P2Y1R), Arg265
6.55 (P2Y2R), and Arg2686.55 (P2Y11R) were investigated in all

the receptors for their effects on agonist potency. Each mutation resulted in an immense drop in potency for the respec-
tive agonists. In the homology model complex of the human P2Y2R with UTP or Ap4A, ionic interactions between
Arg265 and the phosphate chain were observed. Additional interactions with the nucleotide base are feasible. Mutation
of the rat P2Y2R's Arg264

6.55 to leucine had no effect on agonist potency. Therefore, it is possible, that the environment
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around the arginine in both receptors induces different rotamers resulting in different interaction patterns, or modu-
lates its role in receptor activation.

Asn2836.58 (P2Y1R), Tyr268
6.58 (P2Y2R), and Tyr2626.58 (P2Y6R) are placed close to the predicted orthosteric binding

pocket of the receptors. Asn283 (P2Y1R) was not observed to interact with the agonists 2-MeSADP, 2-MeSATP and
1.08, but with antagonist 2.02. Mutant Y268F (P2Y2R) revealed significant decreases in the potency of the agonists UTP
and Ap4A. Mutation of Tyr262 (P2Y6R) to alanine led to a complete abolishment of response induced by UDP. Thus,
the role of residues in position 6.58 seems to be receptor subtype-specific.

Tyr3067.35 (P2Y1R) is involved in binding of the antagonist 2.02. Tyr2887.35 (P2Y2R) was mutated to alanine and phe-
nylalanine, both leading to severe effects on UTP and Ap4A potencies. However, only weak interactions of Tyr288
(P2Y4R) with UTP were observed in docking studies based on the homology model of the human P2Y2R. A role in ini-
tial ligand recognition and guidance toward the binding pocket were proposed.44

The key role of the highly conserved arginine in TMVII will be discussed in detail in the Section 4. The mutation of
Arg3107.39 (P2Y1R), Arg292

7.39 (P2Y2R), Arg287
7.39 (P2Y6R), or Arg307

7.39 (P2Y11R) in all cases led to a complete loss of
activation by agonists (UTP/Ap4A, UDP, and ATP, respectively). The arginine likely forms an ionic lock with an
aspartic acid residue from the ECL2 in the cases of the P2Y1R (Asp204), P2Y2R (Asp185), and P2Y4R (Asp187), as indi-
cated by homology modeling. No similar interactions have been proposed in previous homology models of the human
P2Y6R and P2Y11R, probably because they were created before the P2Y1R or P2Y12R X-ray crystal structures had been
published. Docking and MD simulations revealed that agonists interact with one or both residues, and eventually break
the ionic lock, while allosteric and orthosteric antagonists seem to stabilize the ionic lock thus preventing agonist-
induced receptor activation.

Ser3147.45 (P2Y1R) and Ser2967.45 (P2Y2R) were mutated revealing their important role in receptor activation. X-ray
crystal structures (P2Y1R)

27 and docking studies on the homology model (P2Y2R)
44 showed no interactions with

ligands. Therefore, it is concluded that these serine residues in TMVII have a role in signal transduction which needs
further research as it cannot be interpreted based on the published data.

Tyr3247.53 (P2Y1R) underwent a molecular switch in MD simulations which resulted in the formation of a continu-
ous water channel inside the receptor. The homologous amino acid residues have not been mutated in the other P2Y1-
like receptor subtypes and therefore discussions are limited to computational results. Among the five subtypes of
P2YRs, tyrosine is not highly conserved, as it is substituted by phenylalanine (Phe301) in the P2Y6R.

To investigate the role of ECL2 in agonist recognition and its effect on agonist potency, its mutations were studied
on several GPCRs, including P2Y1R and P2Y4R.

39,51,63–65 Several attributes of the ECL2 were characterized for several
GPCRs, including subtype-selective recognition and binding of ligands, conversion of antagonist to agonist upon muta-
tion, and different conformational changes during binding of agonists, antagonists, and inverse agonists.66–69 Within
the P2Y1-like receptor family, only a single cysteine is conserved in the ECL2 (see Figure 6). Exchanges of ECL2 and
ECL3 in the human P2Y1R by those of rat P2Y6R led to the acceptance of UDP as an agonist and also had a high impact
on the potency of ADP. Arginine is present in the ECL2 of P2Y1-like receptors and might play a role in the recognition
and binding of agonists.70 The distribution pattern and number of arginine residues is heterogeneous within the P2Y1-
like subclass. Frequently observed residues present in the ECL2 of GPCRs have been reported previously: glutamate res-
idues in ECL2 were found to be responsible for ligand recognition of the human A2AR.

71 It is likely that not a single res-
idue is responsible for the ability to distinguish between agonists, but rather the conformation induced by the
composition of several residues.72 Several residues in the ECL3 of the M3 muscarinic acetylcholine receptor were found
to have functional importance in the stabilization of the active state of the receptor.73 Although computational
approaches have vastly improved in the recent decades, prediction of ECL2 structure remains a difficult task if no
resolved loop structure of any related receptor structure is available.74

TABLE 1 Similarity and identity

(%) of P2Y1-like receptors after multiple

sequence alignment performed by the

integrated web tool of the GPCRdb

P2Y1 P2Y2 P2Y4 P2Y6 P2Y11

P2Y1 28 32 28 25

P2Y2 44 48 31 22

P2Y4 47 61 33 25

P2Y6 41 41 43 19

P2Y11 42 35 38 30

Note: Similarities are shown on the lower left side of the table (entries in italics), and identities on the upper-
right side (entries in bold).
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The comparison of the sequences of the ECL2 within the P2Y1-like receptors reveals high similarity between P2Y1,
P2Y2, P2Y4, and P2Y6, and in particular high similarity between P2Y1 and P2Y6 on the one hand, and P2Y2 and P2Y4R
on the other hand (see Table 2). The low similarity and identity of P2Y11R's ECL2 compared to those of the other recep-
tor subtypes can be explained by its extended size; while the ECL2 of P2Y1R consists of 24 residues and the ECL2 of
P2Y2R, P2Y4R, and P2Y6R consist of 23 residues, the ECL2 of P2Y11R is extended to 34 residues. A very different tertiary
structure of the P2Y11R ECL2 as compared to that of the other subtypes can be expected. Additionally, no aspartic acid
which might contribute to the receptor activation mechanism is present in a key position within the ECL2 of the
P2Y11R. The P2Y1,2,4,6 subtypes possess a characteristic aspartic acid two positions apart from a highly conserved cyste-
ine. The analogous residue is changed to glycine in the P2Y11R. The aspartic acid of the ECL2 is expected to form an
ionic lock with arginine in TMVII, as observed by MD simulation utilizing the X-ray crystal structure of human
P2Y1R.

75 Agonists used to break the ionic lock, resulting in drifting apart of the involved aspartic acid and arginine,
while two antagonists that interact with different binding sites stabilized the ionic lock and prevented receptor activa-
tion. Homology models of P2Y2R and P2Y4R and docking studies of agonists and antagonists revealed interactions with
those conserved aspartic acid and arginine residues, indicating a similar mode of activation and inhibition for the three
receptor subtypes P2Y1, P2Y2, and P2Y4. No homology model of human P2Y6R has been published to this date to con-
firm these relatively new findings. Even though one aspartic acid is present in the P2Y11R's ECL2 (Asp196), its position
close to TMV indicates a different mode of activation.

2.7 | Extracellular loop 2

A role for the ECL2 has been described in agonist and antagonist recognition for the human P2Y1R and P2Y4R.
32,39,51

While the highly conserved disulfide bridge among the P2Y1-like receptors between ECL2 and TMIII was proven to be
essential for agonist-induced receptor activation, mutants of other residues within the ECL2 had a negative impact on
agonist potencies. Obviously, an acidic residue (e.g., aspartic acid) in ECL2 which is participating in receptor activation,
confirmed by mutagenesis data and MD simulations (see below), plays a key role in ECL2 for proper receptor
activation.

3 | X-RAY CRYSTAL STRUCTURES

GPCRs are transmembrane proteins which undergo spontaneous conformational changes between active and inactive
states. The structural flexibility, the scarcity of hydrophilic regions necessary for crystallization, and poor solubility out-
side the cell membrane impede all stages of obtaining diffraction-quality protein crystals including protein expression,
purification, and crystallization. Recent progress in the field of protein engineering and technology contributed to an
increased number of structure determinations of human GPCRs in the past decades. The methods include the introduc-
tion of thermostabilized fusion proteins, lipidic cubic phase crystallization, point mutations for protein stabilization,
and truncations of the flexible N- and C-termini.76,77 Finally, structure determination of GPCRs has greatly benefitted
from technological advances of 3D cryo-electron microscopy (cryo-EM).78 Cryo-EM provides detailed insights to fully
functional macromolecular complexes in different functional states without the necessity of crystallization which has
led to the structure determination of several GPCRs often in complex with G proteins with reasonable resolutions.79,80

3.1 | X-ray crystal structure of the human P2Y1R

Zhang et al. recently published the X-ray crystal structure of the human P2Y1R in complex with the antagonists
MRS2500 (2.02; PBD-ID: 4XNW, resolution: 2.7 Å) and BPTU (2.05; PDB-ID: 4XNV, resolution: 2.2 Å), making the
P2Y1R the first of the P2Y1-like receptors whose crystal structure was solved.

27 Two disulfide bridges are observed, con-
necting the N-terminus to TM VII (Cys42 to Cys296) and TMIII to ECL2 (Cys124 to Cys202), and both had been proven
to be essential for agonist-induced receptor activation. ECL2 reveals a hairpin structure, containing two β-sheet regions.

The GPCR D[E]RY motif of TMIII typical for class A GPCRs is replaced by an HRY motif in the P2Y1R. This differ-
ence to other class A GPCRs results in a missing salt bridge between D[E]3.49 and R3.50. In contrast, H1483.49 repels
R1493.50, resulting in a different conformation of the C-terminus compared to other class A GPCR structures. An ionic
lock is present in both X-ray crystal structures between Asp204ECL2 and Arg310TMVII, indicating that in the inactive
state of the receptor an ionic lock between both residues is present. In addition, another salt bridge between TMV
(Arg214) and TMVI (Arg285 and Asp289) can be observed in both X-ray crystal structures.
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The X-ray crystal structures were obtained from engineered constructs of the human P2Y1R. Construct 1 in complex
with 2.02 was crystallized with an inserted sequence Met1-Glu54 of rubredoxin as a fusion partner between Lys247 and
Pro253 within the ICL3.76 Construct 2 in complex with 2.02. included the sequence Ala23-Leu128 of the
thermostabilized apocytochrome b(562)RIL (BRIL) prior to amino acid residue Ala8 of the P2Y1R sequence.81 For fur-
ther improved protein yield and stability, an additional mutation D3207.49N was introduced to the P2Y1R.

Overall, both resolved P2Y1R X-ray crystal structures are similar, with a Cα RMSD between both of 0.9 Å with
minor differences between TMI and II. Antagonist 2.02 occupies a binding pocket in the upper third part of the recep-
tor consisting of residues of the N-terminus, ECL2 and TMVI and VII. This nucleotide antagonist was reported to be
P2Y1R-selective, interacting with amino acids that differ from those interacting with agonists as shown by mutagene-
sis studies.82,83 The adenine ring of 2.02 binds between Arg287 and Leu44. The N6-hydrogen atom and N7 of adenine
form hydrogen bonds with Asn283. The 2-iodo group binds in a subpocket formed by the N-terminus and interacts
with the backbone of Cys42 through hydrophobic interactions. The N6-methyl group occupies another subpocket con-
sisting of residues of TMVI and VII, where it is stabilized through hydrophobic interactions with Ala286 and Asn299.
Tyr203 interacts with the (N)-methanocarba ribose ring through hydrophobic interactions. The 30-phosphate forms
hydrogen bonds with Tyr110 and Tyr303 and shows additional ionic interactions with Lys34 and Arg195. The 50-
phosphate forms hydrogen bonds with Thr205 and Tyr306 and additional ionic interactions with Arg310. The binding
mode was confirmed by mutagenesis studies and supported by SAR studies of analogs. The observations from muta-
genesis studies and the X-ray crystal structure indicate that the antagonist BPTU does not interact with the same resi-
dues as the antagonist 2.02. The nucleotide analog binds close to the orthosteric binding site, which is observed in the
agonist-bound X-ray crystal structure of the P2Y12R. It appears likely that a second, partly overlapping, nucleotide
binding site exists in the P2Y1R, consisting of residues from the N-terminus, ECL2, and TMVI and VII. The binding
cavity for nucleotide agonists is blocked in the P2Y1R X-ray crystal structure in complex with the nucleotide antago-
nist 2.02 due to the extension of ECL2 into the orthosteric binding site upon binding of the antagonist 2.02. Thus, the
antagonist 2.02 may be characterized as an allosteric antagonist that binds above the presumed orthosteric site occu-
pied by nucleotide agonists (see below).

The urea derivative BPTU was identified as a noncompetitive P2Y1R-selective antagonist, which binds in the trans-
membrane interface of TMI, II and III, where it exhibits aromatic and hydrophobic interactions.84 Interestingly previ-
ous studies had predicted a competitive binding mechanism for BPTU and its derivatives.85 The only hydrophilic
interactions can be observed between the nitrogen atoms of the urea group and Leu102. For the pyridyl ring, hydropho-
bic interactions can be observed with Ala106 and Phe119. A hydrophobic binding pocket formed by Thr103, Met123,
Leu126, and Trp127 accommodates the benzene ring of the phenoxy group. The tert-butyl moiety forms hydrophobic
interactions with Leu102. For the ureidophenyl ring, π-π interactions with Phe62 and Phe66 can be observed. Again,
these observations are consistent with mutagenesis data and SARs of derivatives and analogs of antagonist BPTU.

3.2 | X-ray structure of the human P2Y12R

The intracellular C-terminal region of the P2Y1R misses helix VIII which is observed in the human P2Y12R X-ray crystal
structure. The Cα RMSD between the P2Y1R X-ray crystal structure and both, the agonist-bound and the antagonist-
bound P2Y12R X-ray crystal structures within the helical bundle is 2.2 and 2.6 Å, respectively.28,29 The main differences
between the TM regions of the P2Y1R and the P2Y12R can be observed for TMIII, V, VI. The extracellular region of

TABLE 2 Similarity and identity (%) of the ECL2 after multiple sequence alignment of P2Y1-like receptors performed by the integrated

web tool of GPCRdb

P2Y1 (24 AAS) P2Y2 (23 AAS) P2Y4 (23 AAS) P2Y6 (23 AAS) P2Y11 (34 AAS)

P2Y1 30 30 35 10

P2Y2 50 58 37 6

P2Y4 45 68 21 6

P2Y6 65 47 42 3

P2Y11 16 10 6 10

Note: The number of amino acid residues in the ECL2 is presented in brackets below the receptor designation. Similarities are on the lower-left side of the table
(entries in italics), and identities on the upper-right (entries in bold).
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TMIII is shifted by over 5 Å toward the TMVII in the P2Y1R compared to the P2Y12R. This shift is likely induced by dif-
ferent conformations of ECL2. The TMV region of the P2Y1R is displaced by over 4 Å compared to the P2Y12R, probably
due to a highly conserved proline (Pro2295.50) in TMV, which is replaced by asparagine in the antagonist-bound P2Y12R
(Asn2015.50). The tip of TMVI in the P2Y1R lies in a position intermediate between the agonist- and antagonist-bound
P2Y12R X-ray crystal structures.

Similar to the P2Y1R, the P2Y12R X-ray crystal structures were obtained from engineered proteins. Both agonist-
bound and the antagonist-bound X-ray diffraction data, were collected from a P2Y12R-BRIL construct, in which the
thermostabilized BRIL was inserted into the ICL3 between the residues Thr223 and Arg224, with an additional
D2947.49N mutation for increased expression and protein stability.

4 | MOLECULAR MECHANISM OF P2Y1R ACTIVATION

With the publication of two different antagonist-bound structures of the human P2Y1R, and two agonist-bound and
one antagonist-bound P2Y12R X-ray crystal structures, structural information on two diverse P2Y receptor subtypes
have become available (PDB-ID: 4XNW, 4XNV, 4NTJ, 4PXZ, 4PY0) (see Figure 11).27–29 Even with a set of different X-
ray crystal structures, which actually only represent a snapshot of a receptor's state induced by external forces, and the
previously published mutagenesis data, the mechanism of receptor activation is still incompletely understood.

In a recently published study by Yuan et al. MD simulation of the human P2Y1R was performed to investigate
the mode of agonist-induced P2Y1R activation and antagonist-induced inhibition.75 In the process, ADP was placed
extracellularly in the proximity of the P2Y1R. After 6 × 2 μs all-atom long-timescale MD simulations of the system,
the putative binding mode of the endogenous agonist was determined in the upper third part of the receptor,
interacting with Tyr303 (π-π-interactions with the purine moiety and H-bond network interactions of the ribose
through bulk water molecules) and forming several strong interactions via the phosphate chain with various nega-
tively charged residues (Lys41, Lys46, Arg195, and Arg287), which was consistent with previously published
mutagenesis data.

Additionally, 2 μs MD simulations for each antagonist, 2.02 and BPTU, with the P2Y1R complex were performed.
Antagonist 2.02 interacted with Tyr303 through hydrogen-π-interactions. The 30-phosphate formed an ionic lock with
Lys46 and Arg195, and the 50-phosphate formed an ionic lock with Arg287 and Arg310. K46A, R195A, and Y303F were
confirmed as interaction partners by mutagenesis, since mutation had a negative impact on the potency of nucleotide
antagonist 2.02.50 The urea derivative antagonist BPTU bound distantly from the putative agonist (ADP) binding site,
forming hydrophobic interactions with Phe62, Phe66, Leu102, Pro105, Phe119, Met123, and Leu126. The binding site of
the antagonist was consistent with the X-ray crystal structure.

An ionic lock between Asp204ECL2 and Arg310TMVII was confirmed to play an essential role in receptor
activation.30–32,34 ADP broke the ionic lock, while both antagonists 2.02 and BPTU used in MD simulations stabilized
the ionic lock. D204A/N/E mutants led to a complete loss of agonist-induced receptor activation.32 The role of Arg310
in receptor activation had been previously investigated: R310A and the double mutant R310S_S314R resulted in com-
plete abolishment of receptor activation, whereupon the R310K mutant resulted in 10- to 100-fold decrease in
potency.30,34 The analysis revealed an increase in the solvent accessible surface area (SASA) between both of the antag-
onist states (3,300–3,500 Å2) as compared to the agonist-bound states (3,800 and 4,050 Å2). Therefore, breaking of the
ionic lock was postulated to lead to a water influx and thus to a rotamer shift of Tyr324TMVII forming a continuous
water channel inside the receptor which leads to receptor activation. A significant movement of TMIII, V, VI, and VII
(~2, 4, 7, and 5 Å, respectively) was observed during ADP-induced receptor activation compared to the antagonist-
bound inactive states. The distances between the TM helices III, VI, and VII were particularly increased, from 5 to 12 Å
in the inactive state to 14–16 Å in the active state. TMIII, VI, and VII were reported to play an essential role in GPCR
activation through direct contact with the Gα subunit.

86,87

While Arg310 is highly conserved within the P2Y1-like receptor subclass, Asp204 is exchanged for glycine in the
human P2Y11R and Tyr324 for phenylalanine in the human P2Y6R. The P2Y1, P2Y2, and P2Y4 receptors share the same
analogous residues that form the ionic lock, and the rotamer shifting of Tyr324, indicating a similar mode of activation
(see Figure 12). While P2Y1, P2Y2, P2Y4, and P2Y6 possess extracellular loops of almost the same length, the ECL2 of
P2Y11 contains 10 additional residues. A similar mode of activation of the P2Y11R cannot be dismissed, since other resi-
dues possibly eligible for the formation of an ionic lock with Arg310 are present in the ECL2 (e.g., Glu186, Asp196), but
other forms of ionic locks are also feasible.
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Homology models of P2Y2R and P2Y4R exhibited an analogous ionic lock composition of arginine and aspartic acid
between ECL2 and TMVII, possibly allowing a similar mode of receptor activation after agonist binding. Agonists as
well as antagonists were docked into the models and interacted with one or both residues.88 Mutation of Arg292 in the
human P2Y2R led to a complete loss of activation by the agonists UTP and Ap4A.

44

An updated homology model of the human P2Y6R is available, but no interactions similar to the ionic lock have
been described.55 Since both key residues are present within its sequence, it is likely that the P2Y6R is activated simi-
larly to the P2Y1R, P2Y2R, and P2Y4R.

5 | MOLECULAR MODELING OF P2Y1-LIKE RECEPTORS

5.1 | Assessment of homology models

The possibilities and reliability of computer-aided receptor modeling have enormously grown over the past decade.
While the tools and algorithms have improved significantly, the combination with high-resolution crystal structures of
various receptors have made molecular modeling a versatile tool for studies on receptors and rational design of novel
tool compounds and drugs. Prior to the publication of the first P2YR X-ray crystal structure, several homology modeling
attempts based on structures of distantly related receptors (e.g., bovine rhodopsin, CXCR4) were published and evalu-
ated, supported by mutagenesis data.33,43,56,89–92 Mutagenesis and computational chemistry contributed to the develop-
ment of several potent P2Y1R and P2Y12R agonists and antagonist.92

With the publication of the crystal structures of the human P2Y12R in 2014 and of the human P2Y1R in 2015, struc-
tures of the P2YR family have become available as a more reliable basis for homology modeling. Together with a wide
range of synthesized compounds, mutagenesis data and MD simulations, more well-grounded and improved homology
modeling have become feasible.

FIGURE 11 Cartoon-style presentation of published X-ray crystal structures of P2YRs and their respective PDB-ID. On the left side,

both of the antagonist-bound structures of the human P2Y1R are shown in complex with 2.02 (MRS2500, PDB-ID.: 4XNW) in light blue, and

with 2.05 (BPTU, PDB-ID: 4XNV) in violet blue. On the right side, the three available structures of the P2Y12R are shown: in red the

complex with the agonist 2-MeSADP (2-MeSADP, PDB-ID: 4PXZ), in yellow the complex with the agonist 2-MeSATP (1.07, PDB-ID: 4PY0),
and in orange the complex with a competitive antagonist 3.05 (AZD1283, PDB-ID: 4NTJ). The receptors are presented as cartoon models, the

co-crystallized atoms of the ligands are presented as spheres: carbon atoms are colored in white, nitrogen atoms in blue, oxygen atoms in

red, phosphorus atoms in orange, sulfur atoms in yellow, iodine atoms in purple
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5.1.1 | P2Y1R

Prior to the published X-ray crystal structure of human P2Y1R, approaches in homology modeling of the receptor had been
pursued. A bovine rhodopsin-based model of the human P2Y1R was evaluated together with mutagenesis data and docking
studies.33 Docking of agonists and antagonists revealed interactions with positively charged residues Arg128, Lys280, and
Arg310 possibly through salt bridges between ligands and receptor. Tyr273 was proposed to transmit a rotation—induced
upon binding of the agonist—to the lower part of the helix. Mutagenesis data and calculations suggested a similar binding
mode of agonist ADP and nucleotide antagonist 2.01. Now we know that of the agonist 2-MeSADP binds in a lipophilic
binding pocket formed by TMIII, IV and V in the human P2Y12R X-ray crystal structure, the docking studies into the
homology model of human P2Y1R proposed a binding site between TMI, II and VII, resulting in a “turned” orientation.
Although no related structures as templates for homology modeling were determined, Constanzi et al. identified several
charged residues interacting with the phosphate groups. This example shows that homology models approach without
related structures can be useful to elucidate bindings modes and interactions. With ongoing structure determinations of
more closely related structures, those models can be improved for additional binding mode predictions.

An optimized model was later used for docking-based QSAR analysis of 45 published P2Y1R antagonists.89 The
QSAR studies yielded reasonable correlation coefficients and good internal predictivities, which were higher than those
obtained on the basis of docking scores and free binding energy predictions. The nucleotide base was oriented toward
the orthosteric binding pocket of TMIII, IV, and V with the phosphate side chain reaching toward several positively
charged residues. In contrast to the later published P2Y1R X-ray crystal structure, the nucleobase of antagonist 2.2 was
accommodated in a hydrophobic binding pocket consisting of residues of TMVI and VII, and did not bind in the puta-
tive orthosteric binding site.

5.1.2 | P2Y2R

The combinatorial assessment of the human P2Y2R allowed studies on the binding mode of agonists and antagonists
within the P2Y1-like receptors. The first combinational analysis of mutagenesis-guided homology modeling was per-
formed using the X-ray crystal structure of bovine rhodopsin.43 A binding pocket was identified in the upper third part
of the receptor using docking and MD simulations. The MD simulations observed gliding of the agonists toward their
binding site consisting of high number of serine and threonine amino acids, as well as three positively charged residues

FIGURE 12 Comparison of residues between ECL2 and TMVII which might play a role in receptor activation. P2Y1R data was taken

from the X-ray crystal structure (PDB-ID: 4XNW), P2Y2R and P2Y4R data from published homology models based on the P2Y1R

structure.44,88 The ionic lock could be induced by rotamer library selection. Ionic contact is presented by dashed lines
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(His262, Arg265, and Arg292.). Additionally, two anthraquinone derivatives RB-2 and PSB-0725 (2.10) were docked for
the first time and bound in the same binding site as the agonists, but interacted with different residues. A gatekeeper
role of Arg272 in the extended binding pocket for ligands was postulated, where it was proposed to initially interacts
with negatively charged ligands (e.g., phosphate groups of nucleotides).

Rafehi et al. mutated residues are most likely to be involved in agonist and antagonist recognition and performed
docking studies on the P2Y1R-based homology model.44 After the publication of the binding mode of 2-MeSADP in
complex with the X-ray crystal structure of the human P2Y12R, UTP and Ap4A were docked to an improved homology
model of the human P2Y2R, resulting in binding poses which were consistent with mutagenesis data of previous and
recent studies. This study presented the first approach of predicting the agonist binding mode in the improved homol-
ogy model based on the antagonist-bound X-ray crystal structure of human P2Y1R. The nucleobase of UTP and one of
Ap4A were postulated to bind inside the TM regions in an aromatic binding pocket, where π-π interactions with Tyr114
and Phe261 could be observed. The 30-hydroxyl group of the ribose moiety of UTP was observed to form hydrogen
bonding interactions with Arg110 and possibly with Asp185 of the ECL2. Several charged residues were observed to
form salt bridges with the phosphate groups of UTP and Ap4A: the α-phosphate group may interact with Arg265 and
Lys289, a β-phosphate group with Tyr268, Tyr269, Arg272, Lys289, and the γ-phosphate group was predicted to interact
with Arg177, Asp185, Arg272, Lys289, and Arg292. The δ-phosphate group of Ap4A was predicted to form additional
ionic interactions with Arg26, Arg177, and Lys289. It was shown that the transfer of the agonist binding mode of the
human P2Y12R can lead to mutagenesis-confirmed orthosteric ligand binding site predictions for more distantly related
receptor subtypes.

The docking of the selective P2Y2R antagonist AR-C118925 (2.16) revealed a hydrophobic binding pocket in the
orthosteric binding site beneath ECL2, which is thought to be occupied by its tricyclic dibenzocycloheptenyl moiety.
QSAR studies performed on precursors of 2.16 revealed several interactions which might contribute to the high selectiv-
ity of 2.16 for the P2Y2R.

45,47 The thiouracil moiety was accommodated between Arg265 and Arg292, where cation-
π-interactions may stabilize the substituted uracil base in the binding pocket. Tyr114, Phe261, and Tyr288 likely allowed
further interactions with the thio group. A subpocket consisting of Asp185, Thr186, and Tyr268 hosted the furan moi-
ety. The amide linker may interact with Tyr268 and Asn285. The tetrazolate group, which is a carboxylate and phos-
phate bioisostere, most likely forms ionic salt bridges with the residues Arg24, His184, and/or Arg272. Based on
mutagenesis data and the observation of a highly lipophilic binding pocket representing the orthosteric site, an
orthosteric binding mode for anthraquinone derivatives was proposed, although no docking was shown.

5.1.3 | P2Y4R

Docking studies were performed on the P2Y1R-based homology model of the human P2Y4R.
88 A synthesized library of

anthraquinone derivatives and RB-2 were docked into the model of the P2Y4R and found to be interacting with several
residues of ECL2 and TMV and VI. The antagonists bound above the expected orthosteric agonist binding site. The sulfo-
nate group interacted with Lys34, Lys289, Arg292, and possibly with Asp187. The interaction with Asp187 and Arg292 of
the P2Y4-analogous ionic lock may play an especially key role in receptor activation leading to receptor inactivity of the
antagonist-bound complex. RB-2 was accommodated in the same binding cavity, but its anthraquinone moiety was found
to be exposed to the extracellular lumen due to its large size compared to the other studied smaller anthraquinone deriva-
tives (see Figure 13). The high potency and selectivity of the best compounds described in that study were explained by
hydrophobic and aromatic interactions of the terminally substituted phenyl ring and the thio-linker connecting the termi-
nal phenyl rings, as well as due to potential interactions of the terminal sulfonate of ring F with Arg265.

5.1.4 | P2Y6R

A rhodopsin-based homology model of the P2Y6R was studied by MD simulations with a selection of several ligands.93

A 10 ns MD simulation in a fully hydrated phospholipid (dioleoylphosphatidylcholine, DOPC) bilayer was used to
refine the model. A β-hairpin structure similar to that observed in the P2Y1R X-ray crystal structure was found after
MD simulations. The phosphate moiety of UDP bound to a positively charged sub-pocket formed by three cationic resi-
dues Arg103, Lys259, and Arg287. Ser291 was involved in the coordination of O2 of the uridine moiety of UDP. Analo-
gous residues (Ser314 (P2Y1R), Ser296 (P2Y2R)) were confirmed by mutagenesis to be essential for receptor activation
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in their respective receptors. An ionic lock was found between Arg103 (TMIII) and Asp179 (ECL2), which was stable
for 10 ns MD simulations but was broken in MD simulations of the P2Y6R-UDP complex.

An updated P2Y6R model based on the X-ray crystal structure of P2Y1R and P2Y12R, as well as several supple-
mentary templates, was recently used to predict the binding sites of UDP and prostaglandin E2 glyceryl ester
(PGE2-G, 1.13).

55 The docking studies suggested a binding pocket for UDP between TMIII, VI and VII, similar to
those predicted for the P2Y1R and P2Y2R. The uridine moiety was oriented toward TMIII. The ribose moiety inter-
acted with Arg287. The diphosphate group pointed toward TM VI. PGE2-G was predicted to bind close to TMII
and to interact with the Tyr75, Phe252 and Arg287. The glycerol moiety of PGE2-G extended toward TMV and
VI. The docking studies suggested a shared, overlapping orthosteric binding pocket for UDP and PGE2-G. Since
the prostaglandin derivative as well as the P2YRs are involved in inflammatory processes, the proinflammatory
effect of the prostaglandins might be partially mediated by P2YRs.94 However, the correlation between
proinflammatory effects of prostaglandins and P2YR activation is rather complex, as prostaglandin E2 itself impairs
P2YR signaling.95,96 Moreover, the finding that PGE2-G can act as a cognate P2Y6R agonist still awaits indepen-
dent confirmation.

5.1.5 | P2Y11R

Based on the bovine rhodopsin X-ray crystal structure and a previously predicted model of the human P2Y1R complex
with ATP, a model of the human P2Y11R was constructed.56 Loop modeling with constraints forming an ionic lock
between Asp196 and Arg275 was performed to generate the missing loops. Ligand-residue interactions were postulated
for Arg106, Phe109, Ser206, Arg268, Arg307, and Met310. Arg106, Tyr261, Arg268, Arg307, and Ala313 were confirmed
to participate in ligand recognition by mutagenesis studies. Glu186 in the ECL2 (analogous to the key residue Asp204
in P2Y1R) proved to be significant for ligand recognition. A lipophilic binding pocket analogous to the nucleobase

FIGURE 13 Overlay of RB-2 (2.9) and the smaller anthraquinone derivative PSB-16133 (2.14) in complex with the homology model of

the human P2Y4R. The receptor is presented in cartoon style. The helices are colored in red, the extracellular loops in green, and the β-sheet
of ECL2 in yellow. The antagonists are presented as stick models. RB-2 is colored in blue, the smaller, most potent anthraquinone derivative

PSB-16133 is colored in orange
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binding pocket recognized in the P2Y2R (see above) was confirmed between TMII, III and VII consisting of Leu82,
Phe109, Leu133, Pro311, and Ala313. Compared to the P2Y1R-based homology model of the P2Y2R, the nucleobase of
ATP bound in the proximity of the predicted hydrophobic binding pocket.

5.2 | Binding mode of nucleotides

The docking studies, MD simulations and the mutagenesis data suggested that the 50-phosphate group of the antagonist
MRS2500 (2.02) shares a binding pocket with the β- and γ-phosphate groups of the agonistic nucleotides, while the
nucleoside residues are suggested to bind to very different regions (see Figure 14). The agonists seem to bind in a
“deeper” binding pocket compared to 2.02, similar to the binding mode of the agonists 2-MeSADP and 2-MeSATP in
the P2Y12R X-ray crystal structure. Whereas the nucleotide analog 2.02, which is a P2Y1R antagonist binds on top of
ECL2 and stabilizes the ionic lock, agonists can enter the receptor, and their nucleobase binds in a lipophilic cavity
formed by several aromatic and lipophilic residues. The phosphate groups project toward the extracellular lumen and
form hydrophilic interactions and salt bridges with charged residues. These findings could explain the increase in
potency of agonists upon introducing lipophilic groups (e.g., 2-thiomethyl moiety into ADP or ATP) in the case of the
P2YR subtypes accepting adenine nucleotides.

FIGURE 14 Overlay of the agonist-bound X-ray crystal structures of the human P2Y12R, the nucleotide antagonist-bound X-ray crystal

structure of human P2Y1R, as well as the proposed binding mode of UTP in complex with the homology model of human P2Y2R. The

P2Y12R complex with the agonist 2-MeSADP is colored in yellow, the P2Y12R complex with agonist 2-MeSATP is colored in red, the P2Y1R

complex with antagonist MRS2500 (2.2) is colored in blue, the homology model P2Y2R complex with agonist UTP is colored in green. The

ligands are shown as stick models and the carbon atoms are colored respective to their receptor. Nitrogen atoms are colored in blue, oxygen

in red, phosphorus in orange, sulfur in yellow. The β- and γ-phosphate groups of the UTP bind close to a region occupied by the 50-
phosphate group of the P2Y1 antagonist MRS2500 (2.2)
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6 | OLIGOMERIZATION OF P2YRs

Oligomerization of GPCRs forming heteromeric or homomeric structures is based on protein–protein interaction. This
has been observed for different GPCR families and it can lead to altered binding and functional properties.97–99 Thus,
an oligomeric complex involving P2YRs may display properties differing from those of its single receptor form, for
example, showing increased or decreased potencies of agonists or antagonists, functionality gains or losses, and even
altered G protein-coupling (see Figure 15). Heteromers consist of different GPCRs interacting with each other in close
proximity leading to reciprocal allosteric modulation. The mechanism of heteromerization between two membrane pro-
teins can involve the interaction of intracellular domains, the interaction between transmembrane domains or a combi-
nation of both.100,101 In the past decades, protein–protein complexes have become of interest as drug targets.102–105 The
progress in computational medicinal chemistry has provided new possibilities in predicting the 3D-structures of pro-
teins and has allowed MD simulations predicting protein–protein interactions. The resulting dimers or oligomers can
further be used for the design of selective allosteric modulators of the macromolecular complexes or as a basis for vir-
tual screening approaches (see Box 2).106,107

Several oligomers of P2YRs have been reported (see Figure 15). The P2Y1R was found to form heteromers when
coexpressed in HEK293 cells together with the P2Y11R.

58 This interaction promoted agonist-induced internalization of
the P2Y11R which does not undergo endocytosis by itself. The study suggested that the P2Y11-selective agonist Bz-ATP
(1.12) and the P2Y1-selective antagonist MRS2179 (2.03) bind to their respective receptor, and the selectivity of both
receptors is modulated by heteromerization. In the presence of the P2Y1R, the P2Y11R was no longer inhibited by the
selective P2Y11R antagonist NF157 (2.07), a derivative of the unselective P2Y receptor antagonist suramin (2.08). More-
over, antagonist MRS2179 (2.03) inhibited the activation of the P2Y11R induced by Bz-ATP. The authors concluded that
Bz-ATP induces a specific receptor conformation which has modulatory effects by its interaction with the P2Y1.

P2Y1R and P2Y12R modulate the activity of neurons via the two-pore potassium K2P (two-pore domain potassium)
channels as observed in tsA201 cells transfected with the P2Y1R, the P2Y12R, or both, and with or without the K2P

channel.115 ADP inhibited evoked currents of the K2P channels possibly through binding to the P2Y12R. The P2Y12R
antagonist cangrelor (3.02) had no significant effect on ion channel activity. ATP, which is an agonist of the P2Y1R but
not of the P2Y12R subtype, had no effect on cells expressing only the K2P ion channels but showed inhibitory effects
when P2Y1R and P2Y12R were coexpressed, with a similar time-course as ADP. These results suggest that the P2Y12R
inhibits K2P currents through co-activation of P2Y1Rs. The P2Y1R inhibited K2P ion channel activity after activation by
ADP. The inhibition was reversed after treatment with the P2Y1R-selective antagonist 2.3. K2P ion channel currents
were supressed by both Gq/11- and Gi-coupled receptors. In summary, when P2Y1R and P2Y12R were coexpressed, the
pharmacological profile could be compared to that of the P2Y12R, while G protein-coupling was comparable to cells
expressing only P2Y1R, indicating hetero-oligomerization of P2Y1R and P2Y12R.

Agonist-induced hetero-oligomerization of the P2Y1R and the adenosine A1 receptor (A1AR) was confirmed by bio-
luminescence resonance energy transfer (BRET) technology when coexpressed in HEK293T cells.116,117 The P2Y1R ago-
nist ADPβS revealed a 400-fold increase in potency toward the A1AR when tested on cells expressing both receptors,
while binding of the AR agonist NECA (4.01) and the A1AR-selective antagonist DPCPX (4.03) was reduced. These

BOX 2 VIRTUAL SCREENING

The introduction of virtual screening marked a paradigm shift in drug discovery. The increasing number of
published X-ray crystal structures and improvement in computer-aided homology modeling has allowed ratio-
nal approaches based on ligand docking. Virtual screening attempts prior as well as post to the publication of
the X-ray crystal structure of the human P2Y1R led to the discovery of new orthosteric and allosteric antago-
nists for the P2Y1R.

108–111 To this date, only pharmacophore model-based virtual screening studies have been
published for P2Y receptors. No virtual receptor structure-based screening attempts on human P2Y1-like recep-
tors have been reported in the literature. Virtual high throughput screening (vHTS) is a structure-based
approach for the discovery of new scaffolds for drug design.112 Combination of the recently published X-ray
crystal structures and updated homology model with vHTS could be of great interest for future drug
development.113,114
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FIGURE 15 Legend on next page.
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results indicated that ADPβS bound to the heteromer, altering its pharmacology toward that of the P2Y1R, and
inhibited the activity of adenylate cyclase via the Gi/o protein pathway.

Suzuki et al. investigated the heteromerization of A1AR and P2Y2R and its pharmacological effects when
coexpressed in HEK293T cells.118 P2Y2R agonists UTP and ATP reduced the binding of the AR agonist NECA (4.01) to
A1AR, indicating a direct association of both receptors, as cells expressing only A1AR showed no significant changes in
NECA potency in the presence of P2Y2R agonists. Hence the heterooligomers possessed different pharmacological prop-
erties than the homomeric receptors. ADPβS, a nucleotide that does not bind to the P2Y2R, had no effect on the binding
of NECA. UTP showed inhibitory effects on the activation of cells transfected with both receptors by the selective A1AR
agonist CCPA (4.2). These results suggested that UTP interferes with G protein-coupling of the A1AR in cells
coexpressing A1AR and P2Y2R. The Gq/11-protein-coupled pathway was enhanced by the simultaneous addition of
ADPβS and UTP and interfered with signaling via Gi/o.

The P2Y4R was found to form homodimers, and the P2Y6R homomers as well as monomers.119 Hetero-oligomers of
the P2Y4R were formed only with the P2Y6R, although P2Y4R and P2Y6R possess domains that might enable them to
interact with all P2Y1-like receptors subtypes.

So far, the oligomerization of GPCRs and in particular P2Y receptors still incompletely understood and requires
extensive research efforts. It adds another level of complexity to GPCR pharmacology and offers possibilities for selec-
tive pharmacological intervention.

7 | CONCLUSION

Mutagenesis and computational chemistry provide a favorable combination to predict binding sites for GPCRs lacking
a X-ray crystal structure. However, a X-ray crystal structure of a related receptor should be available to obtain reliable
results. So far, 38 mutants with 52 annotations have been created for the human P2Y1R, 22 mutants with 25 annotations
for the human P2Y2R, and 8 mutants with 11 annotations for the P2Y11R; each was tested for its effects on the potency
of agonists and/or antagonists. While an acceptable amount of data on the human P2Y1R and P2Y2R is available, only
scarce mutagenesis studies have been published for the other three P2Y1-like receptor subtypes, P2Y4, P2Y6 and P2Y11.
Homology modeling has been successful in pinpointing key interactions for the P2Y2,4,6,11R subtypes, specifically in
combination with the recently published X-ray crystal structures of human P2Y1R and P2Y12R. The molecular mode of
receptor activation postulated on the basis of long-term MD simulations involves the disruption of an ionic lock
between an aspartic acid residue of ECL2 and an arginine from TMVII for the P2Y1R, P2Y2R, and P2Y4R, while a simi-
lar mode of activation is feasible for P2Y6R and P2Y11R, but additional data and updated receptor models are required
to confirm this assumption. Docking of agonists and antagonists confirmed interactions with the proposed key residues;
agonists appear to weaken the salt bridge between both residues thereby breaking the ionic lock, while antagonists sta-
bilize the ionic lock and thus prevent receptor activation. It appears that the ECL2 has a major role in ligand recogni-
tion and binding.

Pharmacophore-based virtual screening led to the discovery of N,N0-bis-arylurea derivatives as P2Y1R antagonists.
With progressing research on protein–protein interactions, oligomerization of GPCRs, and the consequences of associa-
tion of homo- or hetero-oligomers for the pharmacological properties of the receptors, receptor complexes will likely
become interesting targets for research and the development of new classes of molecules which alter oligomer forma-
tion and allosterically modulate receptor function. The P2Y1-like receptors represent promising targets for the treat-
ment of a number of common diseases, including inflammation and neurodegeneration. The synergistic combination
of mutagenesis and computational chemistry will be useful for systematic search and rational design of future drugs act-
ing at these receptors.

FIGURE 15 Oligomerization of P2Y receptors. (a) Oligomerization of P2Y1R with P2Y11R and the resulting impact on the

pharmacological profile of the P2Y11R. (b) Dimerization of P2Y1R and P2Y12R modulates the responses of the receptors toward K2P ion

channels when coexpressed in the same cell line. The profile of the dimers is similar to the pharmacological profile of the P2Y12R, while the

G protein-coupling seems to be comparable to that of the P2Y1R. Oligomerization of the adenosine A1 receptor with the P2Y1R (c) and the

P2Y2R (d). The oligomeric A1AR/P2YR exhibits a preference for the corresponding P2YR agonists, whereas the potency of A1AR agonist and

agonists is reduced

NEUMANN ET AL. 27 of 32

46



ACKNOWLEDGMENTS
A.N. and C.E.M. were supported by the German Research Foundation (DFG, Research Training group GRK 1873).

CONFLICT OF INTEREST
The authors have declared no conflicts of interest for this article.

AUTHOR CONTRIBUTIONS
Alexander Neumann: Data curation-equal; formal analysis-equal; writing-review & editing-equal. Christa Müller:
Funding acquisition-lead; supervision-equal; writing-review & editing-equal. Vigneshwaran Namasivayam:
Conceptualization-equal; supervision-equal; writing-review & editing-equal.

ORCID
Alexander Neumann https://orcid.org/0000-0002-1446-4389
Christa E. Müller https://orcid.org/0000-0002-0013-6624
Vigneshwaran Namasivayam https://orcid.org/0000-0003-3031-3377

RELATED WIRES ARTICLES
Optimization of protein models
Reversing cancer multidrug resistance: insights into the efflux by ABC transports from in silico studies
About P-glycoprotein: a new drugable domain is emerging from structural data
Computer-aided drug design in new druggable targets for the next generation of immune-oncology therapies

FURTHER READING
Ferré S, Casadó V, Devi LA, et al. G protein-coupled receptor oligomerization revisited: functional and pharmacological perspectives.
Pharmacol Rev. 2014;66:413–434. https://doi.org/10.1124/pr.113.008052.
Thal DM, Glukhova A, Sexton PM, Christopoulos A. Structural insights into G-protein-coupled receptor allostery. Nature. 2018;559:45–53.
https://doi.org/10.1038/s41586-018-0259-z.
Gacasan SB, Baker DL, Parrill AL. G protein-coupled receptors: the evolution of structural insight. AIMS Biophys. 2017;4:491–527. https://
doi.org/10.3934/biophy.2017.3.491.
Burnstock G. Purinergic signalling: therapeutic developments. Front Pharmacol. 2017;8:661. https://doi.org/10.3389/fphar.2017.00661.
von Kügelgen I. Pharmacology of P2Y receptors. Brain Res Bull. 2019;151:12–24. https://doi.org/10.1016/j.brainresbull.2019.03.010.
Rafehi M, Müller CE. Tools and drugs for uracil nucleotide-activated P2Y receptors. Pharmacol Ther. 2018;190:24–80. https://doi.org/10.
1016/j.pharmthera.2018.04.002.

REFERENCES
1. Attwood TK, Findlay JB. Fingerprinting G-protein-coupled receptors. Protein Eng. 1994;7:195–203.
2. Foord SM, Bonner TI, Neubig RR, et al. International Union of Pharmacology. XLVI. G protein-coupled receptor list. Pharmacol Rev.

2005;57:279–288. https://doi.org/10.1124/pr.57.2.5.
3. Isberg V, Mordalski S, Munk C, et al. GPCRdb: an information system for G protein-coupled receptors. Nucleic Acids Res. 2017;45:2936.

https://doi.org/10.1093/nar/gkw1218.
4. Munk C, Isberg V, Mordalski S, et al. GPCRdb: the G protein-coupled receptor database - an introduction. Br J Pharmacol. 2016;173:

2195–2207. https://doi.org/10.1111/bph.13509.
5. Conner M, Hicks MR, Dafforn T, et al. Functional and biophysical analysis of the C-terminus of the CGRP-receptor; a family B GPCR.

Biochemistry. 2008;47:8434–8444. https://doi.org/10.1021/bi8004126.
6. Katritch V, Cherezov V, Stevens RC. Structure-function of the G protein-coupled receptor superfamily. Annu Rev Pharmacol Toxicol.

2013;53:531–556. https://doi.org/10.1146/annurev-pharmtox-032112-135923.
7. Schiöth HB, Fredriksson R. The GRAFS classification system of G-protein coupled receptors in comparative perspective. Gen Comp

Endocrinol. 2005;142:94–101. https://doi.org/10.1016/j.ygcen.2004.12.018.
8. Latek D, Modzelewska A, Trzaskowski B, Palczewski K, Filipek S. G protein-coupled receptors — recent advances. Acta Biochim Pol.

2012;59:515–529.
9. Coddou C, Stojilkovic SS, Huidobro-Toro JP. Allosteric modulation of ATP-gated P2X receptor channels. Rev Neurosci. 2011;22:335–354.

https://doi.org/10.1515/RNS.2011.014.
10. Hausmann R, Kless A, Schmalzing G. Key sites for P2X receptor function and multimerization: overview of mutagenesis studies on a

structural basis. Curr Med Chem. 2015;22:799–818.
11. Sievers F, Higgins DG. Clustal omega. Curr Protoc Bioinformatics. 2014;48:3.13.1–3.13.16. https://doi.org/10.1002/0471250953.bi0313s48.

28 of 32 NEUMANN ET AL.

47

https://orcid.org/0000-0002-1446-4389
https://orcid.org/0000-0002-1446-4389
https://orcid.org/0000-0002-0013-6624
https://orcid.org/0000-0002-0013-6624
https://orcid.org/0000-0003-3031-3377
https://orcid.org/0000-0003-3031-3377
https://doi.org/https://doi.org/10.1002/wcms.1090
https://doi.org/https://doi.org/10.1002/wcms.1196
https://doi.org/https://doi.org/10.1002/wcms.1316
https://doi.org/https://doi.org/10.1002/wcms.1397
https://doi.org/10.1124/pr.113.008052
https://doi.org/10.1038/s41586-018-0259-z
https://doi.org/10.3934/biophy.2017.3.491
https://doi.org/10.3934/biophy.2017.3.491
https://doi.org/10.3389/fphar.2017.00661
https://doi.org/10.1016/j.brainresbull.2019.03.010
https://doi.org/10.1016/j.pharmthera.2018.04.002
https://doi.org/10.1016/j.pharmthera.2018.04.002
https://doi.org/10.1124/pr.57.2.5
https://doi.org/10.1093/nar/gkw1218
https://doi.org/10.1111/bph.13509
https://doi.org/10.1021/bi8004126
https://doi.org/10.1146/annurev-pharmtox-032112-135923
https://doi.org/10.1016/j.ygcen.2004.12.018
https://doi.org/10.1515/RNS.2011.014
https://doi.org/10.1002/0471250953.bi0313s48


12. Sievers F, Higgins DG. Clustal Omega, accurate alignment of very large numbers of sequences. Methods Mol Biol. 2014;1079:105–116.
https://doi.org/10.1007/978-1-62703-646-7_6.

13. Sievers F, Wilm A, Dineen D, et al. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega.
Mol Syst Biol. 2011;7:539. https://doi.org/10.1038/msb.2011.75.

14. Erb L, Weisman GA. Coupling of P2Y receptors to G proteins and other signaling pathways. Wiley Interdiscip Rev Membr Transp Signal.
2012;1:789–803. https://doi.org/10.1002/wmts.62.

15. von Kügelgen I, Hoffmann K. Pharmacology and structure of P2Y receptors. Neuropharmacology. 2016;104:50–61. https://doi.org/10.
1016/j.neuropharm.2015.10.030.

16. Brunschweiger A, Müller CE. P2 receptors activated by uracil nucleotides—an update. Curr Med Chem. 2006;13:289–312.
17. Chambers JK, Macdonald LE, Sarau HM, et al. A G protein-coupled receptor for UDP-glucose. J Biol Chem. 2000;275:10767–10771.
18. Xu P, Feng X, Luan H, et al. Current knowledge on the nucleotide agonists for the P2Y2 receptor. Bioorg Med Chem. 2018;26:366–375.

https://doi.org/10.1016/j.bmc.2017.11.043.
19. Rafehi M, Müller CE. Tools and drugs for uracil nucleotide-activated P2Y receptors. Pharmacol Ther. 2018;190:24–80. https://doi.org/10.

1016/j.pharmthera.2018.04.002.
20. Ciancetta A, O'Connor RD, Paoletta S, Jacobson KA. Demystifying P2Y1 receptor ligand recognition through docking and molecular

dynamics analyses. J Chem Inf Model. 2017;57:3104–3123. https://doi.org/10.1021/acs.jcim.7b00528.
21. Ciancetta A, Jacobson KA. Breakthrough in GPCR crystallography and its impact on computer-aided drug design. Methods Mol Biol.

2018;1705:45–72. https://doi.org/10.1007/978-1-4939-7465-8_3.
22. Jacobson KA, Gao Z-G, Paoletta S, et al. John Daly Lecture: structure-guided drug design for adenosine and P2Y receptors. Comput

Struct Biotechnol J. 2015;13:286–298. https://doi.org/10.1016/j.csbj.2014.10.004.
23. Jacobson KA, Müller CE. Medicinal chemistry of adenosine, P2Y and P2X receptors. Neuropharmacology. 2016;104:31–49. https://doi.

org/10.1016/j.neuropharm.2015.12.001.
24. Palczewski K, Kumasaka T, Hori T, et al. Crystal structure of rhodopsin: a G protein-coupled receptor. Science. 2000;289:739–745.
25. Rasmussen SGF, Choi H-J, Rosenbaum DM, et al. Crystal structure of the human beta2 adrenergic G-protein-coupled receptor. Nature.

2007;450:383–387. https://doi.org/10.1038/nature06325.
26. Jaakola V-P, Griffith MT, Hanson MA, et al. The 2.6 angstrom crystal structure of a human A2A adenosine receptor bound to an antago-

nist. Science. 2008;322:1211–1217. https://doi.org/10.1126/science.1164772.
27. Zhang J, Zhang K, Gao Z-G, et al. Agonist-bound structure of the human P2Y12 receptor. Nature. 2014;509:119–122. https://doi.org/10.

1038/nature13288.
28. Zhang D, Gao Z-G, Zhang K, et al. Two disparate ligand-binding sites in the human P2Y1 receptor. Nature. 2015;520:317–321. https://

doi.org/10.1038/nature14287.
29. Zhang K, Zhang J, Gao Z-G, et al. Structure of the human P2Y12 receptor in complex with an antithrombotic drug. Nature. 2014;509:

115–118. https://doi.org/10.1038/nature13083.
30. Jiang Q, Guo D, Lee BX, et al. A mutational analysis of residues essential for ligand recognition at the human P2Y1 receptor. Mol

Pharmacol. 1997;52:499–507.
31. Moro S, Guo D, Camaioni E, Boyer JL, Harden TK, Jacobson KA. Human P2Y1 receptor: molecular modeling and site-directed muta-

genesis as tools to identify agonist and antagonist recognition sites. J Med Chem. 1998;41:1456–1466. https://doi.org/10.1021/jm970684u.
32. Hoffmann C, Moro S, Nicholas RA, Harden TK, Jacobson KA. The role of amino acids in extracellular loops of the human P2Y1 receptor

in surface expression and activation processes. J Biol Chem. 1999;274:14639–14647.
33. Costanzi S, Mamedova L, Gao Z-G, Jacobson KA. Architecture of P2Y nucleotide receptors: structural comparison based on sequence

analysis, mutagenesis, and homology modeling. J Med Chem. 2004;47:5393–5404. https://doi.org/10.1021/jm049914c.
34. Guo D, von Kügelgen I, Moro S, Kim Y-C, Jacobson KA. Evidence for the recognition of non-nucleotide antagonists within the trans-

membrane domains of the human P2Y(1) receptor. Drug Dev Res. 2002;57:173–181. https://doi.org/10.1002/ddr.10145.
35. Ding Z, Tuluc F, Bandivadekar KR, Zhang L, Jin J, Kunapuli SP. Arg333 and Arg334 in the COOH terminus of the human P2Y1 receptor

are crucial for Gq coupling. Am J Physiol Cell Physiol. 2005;288:C559–C567. https://doi.org/10.1152/ajpcell.00401.2004.
36. Lee SY, Wolff SC, Nicholas RA, O'Grady SM. P2Y receptors modulate ion channel function through interactions involving the C-

terminal domain. Mol Pharmacol. 2003;63:878–885.
37. Fam SR, Gallagher CJ, Kalia LV, Salter MW. Differential frequency dependence of P2Y1- and P2Y2- mediated Ca 2+ signaling in astro-

cytes. J Neurosci. 2003;23:4437–4444.
38. Qi A-D, Houston-Cohen D, Naruszewicz I, Harden TK, Nicholas RA. Ser352 and Ser354 in the carboxyl terminus of the human P2Y

(1) receptor are required for agonist-promoted phosphorylation and internalization in MDCK cells. Br J Pharmacol. 2011;162:1304–1313.
https://doi.org/10.1111/j.1476-5381.2010.01135.x.

39. Hoffmann C, Soltysiak K, West PL, Jacobson KA. Shift in purine/pyrimidine base recognition upon exchanging extracellular domains in
P2Y 1/6 chimeric receptors. Biochem Pharmacol. 2004;68:2075–2086. https://doi.org/10.1016/j.bcp.2004.07.014.

40. Wildman SS, Unwin RJ, King BF. Extended pharmacological profiles of rat P2Y2 and rat P2Y4 receptors and their sensitivity to extracel-
lular H+ and Zn2+ ions. Br J Pharmacol. 2003;140:1177–1186. https://doi.org/10.1038/sj.bjp.0705544.

41. Erb L, Garrad R, Wang Y, Quinn T, Turner JT, Weisman GA. Site-directed mutagenesis of P2U purinoceptors. Positively charged amino
acids in transmembrane helices 6 and 7 affect agonist potency and specificity. J Biol Chem. 1995;270:4185–4188.

NEUMANN ET AL. 29 of 32

48

https://doi.org/10.1007/978-1-62703-646-7_6
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1002/wmts.62
https://doi.org/10.1016/j.neuropharm.2015.10.030
https://doi.org/10.1016/j.neuropharm.2015.10.030
https://doi.org/10.1016/j.bmc.2017.11.043
https://doi.org/10.1016/j.pharmthera.2018.04.002
https://doi.org/10.1016/j.pharmthera.2018.04.002
https://doi.org/10.1021/acs.jcim.7b00528
https://doi.org/10.1007/978-1-4939-7465-8_3
https://doi.org/10.1016/j.csbj.2014.10.004
https://doi.org/10.1016/j.neuropharm.2015.12.001
https://doi.org/10.1016/j.neuropharm.2015.12.001
https://doi.org/10.1038/nature06325
https://doi.org/10.1126/science.1164772
https://doi.org/10.1038/nature13288
https://doi.org/10.1038/nature13288
https://doi.org/10.1038/nature14287
https://doi.org/10.1038/nature14287
https://doi.org/10.1038/nature13083
https://doi.org/10.1021/jm970684u
https://doi.org/10.1021/jm049914c
https://doi.org/10.1002/ddr.10145
https://doi.org/10.1152/ajpcell.00401.2004
https://doi.org/10.1111/j.1476-5381.2010.01135.x
https://doi.org/10.1016/j.bcp.2004.07.014
https://doi.org/10.1038/sj.bjp.0705544


42. Ibuka S, Matsumoto S, Fujii S, Kikuchi A. The P2Y2 receptor promotes Wnt3a- and EGF-induced epithelial tubular formation by IEC6
cells by binding to integrins. J Cell Sci. 2015;128:2156–2168. https://doi.org/10.1242/jcs.169060.

43. Hillmann P, Ko G-Y, Spinrath A, et al. Key determinants of nucleotide-activated G protein-coupled P2Y(2) receptor function revealed by
chemical and pharmacological experiments, mutagenesis and homology modeling. J Med Chem. 2009;52:2762–2775. https://doi.org/10.
1021/jm801442p.

44. Rafehi M, Neumann A, Baqi Y, et al. Molecular recognition of agonists and antagonists by the nucleotide-activated G protein-coupled
P2Y2 receptor. J Med Chem. 2017;60:8425–8440. https://doi.org/10.1021/acs.jmedchem.7b00854.

45. Kindon N, Davis A, Dougall I, et al. From UTP to AR-C118925, the discovery of a potent non nucleotide antagonist of the P2Y2 receptor.
Bioorg Med Chem Lett. 2017;27:4849–4853. https://doi.org/10.1016/j.bmcl.2017.09.043.

46. Muoboghare MO, Drummond RM, Kennedy C. Characterisation of P2Y2 receptors in human vascular endothelial cells using AR-
C118925XX, a competitive and selective P2Y2 antagonist. Br J Pharmacol. 2019;176:2894–2904. https://doi.org/10.1111/bph.14715.

47. Rafehi M, Burbiel JC, Attah IY, Abdelrahman A, Müller CE. Synthesis, characterization, and in vitro evaluation of the selective P2Y2
receptor antagonist AR-C118925. Purinergic Signal. 2017;13:89–103. https://doi.org/10.1007/s11302-016-9542-3.

48. Erb L, Liu J, Ockerhausen J, et al. An RGD sequence in the P2Y(2) receptor interacts with alpha(V)beta(3) integrins and is required for
G(o)-mediated signal transduction. J Cell Biol. 2001;153:491–501.

49. Liao Z, Seye CI, Weisman GA, Erb L. The P2Y2 nucleotide receptor requires interaction with alpha v integrins to access and activate
G12. J Cell Sci. 2007;120:1654–1662. https://doi.org/10.1242/jcs.03441.

50. Flores RV, Hernández-Pérez MG, Aquino E, Garrad RC, Weisman GA, Gonzalez FA. Agonist-induced phosphorylation and desensitiza-
tion of the P2Y2 nucleotide receptor. Mol Cell Biochem. 2005;280:35–45. https://doi.org/10.1007/s11010-005-8050-5.

51. Herold CL, Qi A-D, Harden TK, Nicholas RA. Agonist versus antagonist action of ATP at the P2Y4 receptor is determined by the second
extracellular loop. J Biol Chem. 2004;279:11456–11464. https://doi.org/10.1074/jbc.M301734200.

52. Brinson AE, Harden TK. Differential regulation of the uridine nucleotide-activated P2Y4 and P2Y6 receptors. SER-333 and SER-334 in
the carboxyl terminus are involved in agonist-dependent phosphorylation desensitization and internalization of the P2Y4 receptor. J Biol
Chem. 2001;276:11939–11948. https://doi.org/10.1074/jbc.M009909200.

53. DuBose DR, Wolff SC, Qi AD, Naruszewicz I, Nicholas RA. Apical targeting of the P2Y(4) receptor is directed by hydrophobic and basic
residues in the cytoplasmic tail. Am J Physiol Cell Physiol. 2013;304(3):C228–C239. https://doi.org/10.1152/ajpcell.00251.2012.

54. Wolff SC, Qi A-D, Harden TK, Nicholas RA. Charged residues in the C-terminus of the P2Y1 receptor constitute a basolateral-sorting sig-
nal. J Cell Sci. 2010;123:2512–2520. https://doi.org/10.1242/jcs.060723.

55. Brüser A, Zimmermann A, Crews BC, et al. Prostaglandin E2 glyceryl ester is an endogenous agonist of the nucleotide receptor P2Y6.
Sci Rep. 2017;7:2380. https://doi.org/10.1038/s41598-017-02414-8.

56. Zylberg J, Ecke D, Fischer B, Reiser G. Structure and ligand-binding site characteristics of the human P2Y11 nucleotide receptor
deduced from computational modelling and mutational analysis. Biochem J. 2007;405:277–286. https://doi.org/10.1042/BJ20061728.

57. Ecke D, Fischer B, Reiser G. Diastereoselectivity of the P2Y11 nucleotide receptor: mutational analysis. Br J Pharmacol. 2008;155:
1250–1255. https://doi.org/10.1038/bjp.2008.352.

58. Ecke D, Hanck T, Tulapurkar ME, et al. Hetero-oligomerization of the P2Y11 receptor with the P2Y1 receptor controls the internaliza-
tion and ligand selectivity of the P2Y11 receptor. Biochem J. 2008;409:107–116. https://doi.org/10.1042/BJ20070671.

59. Haas M, Shaaban A, Reiser G. Alanine-(87)-threonine polymorphism impairs signaling and internalization of the human P2Y11 recep-
tor, when co-expressed with the P2Y1 receptor. J Neurochem. 2014;129:602–613. https://doi.org/10.1111/jnc.12666.

60. Amisten S, Melander O, Wihlborg A-K, Berglund G, Erlinge D. Increased risk of acute myocardial infarction and elevated levels of C-
reactive protein in carriers of the Thr-87 variant of the ATP receptor P2Y11. Eur Heart J. 2007;28:13–18. https://doi.org/10.1093/
eurheartj/ehl410.

61. Ballesteros JA, Weinstein H. Analysis and refinement of criteria for predicting the structure and relative orientations of transmembranal
helical domains. Biophys J. 1992;62:107–109. https://doi.org/10.1016/S0006-3495(92)81794-0.

62. Dreisig K, Kornum BR. A critical look at the function of the P2Y11 receptor. Purinergic Signal. 2016;12:427–437. https://doi.org/10.1007/
s11302-016-9514-7.

63. Chao TH, Ember JA, Wang M, Bayon Y, Hugli TE, Ye RD. Role of the second extracellular loop of human C3a receptor in agonist bind-
ing and receptor function. J Biol Chem. 1999;274:9721–9728.

64. Brunskole I, Strasser A, Seifert R, Buschauer A. Role of the second and third extracellular loops of the histamine H(4) receptor in recep-
tor activation. Naunyn Schmiedebergs Arch Pharmacol. 2011;384:301–317. https://doi.org/10.1007/s00210-011-0673-3.

65. Wifling D, Bernhardt G, Dove S, Buschauer A. The extracellular loop 2 (ECL2) of the human histamine H4 receptor substantially con-
tributes to ligand binding and constitutive activity. PLoS One. 2015;10:e0117185. https://doi.org/10.1371/journal.pone.0117185.

66. Zhao MM, Hwa J, Perez DM. Identification of critical extracellular loop residues involved in alpha 1-adrenergic receptor subtype-
selective antagonist binding. Mol Pharmacol. 1996;50:1118–1126.

67. Ott TR, Troskie BE, Roeske RW, Illing N, Flanagan CA, Millar RP. Two mutations in extracellular loop 2 of the human GnRH receptor
convert an antagonist to an agonist. Mol Endocrinol. 2002;16:1079–1088. https://doi.org/10.1210/mend.16.5.0824.

68. Banères J-L, Mesnier D, Martin A, Joubert L, Dumuis A, Bockaert J. Molecular characterization of a purified 5-HT4 receptor: a structural
basis for drug efficacy. J Biol Chem. 2005;280:20253–20260. https://doi.org/10.1074/jbc.M412009200.

69. Wheatley M, Wootten D, Conner MT, et al. Lifting the lid on GPCRs: the role of extracellular loops. Br J Pharmacol. 2012;165:
1688–1703. https://doi.org/10.1111/j.1476-5381.2011.01629.x.

30 of 32 NEUMANN ET AL.

49

https://doi.org/10.1242/jcs.169060
https://doi.org/10.1021/jm801442p
https://doi.org/10.1021/jm801442p
https://doi.org/10.1021/acs.jmedchem.7b00854
https://doi.org/10.1016/j.bmcl.2017.09.043
https://doi.org/10.1111/bph.14715
https://doi.org/10.1007/s11302-016-9542-3
https://doi.org/10.1242/jcs.03441
https://doi.org/10.1007/s11010-005-8050-5
https://doi.org/10.1074/jbc.M301734200
https://doi.org/10.1074/jbc.M009909200
https://doi.org/10.1152/ajpcell.00251.2012
https://doi.org/10.1242/jcs.060723
https://doi.org/10.1038/s41598-017-02414-8
https://doi.org/10.1042/BJ20061728
https://doi.org/10.1038/bjp.2008.352
https://doi.org/10.1042/BJ20070671
https://doi.org/10.1111/jnc.12666
https://doi.org/10.1093/eurheartj/ehl410
https://doi.org/10.1093/eurheartj/ehl410
https://doi.org/10.1016/S0006-3495(92)81794-0
https://doi.org/10.1007/s11302-016-9514-7
https://doi.org/10.1007/s11302-016-9514-7
https://doi.org/10.1007/s00210-011-0673-3
https://doi.org/10.1371/journal.pone.0117185
https://doi.org/10.1210/mend.16.5.0824
https://doi.org/10.1074/jbc.M412009200
https://doi.org/10.1111/j.1476-5381.2011.01629.x


70. Shiraki K, Hirano A, Kita Y, Koyama AH, Arakawa T. Potential application of arginine in interaction analysis. Drug Discov Ther. 2010;4:
326–333.

71. Kim J, Jiang Q, Glashofer M, Yehle S, Wess J, Jacobson KA. Glutamate residues in the second extracellular loop of the human A2a aden-
osine receptor are required for ligand recognition. Mol Pharmacol. 1996;49:683–691.

72. Bertalovitz AC, Ahn KH, Kendall DA. Ligand binding sensitivity of the extracellular loop two of the cannabinoid receptor 1. Drug Dev
Res. 2010;71:404–411. https://doi.org/10.1002/ddr.20388.

73. Scarselli M, Li B, Kim S-K, Wess J. Multiple residues in the second extracellular loop are critical for M3 muscarinic acetylcholine recep-
tor activation. J Biol Chem. 2007;282:7385–7396. https://doi.org/10.1074/jbc.M610394200.

74. Kmiecik S, Jamroz M, Kolinski M. Structure prediction of the second extracellular loop in G-protein-coupled receptors. Biophys J. 2014;
106:2408–2416. https://doi.org/10.1016/j.bpj.2014.04.022.

75. Yuan S, Chan HCS, Vogel H, Filipek S, Stevens RC, Palczewski K. The molecular mechanism of P2Y1 receptor activation. Angew Chem
Int Ed Engl. 2016;55:10331–10335. https://doi.org/10.1002/anie.201605147.

76. Chun E, Thompson AA, Liu W, et al. Fusion partner toolchest for the stabilization and crystallization of G protein-coupled receptors.
Structure. 2012;20:967–976. https://doi.org/10.1016/j.str.2012.04.010.

77. Topiol S. X-ray structural information of GPCRs in drug design: what are the limitations and where do we go? Expert Opin Drug Discov.
2013;8:607–620. https://doi.org/10.1517/17460441.2013.783815.

78. Nogales E, Scheres SHW. Cryo-EM: a unique tool for the visualization of macromolecular complexity. Mol Cell. 2015;58:677–689.
https://doi.org/10.1016/j.molcel.2015.02.019.

79. García-Nafría J, Lee Y, Bai X, Carpenter B, Tate CG. Cryo-EM structure of the adenosine A2A receptor coupled to an engineered hetero-
trimeric G protein. Elife. 2018;7. https://doi.org/10.7554/eLife.35946.

80. Zhang Y, Sun B, Feng D, et al. Cryo-EM structure of the activated GLP-1 receptor in complex with a G protein. Nature. 2017;546:
248–253. https://doi.org/10.1038/nature22394.

81. Chu R, Takei J, Knowlton JR, et al. Redesign of a four-helix bundle protein by phage display coupled with proteolysis and structural
characterization by NMR and X-ray crystallography. J Mol Biol. 2002;323:253–262.

82. Kim HS, Ohno M, Xu B, et al. 2-Substitution of adenine nucleotide analogues containing a bicyclo3.1.0hexane ring system locked in a
northern conformation: enhanced potency as P2Y1 receptor antagonists. J Med Chem. 2003;46:4974–4987. https://doi.org/10.1021/
jm030127.

83. Hechler B, Nonne C, Roh EJ, et al. MRS2500 2-iodo-N6-methyl-(N)-methanocarba-20-deoxyadenosine-30,50-bisphosphate, a potent, selec-
tive, and stable antagonist of the platelet P2Y1 receptor with strong antithrombotic activity in mice. J Pharmacol Exp Ther. 2006;316:
556–563. https://doi.org/10.1124/jpet.105.094037.

84. Chao H, Turdi H, Herpin TF, et al. Discovery of 2-(phenoxypyridine)-3-phenylureas as small molecule P2Y1 antagonists. J Med Chem.
2013;56:1704–1714. https://doi.org/10.1021/jm301708u.

85. Qiao JX, Wang TC, Ruel R, et al. Conformationally constrained ortho-anilino diaryl ureas: discovery of 1-(2-[10-neopentylspiroindoline-
3,40-piperidine-1-yl]phenyl)-3-(4-[trifluoromethoxy]phenyl)urea, a potent, selective, and bioavailable P2Y1 antagonist. J Med Chem.
2013;56:9275–9295. https://doi.org/10.1021/jm4013906.

86. Flock T, Ravarani CNJ, Sun D, et al. Universal allosteric mechanism for Gα activation by GPCRs. Nature. 2015;524:173–179. https://doi.
org/10.1038/nature14663.

87. Trzaskowski B, Latek D, Yuan S, Ghoshdastider U, Debinski A, Filipek S. Action of molecular switches in GPCRs—theoretical and
experimental studies. Curr Med Chem. 2012;19:1090–1109.

88. Rafehi M, Malik EM, Neumann A, et al. Development of potent and selective antagonists for the UTP-activated P2Y4 receptor. J Med
Chem. 2017;60:3020–3038. https://doi.org/10.1021/acs.jmedchem.7b00030.

89. Jacobson KA, Jayasekara MPS, Costanzi S. Molecular structure of P2Y receptors: mutagenesis, modeling, and chemical probes. Wiley
Interdiscip Rev Membr Transp Signal. 2012;1:815–827. https://doi.org/10.1002/wmts.68.

90. Ivanov AA, Ko H, Cosyn L, et al. Molecular modeling of the human P2Y2 receptor and design of a selective agonist, 20-amino-20-deoxy-
2-thiouridine 50-triphosphate. J Med Chem. 2007;50:1166–1176. https://doi.org/10.1021/jm060903o.

91. Costanzi S, Tikhonova IG, Ohno M, et al. P2Y1 antagonists: combining receptor-based modeling and QSAR for a quantitative prediction
of the biological activity based on consensus scoring. J Med Chem. 2007;50:3229–3241. https://doi.org/10.1021/jm0700971.

92. Deflorian F, Jacobson KA. Comparison of three GPCR structural templates for modeling of the P2Y12 nucleotide receptor. J Comput
Aided Mol Des. 2011;25:329–338. https://doi.org/10.1007/s10822-011-9423-3.

93. Costanzi S, Joshi BV, Maddileti S, et al. Human P2Y(6) receptor: molecular modeling leads to the rational design of a novel agonist based
on a unique conformational preference. J Med Chem. 2005;48:8108–8111. https://doi.org/10.1021/jm050911p.

94. Aitken H, Poyser NL, Hollingsworth M. The effects of P2Y receptor agonists and adenosine on prostaglandin production by the guinea-
pig uterus. Br J Pharmacol. 2001;132:709–721. https://doi.org/10.1038/sj.bjp.0703848.

95. Través PG, Pimentel-Santillana M, Carrasquero LMG, et al. Selective impairment of P2Y signaling by prostaglandin E2 in macrophages:
implications for Ca2+−dependent responses. J Immunol. 2013;190:4226–4235. https://doi.org/10.4049/jimmunol.1203029.

96. Ouzounoglou E, Kalamatianos D, Emmanouilidou E, et al. In silico modeling of the effects of alpha-synuclein oligomerization on dopa-
minergic neuronal homeostasis. BMC Syst Biol. 2014;8:54. https://doi.org/10.1186/1752-0509-8-54.

97. Kroeger KM, Pfleger KDG, Eidne KA. G-protein coupled receptor oligomerization in neuroendocrine pathways. Front Neuroendocrinol.
2003;24:254–278.

NEUMANN ET AL. 31 of 32

50

https://doi.org/10.1002/ddr.20388
https://doi.org/10.1074/jbc.M610394200
https://doi.org/10.1016/j.bpj.2014.04.022
https://doi.org/10.1002/anie.201605147
https://doi.org/10.1016/j.str.2012.04.010
https://doi.org/10.1517/17460441.2013.783815
https://doi.org/10.1016/j.molcel.2015.02.019
https://doi.org/10.7554/eLife.35946
https://doi.org/10.1038/nature22394
https://doi.org/10.1021/jm030127
https://doi.org/10.1021/jm030127
https://doi.org/10.1124/jpet.105.094037
https://doi.org/10.1021/jm301708u
https://doi.org/10.1021/jm4013906
https://doi.org/10.1038/nature14663
https://doi.org/10.1038/nature14663
https://doi.org/10.1021/acs.jmedchem.7b00030
https://doi.org/10.1002/wmts.68
https://doi.org/10.1021/jm060903o
https://doi.org/10.1021/jm0700971
https://doi.org/10.1007/s10822-011-9423-3
https://doi.org/10.1021/jm050911p
https://doi.org/10.1038/sj.bjp.0703848
https://doi.org/10.4049/jimmunol.1203029
https://doi.org/10.1186/1752-0509-8-54


98. Gahbauer S, Böckmann RA. Membrane-mediated oligomerization of G protein coupled receptors and its implications for GPCR func-
tion. Front Physiol. 2016;7:494. https://doi.org/10.3389/fphys.2016.00494.

99. Gabizon R, Friedler A. Allosteric modulation of protein oligomerization: an emerging approach to drug design. Front Chem. 2014;2:9.
https://doi.org/10.3389/fchem.2014.00009.

100. Ferré S, Casadó V, Devi LA, et al. G protein-coupled receptor oligomerization revisited: functional and pharmacological perspectives.
Pharmacol Rev. 2014;66:413–434. https://doi.org/10.1124/pr.113.008052.

101. Bastos-Aristizabal S, Kozlov G, Gehring K. Structural insight into the dimerization of human protein disulfide isomerase. Protein Sci.
2014;23:618–626. https://doi.org/10.1002/pro.2444.

102. Assimon VA, Gillies AT, Rauch JN, Gestwicki JE. Hsp70 protein complexes as drug targets. Curr Pharm Des. 2013;19:404–417. https://
doi.org/10.2174/138161213804143699.

103. Goncearenco A, Li M, Simonetti FL, Shoemaker BA, Panchenko AR. Exploring protein-protein interactions as drug targets for anti-
cancer therapy with in silico workflows. Methods Mol Biol. 1647;2017:221–236. https://doi.org/10.1007/978-1-4939-7201-2_15.

104. Villoutreix BO, Kuenemann MA, Poyet J-L, et al. Drug-like protein-protein interaction modulators: challenges and opportunities for
drug discovery and chemical biology. Mol Inform. 2014;33:414–437. https://doi.org/10.1002/minf.201400040.

105. Feng Y, Wang Q, Wang T. Drug target protein-protein interaction networks: a systematic perspective. Biomed Res Int. 2017;2017:1–13.
https://doi.org/10.1155/2017/1289259.

106. Kaczor AA, Rutkowska E, Bartuzi D, Targowska-Duda KM, Matosiuk D, Selent J. Computational methods for studying G protein-
coupled receptors (GPCRs). Methods Cell Biol. 2016;132:359–399. https://doi.org/10.1016/bs.mcb.2015.11.002.

107. Taddese B, Simpson LM, Wall ID, et al. G-protein-coupled receptor dynamics: dimerization and activation models compared with
experiment. Biochem Soc Trans. 2012;40:394–399. https://doi.org/10.1042/BST20110755.

108. Zhang X, Lu F, Chen Y-K, et al. Discovery of potential orthosteric and allosteric antagonists of P2Y1R from Chinese herbs by molecular
simulation methods. Evid Based Complement Alternat Med. 2016;2016:1–12. https://doi.org/10.1155/2016/4320201.

109. Yi F, Le Sun XL-J, Peng Y, Liu H-B, He C-N, Xiao P-G. In silico approach for anti-thrombosis drug discovery: P2Y1R structure-based
TCMs screening. Front Pharmacol. 2016;7:531. https://doi.org/10.3389/fphar.2016.00531.

110. Jacobson KA. Structure-based approaches to ligands for G-protein-coupled adenosine and P2Y receptors, from small molecules to
nanoconjugates. J Med Chem. 2013;56:3749–3767. https://doi.org/10.1021/jm400422s.

111. Hiramoto T, Nonaka Y, Inoue K, et al. Identification of endogenous surrogate ligands for human P2Y receptors through an in silico sea-
rch. J Pharmacol Sci. 2004;95:81–93.

112. Subramaniam S, Mehrotra M, Gupta D. Virtual high throughput screening (vHTS)—a perspective. Bioinformation. 2008;3:14–17.
113. Leelananda SP, Lindert S. Computational methods in drug discovery. Beilstein J Org Chem. 2016;12:2694–2718. https://doi.org/10.3762/

bjoc.12.267.
114. Srivastava P, Tiwari A. Critical role of computer simulations in drug discovery and development. Curr Top Med Chem. 2017;17:

2422–2432. https://doi.org/10.2174/1568026617666170403113541.
115. Shrestha SS, Parmar M, Kennedy C, Bushell TJ. Two-pore potassium ion channels are inhibited by both G(q/11)- and G(i)-coupled P2Y

receptors. Mol Cell Neurosci. 2010;43:363–369. https://doi.org/10.1016/j.mcn.2010.01.003.
116. Yoshioka K, Saitoh O, Nakata H. Heteromeric association creates a P2Y-like adenosine receptor. Proc Natl Acad Sci USA. 2001;98:

7617–7622. https://doi.org/10.1073/pnas.121587098.
117. Yoshioka K, Saitoh O, Nakata H. Agonist-promoted heteromeric oligomerization between adenosine A(1) and P2Y(1) receptors in liv-

ing cells. FEBS Lett. 2002;523:147–151.
118. Suzuki T, Namba K, Tsuga H, Nakata H. Regulation of pharmacology by hetero-oligomerization between A1 adenosine receptor and

P2Y2 receptor. Biochem Biophys Res Commun. 2006;351:559–565. https://doi.org/10.1016/j.bbrc.2006.10.075.
119. D'Ambrosi N, Iafrate M, Saba E, Rosa P, Volonté C. Comparative analysis of P2Y4 and P2Y6 receptor architecture in native and trans-

fected neuronal systems. Biochim Biophys Acta. 2007;1768:1592–1599. https://doi.org/10.1016/j.bbamem.2007.03.020.

How to cite this article: Neumann A, Müller CE, Namasivayam V. P2Y1-like nucleotide receptors—Structures,
molecular modeling, mutagenesis, and oligomerization. WIREs Comput Mol Sci. 2020;10:e1464. https://doi.org/
10.1002/wcms.1464

32 of 32 NEUMANN ET AL.

51

https://doi.org/10.3389/fphys.2016.00494
https://doi.org/10.3389/fchem.2014.00009
https://doi.org/10.1124/pr.113.008052
https://doi.org/10.1002/pro.2444
https://doi.org/10.2174/138161213804143699
https://doi.org/10.2174/138161213804143699
https://doi.org/10.1007/978-1-4939-7201-2_15
https://doi.org/10.1002/minf.201400040
https://doi.org/10.1155/2017/1289259
https://doi.org/10.1016/bs.mcb.2015.11.002
https://doi.org/10.1042/BST20110755
https://doi.org/10.1155/2016/4320201
https://doi.org/10.3389/fphar.2016.00531
https://doi.org/10.1021/jm400422s
https://doi.org/10.3762/bjoc.12.267
https://doi.org/10.3762/bjoc.12.267
https://doi.org/10.2174/1568026617666170403113541
https://doi.org/10.1016/j.mcn.2010.01.003
https://doi.org/10.1073/pnas.121587098
https://doi.org/10.1016/j.bbrc.2006.10.075
https://doi.org/10.1016/j.bbamem.2007.03.020
https://doi.org/10.1002/wcms.1464
https://doi.org/10.1002/wcms.1464


3.3. Summary and Outlook 

This review collected research data on pharmacological effects of P2YR mutants and 

hetero-oligomerization with other receptors. The findings suggest that endogenous 

nucleotides bind in the upper third part of the receptor similar to the binding mode of 

agonists at human P2Y12R. Contrary to the binding mode of the P2Y1R nucleotide 

antagonist MRS2500 in which the nucleobase is exposed to the extracellular lumen, 

endogenous agonists likely occupy a lipophilic binding site underneath extracellular 

loop 2 (ECL2). Yet, the β- and γ-phosphate groups of agonists overlap with the 5'-

phosphate of MRS2500. Furthermore, ionic locks between an aspartic acid in ECL2 

and an arginine in transmembrane 7 (TM7) analogous to the proposed for P2Y1R were 

observed in homology models of human P2Y2- and P2Y4Rs. They likely represent 

central elements in agonist-induced receptor activation and are therefore of great 

interest for the future design of (tool) compounds. Knowledge about the topology of the 

binding site and about the ligand conformation amassed in this review will be a useful 

resource for rational compound evolution and computational SBDD.  
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4. Molecular Recognition of Agonists and Antagonists by the Nucleotide-

Activated G Protein-Coupled P2Y2 Receptor 

4.1. Introduction 

Unfortunately, only a low number of compounds acting at P2Y2R is available. Most of 

them display unfavorable properties such as charged groups (e.g., sulfonic acid in 

anthraquinone derivatives) resulting in poor oral bioavailability making them 

unattractive as lead structures. Yet, in order to design and discover novel drugs and 

tool compounds to perform target validation studies of this pharmacologically relevant 

receptor, knowledge about potential binding sites is required. Since no X-ray crystal 

structure of human P2Y2R has been published so far, a homology model was created 

for SBDD. In order to elucidate and confirm the binding mode hypothesis of nucleotide 

agonists at P2Y2R, several residues were selected for site-directed mutagenesis. 

Based on insights summarized in Section 3 and molecular docking studies at an 

updated homology model of human P2Y2R, fifteen charged and lipophilic residues 

predicted to interact with nucleotides in the putative orthosteric binding site were 

mutated and pharmacologically assessed with agonists (UTP and Ap4A) and 

antagonists (anthraquinone derivatives and AR-C118925). The aim of this study was 

the determination of the orthosteric binding site utilizing the impact of mutants on ligand 

potency as surrogate parameter, as well as the elucidation of agonist and antagonist 

binding modes. The updated homology P2Y2R model based on the more closely 

related P2Y1R and P2Y12R X-ray crystal structures as templates represents an 

improved basis for structure-based computational approaches compared to the 

previously published model based on bovine rhodopsin.  

4.2. Publication  
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ABSTRACT: A homology model of the nucleotide-activated P2Y2R was created based on the X-ray structures of the P2Y1
receptor. Docking studies were performed, and receptor mutants were created to probe the identified binding interactions.
Mutation of residues predicted to interact with the ribose (Arg110) and the phosphates of the nucleotide agonists (Arg265,
Arg292) or that contribute indirectly to binding (Tyr288) abolished activity. The Y114F, R194A, and F261A mutations led to
inactivity of diadenosine tetraphosphate and to a reduced response of UTP. Significant reduction in agonist potency was
observed for all other receptor mutants (Phe111, His184, Ser193, Phe261, Tyr268, Tyr269) predicted to be involved in agonist
recognition. An ionic lock between Asp185 and Arg292 that is probably involved in receptor activation interacts with the
phosphate groups. The antagonist AR-C118925 and anthraquinones likely bind to the orthosteric site. The updated homology
models will be useful for virtual screening and drug design.

■ INTRODUCTION

The P2Y2R is a subtype of the P2Y receptor family of G
protein-coupled receptors. Its endogenous agonists are uridine-
5′-triphosphate (UTP, 1, Figure 1) and adenosine-5′-
triphosphate (ATP, 2), which activate the receptor with similar
potencies in the midnanomolar range.1−3 Upon receptor
stimulation, phospholipase Cβ is activated via Gαq/11 proteins.

4

This leads to the hydrolysis of phosphatidylinositol-4,5-
bisphosphate (PIP2), producing the second messengers inositol
trisphosphate (IP3) and diacylglycerol. IP3 mediates the release
of calcium ions from intracellular stores, which can be detected
in vitro using calcium-sensitive fluorescent dyes. In addition to
Gαq/11, the P2Y2R was also shown to couple to Go, G12, and
G16.

5−7 Expression of P2Y2R mRNA was found in a wide range
of different human organs and tissues, with particularly high
expression levels in skeletal muscle and heart and moderate
levels in the lung, intestine, placenta, spleen, bone marrow,
immune cells, and different regions of the brain.8 The P2Y2R is
involved in various pathological processes, and P2Y2R ligands
have been proposed as novel therapeutic agents. The P2Y2R

agonist P1,P4-di(uridine-5′)-tetraphosphate (diquafosol) is al-
ready marketed as a symptomatic therapy for dry eye syndrome
in Japan. Moreover, P2Y2R agonists may be useful for the
treatment of cystic fibrosis. Knockout mice deficient in the
P2Y2R showed defective chloride secretion in airway epithelium
in response to ATP and UTP.9 P2Y2R agonism might thus
compensate for the malfunctioning of the Cl− channel cystic
fibrosis transmembrane conductance regulator in cystic fibrosis
patients. Cardioprotective effects in cultured rat cardiomyocytes
and a reduction of postischemic myocardial damage in mice
were observed with the selective P2Y2R agonist uridine-5′-
tetraphosphate δ-phenyl ester (MRS2768).10 The P2Y2R was
shown to enhance α-secretase-dependent amyloid precursor
protein processing to a nonamyloidogenic product in
astrocytoma cells.11 This prevents the processing via β- and
γ-secretase to amyloid-β, the main component of the plaques
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associated with Alzheimer’s disease. Thus, P2Y2R agonists may
be useful for the treatment of neurodegenerative disorders.11

P2Y2R antagonists, on the other hand, may be used to
combat cancer and inflammation because P2Y2R activation has
pro-inflammatory, pro-proliferative, and pro-metastatic effects.
The P2Y2R appears to activate cytosolic phospholipase A2,

which in turn promotes the release of arachidonic acid and
subsequent synthesis of prostaglandins and leukotrienes.12,13 It
is also involved in the proliferation, migration, adhesion, and
infiltration of immune cells.5,14−19 P2Y2R activation was
reported to lead to the proliferation of different tumor and
nontumor cells and to the induction of cell cycle progression in
vascular smooth muscle cells.20−25 Furthermore, P2Y2Rs
located on endothelial cell membranes were found to open
the endothelial barrier following activation by ATP secreted
from platelets. The P2Y2R thereby permits cancer cell
transendothelial migration from the bloodstream into sur-
rounding tissue, where it can form secondary tumor sites.26

Patients suffering from nephrogenic diabetes insipidus acquired
through the chronic use of lithium, for example, in a bipolar
disorder therapy, could benefit from P2Y2R antagonists as well.
In support of this hypothesis is the observation that the P2Y2R
is expressed in collecting ducts of the kidney, where it opposes
the actions of antidiuretic hormone (arginine vasopressin) and
thus reduces water reuptake.27

Despite its great potential as a drug target, only few P2Y2R-
selective agonists and very few antagonists are available.
Moreover, they have severe limitations, e.g., low metabolic
stability, high polarity due to negative charges, moderate
potency, and/or low selectivity.28−31 This is unfortunate, as
they could be used as pharmacological tools to characterize this
receptor further or serve as lead compounds for drug design. A
comprehensive knowledge of the ligand binding site would
undoubtedly be of great value for the development of potent
and selective ligands. However, an X-ray structure of the P2Y2R
has not been published. Fortunately, for the related P2Y1 and
P2Y12R subtypes, X-ray structures have recently become
available.32−34

To provide insights into the structure of the orthosteric
P2Y2R ligand binding site, we constructed a preliminary model
based on the X-ray structures of the P2Y1R. The agonists UTP
(1) and the dinucleotide P1,P4-di(adenosine-5′)-tetraphosphate
(Ap4A, 3) were docked into the model. Docking studies were
also conducted with 4 (AR-C118925), one of the few relatively
potent and selective competitive P2Y2R antagonists available to
date,28−31,35−37 and several different antagonists possessing an
anthraquinone scaffold. This led to the prediction of amino acid
residues in the orthosteric binding site of the P2Y2R that may
interact with these ligands. To provide experimental evidence
for the validation and improvement of the model, we
subsequently conducted a site-directed mutagenesis study
exchanging residues thought to contribute to the putative
orthosteric site. The mutated receptors were expressed in
1321N1 astrocytoma cells, and the effects of the mutations
were assessed by measuring the potency of structurally diverse
agonists and antagonists in fluorescence-based calcium
mobilization assays. The obtained pharmacological data support
our model and have provided a basis for its refinement. The
updated P2Y2R homology models will be useful for virtual
screening and the design of superior ligands and drug
candidates, in particular antagonists, for this promising new
drug target.

■ RESULTS AND DISCUSSION
Homology Model of the Human P2Y2 Receptor. We

previously reported a homology model of the human P2Y2R
that was based on the crystal structure of bovine rhodopsin.3

However, the sequence homology between the human P2Y2R
and rhodopsin is relatively low (17.9% identity, 33.2%

Figure 1. Structures of selected P2YR ligands.
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similarity), but X-ray structures of closely related GPCRs were
not available at that time. The very first structure obtained for a
P2YR subtype was the crystal structure of the human P2Y12R.
The overall sequence identity and similarity between the
human P2Y2R and the human P2Y12R is 22.8% and 41.9%,
respectively. The human P2Y12R was crystallized in complex
with the agonist 5 (2MeSADP; PDB 4PXZ), the proposed
partial agonist 6 (2MeSATP; PDB 4PY0), and the antagonist 7
(AZD1283; PDB 4NTJ).33,34 Shortly after the release of the
human P2Y12R crystal structures, the structure of the human
P2Y1R in complex with the antagonist 8 (MRS2500; PDB
4XNW) was published.32 The latter P2YR subtype shares an
even greater sequence homology (36.3% identity and 54.1%
similarity) with the P2Y2R than the P2Y12R and therefore
should be more suitable as a template for generating a P2Y2R

homology model. The sequence alignments are shown in
Figure S1 of the Supporting Information. We developed a
homology model of the human P2Y2R based on the P2Y1R
structure to refine the structure and analysis of the residues
involved in ligand recognition and interaction. However, in this
model, the extracellular loop 2 (ECL2) projected into the
putative orthosteric binding site transformed from the P2Y1R
crystal structure and thereby impeded computational docking
of orthosteric agonists. To insert the ligands into the putative
orthosteric binding site during molecular docking, we
attempted loop modeling by creating the possible side chain
rotamers of the amino acids present in the ECL2. This was
achieved by using the rotamer library tool implemented in
Molecular Operating Environment (MOE, 2014.09, Chemical
Computing Group Inc., Montreal, Canada). The amino acid

Figure 2. Homology model of the human P2Y2R. (A) X-ray structure of the human P2Y1R, which was used as a template for generating the
homology model of the human P2Y2R. The P2Y1R antagonist 8 binds to a site only partially overlapping with the agonist binding site of the P2Y12R
as determined by X-ray crystallography. (B) Homology model of the human P2Y2R based on the human P2Y1R crystal structure. The putative
orthosteric binding site in complex with UTP is schematically indicated and denoted as “O”. (C) Human P2Y12R X-ray structure in complex with the
agonist 5, shown for comparison of the orthosteric binding sites. Receptors are represented as cartoon models, and the co-crystallized atoms of the
ligands are depicted as spheres.

Figure 3. Homology model of the human P2Y2R with the ionic lock I formed between Asp185 and Arg292 and the ionic lock II formed between
Glu190 and Arg194. The receptor is represented as a cartoon model.
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side chains in a receptor tend to exist in a limited number of
low energy conformations. The side chain prediction methods
select rotamers on the basis of the receptor sequence and the
backbone coordinates by using a defined energy function and
search strategy. Specifically, different rotamers of the amino
acids Thr188, Arg265, and Arg272 were studied, and the
models that showed the lowest energy rotamer conformations,
and additionally the largest volume in the putative orthosteric
binding pocket of the human P2Y2R were selected (Figure 2).
An orthosteric binding site comparable to the binding site
identified in the crystal structure of the human P2Y12R (PDB
4PXZ) in complex with the agonist 5 was identified in the thus
created P2Y2R model that was generated based on the human
P2Y1R crystal structure (see Figure 2). Moreover, it is
analogous to the orthosteric binding site observed in a
molecular dynamics simulation study of the human P2Y1R in
complex with the agonist ADP (9).38

According to molecular dynamics simulations aimed at
finding the molecular mechanism of P2Y1R activation, an ionic
lock is present between Asp204 and Arg310 that stabilizes the
inactive state of the P2Y1R.

38 In these molecular dynamics
simulations of the human P2Y1R in complex with the agonist
ADP (9), the ionic lock was broken. This resulted in an
increased solvent-accessible surface area and water influx that
was proposed to lead to receptor activation.38 In the P2Y2R, a
similar mechanism of activation as in the P2Y1R is conceivable.
The analogous residues Asp185 and Arg292 are likely to form
an ionic lock (designated “ionic lock I”, see Figure 3). The
strong electrostatic interactions between the phosphate groups
of the P2Y2R agonists UTP and ATP and the amino acids
Asp185 and Arg292 will likely break the ionic lock I between
those two amino acids. This probably leads to an analogous
mode of activation as proposed for the P2Y1R. In our
homology model of the human P2Y2R, an additional ionic
lock (designated “ionic lock II”, see Figure 3) between Glu190
and Arg194 in TM V is formed. The proposed strong ionic
interaction between Glu190 and Arg194 is underscored by the
severe effects on agonist recognition we observed when
mutating Arg194 (see Pharmacological Assessment and
Docking of Agonists on Mutated P2Y2Rs). The ionic lock II
so far appears to be unique for the P2Y2R. It possibly plays a
role in the orientation of the ECL2 and thus may allow Asp185
in ECL2 to form interactions with ligands in the orthosteric
binding site. The residue Arg212 of the P2Y1R that is analogous
to Arg194 in the P2Y2R forms a different ionic lock between
Asp289 and Arg285 in TM VI of the P2Y1R. The same type of
interaction is not possible in the P2Y2R because there is no
residue comparable to Asp289 (P2Y1R) in the P2Y2R sequence;
the analogous residue to Arg285 in the P2Y1R is Ser270 in the
P2Y2R.
Site-Directed Mutagenesis. To confirm and refine the

created homology model of the human P2Y2R, amino acid
residues were suggested for subsequent mutagenesis studies.
Several mutants of the human P2Y2R had been previously
published.3,6,39−43 However, only few residues postulated to
participate in the orthosteric binding of the endogenous
agonists ATP and UTP have been reported. An early study
was performed by Erb et al. on the murine P2Y2R, in which
they investigated the role of the basic amino acid residues
Lys107, Arg110, His262, Arg265, Lys289, and Arg292 for
receptor activation.43 These are conserved in the human P2Y2R
and therefore suitable for hypothesis generation and compar-
ison of trends between murine and human orthologues. In

previous mutagenesis work undertaken in our laboratory, some
of these along with additional basic residues (Arg177, Arg180,
Arg194, His262, Arg265, Arg272, Lys289, Arg292) had been
mutated in the human P2Y2R.

3 These were assumed to interact
with the negatively charged phosphate chain of the nucleotide
agonists. In addition, several aromatic residues (Tyr114,
Tyr118, Tyr198) in proximity to the presumed binding pocket
had also been exchanged.3 These results were re-evaluated and
implemented in the present mutagenesis work to study the
binding of structurally diverse agonists and antagonists of the
human P2Y2R. On the basis of an analysis of the putative
orthosteric site in our homology model and preliminary
docking simulations, a variety of additional basic and aromatic
residues were selected for mutagenesis to probe our hypothesis
that they are engaged in direct interactions with UTP (1), Ap4A
(3), or 4 in the orthosteric ligand binding site. Furthermore,
residues in the ECL2 or in its vicinity that may be responsible
for agonist recognition were mutated.
In total, 12 new single mutations were engineered into the

sequence of the human P2Y2R. Three additional P2Y2R
mutants that had previously been created in our laboratory,
Y114A, R194A, and R194H,3 were also included in the
subsequent assessment of agonists and antagonists. The
mutants were chosen based on the results from preliminary
docking simulations and analysis of the binding site of our
human P2Y2R model. Arginine, histidine, and serine residues
were mutated to alanine to identify the key role of these
functional amino acid residues. Arg194 was additionally
mutated to histidine to maintain a positive charge which
would allow studying its effects on the ionic lock. The aromatic
residues phenylalanine and tyrosine were mutated to alanine,
and tyrosine was additionally mutated to phenylalanine to study
their interactions with the ligands as observed in the docking
simulations. All P2Y2R mutations investigated in the present
study are depicted in Figure 4. The DNA sequences for the
mutated P2Y2Rs were cloned into the pLXSN retroviral
expression vector featuring an hemagglutinin (HA) epitope
sequence at the N-terminus of the receptor. Exceptions were
R194A and R194H, two of the receptor mutants that had been
previously created:3 the vector used for these was pcDNA3.1
and they did not contain an HA-tag. All mutated receptors were
expressed in 1321N1 astrocytoma cells, which do not respond
to nucleotides and are thus suitable for P2 receptor expression.
Subsequently, the mutated receptors were studied in calcium
mobilization assays.

Receptor Expression. It was required to confirm that the
mutated receptors that showed no response to agonists in the
calcium mobilization assays were actually present in the cell
membrane. Moreover, the EC50 values determined in a test
system for GPCR agonists are dependent on the receptor
expression levels.44,45 Therefore, the cell surface expression of
the receptor mutants was determined using enzyme-linked
immunosorbent assays (ELISA). The expression of all mutated
receptors was found to be similar to that of the wild-type (wt)
P2Y2R (for more details, refer to Supporting Information,
Figure S5), except for Y114A (180% of wt), Y268F (200% of
wt), and Y269F (180% of wt). A receptor density twice as high
should nevertheless not affect the EC50 value to such an extent
that it prevented a direct comparison between the two. In
support of this is a previous observation by our group, where
several 1321N1 astrocytoma cell lines recombinantly expressing
different levels of wt P2Y2R were created and compared. The
EC50 value of UTP did not differ significantly (less than 2-fold,

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b00854
J. Med. Chem. 2017, 60, 8425−8440

57

http://dx.doi.org/10.1021/acs.jmedchem.7b00854


i.e., 80.4 ± 6.4 nM versus 59.0 ± 4.6 nM) for two cell lines
expressing the wt P2Y2R with receptor expression levels
differing by a factor of 2.3

Pharmacological Assessment and Docking of Ago-
nists on Mutated P2Y2Rs. Subsequently, the effect of the
mutations on the potency of two structurally diverse
physiological agonists, UTP (1) and the dinucleotide Ap4A
(3), were investigated. Figure 5 shows exemplarily the dose−
response curves obtained in fluorescence-based calcium
mobilization assays of UTP on a selection of mutated

P2Y2Rs. The potencies for both UTP and Ap4A on all mutated
P2Y2Rs are summarized as bar charts in Figure 6. A table listing

the EC50 values is found in the Supporting Information (Table
S1). Radioligand binding studies could not be performed
because no radioligand for the P2Y2R is currently available.
As shown in Figure 6, each of the 15 mutations caused a

significant decrease in the potencies of both agonists UTP and
Ap4A. The mutations R110A, R265A, Y288A, and R292A even
resulted in receptor mutants that were completely insensitive to
both agonists. Y114F, R194A, F261A, and Y288F also caused

Figure 4. Assumed pose of the cognate P2Y2R agonist UTP (1)
docked into the putative binding pocket of the human P2Y2R model.
The amino acid residues selected for site-directed mutagenesis are
indicated. Basic residues are colored in blue, phenylalanine in dark red,
tyrosine in light red, and serine in white.

Figure 5. Dose−response curves of UTP at the wt P2Y2R and at
selected mutants expressed in 1321N1 astrocytoma cells, determined
using a fluorescence-based calcium mobilization assay. EC50 values ±
standard error of the mean of UTP are: wt, 5.61 ± 0.85 nM; S193A,
70.6 ± 19.7 nM; Y288F, 911 ± 218 nM; H184A, 996 ± 98 nM (n ≥
4). In each experiment, activation of the intrinsically expressed M3
muscarinic acetylcholine receptor by carbachol (100 μM) served as a
control and reference standard. The upper plateau for each curve was
normalized to the carbachol signal. Subsequently, the upper plateau for
the wt curve was set at 100% and the maximal effects observed for the
different receptor mutants was calculated in relation to that of the wt
receptor.

Figure 6. Potencies of the agonists UTP (A) and Ap4A (B) on the wt
and mutated P2Y2R expressed in 1321N1 astrocytoma cells,
determined using a fluorescence-based calcium mobilization assay (n
≥ 4). Shown are the negative logarithms of the mean EC50 values. The
EC50 values are listed in Supporting Information, Table S1. The data
for each mutant was compared to that of the wt receptor using one-
way ANOVA with Dunnett’s post-test. The differences were found to
be statistically significant, with p < 0.001 for all mutations. The only
exception was Y114A, for which p < 0.05 for UTP (A) and p < 0.01 for
Ap4A (B) were obtained. The mutants, for which a large difference in
potency between UTP and Ap4A was observed, are highlighted in red.
The efficacies of the mutant receptors were similar to that of the wt
receptor, except for H184A (25% efficacy) and Y268F (36% efficacy).
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complete receptor unresponsiveness to Ap4A, while UTP was
still able to activate these receptor mutants.
As a next step, the agonists UTP (1) and Ap4A (4) were

docked into the human P2Y2R model to predict their binding
poses. All available structural information, including the results
from our new mutagenesis studies, was taken into account. The
docking and glide scores from the induced-fit molecular
docking experiments and results from previously published
site-directed mutagenesis studies3,43,46−49 were also included.
However, most previous studies had been performed on the
human P2Y1R and are only partly transferable to the P2Y2R.
Published results from P2Y1R mutagenesis studies may
nevertheless be useful for a detailed analysis of the putative
P2Y2R orthosteric binding site. As illustrated in Figure 7A,
UTP, located in the orthosteric site of the receptor, binds
primarily through strong electrostatic and hydrogen bonding
interactions. According to our model, the triphosphate group of

UTP is bound to Arg177, Asp185, Arg265, Tyr268, Tyr269,
Arg272, Lys289, and Arg292. The α-phosphate group is
proposed to form interactions with Arg265 and Lys289. The
β-phosphate group likely interacts with Tyr268, Tyr269,
Arg272, and Lys289. The γ-phosphate group is predicted to
interact with Arg177, Asp185, Arg272, Lys289, and Arg292.
Further hydrogen bond interaction could be observed in the
model of the human P2Y2R-UTP complex between the γ-
phosphate of UTP and His184, which are located 3.6 Å apart.
The 3′-hydroxyl group of the ribose moiety of UTP probably
forms hydrogen bond interactions with Arg110 and possibly
with Asp185 of the ECL2. Our docking results suggest that the
uracil ring of UTP is stacked between the aromatic residues
Tyr114 and Phe261 and forms π−π interactions. Tyr118 could
interact with O4 through hydrogen bonding (see Figure 7).
The potency determined for UTP in our cell line expressing

the wt P2Y2R was in the low nanomolar range (EC50 = 5.61
nM). At four receptor mutants, R110A, R265A, R292A, and
Y288A, the activity of UTP was completely abolished (Figure
6), although they were clearly expressed in the cell membrane
(see Supporting Information, Figure S5). Interestingly, Arg110
had previously been mutated to Leu in the murine P2Y2R by
Erb and co-workers,43 which had little effect on the potency of
UTP and ATP. The strong effect observed in our mutagenesis
study when mutating Arg110 to Ala in the human orthologue is
possibly a result of species differences. According to our
homology model, the three arginine residues were predicted to
form hydrogen bonds with the ribose moiety (Arg110) and the
phosphate groups of UTP (Arg265 and Arg292). Arg292 was
already reported previously to play a key role in agonist-
induced receptor activation.38,43 Tyr288, on the other hand,
likely forms interactions with Arg265 and contributes to the
binding of the phosphate groups or guides the nucleobase for
binding into the orthosteric binding pocket through aromatic
π−π interactions. The Y288F mutant, which displayed a 150-
fold decrease in potency, might prevent these interactions. The
residues Tyr114 and Phe261 (300- and 100-fold decrease in
potency, respectively) form strong π−π-interactions with the
uracil ring of UTP. The mutant F261A cannot form such
interactions, resulting in a significant loss of potency for UTP.
The hydroxyl group of Tyr114, which is missing in the Y114F
mutant, might play a major role in stabilizing the binding
pocket or in guiding the agonists toward the binding pocket,
which would explain the almost 300-fold decrease in potency
observed with Y114F. For Y114A, only a small effect on the
potency was observed. This could possibly be due to additional
space, which allows more flexibility for the agonists and thereby
compensates for the loss of the π−π interactions. The mutation
of His184 to alanine resulted in a >100-fold decrease in
potency, although we did not observe interactions between
His184 and UTP in its putative binding pose. However, His184
present in the ECL2 might still form interactions with agonists
due to the flexibility of the extracellular loop region.
The potency of UTP was decreased by 10−50-fold for

R194A, R194H, Y268F, S193A, F111A, and Y269F. The
mutation of Arg194 to alanine or histidine resulted in a
moderate loss of potency. The position of Arg194 in the upper
part of TM V could be important for the flexibility of ECL2. In
our previously published model,3 we could observe the ionic
lock II between Arg194 and Glu190, whereupon a backbone
interaction of Arg194 with the main chain of Glu190 is also
possible. The role of the ECL2 in ligand affinity and agonist
efficacy through direct or indirect interactions has been

Figure 7. Suggested binding mode of UTP in the human P2Y2R. (A)
Docked pose of UTP with the important residues in the binding
pocket shown. (B) 2D interaction diagram. The human P2Y2R
(purple) is displayed in cartoon representation, the amino acid
residues (white) and UTP (green) are shown as stick models. Oxygen
atoms are colored in red, nitrogen atoms in blue, and phosphorus
atoms in orange.
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reported previously for other GPCRs including the P2Y4R.
50−52

As no direct interactions were observed for Ser193, we expect it
to play a role in receptor activation.
According to our model, the orientation of one of the

adenosine moieties of the symmetrical dinucleotide Ap4A (4) in
the orthosteric site is identical to that of ATP (2). While Ap4A
can have more interactions than ATP, it may also lead to
reduced receptor flexibility,3 and therefore, less induced
movements will be possible within the active site upon binding
of Ap4A. The molecule has to adopt a specific conformation to
fit into the binding site (Figure 8): in our homology model, the
α-, β-, and γ-phosphate groups of Ap4A form interactions with

the same set of residues as UTP, i.e., Arg177, Asp185, Arg265,
Tyr268, Tyr269, Arg272, Lys289, and Arg292. The δ-
phosphate group forms additional electrostatic interactions
with Arg26, Arg177, and Lys289. The 2′-hydroxyl group of the
first ribose moiety that binds to the orthosteric site forms
similar interactions as UTP with Arg110 and interacts with the
backbone of Asp185. The first adenine base is oriented toward
a similar direction as UTP and stacked between Tyr114 and
Phe261 through π−π interactions with additional stabilization
by Phe113. In comparison to the uracil ring of UTP, the
adenine ring of Ap4A is larger in size and forms stronger
aromatic interactions with the residues Tyr114 and Phe261.

Figure 8. Putative binding mode of Ap4A (4) in the human P2Y2R. (A) Docked pose of Ap4A with the important residues in the binding pocket
shown. (B) 2D interaction diagram (see Figure 7 for color code).
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The second nucleobase is oriented toward the extracellular

space of the receptor, possibly forming a cation−π interaction

with Arg26 of the highly flexible N-terminus.

Our findings suggest a different binding mode for the P2Y2

agonist UTP than that observed for the nucleotide antagonist 8,
which was co-crystallized with the human P2Y1R. Compound 8
binds in the upper part of the receptor, on the very top, above

Figure 9. Potencies of structurally diverse antagonists on the wt and mutated P2Y2Rs in 1321N1 astrocytoma cells determined using a fluorescence-
based calcium mobilization assay (n ≥ 3). Receptor activation was achieved using UTP at a concentration that represented the EC80 at the respective
mutant. Shown are the negative logarithms of the mean IC50 values. The IC50 values are listed in Supporting Information, Table S2. Each mutant was
compared to the wt P2Y2R using one-way ANOVA with Dunnett’s post-test; *p < 0.05, **p < 0.01, ***p < 0.001.
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ECL2, and interacts with residues from the N-terminus, ECL2
and TM VII. Mutagenesis studies confirmed different
interaction patterns for the nucleotide antagonist 8 as
compared to the nucleotide agonist 5. While the mutants
K46A, R195A, A286W, Y303F, and Y306F affected the potency
of antagonist 8 (23-, 8-, 45-, 156- and 129-fold decrease in
potency, respectively), these had only a minor or at least a
much lower effect on the potency of the agonist 5 (∼2-fold for
K46A, R195A, A286W, and Y303F, and ∼10-fold for Y306F),
indicating different binding interactions of both nucleotides, 5
and 8.32 Our P2Y2R models suggested that analogous residues,
which affected the potency of the antagonist 8 in the P2Y1R, are

too distant to have direct interactions with UTP. However,
mutation of P2Y2R’s Tyr288, which is analogous to P2Y1R’s
Tyr306, affected the potency of the agonist UTP when mutated
to phenylalanine. Similar results were observed for the potency
of the agonist 5 on the P2Y1R, which supports our findings.
Moreover, molecular dynamics simulation studies had indicated
a similar binding site and mode for the agonist ADP at the
P2Y1R as we have now identified for agonists at the P2Y2R.

38

For the dinucleotide Ap4A, the determined potencies were
generally 10−100-fold lower at the wt P2Y2R and the mutants.
Its potency appeared to be affected by the mutations in a
similar manner as observed for UTP. Exceptions were Y114F,

Figure 10. Putative binding mode of 4 in the human P2Y2R. (A) Docked pose of 4 with the important residues in the binding pocket shown. (B) 2D
interaction diagram (see Figure 7 for color code).
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R194A, F261A, and Y288F, for which a complete loss of
potency was observed with Ap4A but not with UTP. Because
Ap4A features an adenine moiety that contains an extended π-
ring system, it is likely to form more interactions with residues
in the ligand binding site than uracil. Y114F and F261A
therefore affected the potency of Ap4A more strongly than that
of UTP. This can be explained by the fact that both are in the
vicinity of the first adenine moiety. The docking and
mutagenesis data suggest that the right orientation of the
base in the binding pocket is determined by certain aromatic
(Phe113, Tyr114, Phe261) and hydrophilic (Arg265) residues,
which are important for receptor activation by Ap4A. Mutation
of Arg194 to His decreased the potency by 25-fold, while
mutation to Ala resulted in a complete loss of activity. It
appears likely that Arg194 in the ECL2 plays a key role in Ap4A
recognition. The R194H mutant is still capable of forming ionic
lock II. Thus, this mutation only led to a decrease in potency.
In contrast, the R194A mutant cannot form ionic lock II, and
consequently Ap4A displayed a complete loss of potency. The
complete abolishment of receptor activation for the agonist
Ap4A and the 50-fold decrease for UTP confirm a strong ionic
interaction between Glu190 and Arg194 that influences the
binding interaction of agonists. Because of the flexibility of the
extracellularly oriented domains additional similar binding
modes for the second adenine and the ribose moiety of Ap4A
are conceivable. Further mutagenesis studies of the extracellular
domains and the N-terminus would be required to predict the
exact binding interactions. Our results suggest that the P2Y2R
features a nucleotide binding pocket for the agonists UTP and
Ap4A that is similar to the binding pocket of agonist 5 in the
crystallized complex of the human P2Y12R

34 as well as the
proposed binding pocket for ADP in the human P2Y1R as
predicted by molecular dynamics simulation.38

Pharmacological Assessment and Docking of Antag-
onists. Next, we assessed a selection of structurally diverse
antagonists on the P2Y2R mutants. These included the potent
and selective P2Y2R antagonist 4 (see Figure 1 for
structures).35 In addition, we tested three anthraquinone
derivatives synthesized by our group,53−55 10 (PSB-0725), 11
(PSB-10107), and 12 (PSB-09114), that were found to show
P2Y2R-antagonist activity with IC50 values in the low
micromolar range. The moderately potent, nonselective,
commercially available P2Y receptor antagonist 13 (Reactive
Blue 2, RB-2)28−31 was also assessed. Compound 13 consists of
a mixture of two constitutional isomers with the sulfonate
group at the terminal phenyl ring located in the meta- or para-
position (Figure 1).56,57 These antagonists were assessed in
fluorescence-based calcium mobilization assays on the wt
P2Y2R and the P2Y2R mutants to determine potential effects
of the mutations on the compounds’ potencies. The
pharmacological assessment of antagonists in functional assays
requires receptor stimulation by an agonist. Because several of
the mutants (R110A, R265A, Y288A, and R292A) were
completely insensitive to the endogenous agonist UTP, it was
not possible to test antagonists on those receptors. Therefore,
only the mutated receptors that still responded to UTP could
be studied (see Figure 9).
The competitive35 P2Y2R-selective antagonist 4 showed no

dramatic changes in potency at the tested mutants. Only Y114A
led to a significant increase in potency. Although not significant,
the mutants Y114F, R194H, F261A, Y268F, and Y288F showed
a trend toward increased potency (up to 3-fold).

To investigate the binding interactions of 4 with the P2Y2R,
an induced-fit docking simulation was carried out. The putative
binding pose and interactions of 4 are shown in Figure 10. In
the simulation study, the tricyclic dibenzocycloheptenyl moiety
was anchored inside the binding cleft formed by Leu89,
Arg110, Phe113, Tyr114, Val168, Phe171, Val172, Phe195, and
Phe261. In particular, Arg110 was observed to form a strong
cation−π interaction with ring C of 4 (see Figure 10). The
methyl substituents of rings A and C are proposed to form
hydrophobic interactions with Leu89, Phe113, Val168, Phe171,
and Phe195, respectively. We believe that this strong
hydrophobic interaction and anchoring inside the binding
pocket confers high P2Y2R potency to this antagonist.
According to our model, the thiouracil moiety (ring D) is
placed between the two basic residues Arg265 and Arg292,
where cation−π interactions may stabilize the substituted
thiouracil base in the binding pocket. The proximity of Tyr114,
Phe261, and Tyr288 likely allows further interactions with S4.
This may account for the requirement of a thio-group in 4 to
achieve high potency.35 Replacement of S4 by oxygen led to a
20-fold decrease in potency.35 The furan ring is probably
extended to the subpocket formed by Asp185, Thr186, and
Tyr268. The carbonyl group of the amide may form a hydrogen
bond interaction with the hydroxyl group of Tyr268. Visual
inspection of rotamers implicated a potential participation of
Asn285 in interactions with the amide linkers. The tetrazolate
group that is deprotonated at a physiological pH value of 7.4
was found to be in close proximity to the basic amino acid
residues His184 and Arg272, which would thus be able to form
ionic salt bridges.
The tested anthraquinone antagonist 10 displayed an

increase in potency at the mutants Y114A, Y114F, and
R194H. The larger anthraquinone derivative 11 showed an
increase in potency on some of the tested receptor mutants,
which, however, did not reach the level of statistical
significance. The potency of its analogue 12 was significantly
enhanced for Y114F and R194H. We expect the mutations
Y114A and Y114F to increase the lipophilicity of the binding
pocket and provide additional flexibility for ligand binding.
Both factors could be a reason for the observed increase in
potency for the anthraquinone derivates 10−12. The increased
potency caused by the R194H mutation could be explained by
the induction of a conformation of the ECL2 that could be
beneficial for the guidance of the anthraquinone derivatives into
the binding pocket. Because Tyr114 plays an important role in
agonist recognition, and mutation of this residue also influences
the potency of the anthraquinone derivatives, we assume
binding to the orthosteric site for 10−12 with similar binding
modes for these three antagonists. Pharmacological data could,
however, not confirm binding of the anthraquinone moiety or
the aromatic substituents of 10−12 in the lipophilic binding
pocket that is occupied by the tricyclic ring system of 4.
The large anthraquinone derivative 13 showed a different

interaction pattern than the smaller derivatives 10−12. It
displayed a loss in potency at the mutants F111A, H184A,
R194H, F261A, and Y269F. Thus, 13 appears to have a
different binding mode. The three sulfonic acid groups of 13
may interact with different basic residues, and several
alternative binding modes are conceivable. Previous muta-
genesis data showed a decrease in potency of 13 for the double
mutant R177A_R180A of the ECL2.3 This further suggests
complex binding modes and mechanisms of receptor blockade
for 13.
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In summary, the residues that were mutated and could be
assessed for antagonist activity do not, with a few exceptions,
play a major role in the binding of the antagonists other than
13. It is reasonable to assume that the four residues, for which
the mutation resulted in a complete loss of agonist potency,
may also be involved in the binding of competitive antagonists.
Unfortunately, they could not be assessed in this study. A
radioligand−receptor binding assay would be a suitable test
system, however, at present no P2Y2R radioligand is available.

■ COMPARISON WITH PREVIOUS MODELS

In comparison to our previously published P2Y2R homology
model,3 the new model presented here is refined to match
previous and new mutagenesis data and, most importantly, it is
based on the recently obtained crystal structure of the P2Y1R
and compared to the agonist-bound structure of the P2Y12R.
These two receptors belong to the same GPCR subfamily as
the P2Y2R and are thus suitable templates. The overall root-
mean-square deviation (RMSD) of atomic positions of the
previously published and the present, P2Y1R-based P2Y2R
homology model was 5.7 Å. The largest discrepancies were
seen with respect to the ECL2 and the intracellular loop 3. In
our previous model, the ECL2 was almost planar and drifted
down toward the center of the TM regions. The present model
has higher similarities with the P2Y1R crystal structure that
contains two β-sheets pointing outward from the receptor.
Interestingly, both models included the ionic lock I, formed by
Asp185 and Arg292. Our new model suggests that Arg272
directly interacts with the phosphate side chain of the
nucleotides. This is in contrast to the previous assumption
that Arg272 is merely guiding the agonists toward the putative
binding pocket. Additional interactions with the δ-phosphate
could explain the higher impact of the R272A mutation on
tetraphosphate dinucleotides compared to triphosphate mono-
nucleotides: >4000-fold versus 350-fold loss in potency,
respectively.3 The refined putative binding mode of UTP is
also compatible with the molecular mode of activation deduced
from molecular dynamics simulations of the P2Y1R.

38 The
combination of the recently published P2Y1R crystal structure
and molecular dynamics simulations has led to a much more
reliable model of the human P2Y2R with regard to the binding
mode of agonists. We determined a putative lipophilic binding
pocket for the base moiety of the nucleotides, a strong
interaction of Arg110 with the ribose moiety, and a proposed
hydrophilic binding pocket for the phosphate chain. Finally,
interactions of the negatively charged phosphate groups with
the residues Asp185 and Arg292 were observed, which are most
likely important for agonist-induced receptor activation. This
may explain why only nucleotides, but not nucleosides, can
activate the receptor.
In a pioneering P2Y2R mutagenesis study by Erb et al.,43 a

few residues of the murine P2Y2R had been mutated to
investigate the binding mode of agonists. The K289R mutant
had led to a shift in agonist potencies, which was increased for
the nucleoside diphosphates ADP and UDP but significantly
decreased for the nucleoside triphosphates UTP and ATP.43

Our P2Y1R-based model suggests hydrogen bonding inter-
actions of Lys289 with the phosphate groups and particularly
strong ionic interactions with the γ-phosphate. The larger size
of arginine in comparison to lysine likely leads to a steric clash
with the γ-phosphate of nucleoside triphosphates and to a
conformation that favors binding of nucleoside diphosphates.

■ CONCLUSIONS
We created a homology model of the human P2Y2R based on
the crystal structure of the P2Y1R and compared the proposed
orthosteric site to the agonist-bound crystal structure of the
P2Y12R. The endogenous ligand UTP, the dinucleotide Ap4A,
and the competitive antagonist 4 were docked into the putative
orthosteric site. Fifteen cell lines were created, each expressing
the P2Y2R with a different mutation affecting residues that were
presumed to contribute to the ligand binding site. The effects
on the potency of the agonists UTP and Ap4A as well as five
structurally diverse antagonists were determined using fluo-
rescence-based calcium mobilization assays. We observed a
significant decrease in potency, or in several cases even a
complete loss of response, for the agonists by those mutations
affecting residues that were predicted to form strong
interactions with agonists in the putative binding pocket
(Arg110, Arg265, and Tyr288) and for amino acid residues
probably involved in receptor activation (in particular Arg292).
In addition, residues contributing to nucleobase recognition
(Tyr114, Arg194, Phe261, Tyr288) were found to form
interactions with the agonists in our homology model. Further
mutagenesis studies of the extracellular domains and the N-
terminus could be useful to confirm the proposed binding site
and molecular interactions for the second adenine moiety of
Ap4A. Previously presumed binding modes of agonists at the
P2Y2R were revised by utilizing the recently published P2Y1R
crystal structure and molecular dynamics simulations. The
participation of the ECL2 in agonist recognition and binding
was supported by our model. Our docking simulations propose
an orthosteric mode of antagonism for 4, which is in
accordance with experimental data.35 Furthermore, our results
suggest the participation of Tyr114 and Tyr288 in the binding
of anthraquinone-derived antagonists, thereby implying orthos-
teric antagonism. The experimental data correlate well with our
homology model and have provided a basis for its refinement.
The updated homology models of the P2Y2R will be useful for
the design of superior ligands and drug candidates. The
predicted docking modes of the investigated ligands in the
created models will allow virtual screening approaches, which
have recently been shown to be highly useful in the search for
novel ligands for GPCRs.58,59

■ EXPERIMENTAL SECTION
Test Compounds. UTP and Ap4A were purchased from Sigma-

Aldrich (Munich, Germany). Compound 13 was obtained from Alexis
Biochem. The antagonists 4, 10, and 12 were synthesized in our
laboratory as previously reported.35,53−55 Compound 11 was
synthesized in analogy to published procedures.54,55,60

The purities of isolated products were determined by ESI−mass
spectra obtained on an LC-MS instrument (Applied Biosystems API
2000 LC-MS/MS, HPLC Agilent 1100) using the following
procedure: the compounds were dissolved at a concentration of 0.5
mg/mL in H2O:MeOH = 1:1 containing 2 mM NH4CH3COO. Then,
10 μL of the sample was injected into an HPLC column (Phenomenex
Luna 3 μ C18, 50 mm × 2.00 mm). Elution was performed with a
gradient of water:methanol (containing 2 mM NH4CH3COO) from
90:10 to 0:100 starting the gradient immediately at a flow rate of 250
μL/min for 15 min followed by washing with 100% methanol for
another 15 min. UV absorption was detected from 200 to 950 nm
using a diode array detector. The purity of the compounds proved to
be ≥95%.

Sodium 1-Amino-4-[4-(2-chlorophenylamino)-3-carboxy-
phenylamino]-9,10-dioxo-9,10-dihydroanthracene-2-sulfo-
nate (11). To a suspension of 2-(2-chlorophenylamino)-5-nitro-
benzoic acid60 (146 mg, 0.5 mmol) in a mixture of ethanol (1.5 mL)
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and water (0.4 mL), iron powder (325 mg, 5 mmol) and hydrochloric
acid (37%, 0.006 mL) were added. The mixture was refluxed at 120
°C, and the reaction was completed after 17.5 h (as monitored by
TLC). After cooling to room temperature, the mixture was filtered
through Celite to remove solid materials, including iron catalyst, and
washed with ethanol (3 mL), followed by ethyl acetate (3 mL). The
filtrate was collected in a microwave reaction tube (10 mL),
evaporated under reduced pressure, yielding 46 mg of the desired
intermediate product (5-amino-2-(2-chlorophenylamino)benzoic acid)
and used as such for the next step. The intermediate was treated with
1-amino-4-bromoanthraquinone-2-sulfonate (45.8 mg, 0113 mmol)
and phosphate buffer solution composed of Na2HPO4 (pH 9.6) (4.0
mL) and NaH2PO4 (pH 4.2) (1.0 mL) and finely powdered elemental
copper (5 mg, 0.08 mmol) as a catalyst. The microwave tube was then
capped and irradiated in a CEM Focused microwave synthesizer type
Discover at 100 W and 120 °C for 5 min. The reaction mixture was
cooled to rt and added to 100 mL of water. The aqueous solution was
extracted with dichloromethane (2 × 150 mL). The volume of the
aqueous layer was then reduced by rotary evaporation to ca. 50 mL.
Purification was performed by flash column chromatography using a
column packed with RP-18 silica gel and applying a gradient of
acetone/water (5%, 20% and finally 40%).54,55 The combined product-
containing fractions were evaporated under vacuum to remove the
acetone and reduce the water volume (ca. 20 mL). The remaining
water was subsequently removed by lyophilization to yield 1.3 mg of
compound 11. Analytical data: mp >300 °C, blue powder. 1H NMR: δ
7.35 (m, 4H, 5′-H, 6′-H, 4″-H, 5″-H), 7.55 (dd, J = 7.9 and 1.55 Hz,
1H, 6″-H), 7.58 (dd, J = 7.9 and 1.3 Hz, 1H, 5″-H), 7.83 (m, 3H, 5-H,
8-H, 2′-H), 7.85 (s, 1H, 3-H), 8.27 (m, 2H, 6-H, 7-H), 10.20 (br, 2H,
1-NH2), 12.17 (br, 1H, 4-NH). 13C NMR: δ 109.1, 110.6, 113.5,
115.3, 121.6, 122.5, 123.3, 126.0, 126.1, 127.8, 128.8, 129.7, 131.4,
132.8, 133.1, 133.8, 134.3, 140.6, 142.6, 143.19, 144.3, 144.8, 169.5
(CO2H), 181.8 (C-9), 182.1 (C10). LC-MS (m/z): 564 [M − Na]+,
562 [M − Na]−, 581 [M − Na + NH4

+]+. Purity determined by
HPLC-UV (220−700 nm) ESI-MS: 95%.
Materials. Dulbecco’s Modified Eagle Medium (DMEM), trypsin-

EDTA (ethylenediaminetetraacetic acid), fluo-4-acetoxymethyl ester,
lipofectamine 2000, and penicillin/streptomycin were purchased from
Life Technologies GmbH (Darmstadt, Germany). The hemagglutinin-
(HA)-specific mouse monoclonal antibody (HA.11) was obtained
from Covance, Berkeley, CA, USA. Fetal bovine serum, bovine serum
albumin, Pluronic F-127, and the peroxidase-conjugated goat
antimouse IgG antibody were purchased from Sigma-Aldrich (Munich,
Germany), G418 from Applichem (Darmstadt, Germany), Corning
3340 microplates from Corning (Tewksbury, Massachusetts, USA),
and 12-well plates from Greiner BioOne (Frickenhausen, Germany).
The restriction enzymes, Q5 DNA polymerase and T4 DNA ligase
were purchased from New England BioLabs (Frankfurt am Main,
Germany), Pyrobest DNA polymerase from TaKaRa Bio Inc.
(Kusatsu, Japan), and ABTS (2,2′-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid) chromophore solution from Merck (Darmstadt,
Germany).
Site-Directed Mutagenesis. The coding sequence for the human

P2Y2R (UniProt ID: P41231) was cloned into the pUC19 vector.
Point mutations were subsequently introduced using whole-plasmid
recombination polymerase chain reaction (PCR)61 according to the
following protocol: 30 s at 98 °C, followed by 30 cycles each
consisting of 10 s at 98 °C, 40 s at 60 °C, and 5 min at 72 °C. The
PCR reaction was concluded with an additional 10 min at 72 °C.
Following purification, the wt receptor template DNA was removed
from the PCR product through digestion with DpnI. Competent
Escherichia coli were subsequently transformed with the PCR product
and spread onto agar plates. The cDNA was isolated from individual
clones and sent for sequencing (GATC Biotech, Cologne, Germany).
Subsequently, it was amplified and cloned into the retroviral
expression vector pLXSN62 containing the influenza virus HA-epitope
at the N-terminus of the receptor. It had been shown previously that
the HA-tag does not alter the pharmacological properties of the
P2Y2R.

3,63

Retroviral Transfection of 1321N1 Astrocytoma Cells.
Retroviral transfection was performed as previously described.3 Briefly,
the sequence coding for the wt or mutated P2Y2R was cloned into the
pLXSN retroviral vector, amplified, purified, and sequenced prior to
the transfection of GP+env AM-12 packaging cells together with
vesicular stomatitis virus G protein DNA using lipofectamine 2000.
After 16 h, 3 mL of DMEM containing 10% fetal bovine serum, 1% of
a penicillin/streptomycin solution (final concentrations: penicillin =
100 U/mL, streptomycin = 0.1 mg/mL), and sodium butyrate (5 mM)
was added to the packaging cells. They were kept at 32 °C with 5%
CO2 for 48 h, during which the viral vectors containing the receptor
sequences were produced and released into the surrounding medium.
These were harvested, filtered (45 μm filter pore diameter), and added
to 1321N1 astrocytoma cells, as these do not intrinsically express P2Y
receptors at a detectable level. Polybrene solution (6 μL, 4 mg/mL in
H2O, sterile filtered) was added. After 2.5 h, the virus-containing
medium was discarded and DMEM supplemented with 10% fetal
bovine serum and 1% of a penicillin/streptomycin solution (final
concentrations: penicillin = 100 U/mL, streptomycin = 0.1 mg/mL)
was added to the cells. These were incubated for 48 h, after which
successfully transfected cells were selected for Geneticin resistance by
adding G418 (200 μg/mL) to the medium.

Cell Culturing. 1321N1 human astrocytoma cells transfected with
the coding sequence for the wt or mutated P2Y2R were grown in
DMEM supplemented with 10% fetal bovine serum, 1% of a
penicillin/streptomycin solution (final concentrations: penicillin =
100 U/mL, streptomycin = 0.1 mg/mL), and 200 μg/mL G418. The
cells were kept at 37 °C in humidified air containing 10% CO2. The
cells were maintained in the exponential growth phase and regularly
tested for mycoplasma contamination.

Calcium Mobilization Assays. 1321N1 human astrocytoma cells
transfected with the coding sequence for the wt or mutated P2Y2R
were employed. Approximately 24 h prior to testing, the nutrient
medium was discarded and the cells rinsed with phosphate-buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 1.47
mM KH2PO4, pH 7.4) before detachment using trypsin−EDTA. The
cells were then suspended in DMEM with the supplements described
under “cell culturing” and dispensed into sterile, black with clear-
bottom 96-well polystyrene microplates with lid (Corning 3340) at a
density of 50000 cells per well. The microplates were incubated
overnight at 37 °C in humidified air with 10% CO2, during which the
cells adhered to the coated bottom of the wells.

Test compounds were investigated by measuring their inhibition of
P2Y2R-mediated intracellular calcium mobilization using a FlexStation
3 (Molecular Devices GmbH, Biberach an der Riss, Germany)
microplate reader. At the start of the assay, the plated cells were
incubated with fluo-4 acetoxymethyl ester (0.3% of a 1 mM solution in
dimethyl sulfoxide) and Pluronic F-127 (0.3% of a 25% (m/v) solution
in dimethyl sulfoxide) in Hank’s Balanced Salt Solution (HBSS) buffer
for 1 h. Excess dye was subsequently removed, and HBSS buffer was
given to the cells. For the assessment of UTP and Ap4A, different
concentrations of the agonists were injected by the microplate reader.
When testing antagonists, the cells were preincubated with the test
compound for 30 min, and the physiological agonist UTP at a
concentration that corresponded to its EC80 value in the respective cell
line was injected. The final volume was 200 μL per well in all cases.
Fluorescence intensity was measured at 525 nm following excitation at
488 nm. EC50 values for agonists and IC50 values for antagonists were
calculated by nonlinear regression using Prism 5.0 (GraphPad
Software, San Diego, CA, USA). Nontransfected 1321N1 astrocytoma
cells showed no response to UTP (data not shown). 1321N1
astrocytoma cells intrinsically express the M3 muscarinic acetylcholine
receptor, which is also coupled to Gαq/11 and causes an increase in the
intracellular free calcium ion concentration. In each assay, the effect of
the M3 receptor agonist carbachol at 100 μM, at which it shows a
maximal response (data not shown), was measured and used as a
reference to compare the maximum receptor activation. For R194A
and R194H, the efficacy could not be determined.

Cell Surface Enzyme-Linked Immunosorbent Assay. The cell
surface enzyme-linked immunosorbent assay (ELISA) was performed
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as described before.3 One day prior to the assay, 1321N1 astrocytoma
cells expressing the wt or mutant P2Y2R were seeded into 12-well
plates in duplicates at a density of 300000 cells per well and incubated
at 37 °C overnight. The entire ELISA except for antibody incubations
and the substrate reaction was done on ice and using 500 μL of cooled
buffers and solutions. Upon removal of the nutrient medium, the cells
were washed with PBS and cell surfaces were blocked using 1% bovine
serum albumin (BSA) dissolved in PBS. The cells were subsequently
incubated for 1 h at room temperature with 300 μL of a 1:500 dilution
of HA-specific mouse monoclonal antibody (HA.11) solution in
DMEM supplemented with 1% BSA, 10 μM 2-[4-(2-hydroxyethyl)-
piperazin-1-yl]ethanesulfonic acid (HEPES), and 1 μM CaCl2, and
adjusted to pH 7.0. The cells were washed three times with PBS, fixed
using 4% paraformaldehyde solution for 5 min, washed again, and
blocked with 1% BSA in PBS for 10 min. After 1 h of incubation with
peroxidase-conjugated goat antimouse IgG antibody at a 1:2500
dilution in DMEM with the supplements described above, the cells
were washed four times with PBS and incubated with 300 μL of 2,2′-
azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) chromophore
solution for 45 min at room temperature. Subsequently, 170 μL of the
substrate were transferred to a 96-well plate, and absorbance was
measured at 405 nm using a PHERAstar microplate reader (BMG
Laboratory Technologies, Offenburg, Germany).
Homology Modeling. The crystal structures of the human P2Y1R

(PDB 4XNW) bound to the nucleotide antagonist 8 and of the human
P2Y12R (PDBs 4PXZ and 4NTJ) co-crystallized with the agonist 6 and
the antagonist 7, respectively, were downloaded from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein Data
Bank (PDB).64 The crystal structure of human P2Y1R was used as a
template for generating homology models of the human P2Y2R
sequence (accession number: P41231) retrieved from the UniProt
sequence database (http://www.uniprot.org).65 The sequences of the
human P2Y1R and P2Y12R were aligned with that of the human P2Y2R
using Clustal Omega and AlignMe.66,67 With the human P2Y1R as a
template, we generated 500 models using the standard comparative
modeling by the automodel class available for MODELER. To ensure
correct tertiary protein structure, we introduced disulfide bridges
between Cys25 and Cys278 as well as between Cys106 and Cys183.
The best model was selected on the basis of Discrete Optimized
Protein Energy (DOPE) scores calculated for the models.68,69 The
generated models were analyzed, and the best model of the human
P2Y2R was used for molecular docking studies based on the DOPE-
and GA341-score, PROSA II Z-score, and Ramachandran plots.
Docking Studies. Prior to docking, the homology model of the

human P2Y2R was prepared using the Protein Preparation Wizard
module implemented in Schrödinger.70,71 In the first step for protein
preparation, we preprocessed the structure using the standard protocol
which included the assigning of bond orders using the CCD database,
the adding of hydrogens, the creating of disulfide bonds, and the
generating of het states using the implemented Epik module for
prediction of the structure protonation state at physiological pH of 7.4.
The second step involved H-bond assignment optimization by
considering sample water orientations and by using the PROPKA
package to determine the protein protonation state at pH 7.4. In the
third and final protein preparation step, we performed restrained
minimization, covering only heavy atoms, to 0.30 Å RMSD using the
Liquid Simulations Version 3 (OPLS3) force field.
Rotamers of side chains were examined using the rotamer library

module implemented in Molecular Operating Environment (MOE
2014.09, Chemical Computing Group Inc., Montreal, Canada). The
orthosteric binding site was identified using the SiteFinder module
from MOE 2014.09. For predicting the binding mode, the agonists
UTP and Ap4A as well as the antagonists 4, 10−12, and 13 were
docked into the predicted orthosteric binding site of the receptor.
Docking was performed using Induced Fit Docking (IFD) and Glide
as implemented in Schrödinger release 2016.70−72 In the first step of
IFD, Glide ligand docking were performed by removing the side chains
of the amino acids in the selected binding pocket. In the second phase
of docking, the Prime was applied to refine the nearby residues and
optimize the side chains. In the final docking phase, the ligand was

redocked into all induced fit protein structures that were within 30
kcal/mol of the lowest energy structure by using the Glide XP scoring
function. A receptor grid center was specified on the basis of the
transformed position of the orthosteric agonist 5 from the human
P2Y12R structure, with the cubic grid side length of 10 Å. We thus
limited the possible docking area, and we therefore cannot completely
exclude that other binding areas outside of the selected one might also
qualify as potential binding sites.

During the docking simulations, the receptor and the ligands were
selected flexible during docking. Following docking, the resulting poses
of the best model was selected using the IFD scores and Prime Energy
as representative values. The conformations of the docked ligands
within an energy window of 2.5 kcal/mol were considered. For Glide
docking, the following standard parameters were selected: receptor van
der Waals scaling, 0.50; ligand van der Waals scaling, 0.50; a maximum
of 20 poses per ligand. Residues within 5.0 Å of the ligand poses were
refined, and the side chains were optimized. The best docking pose
was selected based on the IFD score and Prime Energy values.
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Chebli, M.; Jankowski, V.; Jankowski, J.; Schaf̈er-Korting, M.; Zidek,
W.; van der Giet, M.; Tölle, M. The endothelium-derived contracting
factor uridine adenosine tetraphosphate induces P2Y(2)-mediated pro-
inflammatory signaling by monocyte chemoattractant protein-1
formation. J. Mol. Med. 2011, 89, 799−810.
(15) Seye, C. I.; Yu, N.; Jain, R.; Kong, Q.; Minor, T.; Newton, J.;
Erb, L.; Gonzalez, F. A.; Weisman, G. A. The P2Y2 nucleotide receptor
mediates UTP-induced vascular cell adhesion molecule-1 expression in
coronary artery endothelial cells. J. Biol. Chem. 2003, 278, 24960−
24965.
(16) Kaczmarek, E.; Erb, L.; Koziak, K.; Jarzyna, R.; Wink, M. R.;
Guckelberger, O.; Blusztajn, K.; Trinkaus-Randall, V.; Weisman, G. A.;
Robson, S. C. Modulation of endothelial cell migration by extracellular
nucleotides, involvement of focal adhesion kinase and phosphatidy-
linositol 3-kinase-mediated pathways. Thromb. Haemostasis 2005, 93,
735−742.
(17) Abbracchio, M. P.; Burnstock, G.; Boeynaems, J. M.; Barnard, E.
A.; Boyer, J. L.; Kennedy, C.; Knight, G. E.; Fumagalli, M.; Gachet, C.;
Jacobson, K. A.; Weisman, G. A. International Union of Pharmacology
LVIII, update on the P2Y G protein-coupled nucleotide receptors,
from molecular mechanisms and pathophysiology to therapy.
Pharmacol. Rev. 2006, 58, 281−341.
(18) Müller, T.; Robaye, B.; Vieira, R. P.; Ferrari, D.; Grimm, M.;
Jakob, T.; Martin, S. F.; Di Virgilio, F.; Boeynaems, J. M.; Virchow, J.
C.; Idzko, M. The purinergic receptor P2Y2 receptor mediates
chemotaxis of dendritic cells and eosinophils in allergic lung
inflammation. Allergy 2010, 65, 1545−1553.
(19) Ayata, C. K.; Ganal, S. C.; Hockenjos, B.; Willim, K.; Vieira, R.
P.; Grimm, M.; Robaye, B.; Boeynaems, J. M.; Di Virgilio, F.;
Pellegatti, P.; Diefenbach, A.; Idzko, M.; Hasselblatt, P. Purinergic
P2Y2 receptors promote neutrophil infiltration and hepatocyte death
in mice with acute liver injury. Gastroenterology 2012, 143, 1620−1629.
(20) Tu, M. T.; Luo, S. F.; Wang, C. C.; Chien, C. S.; Chiu, C. T.;
Lin, C. C.; Yang, C. M. P2Y(2) receptor-mediated proliferation of
C(6) glioma cells via activation of Ras/Raf/MEK/MAPK pathway. Br.
J. Pharmacol. 2000, 129, 1481−1489.
(21) Muscella, A.; Elia, M. G.; Greco, S.; Storelli, C.; Marsigliante, S.
Activation of P2Y2 receptor induces c-FOS protein through a pathway
involving mitogen-activated protein kinases and phosphoinositide 3-
kinases in HeLa cells. J. Cell. Physiol. 2003, 195, 234−240.
(22) Schafer, R.; Sedehizade, F.; Welte, T.; Reiser, G. ATP- and
UTP-activated P2Y receptors differently regulate proliferation of
human lung epithelial tumor cells. Am. J. Physiol. Lung Cell Mol.
Physiol. 2003, 285, L376−385.
(23) Weisman, G. A.; Wang, M.; Kong, Q.; Chorna, N. E.; Neary, J.
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4.3. Supporting Information  

The Supporting Information and the homology model of human P2Y2R can be 

accessed free of charge online at: 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.7b00854.  
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S2 

P2Y2R homology model 

 

 

Figure S1. Sequence alignment of the human P2Y2R and the human P2Y1R. The alignment 

of the sequences was used for generating a homology model of the human P2Y2R. The overall 

identity and similarity between the two sequences is 36.3 % and 54.1 %, respectively.  
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S3 

Figure S2. Ramachandran diagram of the human P2Y2R model: 98.0 % of all residues map to 

most favored regions. 

73



 
S4 

 

Figure S3. Sequence-structure compatibility of the human P2Y2R model. A PROSA II Z-

score profile of NMR and X-ray reference structures is shown that contains the P2Y2R model 

(black circle) yielding a Z-score of -4.1. 
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Figure S4. Amino acid residues mutated in this study, presented in the homology model of 

the human P2Y2R in complex with uridine-5’-triphosphate (UTP, 1). Side chains are 

presented as sticks. Oxygen is colored in red, nitrogen in blue.  
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Receptor expression 

Cell surface expression for the wild-type (wt) and mutated receptors was confirmed and 

quantified using enzyme-linked immunosorbent assays (ELISA), with the exception of the 

mutants R194A and R194H. The cell lines for these receptor mutations had been created in a 

previous study1 and did not contain a hemagglutinin (HA)-tag. Results are shown in Figure 

S5. 
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Figure S5. Cell surface expression of the mutated P2Y2Rs in stably transfected 1321N1 

astrocytoma cells determined by ELISA. The mean expression levels of at least 3 independent 

experiments are shown for the mutated receptors, normalized to that of the wt receptor; error 

bar represent SEM values. Non-transfected 1321N1 astrocytoma cells were used as a control. 

Each mutant was compared to the wt using one-way ANOVA with Dunnett’s post-test; *p < 

0.05, **p < 0.01. 
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Pharmacological assessment of mutated P2Y2 receptors 

To provide experimental evidence for the support and refinement of our homology model, the 

effect of different mutations in the putative orthosteric site of the human P2Y2R on the 

potencies of the agonists UTP (1) and P1,P4-di(adenosine-5’)-tetraphosphate (Ap4A, 3) as 

well as various antagonists was determined using calcium mobilization assays. The EC50 

values for the agonists are found in Table S1. 

 

Table S1. Potencies of the agonists UTP (1) and Ap4A (3) at the wt and mutant human 

P2Y2Rs, determined using a fluorescence-based calcium mobilization assay in transfected 

1321N1 astrocytoma cells (n ≥ 4). The cell surface expression of the mutant receptors relative 

to the expression of the wt receptor is also shown. 

P2Y2R mutant 
EC50 ± SEM (nM) Receptor expression

(% of wt) UTP (1) Ap4A (3) 

wt 5.61 ± 0.85 100.0 ± 0.1 100 

R110A > 100,000 > 100,000 72 

F111A 186 ± 40 1,986 ± 324 120 

Y114A 15.9 ± 2.0 593 ± 257 181 

Y114F 1,662 ± 93 > 100,000 133 

H184A 996 ± 98 18,100 ± 5900 98 

S193A 70.6 ± 19.7 618 ± 202 121 

R194A 254 ± 62 > 100,000 n.d.a 

R194H 304 ± 74 ≈ 2,500 n.d.a 
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F261A 496 ± 172 > 100,000 177 

R265A > 100,000 > 100,000 137 

Y268F 62.3 ± 5.0 3,160 ± 1,490 205 

Y269F 221 ± 36 1,520 ± 290 182 

Y288A ≥ 100,000 > 100,000 154 

Y288F 911 ± 218 ≥ 100,000 100 

R292A > 50,000 > 50,000 97 

an.d., not determined, as no HA-tag was present and determination of receptor expression via 

ELISA was therefore not possible. 

 

Several different antagonists were also determined on the mutated P2Y2Rs using calcium 

mobilization assays. In the assessment of antagonists, receptors were stimulated with UTP at a 

concentration that corresponded to its EC80 value. Some of the mutations led to an 

abolishment of the response to UTP, and the assessment of antagonists was in these cases not 

possible. The IC50 values for the antagonists are found in Table S2. 
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Table S2. Potencies of various antagonists on the wt and mutant human P2Y2Rs determined 

using a fluorescence-based calcium mobilization assay in transfected 1321N1 astrocytoma 

cells (n ≥ 3). Antagonist assessments were done at a concentration of the agonist UTP that 

corresponded to its EC80 value. 

P2Y2R 
mutant 

IC50 ± SEM (µM) 

AR-C118925 
(4) 

PSB-0725 
(10) 

PSB-10107 
(11) 

PSB-09114 
(12) 

Reactive 
Blue 2 (13) 

wt 0.0629 ± 

0.0117 
26.4 ± 5.1 12.2 ± 3.9 5.10 ± 0.52 22.1 ± 5.9 

F111A 0.110 ± 0.043 ≈ 30 21.2 ± 5.8 6.97 ± 0.64 > 100 

Y114A 
0.0143 ± 

0.008 
5.93 ± 0.73 4.34 ± 0.60 2.99 ± 0.91 ≈ 50 

Y114F 
0.0184 ± 

0.0005 
4.69 ± 2.56 3.59 ± 0.57 1.47 ± 0.21 29.7 ± 14.5 

H184A 0.103 ± 0.030 9.32 ± 3.35 8.36 ± 1.54 4.43 ± 0.48 ≈ 100 

S193A 
0.0829 ± 

0.0337 
14.7 ± 2.6 4.18 ± 0.94 3.40 ± 0.98 20.5 ± 1.1 

R194H 
0.0261 ± 

0.0077 
7.87 ± 2.92 5.82 ± 2.52 1.21 ± 0.18 > 100 

F261A 
0.0483 ± 

0.0198 
9.90 ± 2.54 4.23 ± 1.19 7.06 ± 2.65 ≈ 100 

Y268F 
0.0315 ± 

0.0089 
20.7 ± 7.6 5.30 ± 1.41 2.43 ± 0.51 ≈ 20 

Y269F 0.279 ± 0.141 17.9 ± 1.5 25.5 ± 9.2 4.48 ± 0.44 > 100 

Y288F 
0.0345 ± 

0.0100 
9.79 ± 3.13 4.03 ± 0.78 2.76 ± 1.18 17.4 ± 2.4 
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4.4. Summary and Outlook  

In this study, several charged and lipophilic residues buried underneath ECL2 were 

successfully predicted to interact with nucleotide agonists and confirmed by 

fluorescence-based calcium mobilization assays. Use of the closely related P2Y1- and 

P2Y12Rs X-ray crystal structures improved the overall quality of the human P2Y2R 

homology model and provided a better understanding of the cartography of the 

residues forming the orthosteric binding site. The comprehensive analysis identified 

key interactions between the nucleobase of agonists with aromatic residues, as well 

as differences between the recognition of UTP and Ap4A. These finding are of 

immense importance for the design of selective and potent drugs targeting P2Y2R. 

Furthermore, presence of the AspECL2-ArgTM7 ionic lock postulated to be important in 

P2Y1R activation was also observed in P2Y2R indicating analogous functionality. 

Interestingly, a residue distant to the orthosteric binding site as it faces the phospholipid 

layer and the extracellular lumen, namely Arg194, was found to affect the potency of 

the investigated agonists and antagonist RB-2. The homology model suggests the 

presence of a second ionic lock Glu190-Arg194 that likely modifies the flexibility of 

ECL2 resulting in reduced potency or loss of receptor activation in the case of Ap4A. 

This information added a further level of complexity to the conformational changes of 

the receptor upon activation which have to be considered during assessment of 

computational predictions. The investigated anthraquinone-based antagonists 

displayed heterogenous behavior at the cloned receptor mutants which hints different 

binding modes. Among them, RB-2 was found to interact with several residues involved 

in agonist recognition indicating binding close to or at the orthosteric binding site. 

In summary, the optimized and experimentally validated model provided insights on 

the binding mode of ligands and the architecture of the binding site which in turn are 

invaluable information for virtual screening campaigns.  
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5. Ligand Binding and Activation of UTP-Activated G Protein-Coupled P2Y2 

and P2Y4 Receptors Elucidated by Mutagenesis, Pharmacological and 

Computational Studies 

5.1. Introduction 

Among the P2YR subtypes, P2Y2- and P2Y4Rs are the closest related receptors with 

a sequence similarity of 68% and sequence identity of 58%. Especially the putative 

orthosteric binding site responsible for the binding of endogenous nucleotide agonists 

is highly conserved which represents a major challenge for the design of selective 

compounds targeting those receptors. In order to enable the design of selective and 

potent ligands for both receptors, structural traits of both binding sites were 

computationally and pharmacologically investigated in this study for variances. For 

this, effects of site-directed mutagenesis on the potency and efficacy of selected 

agonists and antagonists were measured in calcium mobilization assays on human 

wildtype and mutant P2Y2- and P2Y4Rs expressed in 1321N1 astrocytoma cells to 

determine locations of key interactions between receptor and ligand. Especially the 

differences in ATP and UTP recognition were of interest, as human P2Y2R is activated 

by both ATP and UTP, whereas human P2Y4R is exclusively activated by UTP. 

Additionally, to supplement future design of potent and selective P2Y2R/P2Y4R 

antagonists with information, binding modes of anthraquinone derivatives were 

extensively analyzed to elucidate differences between orthosteric and allosteric ligand 

behavior. 

5.2. Publication  
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A B S T R A C T

The nucleotide receptors P2Y2 and P2Y4 are the most closely related G protein-coupled receptors (GPCRs) of the
P2Y receptor (P2YR) family. Both subtypes couple to Gq proteins and are activated by the pyrimidine nucleotide
UTP, but only P2Y2R is also activated by the purine nucleotide ATP. Agonists and antagonists of both receptor
subtypes have potential as drugs e.g. for neurodegenerative and inflammatory diseases. So far, potent and se-
lective, “drug-like” ligands for both receptors are scarce, but would be required for target validation and as lead
structures for drug development. Structural information on the receptors is lacking since no X-ray structures or
cryo-electron microscopy images are available. Thus, we performed receptor homology modeling and docking
studies combined with mutagenesis experiments on both receptors to address the question how ligand binding
selectivity for these closely related P2YR subtypes can be achieved. The orthosteric binding site of P2Y2R ap-
peared to be more spacious than that of P2Y4R. Mutation of Y197 to alanine in P2Y4R resulted in a gain of ATP
sensitivity. Anthraquinone-derived antagonists are likely to bind to the orthosteric or an allosteric site depending
on their substitution pattern and the nature of the orthosteric binding site of the respective P2YR subtype. These
insights into the architecture of P2Y2- and P2Y4Rs and their interactions with structurally diverse agonists and
antagonist provide a solid basis for the future design of potent and selective ligands.

1. Introduction

P2Y receptors (P2YRs) are G protein-coupled receptors (GPCRs)
activated by adenine and/or uracil nucleotides. Eight different P2YR
subtypes exist which are sub-grouped into P2Y1-like (P2Y1, P2Y2, P2Y4,
P2Y6, and P2Y11) and P2Y12-like (P2Y12, P2Y13, and P2Y14) receptors
[1,2]. The P2Y1, P2Y12, and P2Y13Rs are activated by ADP, P2Y2R is
activated by both ATP and UTP, P2Y4R by UTP, P2Y6R by UDP, and

P2Y14R by both UDP and UDP-glucose [3]. The P2Y1, P2Y2, P2Y4, and
P2Y6Rs couple to Gq proteins, P2Y11 couples to both Gq and Gs proteins,
while the P2Y12-like receptor subtypes couple to Gi/o proteins. Upon
receptor activation by an agonist, Gq proteins stimulate the release of
intracellular calcium through the phospholipase C pathway, while Gs

and Gi proteins lead to the activation and inhibition of adenylyl cyclase,
respectively, thereby modulating intracellular cAMP levels.

P2YRs are widely distributed in the human body and represent
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(potential) therapeutic targets for several diseases including throm-
bosis, inflammation, neurodegenerative diseases and cancer [4,5]. For
instance, several antagonists of the ADP-activated P2Y12R are marketed
as antithrombotic drugs, namely clopidogrel, prasugrel, cangrelor and
ticagrelor [6–8]. However, at present there are no drugs available for
the uracil-activated P2Y4, P2Y6 and P2Y14 receptors and only one (di-
quasofol) for the P2Y2R [9–11]. In the present study, we focused on the
closely related P2Y2 and P2Y4 receptor subtypes.

The P2Y2R is the only member of the P2Y receptor family that is
activated by both UTP (1) and ATP (2) (see Fig. 1) with comparable
potencies and efficacies [2,12]. It is additionally activated by dinu-
cleotides such as Ap4A (3) [13]. P2Y2R is widely expressed in the body,
e.g. in brain, lungs, heart, liver, stomach, skeletal muscle, spleen and
bone marrow [14–16]. Agonists of the P2Y2R have been proposed for
the treatment of cystic fibrosis, chronic bronchitis, viral infections,
myocardial infarction and Alzheimer's disease (AD) [17]. Diquafosol
(Up4A, 4), a P2Y2R agonist, is in fact used for treating dry eye disease in
Asia [18–22]. In AD, activation of P2Y2R expressed in microglia med-
iates phagocytosis and degradation of the insoluble fibrillar β-amyloid
and oligomeric β-amyloid aggregates that are neurotoxic [23]. More-
over, activation of the P2Y2R mediates an increase in α-secretase-de-
pendent non-amyloidogenic cleavage of the amyloid precursor protein
(APP). P2Y2R agonists have also been reported to be cardio-protective
during hypoxia and myocardial infarction in cultured rat cardiomyo-
cytes and in vivo in mice [24,25].

Antagonists of the P2Y2R, on the other hand, may be useful as drugs
for preventing cancer metastasis and for the treatment of obesity, dia-
betes insipidus and inflammatory conditions including asthma
[5,23,26–31]. Only few antagonists have been reported so far that can
be utilized as pharmacological tools for studying the P2Y2R. These in-
clude the non-selective P2YR antagonist reactive blue 2 (RB-2, 6) and
the selective P2Y2R antagonist AR-C118925 (7) (for structures see
Fig. 2) [32–34].

The P2Y2R is closely related to the P2Y4R. Both receptors share the
highest amino acid sequence identity among the human (h) P2YR
subtypes (53%), compared to sequence identities of 34% for P2Y2/
P2Y1, 38% for P2Y2/P2Y6 and 21% for P2Y2/P2Y12.

The P2Y4R is widely distributed in the body, including brain, lung
and intestine. It regulates chloride secretion in the jejenum. In the
brain, it is involved in regulating the production and secretion of
amyloid precursor proteins [35–38]. Agonists for the P2Y4R are

therefore, like those for the P2Y2R, of interest as drugs for the treatment
of cystic fibrosis [39] and AD [3]. In AD, activation of microglial
P2Y4Rs leads to pinocytosis of soluble Aβ1–42 from the neuronal ex-
tracellular environment and thus prevents Aβ accumulation which
would eventually result in synaptic dysfunction [23,40]. Antagonists of
the P2Y4R might be used for the treatment of diarrhea caused by bac-
terial infections [39] and for the treatment of diabetic neuropathy [41].
P2Y4R antagonists have also been reported to be protective in early
stage of myocardial infarct [42,43].

The human P2Y4R (hP2Y4R) is activated by UTP (1) and blocked by
ATP (2) and Ap4A (3). In contrast, ATP is a full agonist at the rat P2Y4R.
MRS4062 (5), an N4-phenylpropoxy-substituted cytidine-5′-tripho-
sphate derivative, was reported to be a selective agonist of hP2Y4R
(EC50 = 0.023 μM) with 28- and 38-fold selectivity over P2Y2R and
P2Y6R, respectively [44]. Few antagonists have been described for the
P2Y4R so far. Those commonly used as pharmacological tools include
the non-selective P2YR antagonist RB-2 (6) and pyridoxalphosphate-6-
azophenyl-2′,4′-disulfonic acid (PPADS, 8) [45,46]. Recently, the an-
thraquinone (AQ) derivatives PSB-09114 (9), PSB-16133 (10), PSB-
16135 (11), and PSB-1699 (12) have been reported as antagonists of
the P2Y4R displaying moderate potency and selectivity [47].

Despite their therapeutic potential, selective, orally bioavailable
agonists and antagonists for P2Y2- and P2Y4Rs are hardly available. In
order to be able to design ligands, knowledge of the topography of the
binding site(s) of these receptors is required. To this end, we employed
molecular modeling and site-directed mutagenesis studies. While the X-
ray crystallographic structures of the P2Y2- and P2Y4Rs are not avail-
able, those of the P2YR subtypes P2Y1 and P2Y12 have been published,
which can serve as templates for homology modeling [48,49]. Recently,
our group published a P2Y2R homology model based on the crystal
structures of hP2Y1R. Preliminary data from site-directed mutagenesis
studies in combination with docking studies for UTP, Ap4A and AR-
C118925 using that model shed light on key interactions with amino
acids in the orthosteric binding pocket of the P2Y2R structure [50]. The
docking results suggested a binding mode for agonists similar to that of
2Me-SADP and 2Me-SATP in hP2Y12R [2], which differs from the
binding mode of the nucleotide antagonist MRS2500 (13) in complex
with hP2Y1R [49]. Moreover, we published a homology model of
hP2Y4R and used it to predict the binding site of AQ antagonists [47].

In the present study, we performed site-directed mutagenesis to
specifically address the question, how selective ligand binding at the

Fig. 1. Structures of selected P2Y receptor agonists.
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closely related P2Y receptor subtypes P2Y2 and P2Y4 can be achieved.
We investigated agonist binding modes, and agonist discrimination, e.g.
ATP versus UTP, as well as binding modes of antagonists.

2. Materials and methods

2.1. Materials

The restriction enzymes and T4 DNA ligase were obtained from New
England BioLabs (Frankfurt am Main, Germany) while the DNA poly-
merase Pyrobest was purchased from TaKaRa Bio Inc. (Saint-Germain-en-
Laye, France). All primers used in the current work were synthesized by
MWG Biotech (Ebersberg, Germany). The agar for cloning and the chro-
mophore solution 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) were purchased from Calbiochem (Darmstadt, Germany).

Dulbecco's Modified Eagle Medium (DMEM), penicillin/streptomycin,
trypsin-EDTA (ethylenediaminetetraacetic acid), and lipofectamine 2000
were obtained from Life Technologies GmbH (Darmstadt, Germany).
Fluo-4 acetoxymethyl ester (Fluo-4-AM) was obtained from Invitrogen/
Thermo Fisher (Merelbeke, Belgium) while geniticin (G418) was from
PAN Biotech (Aidenbach, Germany). Fetal bovine serum (FBS) was pur-
chased from Sigma–Aldrich (Taufkirchen, Germany). The hemagglutinin-
(HA)-specific mouse monoclonal antibody (HA.11) was obtained from
Covance, Berkeley, CA, USA. Ap4A was and UTP were bought from
Sigma–Aldrich (Steinheim, Germany) and ATP from ROTH, Carl Roth
GmbH (Karlsruhe, Germany). MRS4062 was bought from Tocris
Bioscience (Bristol, UK) and carbachol from Alfa Aesar Thermo Fisher
GmbH (Kandel, Germany). Corning 3340 microplates were purchased
from Corning Life Sciences (Tewksbury, Massachusetts, USA), and 24-well
plates for ELISA assays from Sarstedt AG & Co. (Nuembrecht, Germany).

Fig. 2. Structures of selected P2YR antagonists.
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2.2. Homology modeling

Previously, we reported on homology models for hP2Y2- and
hP2Y4Rs [47,50]. Both had been based on the X-ray crystal structure of
hP2Y1R in complex with the nucleotide antagonist MRS2500 (PDB-ID:
4XNW). These were used as starting points in the present study [49].

2.3. Docking studies

The previously published procedure was used for docking studies
with the Induced Fit Docking and Glide Docking modules implemented
in the Schrödinger software package release 2016 [51]. To limit docking
to the putative orthosteric binding site, the aspartic acid residues
Asp185ECL2 (P2Y2R) and Asp187ECL2 (P2Y4R), residues assumed to be
involved in receptor activation as discussed below, were selected as the
receptor center. The putative orthosteric binding site was derived from
the X-ray crystal structure of hP2Y12R in complex with the orthosteric
agonists 2-methylthio-ADP (2MeSADP) and 2-methylthio-ATP (2Me-
SATP) (PDB-IDs: 4PXZ, 4PY0) [52]. Ligands were docked into a box with
a side length of 25.0 Å around the aspartic acid residue Asp185ECL2

(P2Y2R) and Asp187ECL2 (P2Y4R). The best docking pose was selected
based on the induced fit docking (IFD) score and Prime Energy values.

In the case of the agonist MRS4062 (5) no conclusive docking posi-
tion in the P2Y4R was achievable due to steric hindrance by Tyr1163.33.
Therefore, we introduced a computational Y1163.33A mutant to increase
the space of the binding cavity, and docked MRS4062 using the pub-
lished procedure. The best docking pose was selected, and the Y1163.33A
mutation was subsequently reverted. The Tyr1163.33 rotamer with the
lowest energy value was selected for the final docking pose.

During docking of the AQ-derived antagonists, the highest-ranked
protein complex of P2Y2R with PSB-16133 (10) was considered as a
template for further dockings, since we expected the ligands to have a
similar binding mode with respect to the induced rotamers. The ligands
were subsequently redocked with the most reasonable docking pose
using extra precision (XP) glide docking. The top scoring docking poses
were evaluated with their scores and Prime Energy.

2.4. Site-directed mutagenesis studies

The sequences of hP2Y2(ID P41231) and hP2Y4Rs (ID P51582) used
for site-directed mutagenesis studies were taken from the Uniprot da-
tabase [53]. Whole plasmid recombinant polymerase chain reaction
(PCR) using the appropriate primers was performed using the puc19
vector to introduce the desired point mutations. PCR was performed as
follows: 30 s at 98 °C, 30 cycles, each consisting of 10 s at 98 °C, 40 s at
the appropriate annealing temperatures (°C), and 5 min of primer ex-
tension at 72 °C. The PCR products were treated with DpnI to digest the
template plasmid, then purified and used to transform competent E. coli
bacteria. For each receptor, wildtype (wt) or mutant, cDNA was isolated
from individual clones and recombinantly cloned into the mammalian
retroviral vector pLXSN with the influenza hemagglutinin (HA) epitope
attached to the N-terminus. All DNA sequencing data were generated by
GATC Biotech (Cologne, Germany), confirming the expected sequences.

2.5. Retroviral transfection

One day before transfection, 1.5 × 106 GP + envAM12 packaging
cells were seeded into a small 25 cm2 cell culture flask with Dulbecco's
Modified Eagle's Medium (DMEM) medium supplemented with 10% FBS
and 100 U/mL penicillin G and 100 μg/mL streptomycin. A few hours
before the transfection, the medium was changed to 6.25 μL of DMEM
medium containing only 10% FBS. Transfection involved the delivery of
a total of 10 μg DNA - 6.25 μg of receptor-containing plasmid-DNA and
3.75 μg of the vesicular stomatitis virus G protein (VSV-G) - into the
packaging cells using Lipofectamine 2000. After incubating the trans-
fected cells at 37 °C for 12–15 h, the medium was changed to 3 mL

DMEM supplemented with 10% FBS, 100 U/mL penicillin G, 100 μg/mL
streptomycin and 5 mM of a sterile aqueous solution of sodium butyrate.
The cells were then incubated at 32 °C with 5% CO2 for 48 h. About 24 h
before infection, 5 × 105 1321 N1 astrocytoma cells were seeded into a
25 cm2 flask containing DMEM medium with 10% FBS, 100 U/mL pe-
nicillin G and 100 μg/mL streptomycin, and incubated at 37 °C. On the
day of infection, the medium was removed from the astrocytoma cells
and discarded. The medium (containing viruses) was removed from the
GP + envAM12 cells, filtered through a 0.22 μm filter onto the astro-
cytoma cells followed by 6 μL of sterilized polybrene solution (4 mg/mL
in water). The astrocytoma cells were then incubated at 37 °C for 2½ h
after which the medium was exchanged for 5 mL of DMEM medium
containing 10% FBS, 100 U/mL penicillin G and 100 μg/mL strepto-
mycin. The medium was replaced after 48 h of incubation by DMEMwith
10% FBS, 100 U/mL penicillin G, 100 μg/mL streptomycin and 800 μg/
mL G418 for selection of cells expressing the receptor.

2.6. Cell culture

The 1321 N1 astrocytoma cells were cultured in DMEM supplemented
with 1% ultraglutamine, 10% FBS, 100 U/mL penicillin G, and 100 μg/mL
streptomycin. They were stably transfected with either the wt or mutant
P2Y2 or P2Y4R. The DMEM medium described above was further sup-
plemented with 800 μg/mL G418. The GP + envAM12 packaging cells
were maintained in HXM (hypoxanthine, xanthine, mycophenolic acid)
media containing DMEM supplemented with 1% ultraglutamine, 10%
FBS, 100 U/mL penicillin G, 100 μg/mL streptomycin, 15 μg/mL hypox-
anthine, 250 μg/mL xanthine, 25 μg/mL mycophenolic acid, and 200 μg/
mL hygromycin B. All cells were grown at 37 °C in 96% humidified air.

2.7. Cell surface enzyme-linked immunosorbent assay (ELISA)

The 1321 N1 astrocytoma cell-line expressing the various wt or mutant
receptors were seeded in duplicates at a density of 150,000 cells per well
into a 12-well plate 24 h before the assay. The medium was removed and
the cells were washed with phosphate-buffered saline (PBS). 500 μL of 1%
bovine serum albumin (BSA) in PBS was added for 5 min to block non-
specific cell surface binding. Next, 300 μL of a 1:1000 dilution of the
hemagglutinin (HA)-specific mouse monoclonal antibody (HA.11) solution
in DMEM containing 1% BSA was added to each well and the mixture was
incubated at room temperature (rt) for 1 h. The cells were washed three
times with 500 μL of PBS, fixed with 500 μL of 4% paraformaldehyde in
PBS, pH 7.3, washed again with 500 μL of PBS and blocked with 500 μL of
1% BSA in PBS for 10 min. The cells were then incubated at rt. for 1 h with
300 μL of peroxidase-conjugated goat anti-mouse IgG antibody of a 1:2500
dilution ratio in DMEM supplemented with 1% BSA. After further washing
with 500 μL PBS for four times, the cells were incubated with 300 μl of the
substrate, ABTS solution, for 45 min at rt. Finally, 170 μL aliquots of the
supernatant ABTS solution were then transferred into a 96-well plate, and
the absorbance was measured at 405 nm by a PHERAstar microplate
reader (BMG Laboratory Technologies, Offenburg, Germany). The whole
assay, except for the addition of antibodies and the substrate reaction, was
performed on ice and with freshly prepared cold buffers.

2.8. Calcium mobilization assay

About 16–24 h before the assay, the growth medium was removed
from a T175 mL flask with approximately 80–90% cell confluency. The
cells were washed with PBS (containing 137 mM NaCl, 2.7 mM KCl,
4.3 mM Na2HPO4, and 1.47 mM KH2PO4, at pH 7.3). Then, they were
detached with trypsin-EDTA and re-suspended in supplemented DMEM
(see above). To each well of the sterile black 96-well polystyrene plate
with a transparent flat bottom (Corning 3340), about 60,000 cells in
200 μL DMEM growth medium were added and subsequently incubated
at 37 °C, 96% humidity and 10% CO2. Prior to the assay, the growth
medium was removed completely and the adherent cells were incubated
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with 40 μL of loading dye, consisting of 15 μL of fluo-4 acetoxymethyl
ester (1 mM solution in dimethyl sulfoxide (DMSO)) and 15 μL Pluronic
F-127 (25% w/v in DMSO) in 4970 μL Hank's balanced salt solution
(HBSS) buffer, in each well, for 1 h. After incubation, the excess dye was
removed, and cells were further incubated in HBSS buffer at rt for 30 min
before the addition of agonists. For assessment of antagonist potencies,
the cells were pre-incubated with the antagonists in HBSS buffer during
the 30 min incubation before addition of the agonist at its EC80 con-
centration. All dilutions used for concentration–response curves were
performed on a log-scale. The final volume in each well was 200 μL, and
the final DMSO concentration was 0.5%. The measurement of fluores-
cence intensities was performed on a Novostar plate reader (BMG
LabTechnologies, Offenburg, Germany) at 520 nm for 30 s at 0.4 s in-
tervals after excitation at 485 nm. For all assays, 100 μM carbachol, in-
ducing intracellular Ca2+ release by activating the natively expressed Gq

protein-coupled muscarinic M3 receptor (M3R) in 1321 N1 astrocytoma
cells, was used as a positive control. The maximal carbachol response
was set at 100% and employed for normalization of all other responses.

3. Results and discussions

3.1. Molecular modeling

Sequence alignment as well as previously published homology models
of the hP2Y2R and the hP2Y4R were employed to predict residues of in-
terest that were selected for site-directed mutagenesis studies [47,50].
While several mutagenesis studies of human and rat P2Y2Rs have been
reported, only limited data is available for P2Y4R [12,50,54]. A com-
parative study between N-terminus and extracellular loop 2 (ECL2) of the
hP2Y4R (activated by UTP) and the rat P2Y4R (activated by both UTP and
ATP) was previously performed by studying chimeric receptors [55]. Ten
chimeras of the hP2Y4R, in which the extra- and intracellular regions
were exchanged for those of the rat P2Y4R, had been constructed. The
amino acid residues Asn177ECL2, Ile183 ECL2, and Leu190ECL2 were re-
ported to contribute to the acceptance of ATP as an agonist by the hP2Y4R

chimera, in which the ECL2 was exchanged for that of the rat P2Y4R.
Although hP2Y2- and hP2Y4Rs share only a moderate sequence

identity (53%), the predicted orthosteric binding pocket is rather con-
served, except for three residues (see Fig. 3): Tyr1975.35 of P2Y4R is re-
placed by phenylalanine in P2Y2R, Val2045.42 is replaced by methionine,
and Met2055.43 by leucine. Tyr1975.35 is conserved in the human, rat and
mouse P2Y4R, while the corresponding phenylalanine is conserved in the
human, rat, and mouse P2Y2R (see Fig. S1 in Supplementary Informa-
tion). Val2045.42 is not highly conserved, as it is exchanged for isoleucine
in the mouse P2Y4R. Met2055.43, on the other hand, is conserved in
P2Y4R of all three species. This leads to the conclusion that either a single
or multiple mutations or other contributors like the ECL2 itself may be
responsible for agonist discrimination.

3.1.1. Docking studies at the P2Y2R
We previously reported on the binding mode of UTP in hP2Y4R

based on a homology model [50]. The endogenous agonist UTP is
proposed to bind in the upper third part of the receptor in a cleft formed
by side-chains of TM III, VI and VII, as it is common for many GPCRs
(see Fig. 4) [49,56]. The phosphate groups are proposed to interact with
positively charged amino acid residues (arginine, lysine, histidine). The
nucleobase likely binds in a lipophilic binding cavity formed by
phenylalanine and tyrosine residues. Docking studies of UTP into the
homology model of hP2Y2R propose a similar binding mode. For de-
tailed discussion of interactions see below (Section 3.5.1).

Based on previously published docking studies of the agonist UTP
into the homology model of hP2Y2R, and the predicted binding mode of
UTP in the homology model of hP2Y4R, we selected 14 amino acid re-
sidues (five of P2Y2R and nine of P2Y4R) for site-directed mutagenesis.

3.1.1.1. P2Y2R. Molecular dynamics simulation studies suggested an
ionic lock between an aspartic acid residue in the extracellular loop 2
(ECL2) and an arginine in TM VII to play a key role in P2Y1R activation;
agonists were proposed to break the ionic lock between Asp204ECL2 and
Arg3107.39, while antagonists were predicted to stabilize the interaction

Fig. 3. Sequence alignment of hP2Y2- and hP2Y4Rs. Transmembrane regions (denoted as ‘TM’) are indicated by red bars. Identical residues of the putative orthosteric
binding site are highlighted in green, non-identical residues are highlighted in blue.
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thereby preventing receptor activation [57]. Mutagenesis studies on
hP2Y1R had shown that both residues play key roles in agonist-induced
receptor activation [58]. In our previous studies we were able to confirm
P2Y2-Arg2927.39 as an important residue for agonist function, which is
the analogous residue to P2Y1-Arg3107.39. To further investigate the role
of an ionic lock between ECL2 and TM VII in P2Y2R, we selected the
P2Y2-D185ECL2A mutant. P2Y2-R1103.29A, a previously published mutant
[50] was additionally investigated in this study for possible consequences
on P2Y2R interaction with the recently published agonist MRS4062 [44].
P2Y2-Phe1133.32 is predicted to be part of the orthosteric binding site of
P2Y2R. Therefore, it was mutated to alanine and tyrosine, respectively, to
investigate its interactions with the nucleobases of the agonists. P2Y2-
Phe1955.35, corresponding to Tyr1975.35 in hP2Y4R, is located close to
the ECL2 in the upper part of TM V. These represent non-conserved
residues in the predicted orthosteric binding pocket of P2Y2- and P2Y4Rs,
which might play a role in the acceptance of UTP versus ATP.

3.1.1.2. P2Y4R. For mutation of hP2Y4R, Asn1704.60 was selected as it
is close to the putative orthosteric binding site and replaced by
Val1684.60 in P2Y2R. Arg194ECL2 was found to play a role in ligand
recognition by P2Y2R even though it is distant from the putative
orthosteric binding site [50]. It was concluded, that Arg194ECL2 may
form a salt bridge with Glu190ECL2 forming a second ionic lock close to
the TMV and ECL2, that modifies the flexibility of the loop, resulting in
decreased potency of agonists. Therefore, we decided to investigate
Arg190ECL2, Glu193ECL2 and Asp1955.33 in P2Y4R as those amino acid
residues may form an analogous ionic lock in P2Y4R. Finally, Tyr1975.35

and Phe2005.38 of P2Y4R were selected as candidates for mutagenesis
studies, as they are close to the putative orthosteric binding site and not
conserved between the two related P2YR subtypes.

All mutants selected for mutagenesis in the present study are

presented in Fig. 5. New and published mutagenesis data for P2Y2- and
P2Y4Rs were taken into account for the analysis and prediction of
binding modes of agonists and antagonists. The mutants were re-
combinantly expressed in 1321 N1 astrocytoma cells, and their effects
on selected ligands were investigated by calcium mobilization studies.
Four agonists, UTP (1), ATP (2), Ap4A (3), and MRS4062 (5) were
evaluated. The investigated antagonists included AR-C118925 (7), and
the AQ derivatives RB-2 (6), PSB-09114 (9), PSB-16133 (10), PSB-
16135 (11), and PSB-1699 (12). The ligand selection was based on
structural diversity, differences in size, and unique pharmacological
profiles, i.e. selectivity for either receptor subtype.

3.2. Site-directed mutagenesis studies

The coding sequences of P2Y2- and the P2Y4Rs were cloned into the
plasmid vector pUC19, and using whole plasmid PCR, the desired point
mutations were introduced. From pUC19, the cDNAs were cloned into the
pLXSN retroviral expression vector featuring a hemagglutinin (HA) epitope
sequence at the N-terminus of the receptors. The wt and mutant receptors
were then stably transfected into 1321 N1 astrocytoma cells. Since ex-
pression levels can directly affect the potency of GPCR agonists in functional
assays [59,60], these were determined by enzyme-linked immunosorbent
assay (ELISA) using an antibody against the HA-tag. Previous reports had
shown that the HA-tag does not interfere with ligand–receptor pharma-
cology [12,50]. All data were normalized to the expression of the wt re-
ceptor (see Fig. 6 and Appendix Table S1 for expression values). Cell surface
expression of the P2Y2R mutants was between 16% and 125% relative to
that of the wt receptor (100%). The receptor with the lowest expression was
the P2Y2R-F1133.32Y mutant (16 ± 1%), which is a highly conserved
amino acid among the two investigated P2YR subtypes (see Fig. 6). In
contrast to F1133.32Y, the P2Y2R-mutant F1133.32A showed high expression

Fig. 4. Putative binding mode of UTP in the homology models of
hP2Y2- (A and B) and hP2Y4Rs (C and D). A. Docked pose of UTP with
the important residues in the binding pocket is shown. B. Schematic 2D
representation of the binding pocket. C. Docked pose of UTP in hP2Y4R
homology model. D. Schematic 2D representation of the UTP-P2Y4R
complex. P2Y2- and P2Y4Rs (gray) are displayed in cartoon re-
presentation, the amino acid residues (blue) and UTP (yellow) are
shown as stick models; oxygen atoms are colored in red, nitrogen
atoms in blue, phosphorus atoms in orange (A, C). Charged, basic re-
sidues are colored in blue, aromatic residues in red, the conserved
aspartic acid residue in the ECL2 involved in an ionic lock with
Arg2927.39 is depicted in yellow, other residues in the binding pocket
in green (B, D).
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(125 ± 10%). P2Y2R-R1103.29A mutant displayed a high cell surface ex-
pression (74 ± 4%) similar as in a previous study [50]. Cell surface ex-
pression of the P2Y4R mutants was between 56 ± 2% (Y1975.35A) and
144 ± 6% (F2005.38Y) relative to that of the wt P2Y4R (100%).

3.3. Analysis of agonist activities

Four agonists, UTP (1), ATP (2), Ap4A (3) and MRS4062 (5), were
selected for testing at the receptors based on their structures and their
pharmacology. UTP activates both receptor subtypes. ATP and Ap4A only
activate P2Y2R while MRS4062 was reported to be selective for P2Y4R.

The ligands were assessed by measuring intracellular calcium con-
centrations using the fluorescent calcium-chelating dye Fluo-4. 1321 N1
Astrocytoma cells natively express the muscarinic M3R which is also Gq

protein-coupled and therefore, like the P2Y2- and P2Y4Rs, leads to in-
tracellular calcium release upon activation. Carbachol, a muscarinic M3R
agonist was therefore used as an internal standard to which all data were
normalized. In addition, data for all agonist efficacies at each mutant
were normalized to UTP efficacy at the corresponding wt receptors.
Concentration–response curves are shown in Figs. 7, 9 and 10, pEC50
values and efficacies are presented in Figs. 8 and 11 while EC50 values
are collected in Tables S2 and S3 of Supplementary Information.

Fig. 5. Putative binding mode of UTP in the
homology model of hP2Y2R in overlay with the
homology model of hP2Y4R used for selection of
amino acid residues for mutagenesis. P2Y2- and the
P2Y4R are displayed in cartoon representation, the
amino acid residues of P2Y2- (green) and P2Y4Rs
(purple) to be mutated are shown as stick models,
UTP as spheres. Carbon atoms are colored in yellow,
hydrogen atoms in white, oxygen atoms in red, ni-
trogen atoms in blue, and phosphorus atoms in or-
ange.

Fig. 6. Cell surface receptor expression levels as determined by ELISA using antibodies interacting with the HA tag fused to the N-terminus of P2Y2- and P2Y4Rs. Data
represent means ± SEM of 3–4 independent experiments (in duplicates). Expression rates of the mutants were determined relative to that of the wt (100%).
Statistical analysis was done using one-way ANOVA with Dunnett's post-hoc test: ns not significant; * p ≤ .05; ** p ≤ .01; *** p ≤ .001; **** p ≤ .0001.

I.Y. Attah, et al. BBA - General Subjects 1864 (2020) 129501

89



3.3.1. Evaluation of agonists at the P2Y2R
3.3.1.1. UTP. UTP (1) displayed an EC50 value of 0.0822 ± 0.0059 μM
at hP2Y2R, which is consistent with previous reports in calcium assays
[12,50]. We observed a rightward shift of the concentration–response
curves for most of the mutants relative to the wt receptor, except for the
F1955.35Y mutant at which UTP showed an EC50 value of
0.0233 ± 0.0064 μM (see Figs. 7 and 8; Table S2). There was no
significant difference (p > .05) between the potencies at the wt and the
F1133.32Y receptor mutant despite its comparatively lower expression
level (16% of the wt P2Y2R). The R1103.29A mutation resulted in a
complete loss of receptor activation for all four tested agonists. The
potency of UTP decreased by 300-fold at the F1133.32A mutant (EC50
25.0 ± 2.7 μM, p ≤ .0001, ****) whereas at the D185ECL2A mutant it
decreased 7-fold compared to that at the wt P2Y2R (0.606 ± 0.076 μM vs
0.0822 ± 0.0059 μM). There was a 3-fold increase in UTP potency at the
F1955.35Y mutant (EC50 0.0233 ± 0.0064 μM, p≤ .01, **). The efficacies
of UTP at the P2Y2 mutants ranged between 33% and 170% compared to
the wt P2Y2R. A significant change in UTP efficacy was observed for the
F1133.32A (170 ± 12%, p≤ .0001, ****) and the F1133.32Y (33 ± 2%,
p ≤ .0001, ****) mutants compared to the wt receptor (see Fig. 8).

3.3.1.2. ATP. ATP (2) was about equipotent to UTP at the wt hP2Y2R
(EC50 0.102 ± 0.010 μM) with nearly the same efficacy (see Table S2).
Similar to UTP, concentration–response curves were slightly rightward-
shifted for ATP at most of the mutants (i.e. F1133.32A, F1133.32Y, D185ECL2A
and F1955.35Y), with significant differences in potencies (see Figs. 7 and 8).
Like UTP, ATP was completely inactive at the R1103.29A mutant although
this mutant was highly expressed. Disruption of the ionic lock in the
D185ECL2A mutant led to a 21-fold reduction in ATP potency (EC50
2.160 ± 0.454 μM, p ≤ .0001, ****) relative to the wt P2Y2R. Also, the
receptor mutants F1133.32A and F1133.32Y showed appreciable differences
in ATP activity as compared to the wt P2Y2R. At F1133.32A, ATP (2) was
200-fold less potent (EC50 20.5 ± 4.2 μM, p ≤ .0001, ****) compared to
the wt receptor, whereas the F1133.32Y mutation resulted in only a 2-fold,
non-significant decrease in potency (EC50 0.219 ± 0.044 μM). In addition,
the efficacy of ATP (2) was significantly different at the F1133.32A

(185 ± 16%, p ≤ .0001, ****) and the F1133.32Y (31 ± 7%,
p ≤ .0001, ****) mutants compared to that at the wt P2Y2R (set at
100%). Residues Arg1103.29, Phe1133.32 and to a lesser extent Asp185ECL2

were observed to be important for P2Y2R activation by UTP and ATP.

3.3.1.3. Ap4A. The EC50 value of Ap4A (3) at the wt P2Y2R amounted to
0.0695 ± 0.0065 μM with 88% efficacy compared to UTP, similar to the
previously reported values [50]. Ap4A was completely inactive at most of
the P2Y2R mutants (i.e. R1103.29A, F1133.32A, F1133.32Y and D185ECL2A)
except for the F1955.35Y mutant, at which it showed a 3-fold decrease in
potency (EC50 0.194 ± 0.043 μM, p ≤ .001, ***), and a moderate
reduction in efficacy to 67 ± 8% (p ≤ .05, *) (see Figs. 7 and 8).

3.3.1.4. MRS4062. The wt P2Y2R was activated by the P2Y4R agonist
MRS4062 (5) with an EC50 value of 0.535 ± 0.044 μM and 88 ± 4%
efficacy compared to UTP. MRS4062 was 10-fold more potent at the
F1133.32Y receptor mutant (EC50 0.0546 ± 0.0145 μM, p≤ .0001, ****),
3-fold more potent at the F1955.35Y receptor mutant (EC50
0.178 ± 0.027 μM, p ≤ .001, ***) and completely inactive at all other
investigated P2Y2R mutants (Figs. 7 and 8). MRS4062 showed reduced
efficacies at the F1133.32Y mutant (20 ± 2%, p≤ .0001, ****) and at the
F1955.35Y mutant (71 ± 3%, p ≤ .001, ***) compared to the wt P2Y2R.

3.3.2. Evaluation of agonists at the P2Y4R
3.3.2.1. UTP. UTP displayed an EC50 value of 0.135 ± 0.025 μM at the
wt hP2Y4R. At the P2Y4R mutants, UTP showed no significantly different
potency, except for the R190ECL2A mutant where it displayed a 15-fold
decrease (EC50 1.98 ± 0.20 μM, p≤ .0001, ****, see Figs. 9 and 10 and
Table S3). However, differences in agonist efficacies were observed for
several mutants (Fig. 11). Notably, there was a slight decrease in UTP
potency at the Y1975.35A (0.411 ± 0.056 μM, 3-fold) and the F2005.38A
(0.284 ± 0.018 μM, 2-fold) mutants with significantly reduced efficacy
to 56 ± 6% (p ≤ .001, ***) and 24 ± 5% (p ≤ .0001, ****),
respectively. UTP was least potent at the R190ECL2A mutant with a 15-
fold decrease (EC50 1.98 ± 0.20 μM, p ≤ .0001, ****) and only
53 ± 6% efficacy (p ≤ .001, ***) compared to the wt P2Y4R (100%).

Fig. 7. Concentration–response curves of (A) UTP (B) ATP (C) Ap4A and (D) MRS4062 determined by calcium mobilization assays on the wt and mutant P2Y2Rs
expressed in 1321 N1 astrocytoma cells. Each data point represents the mean ± SEM of 4–6 independent determinations each in duplicates. EC50 values are reported
in Supplementary Information, Table S2.
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Fig. 8. A. Potencies and B. efficacies of the selected P2Y agonists determined in calcium mobilization assays on human wt and mutant P2Y2Rs expressed in 1321 N1
astrocytoma cells. Data represent means ± SEM (n = 4–6) performed in duplicates. One-way ANOVA with Dunnett's post-hoc test: ns not significant; * p ≤ .05; **
p ≤ .01; *** p ≤ .001; **** p ≤ .0001.

Fig. 9. Concentration–response curves of UTP (A and B) and MRS4062 (C and D) determined by calcium mobilization assays on the P2Y4Rs (wt and mutants)
expressed in 1321 N1 astrocytoma cells. Each data point represents means ± SEM of 4–6 independent determinations each in duplicates. EC50 values are reported in
Supplementary Table S3, pEC50 values are shown in Fig. 11.
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3.3.2.2. ATP. ATP was inactive at the wt P2Y4R as previously
described [2,12]. Interestingly, ATP showed some activity at the
P2Y4R mutant Y1975.35A with an EC50 value of 11.9 ± 1.6 μM and
an efficacy of 32 ± 3%, while it was inactive at all other investigated
P2Y4R mutants (see Figs. 9 and 10, Table S3).

3.3.2.3. Ap4A. In agreement with previous reports, Ap4A (3) was
completely inactive as an agonist at the wt hP2Y4R, and the same
was observed for its mutants (see Table S3 of Supplementary
information) [2,12].

3.3.2.4. MRS4062. MRS4062 (5) was found in our experiments to be 7-
fold selective for the wt P2Y4R (0.0761 ± 0.0100 μM, 100% efficacy)
versus the wt P2Y2R (0.535 ± 0.044 μM, 88% efficacy) essentially
confirming originally published data [44]. The potency of MRS4062
was significantly reduced at the R190ECL2A mutant (EC50
1.24 ± 0.28 μM, 16-fold), the Y1975.35A mutant (EC50
0.757 ± 0.068 μM, 10-fold), and the F2005.38A (EC50
0.694 ± 0.069 μM, 9-fold) as compared to the wt P2Y4R. The
efficacies at these mutants were also significantly decreased to 57%
(p ≤ .001, ***) for the R190ECL2A and the Y1975.35A mutants, and to
21 ± 5% for the F2005.38A mutant (p ≤ .0001, ****). MRS4062
showed also reduced efficacy at the N1704.60V receptor mutant
(56 ± 7%, p ≤ .0001, ****) although its potency was unchanged
compared to the wt P2Y4R (see Figs. 9 and 11, Table S3).

3.4. Evaluation of antagonist potencies

Selected antagonists were tested in calcium assays at the wt P2Y2- and
P2Y4Rs and their mutants. Recombinant 1321 N1 cells were pre-
incubated with different concentrations of antagonist followed by re-
ceptor stimulation by agonist at its EC80 concentration to obtain con-
centration-dependent inhibition curves. We tested the non-selective P2YR
antagonist RB-2 (6), the related, but smaller AQ derivatives PSB-09144
(9), PSB-16133 (10), PSB-16135 (11) and PSB-1699 (12), as well as AR-
C118925 (7) [34], a potent and selective P2Y2R antagonist derived from
UTP. These antagonists have been proposed to bind to the orthosteric site
of P2Y2R [50]. In contrast, at P2Y4R, RB-2 and some other AQ derivatives
were reported to bind to an allosteric pocket in close proximity to the
orthosteric site, based on a computational study [47]. However, experi-
mental evidence for this hypothesis is still lacking and the individual

Fig. 10. Concentration–response curves of ATP on the wt P2Y4R and the P2Y4R
mutants Y1975.35A and Y1975.35F expressed in 1321 N1 astrocytoma cells as de-
termined in calciummobilization assays. Replacement of Tyr1975.35 in the wt P2Y4R
by alanine (Y1975.35A), but not by phenylalanine (Y1975.35F), led to a receptor
mutant that could be activated by ATP (EC50 11.9 ± 1.6 μM) with an efficacy of
32 ± 3% compared to the maximal effect of UTP (100%). Each data point re-
presents means ± SEM of 4–6 independent determinations each in duplicates. EC50
values are reported in Supplementary Table S3, pEC50 values are shown in Fig. 11.

Fig. 11. A. Potencies and B. efficacies of selected P2Y agonists determined in calcium mobilization assays at the wt P2Y4R and its mutants expressed in 1321 N1
astrocytoma cells. EC50 values are presented in Supplementary Table S3. Data represent means ± SEM from 4 to 6 separate experiments performed in duplicates.
Statistical analysis was done by one-way ANOVA with Dunnett's post-hoc test: ns not significant; * p ≤ .05; ** p ≤ .01; *** p ≤ .001; **** p ≤ .0001.
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interaction partners in the receptor protein have not been confirmed so
far. Therefore, we set out to investigate the proposed differing binding
modes of the AQ derivatives by our mutational approach (see Figs. 12
and 13 for potencies of the antagonists at the wt and mutant hP2Y2- and
hP2Y4Rs; see Supplementary Information Fig. S2 and Table S4 for con-
centration–response curves and IC50 values of antagonists at hP2Y2R; for
those at hP2Y4R, see Supplementary Figs. S3 and S4, and Table S5).

3.4.1. Evaluation of antagonists at the P2Y2R mutants
3.4.1.1. Reactive blue 2. At the wt P2Y2R, the P2YR antagonist RB-2
displayed a potency in the low micromolar range (IC50
5.99 ± 0.563 μM) consistent with reported values [12,47]. We
observed a 3- to 4-fold reduction in RB-2 potency at the mutants
F1133.32Y (IC50 23.5 ± 4.6 μM, p ≤ .0001, ****) and F1955.35Y (IC50
18.0 ± 1.5 μM, p ≤ .01, **, Fig. 12). In contrast, RB-2 was 3-fold more
potent at the D185ECL2A mutant (IC50 1.73 ± 0.32 μM, p ≤ .001, ***).
RB-2 appeared to have a profile of inhibitory potency different from that
of the other AQ derivatives at the P2Y2R mutants studied (see Fig. 12).

3.4.1.2. Small anthraquinone derivatives. PSB-09114 (9), PSB-16133
(10) and PSB-16135 (11), showed no significant differences in
potency at the wt P2Y2R as compared to the mutant receptors
F1133.32A and F1955.35Y. However, at the P2Y2R mutants F1133.32Y
and D185ECL2A, the potencies of these AQ derivatives, which are
lacking ring F of RB-2, were significantly increased (see Fig. 12). PSB-
09114 (9) was 3-fold more potent at the F1133.32Y (IC50
0.550 ± 0.134 μM, p ≤ .05, *) and 9-fold more potent at the
D185ECL2A receptor mutant (IC50 0.170 ± 0.025 μM, p ≤ .01, **).
Similarly, PSB-16133 (10) was 5- to 7-fold more potent, and PSB-16135

(11) was about 2-fold more potent at the F1133.32Y (IC50
1.38 ± 0.26 μM, p ≤ .01, **) and the D185ECL2A (1.20 ± 0.06 μM,
p≤ .01, **) mutants compared to the wt P2Y2R (Fig. 12 and Table S4).
Interestingly, the AQ derivative PSB-1699 (12), with a 2-atom linker
between ring D and E, instead of a 1-atom linker as in 9–11, showed a
completely different pattern. Contrary to the AQ derivatives 9–11, PSB-
1699 (12, IC50 3.19 ± 0.97 μM at the wt P2Y2R) showed no inhibition
of UTP-induced receptor activation at the F1133.32A and F1955.35Y
receptor mutants while it maintained potency similar to that at the wt
P2Y2R for the F1133.32Y and D185ECL2A receptor mutants.

3.4.1.3. AR-C118925. The potency of the UTP-derived P2Y2R-selective
antagonist AR-C118925 (7) was in the nanomolar range as previously
reported [32]. Interestingly, there was no significant difference in AR-
C118925 potency at the investigated P2Y2R mutants (Fig. 12, also see
Table S4 of Supplementary Information).

3.4.2. Evaluation of antagonists at the P2Y4R mutants
3.4.2.1. Reactive-blue 2. RB-2 (6) was about 6-fold more potent at the
wt P2Y4R (IC50 1.05 ± 0.04 μM) as compared to the wt P2Y2R (IC50
5.99 ± 0.563 μM). In comparison to the wt P2Y4R, RB-2 was 2-fold
less potent at the D1955.33S mutant (2.26 ± 0.40 μM, p ≤ .05, *), 3-
fold less potent at the Y1975.35F mutant (3.30 ± 0.65 μM, p ≤ .001,
***) and 4-fold less potent at the F2005.38Y mutant (4.17 ± 0.22 μM,
p ≤ .0001, ****). At the N1704.60V mutant, RB-2 was 2-fold more
potent (0.477 ± 0.083 μM, p ≤ .05, *). There was no significant
change in potency of RB-2 at the other investigated P2Y4R mutants (see
Fig. 13 and Table S5).

Fig. 12. Potencies of RB-2 (6, purified prior to testing), PSB-09114 (9), and PSB-16133 (10), PSB-16135 (11), PSB-1699 (12) and AR-C118925 (7) determined in
calcium mobilization assays at the wt hP2Y2R and its mutants expressed in 1321 N1 astrocytoma cells. Data represent mean pIC50 values ± SEM of 3–5 independent
determinations each in duplicates vs. UTP employed at its EC80 value for the respective cell line. IC50 values are reported in Supplementary Table S4.
Concentration–response curves are shown in Supplementary Fig. S2.
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3.4.2.2. Small anthraquinone derivatives. No significant or only
moderate differences between the potencies of PSB-09114 (9, IC50
0.403 ± 0.017 μM, wt hP2Y4R), PSB-16133 (10, IC50
1.62 ± 0.17 μM, wt hP2Y4R) and PSB-16135 (11, IC50
1.73 ± 0.11 μM, wt hP2Y4R) at the wt P2Y4R and the investigated
P2Y4R mutants were observed (see Fig. 13 and Table S5). PSB-09114 (9)
was 5-fold less potent at the N1704.60V (2.26 ± 0.35 μM, p ≤ .0001,
****) and the F2005.38Y (2.09 ± 0.24 μM, p ≤ .0001, ****) mutants,
and 2-fold less potent at the E193ECL2A (1.01 ± 0.16 μM, p ≤ .01, **)
and the Y1975.35F (0.913 ± 0.059 μM, p ≤ .01, **) mutants compared
to the wt P2Y4R. PSB-16133 (10) showed a significant, 3-fold decrease in
potency at the Y1975.35F (4.77 ± 0.68 μM, p ≤ .05, *) and the
F2005.38Y (5.43 ± 0.71 μM, p ≤ .01, **) receptor mutants, whereas its
potency increased by 5-fold at R190ECL2A (0.339 ± 0.010 μM, p≤ .001,
***) and 8-fold at the Y1975.35A mutant (0.205 ± 0.068 μM, p≤ .0001,
****). The potency of PSB-16135 (11) was 3-fold lower at the R190ECL2A
(4.98 ± 0.94 μM, p ≤ .01, **), the E193ECL2A (4.33 ± 0.65 μM,
p ≤ .05, *) and the F2005.38Y (5.69 ± 0.62 μM, p ≤ .01, **) receptor
mutants. At the Y1975.35A mutant, PSB-16135 displayed a 6-fold increase
in potency (0.303 ± 0.060 μM, p ≤ .0001, ****).

Interestingly, as observed at P2Y2R, PSB-1699 (12) also displayed a
different pattern as compared to the other AQ derivatives at the P2Y4R
subtype. PSB-1699's inhibitory potency (12, IC50 1.53 ± 0.27 μM, wt
hP2Y4R) was completely abolished at the R190ECL2A, D1955.33A,
F2005.38A, and F2005.38Y receptor mutants. At the Y1975.35F receptor
mutant, there was a 6-fold decrease in potency while it was 3-fold more
potent at the N1704.60V (0.537 ± 0.084 μM, p ≤ .0001, ****) and the

D1955.33S P2Y4R mutants (0.504 ± 0.090 μM, p ≤ .0001, ****) re-
lative to the wt P2Y4R.

3.4.2.3. AR-C118925. In the current study, AR-C118925 (7) was
determined to be about 270-fold selective for P2Y2R (IC50
0.0212 ± 0.0042 μM) over P2Y4R (IC50 5.73 ± 0.82 μM). These data
confirm the previously published selectivity profile of AR-C118925 (7)
[32]. With the exception of F2005.38A which showed no significant
difference in potency of AR-C118925 relative to the wt P2Y4R, the
introduced mutations significantly affected AR-C118925 potency at
P2Y4R (Fig. 13). Most mutations led to a reduction in potency of the
antagonist. The inhibitory potency of 7 versus UTP was completely lost in
the N1704.60V, D1955.33S and F2005.38Y receptor mutants. AR-C118925
showed a 2-fold decrease in potency at the R190ECL2A (10.9 ± 1.01 μM,
p≤ .01, **) and the E193ECL2A mutants (12.7 ± 1.2 μM, p≤ .001, ***),
two amino acids predicted to form ionic locks in P2Y4R. In contrast, 7 was
about 3- to 4-fold more potent at the D1955.33A and the Y1975.35A mutants
than at the wt P2Y4R with IC50 values of 1.47 ± 0.22 μM (p ≤ .0001,
****) and 1.96 ± 0.38 μM (p ≤ .0001, ****), respectively.

3.5. Docking studies and assessment of mutagenesis data

3.5.1. Agonists at the hP2Y2R
3.5.1.1. UTP. Docking studies of the selected agonists and antagonists
were performed based on the X-ray crystal structure of the related
P2Y1R also taking into account the published structures of the
somewhat more distantly related P2Y12R subtype [49,52]. Results of

Fig. 13. Potencies of RB-2 (6, purified), PSB-09114 (9), and PSB-16133 (10), PSB-16135 (11), PSB-1699 (12) and AR-C118925 (7) as determined by calcium
mobilization assays at the wt hP2Y4R and its mutants expressed in 1321 N1 astrocytoma cells. Data represent mean pIC50 values ± SEM of 3–5 independent
determinations each in duplicates vs. UTP (at its EC80 value for the respective cell line). IC50 values are reported in Supplementary Table S5. Concentration–response
curves are shown in Supplementary Fig. S3 and S4.
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the present as well as previously published mutagenesis studies
provided additional important information to predict ligand–receptor
interactions and receptor activation on a molecular level.

Interactions of the phosphate groups with charged amino acids
(Arg177ECL2, His184ECL2, Asp185ECL2, Arg2656.55, Arg272ECL3,
Lys2897.36, Arg2927.39) and through hydrogen bonds (Tyr2686.58,
Tyr2696.59) were predicted by the homology model of hP2Y2 (see
Fig. 4). The hydroxy groups of the ribose moiety likely form hydrogen
bonds with Arg1103.29 and Asp185ECL2. The uracil base is accom-
modated in a binding pocket formed by several aromatic residues
(Phe1133.32, Tyr1143.33, Tyr1183.37, Phe2616.51), where it is possibly
stabilized through π–π-interactions and hydrogen bonding with the
hydroxy groups of the tyrosine residues. UTP displayed an EC50 value of
82 nM at hP2Y2R, which is consistent with previous reports in calcium
assays [12,50]. In the present study, mutation of Phe1133.32 to alanine
resulted in a 300-fold decrease in potency of UTP (EC50 25 ± 2.7 μM),
while no significant differences were observed for the F1133.32Y mutant
(EC50 52.6 ± 18.3 nM), indicating that Phe1133.32 might form π-π-
interactions with the nucleobase. The mutation of Asp204ECL2 in
hP2Y1R, a residue that is thought to be involved in an ionic lock with an
arginine whose agonist-induced breaking contributes to the molecular

receptor activation, had resulted in a 30-fold decrease in potency of the
P2Y1R agonist 2-methylthio-ADP (2-MeSADP) [58]. A similar trend was
observed for the analogous residue Asp185ECL2 in hP2Y2R, which re-
sulted in a 7-fold decrease in UTP potency when mutated to alanine
(EC50 606 ± 76 nM). In accordance with our docking studies, the
homologous exchange mutant F1955.35Y showed no negative effect on
the potency of UTP (EC50 23.3 ± 6.4 nM), which was predicted to
interact with Phe1955.35 through π–π-interactions.

3.5.1.2. ATP, Ap4A. Docking studies suggested a binding mode for ATP
similar to that of UTP and its derivative Ap4A (see Fig. 14). The phosphate
chain is supposed to bind in a pocket formed by positively charged
residues, the same that were predicted to interact with the phosphate
chain of UTP: Arg177ECL2, His184ECL2, Asp185ECL2, Arg2656.55,
Arg272ECL3, Arg2927.39 (see Fig. 15). Interactions with those residues
were previously confirmed [12,50,54]. ATP was about equipotent to UTP
at the wt hP2Y2R (EC50 102 nM) with nearly the same efficacy (see Table
S2). The EC50 value of Ap4A (3) at the wt P2Y2R amounted to 69.5 nM
with 88% efficacy compared to UTP, similar to the previously reported
values [50]. A complete loss of receptor activation had been observed for
the R2656.55A and the R2927.39A P2Y2R mutants [50]. Mutation of

Fig. 14. Interactions of selected P2Y2R agonists docked into the putative binding pocket of hP2Y2R with amino acid residues that were exchanged in the present
mutagenesis study. Carbon atoms of UTP are colored in yellow, of MRS4062 in dark red, of ATP in dark green, and of Ap4A in light green. For further color code see Fig. 4.
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Arg272ECL3 to alanine was reported to lead to a 185-fold (ATP) and
a>4000-fold (Ap4A) decrease in potency, respectively. The larger
decrease in potency for Ap4A versus ATP at the R272ECL3A mutant [50]
can be explained by additional interactions of the δ-phosphate group of
Ap4A. His184ECL2 may interact with one or several phosphate groups, as
its mutation to alanine had resulted in a>100-fold decrease in UTP and
Ap4A potency [50]. In the present study, differences between ATP and
Ap4A were observed at the D185ECL2A mutant, which resulted in a 21-fold
decrease in potency for ATP (EC50 2160 ± 454 nM), similar to the
results for UTP, but it led to complete abolishment of receptor activation
by Ap4A (EC50 > 10 μM). Ap4A possesses an additional δ-phosphate
located in close proximity to the putative ionic lock between Asp185ECL2

and Arg2927.39 possibly allowing additional ionic and hydrogen bonding
interactions that are not present in the ATP and UTP complex. Hydrogen
bonds between phosphate groups of the nucleotides and tyrosine
Tyr2686.58, Tyr2696.59 and Tyr2887.35 are feasible (see Fig. 15).
Previous findings support hydrogen bond interactions for Tyr2686.58

and Tyr2696.59, since mutation of those residues to phenylalanine had
resulted in a>10-fold decrease in UTP and Ap4A potency [50].
Tyr2887.35, on the other hand, might play a role in agonist
discrimination. The mutation of Tyr2887.35 to alanine had resulted in
a>1000-fold decrease in potency of both UTP and Ap4A, whereas its
mutation to phenylalanine had severely affected the potency of Ap4A
(>1000-fold decrease) but not so much that of UTP (20-fold decrease)
[50]. It had been hypothesized that Tyr2887.35 might form interactions
with Arg2656.55 resulting in a rotamer of Arg2656.55 required for agonist
binding, or Tyr2887.35 itself might recognize and guide the nucleobase of
the agonists towards the lipophilic binding pocket through π-π-
interactions [50]. Arg1103.29 likely forms hydrogen bonds with both
hydroxy groups of the ribose moiety, while the backbone of Asp185ECL2

possibly forms hydrogen bonds with the 3′-hydroxy group of the ribose
moiety. As previously reported for UTP and Ap4A [50] and presently
confirmed, mutation of the key residue Arg1103.29 to alanine also led to
complete abolishment of ATP activity (EC50 > 10 μM). According to the
model, the adenine moiety of ATP and one adenine moiety of Ap4A bind
in an aromatic binding cavity formed by the previously described
aromatic and lipophilic amino acids Phe1133.32, Tyr1143.33, Leu1173.37,
Tyr1183.38, Phe1955.35, and Phe2616.51. The nucleobases of ATP and
Ap4A are likely to form π-π-interactions with Phe1133.32, since mutation
of this residue to alanine resulted in a 200- and>1000-fold decrease in
potency for ATP (EC50 20.5 ± 4.2 μM) and Ap4A (EC50 > 10 μM),
respectively. This is supported by the observation that the F1133.32Y
mutation had no significant effect on ATP potency (EC50 219 ± 44 nM).
The decrease in potency for Ap4A (EC50 > 10 μM) might be due to
different modes of receptor activation (as discussed below). Mutation of
Phe1955.35 to tyrosine also had no effect ATP potency and efficacy,

whereas potency and efficacy of Ap4A were slightly decreased (EC50
194 ± 43 nM). As we did not observe different interactions of Ap4A and
ATP within the ATP binding site of the model, the small difference in
agonist potency might be explained by modulation of ECL2 flexibility
resulting in weaker interactions with the larger agonist Ap4A. The
Y1143.33F and F2616.51A mutations had been reported to lead to
complete abolishment of receptor activation by Ap4A but not by UTP,
which was explained by different interaction patterns of the nucleobases
in the lipophilic binding domain [50]. The proposed ATP binding mode
and interactions are presented in Fig. 15 which is consistent with all
present and previously published experimental data.

The larger ATP derivative Ap4A additionally projects into the ex-
tracellular domain of P2Y2R (see Fig. 14). The δ-phosphate group might
be involved in ionic interactions with Arg26N-terminus and Arg177ECL2

(not shown). Cation–π-interactions are conceivable between Arg24N-
terminus, Arg26N-terminus, and Arg177ECL2 and the second adenine moiety
forming a possible second nucleotide binding pocket close to the N-
terminus and the extracellular domain. Mutation of Arg177ECL2 to
alanine in previous studies had resulted in weaker effects on the po-
tency of ATP (3-fold reduction in potency) as compared to Ap4A (7-fold
reduction) [12]. However, other binding modes of the second adenine
group cannot be excluded.

3.5.1.3. MRS4062. The synthetic UTP-derivative MRS4062 (5), a
moderately potent P2Y4R agonist, is proposed to share the same
binding site as the endogenous agonists (see Fig. 16). The wt P2Y2R
was activated by the P2Y4R agonist MRS4062 (5) with an EC50 value of
535 ± 44 nM and 88% efficacy compared to UTP. The interaction
pattern of the phosphate groups is likely shifted due to the large N4-
substituent on the cytosine heterocycle. The α-phosphate may form
ionic and hydrogen bonding interactions with Arg1103.29, Lys2897.36

and Arg2927.39. The β-phosphate group possibly interacts with
Asp185ECL2, Tyr2686.58, Lys2897.36, and Arg2927.39, and the γ-
phosphate may form interactions with Arg177ECL2, Asp185ECL2,
Arg272ECL3, Lys2897.36, and Arg2927.39.

The potency of MRS4062 was decreased by>100-fold at the
D185ECL2A mutant (EC50 > 10 μM) compared to a 21-fold decrease for
UTP, which may be explained by stronger interactions of MS4062 with
Asp185ECL2 due to its shifted binding mode as compared to UTP.
According to the docking study, the ribose moiety of MRS4062 might
form hydrogen bonds between the 3′-hydroxy group and Arg1103.29. As
observed for UTP, ATP and Ap4A, MRS4062 also could not activate the
R1103.29A mutant (EC50 > 10 μM). The potency of MRS4062 was
decreased by>100-fold at the F1133.32A mutant (EC50 > 10 μM) and
significantly increased (10-fold) at the F1133.32Y mutant (EC50
54.6 ± 14.5 nM), likely due to the closer proximity of the nucleobase

Fig. 15. Putative binding mode of ATP in the homology model of hP2Y2R. A. Docked pose of ATP with the important residues in the binding pocket shown. Carbon
atoms of ATP are colored in green. B. Schematic 2D representation of the binding pocket. For further color code see Fig. 4.
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to Phe1133.32. The cytosine core is possibly stabilized through π–π-
stacking with an induced rotamer of Tyr1143.33, and the oxime sub-
stituent may project towards TM V. Several aromatic (Tyr118,
Phe1955.35, Tyr198) and lipophilic (Val168, Met2025.42, Leu203)
amino acid residues could be responsible for binding of the phenyl-
propyl residue through lipophilic interactions. The 3-fold increase in
MRS4062 potency at the F1955.35Y mutant (EC50 178 ± 27 nM) might
be rationalized by additional hydrogen bonds between the introduced
hydroxy group of the tyrosine and the keto group in position 2 of the
cytosine moiety. In our docking studies, the phosphate chain still binds
in the same cationic binding cavity as UTP, ATP and Ap4A, whereas the
nucleobase binding pocket of the cognate agonists is now occupied by
the phenylpropyl residue of MRS4062, while the pyrimidine moiety is
moved towards Phe1133.32 and Tyr1143.33.

3.5.1.4. Comparison of agonists. The efficacy profiles at the P2Y2R
mutants were similar between the agonists UTP and ATP on the one
hand, and Ap4A and MRS4062 on the other hand (see Fig. 8). The
mutations F1133.32A and D185ECL2A resulted in very different effects as
shown in Figs. 7 and 8. The F1133.32A mutation caused a significant
increase in efficacy in the case of UTP and ATP (170 ± 12 and
185 ± 16%, respectively), and a complete absence of receptor
response for Ap4A and MRS4062. Since ATP and Ap4A likely share
the same binding mode based on the collected data, the difference in
their pharmacological profiles can be explained by different modes of
receptor activation. This includes additional ionic and hydrogen bond
interactions for Ap4A involving the ionic lock between Asp185ECL2 and
Arg2927.39 and other residues close to the ionic lock. Further support
for this hypothesis is provided by a decrease in efficacy of Ap4A and
MRS4062 at the D185ECL2A mutant (9 ± 7 and 7 ± 3%, respectively),
while no changes in efficacies for UTP and ATP could be observed for
that mutant (116 ± 7 and 100 ± 9%, respectively). It is possible, that
the formation of the ionic lock between Asp185ECL2 and Arg2927.39

induces a specific rotamer of Arg2927.39 which is needed for interaction
with the phosphate groups. Since Ap4A possesses an additional δ-
phosphate group, and MRS4062 likely has a slightly different
interaction pattern due to its shifted position in the binding pocket,
they might form additional interactions with the rotamer of Arg2927.39,
which are not present in the case of UTP and ATP.

Although no significant changes in potencies and efficacies of ago-
nists were determined for the F1955.35Y mutant, different trends were
observed depending on the agonist structure. When mutated to tyrosine,
the potency of UTP and MRS4062 slightly increased while it decreased
for ATP and Ap4A with respect to the wt P2Y2R. Our docking studies
suggest that the nucleobase binds close to Phe1955.35 which would allow
π-π-interactions of varying magnitudes with the adenine and uracil

derivatives, respectively. Since the space in the investigated lipophilic
binding pocket is limited, the size and functionality of residues might be
crucial for ligand discrimination. The Phe1955.35 residue is conserved in
the mouse and rat P2Y2R, but exchanged for the larger tyrosine residue
in the mouse, rat and hP2Y4R (Tyr1975.35). Mutation of Tyr1975.35 to
alanine introduced ATP-sensitivity into P2Y4R, probably due to the in-
crease in available space, but since it was not crucial for ATP agonism at
P2Y2R, we expect several residues besides Phe1955.35 to be responsible
for accepting both ATP and UTP by P2Y2R.

3.5.2. Antagonists at the hP2Y2R
3.5.2.1. Anthraquinone derivatives. The AQ derivatives are proposed to
bind in the upper third part of P2Y2R (see Fig. 17). While rings A and B of
AQs (Fig. 2) are exposed towards the extracellular space, the sulfonate
group of ring C likely forms ionic and hydrogen bond interactions with
charged residues, such as Arg1103.29, Lys2897.36 and Arg2927.39.
Increased potencies (2- to 9-fold) of the investigated AQ-derived
antagonists were determined at the D185ECL2A mutant. The mutation
of Asp185ECL2 to alanine would break the ionic lock with Arg2927.39 thus
allowing rotamers to form additional interactions with the sulfonate of
AQ ring C. Ring D probably binds in a cavity formed by the aromatic
residues Tyr2686.58, Tyr2696.59 and Tyr2887.35. Mutation of Tyr2696.59

to phenylalanine had resulted in increased potency for small AQ
derivatives with lipophilic substitutions on ring E [50]. Ring E likely
projects into the putative orthosteric binding site, overlapping with the
nucleobase binding cavity of the agonists. Several lipophilic (Leu1173.36)
and aromatic residues (Phe1133.32, Tyr1143.33, Phe2616.51, Tyr2696.59)
may be involved in stabilizing ring E in the orthosteric binding site.
Additional cation-π-interactions are feasible with Arg2656.55. Mutation
of Phe1133.32 to alanine had no significant effect on the potency of the
antagonists except for PSB-1699 (12), which showed a complete loss of
antagonistic activity at the F1133.32A mutant (IC50 > 10 μM). In the
case of PSB-1699, the distance between Phe1133.32 and ring E amounts
to approximately 3.6 Å according to our model, which is a reasonable
distance for π-π-interactions. In the complexes of the other AQ
antagonists, PSB-16133 (10) and PSB-16135 (11), the distance
between ring E and Phe1133.32 was estimated to be 5.1 Å, leading to
the assumption that no π–π-interactions can be formed. π–π-Interactions
between ring E of PSB-1699 and Phe1133.32 are further supported by the
fact that the F1133.32Y mutant showed no decrease in potency (IC50
2770 ± 654 nM). In our previously published study [50], the Y1143.33F
mutation located deep down in the orthosteric binding pocket, had
resulted in increased potency of several AQ derivatives, but had no effect
on the larger RB-2. The Y1143.33A mutant, on the other hand, had led to
significantly decreased potency of RB-2, but had not shown any effect on
the potency of small AQ derivatives [50]. This further supports the

Fig. 16. Putative binding mode of MRS4062 in the homology model of hP2Y2R. A. Docked pose of MRS4062 with the important residues in the binding pocket
shown. Carbon atoms of MRS4062 are colored in red. B. Schematic 2D representation of the binding pocket. For further color code see Fig. 4.
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proposed binding mode of small AQ derivatives in the orthosteric
binding pocket, but not that of the larger RB-2 having an additional
ring F with a charged sulfonate group. A complete loss of inhibitory
potency of PSB-1699 was also observed at the F1955.35Y mutant close to
the orthosteric binding site (IC50 > 10 μM), while the potency of RB-2
was decreased (3-fold, IC50 18.0 ± 1.54 μM), and the potency of the
other investigated AQ derivatives PSB-09114 (9), PSB-16133 (10), and
PSB-16135 (11) remained unaffected (IC50 2020 ± 513, 2660 ± 683,
4890 ± 708 nM, respectively). The longer linker in PSB-1699 between
ring D and E increases the flexibility of the molecule and may thereby
allow π–π-interactions with Phe1955.35. The replacement of the
phenylalanine with a tyrosine in the F1955.35Y mutant introduces an
additional hydroxy group which reduces the lipophilicity and limits the
space in the binding cavity for ring E. As previously proposed by our
group, the larger RB-2, with an additional sulfonated ring F, appears to
have a different binding mode compared to the smaller AQ derivatives
lacking that ring. No final docking predictions for the moderately potent
RB-2 at hP2Y2R are provided, as the interactions appear to be complex,
and multiple binding modes cannot be excluded.

3.5.3. Agonists at hP2Y4R
3.5.3.1. UTP. UTP displayed an EC50 value of 135 ± 25 nM at the wt
hP2Y4R. UTP is predicted to bind in the upper third part of P2Y4R, close
to the ECL2, comparable to its binding mode at P2Y2R (see Fig. 4).
According to the model, phosphate groups are accommodated in a
negatively charged binding cleft formed by Lys341.31, Lys2897.36, and
Arg2927.39. Residues likely involved in forming hydrogen bonds with the
phosphate groups include Asp187ECL2, Tyr2686.58, and Asn2857.32. The
2′- and 3′-hydroxy groups probably form hydrogen bonding interactions
with Arg1123.29, and the 5′-hydroxy group might form additional
hydrogen bonds with the backbone of Asp185. The oxygen atom of the
ribose ring may form a hydrogen bond with Tyr2887.35. The uracil
moiety is predicted to bind in a lipophilic region consisting of aromatic
(Phe1153.32, Tyr1163.33, Tyr1203.37, Tyr1975.35, Phe2005.38, Phe2616.51)
and lipophilic (Leu1193.37, Val2045.42, Met2055.43) residues. Cation-π-
interactions between the uracil moiety and Arg2656.55 are conceivable.
Small decreases (2–3-fold, not quite reaching the level of statistical

significance) in UTP potency were observed for the Y1975.35A (EC50
411 ± 56 nM) and F2005.38A (EC50 284 ± 18 nM) mutants. The
Y1975.35F and F2005.38Y mutants with preserved aromatic functionality
had no effect on UTP potency, supporting π–π-interactions with the
nucleobase (Fig. 4). Arg1945.34 of P2Y2R had been reported to be
important for agonist potency [50], indicating indirect modulation
rather than direct interaction between the agonist and the amino acid
side-chain, e.g. by the increased flexibility of the ECL2 resulting in
different receptor conformations; it had been proposed to be involved in
a second ionic lock distant from Asp185ECL2 and Arg2927.39.

A significant change in UTP potency was observed for the mutant of
the corresponding amino acid in P2Y4R, R190ECL2A (15-fold decrease in
potency, EC50 1980 ± 196 nM), while no changes were observed for
the E193ECL2A (EC50 61.6 ± 5.2 nM) and the D1955.33A/S mutants
(EC50 47.5 ± 6.6 nM and 68.6 ± 12.0 nM, respectively). Although
distant from the orthosteric binding site, we could neither confirm
Glu193ECL2 nor Asp1955.33 as major interaction partners for Arg190ECL2

to form an ionic lock. Other residues in TM V such as Glu192ECL2 might
act as ionic interaction partners for Arg190ECL2. Mutation of Asn1704.60

of P2Y4R, which is a non-conserved amino acid residue in the P2Y2- and
P2Y4Rs, had no effect on UTP potency.

Our docking results support a similar binding mode of UTP at P2Y2- and
P2Y4Rs. In both cases several residues form a highly charged and hydro-
philic binding cleft ideally suited for the binding of the phosphate chain, a
slightly less hydrophilic binding pocket for the binding of the ribose where
Arg3.29 (P2Y2-Arg1103.29, P2Y4-Arg1123.29) probably forms bidentate hy-
drogen bonds with the 2′- and 3′-hydroxy groups, and a lipophilic pocket
with an aromatic network as a binding site for the nucleobase.

3.5.3.2. ATP. The wt hP2Y4R is activated by UTP but not by ATP
(EC50 > 10 μM). We were able to introduce ATP-sensitivity into P2Y4R
by mutating the large Tyr1975.35 to alanine (EC50 11.9 ± 1.56 μM). The
tyrosine residue in position 5.35 is conserved in the mouse, rat and
human P2Y4R. It is exchanged for a phenylalanine in P2Y2R. However,
mutation of Tyr1975.35 in hP2Y4R to phenylalanine did not result in ATP
recognition. As discussed above, the aromatic side-chain in the 5.35
position might be involved in π–π-interactions with the nucleobase.

Fig. 17. Putative binding mode of selected AQ-derived antagonists in
the homology model of hP2Y2R. A. Docked pose of PSB-1699 with the
important residues in the binding pocket shown. The h2Y2R (gray) is
displayed in cartoon representation, the amino acid residues (blue) and
PSB-1699 (orange) are shown as stick models. Oxygen atoms are co-
lored in red, nitrogen atoms in blue, phosphorus atoms in orange,
sulfur atoms in yellow. B. Binding mode of PSB-16133. C. Binding
mode of PSB-16135. Schematic 2D representation of the binding
pocket of PSB-1699 (D) and PSB-16133 (E). Charged, basic residues are
circled in blue, aromatic residues in red, the conserved aspartic acid
residue in ECL2 involved in the ionic lock in yellow, and further re-
sidues in the binding pocket in green (in D, E).
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Similar interactions are likely for Phe1955.35 in P2Y2R with agonists. Our
results indicate that Tyr1975.35 may be too large and thereby prevent
binding of the larger nucleobase adenine of ATP to the P2Y4R. But
Tyr1975.35 is not solely responsible for the agonist preferences of the
P2Y4R. ATP-sensitivity of the P2Y4R-Y1975.35A mutant may also arise
from altered flexibility of the ECL2 facilitating the binding of ATP.

The docking results based on the improved homology model indicate
that the available space in the orthosteric binding domain is an important
factor governing ligand recognition for both investigated receptors. At
P2Y4R, Met2055.43 likely appears to be directed towards TM VI, while in
P2Y2R the homologous Met2025.42 is directed towards TM IV (see
Supplementary Information, Fig. S5). Several rotamer combinations are
possible for Met2055.43 and Arg2656.55 (numbered 265 in both receptors,
see Fig. 4), in which they interact through hydrogen bonds resulting in
an overall reduced space in the orthosteric binding site. At P2Y2R, more
rotamers of Arg2656.55 are conceivable, as Met2025.42 projects outwards
of the orthosteric binding site, where it can form interactions with
Cys164(4.56) and Gln165(4.57). In our previous studies we reported on
the role of Arg2656.55 and Tyr2887.35 of hP2Y2R in UTP and Ap4A
binding [50]. The R2656.55A and Y2887.35A mutants were both in-
sensitive towards UTP and Ap4A. Interestingly, UTP was still accepted by
the Y2887.35F mutant, while Ap4A failed to activate that mutant. We
measured a volume of 310 Å3 available in the binding site of P2Y2R, and
220 Å3 in the case of P2Y4R, which leads to the assumption that the triad
of Met2025.42–Arg2656.55–Tyr2887.35 induces a rotamer of Arg2656.55 in
P2Y2R which provides the required space for binding of adenine nu-
cleotides. The larger available space in the P2Y4R–Y1975.35A mutant
could therefore be a reason for accepting the more spacious agonist ATP,
which is completely inactive in the wt P2Y4R.

3.5.3.3. MRS4062. MRS4062 (5) was found in our experiments to be 7-
fold selective for the wt P2Y4R (EC50 76.1 ± 10 nM, 100 ± 2%
efficacy) versus the wt P2Y2R (EC50 535 ± 44 nM, 88 ± 4% efficacy)
essentially confirming originally published data [44]. According to the
hP2Y4R model, MRS4062 (5) occupies the same binding pocket as UTP
(see Fig. 18). The phosphate groups are proposed to form ionic or
hydrogen bonding interactions with Glu31N-term, Lys341.31, Asn99ECL1,
His186ECL2, Asp187ECL2, Tyr2686.58, Arg272ECL3, Asn2857.32, Lys2897.36,
and Arg2927.39. In the model, the ribose moiety binds close to TM I and
VII, where the 5′-hydroxy group might form hydrogen bonding
interactions with Lys341.31. The uracil moiety likely forms hydrogen
bond interactions with Arg2927.39, while other aromatic residues
(Phe1153.32, Phe2616.51, Tyr2887.35) may stabilize the nucleobase
through π-π-interactions. The phenylpropyl residue is predicted to
occupy the nucleobase binding cavity at the bottom of the orthosteric
binding site. According to the model, the phenyl group binds close to

several aromatic residues, including Tyr1163.33, Tyr1203.37, Tyr1975.35

and Phe2005.38, whereas other residues (Leu1193.37, Val2045.42,
Phe2616.51) increase the lipophilicity in the binding cavity. The
phenylpropyl group of MRS4062 is accommodated in the putative
nucleobase binding domain, and the pyrimidine moiety is shifted in
P2Y4R as in P2Y2R, leading to similar binding modes in both receptor
subtypes. In the P2Y4R docking studies, MRS4062 displayed a somewhat
larger shift towards TM VII than in P2Y2R. The R190ECL2A mutant
showed a significant decrease (16-fold, EC50 1240 ± 279 nM) in agonist
potency compared to the wt P2Y4R, most likely due to the altered
flexibility of the ECL2. Larger decreases in potency were also observed
for the Y1975.35A (10-fold, EC50 757 ± 68 nM) and F2005.38A mutants
(9-fold, EC50 694 ± 69 nM), indicating that the phenylpropyl
substitution might contribute to stronger π–π-interactions with the two
residues as compared to UTP. This is supported by the Y1975.35F and
F2005.38Y mutations, which had no effect on the potency of MRS4062.

Previously, Marouka, Jacobson et al., who had developed MRS4062,
reported on its selectivity for hP2Y4 over P2Y2R. Based on a homology
model of the two receptors generated based on the X-ray crystal
structure of the CXCR4 chemokine receptor, they predicted that the
phenyl moiety of the N4-phenylpropoxy group of MRS4062 projects
from the P2Y4R binding pocket into a cavity formed by the ECL2 sur-
rounded by Thr182ECL2 and Leu184ECL2. According to that study, the
cavity is surrounded by bulky amino acids, Arg180ECL2 and Thr182ECL2,
in P2Y2R which was put forward as a possible explanation for the
P2Y4R-selectivity of MRS4062 [44]. Our current results, based on the
recently published X-ray structure of the more closely related P2Y1R,
indicate that MRS4062, like UTP, has a binding mode similar to that
observed for nucleotide agonists in the X-ray structure of hP2Y12R [52].
The previous and current mutagenesis data, however, cannot com-
pletely explain the P2Y4R-selectivity of MRS4062.

3.5.4. Antagonists at hP2Y4R
3.5.4.1. Anthraquinone derivatives. As previously reported, the AQ
derivatives had been predicted to bind in the upper third part of
hP2Y4R [47]. The small AQ derivatives were proposed to bind close to
the ECL2 where the 2-sulfonate of ring C can interact with charged
residues (Lys341.31, Asp187ECL2, Arg2927.39) comparable to the binding
position of the same 2-sulfonate group in P2Y2R (see Fig. 19). Ring D of
AQs is presumably stabilized by interactions with His186ECL2 and
Tyr2887.35. Ring E may bind close to TM V and VI in a highly aromatic
binding pocket formed by Tyr1163.33, Tyr1975.35, Phe2005.38, Tyr2696.59,
where it is stabilized through π-π-stacking with, and probably through
cation–π-interactions with Arg2656.55. In the case of RB-2, a similar
binding mode was proposed. The 3-sulfonate of ring D likely interacts
with charged residues (Lys341.31, Asp187ECL2, Arg2927.39) and ring F was

Fig. 18. Putative binding mode of the potent P2Y4R agonist MRS4062 in the homology model of hP2Y4R. A. Docked pose of MRS4062 with the important residues in
the binding pocket shown. Carbon atoms of MRS4062 are colored in red. B. Schematic 2D representation of the binding pocket. For further color code see Fig. 4.
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predicted to project towards the aromatic binding pocket where the
sulfonate can form ionic interactions with Arg2656.55.

RB-2 as well as its smaller derivatives showed significant decreases
in potency at the F2005.38Y-P2Y4R mutant (3- to> 200-fold). Phe200 is
located deep in the aromatic binding pocket where ring E of small AQ
derivatives and sulfonate-substituted ring F of RB-2 may bind. The in-
troduction of a hydroxy group in the binding pocket in the case of the
F2005.38Y mutant limits the available space and increases the ratio of
hydrophilic, solvent-accessible surface area. This is consistent with the
proposed docking studies, as the investigated smaller AQ derivatives
possess lipophilic substituents at ring E which benefit from hydrophobic
interactions with Phe2005.38. The potency of PSB-1699 (12), which
contains a longer linker, was most strongly decreased (> 200-fold,
IC50 > 10 μM) at the F2005.38Y mutant, since the pyridylmethylthio
group may bind deeper in the aromatic binding pocket, thus forming π-
π-interactions. Space limitations by the hydroxy group of the F2005.38Y
mutant therefore resulted in a much larger decrease in the potency of
PSB-1699 as compared to the other AQ derivatives. The mutation of
Tyr1975.35 to alanine had no negative impact on the potencies of the
investigated antagonists. Therefore, we assume that no strong π–π-in-
teractions between Tyr1975.35 and aromatic rings of the AQ core
structure are formed, which is consistent with our proposed docking
position. The Y1975.35F mutation led to a decrease of potency of RB-2
(6), PSB-16133 (10), PSB-16135 (11) and PSB-1699 (12) (4-, 3- to 6-
fold). Therefore, hydrogen bond interactions between the hydroxy
group of Tyr1975.35 and the linker between ring D and E are feasible.
The results indicated that the larger RB-2 interacts similarly as the
smaller AQ derivatives 9–11 with the P2Y4R, while it likely has a dif-
ferent binding mode at P2Y2R.

Again, PSB-1699 (12) shows a different profile than the other AQ
derivatives. Here, R190ECL2A and D1955.33A mutation led to a complete
loss of potency. The main difference between PSB-1699 and the other
investigated AQ antagonists is a longer linker connecting the thioether
with ring E, resulting in higher flexibility and at the same time requiring
more space in the binding site. Therefore, changes in the flexibility of the
ECL2 could greatly affect the potency of PSB-1699. As mentioned above,
Arg190ECL2 is possibly involved in an ionic lock close to the extracellular
space modulating the flexibility of the ECL2. Although only the mutation
of Arg190ECL2 but not that of Asp1955.33 affected the potency of agonists,
it is possible that Asp1955.33 affects antagonist potency through interac-
tions with other residues by modulating the flexibility of the ECL2. These
results, in addition to those described for the Y1975.35A/F and F2005.38A/
Y mutants, indicate that PSB-1699 may bind closer to the aromatic binding
site based on its longer linker. The orthosteric or allosteric binding mode of
small AQ derivatives at P2Y2- and P2Y4Rs may thereby be determined by

the structure of ring D and E. Ring E of AQ derivatives can be accom-
modated in the larger orthosteric site of P2Y2R, whereas space restrictions
likely by a rotamer of Arg2656.55 impede the access to the orthosteric
binding site of P2Y4R. Increased flexibility of ring E (in PSB-1699) may
allow interactions with amino acid residues close to the orthosteric
binding site since the molecule can adapt to the steric constraints.

To confirm the binding mode of PSB-1699 in the P2Y4R ligand
pocket, the mechanism of inhibition was determined by Schild analysis
using calcium mobilization assays. With increasing concentrations,
competitive antagonists are expected to display a parallel rightward
shift of the concentration–response curve of an agonist. In contrast,
allosteric, noncompetitive antagonists will decrease the maximal effect
of the agonist with or without a significant rightward shift [32,47,61].
Our data suggests PSB-1699 may be an allosteric (non-competitive)
inhibitor of hP2Y4R activation by UTP as increasing concentrations of
the antagonist (0.500–50.0 μM) significantly decreased the maximal
effect of UTP at the wt hP2Y4R (from 100 ± 4% to 34 ± 4%) showing
little to no significant change in its EC50 value (Fig. 20; see Supple-
mentary Table S6 for EC50 values).

3.5.4.2. AR-C118925. Large decreases in potency of the antagonist AR-
C118925 (7), which is moderately potent at P2Y4R (IC50
5730 ± 821 nM), were observed at the N1704.60V, D1955.33S and
F2005.38Y mutants (> 15-fold, IC50 > 10 μM) of P2Y4R, minor
changes resulted from the R190ECL2A, E193ECL2A, Y1975.35F, and
F2005.38A mutations. An increase in potency was seen for the
D1955.33A and Y1975.35A mutants (3- to 4-fold). Asn1704.60 is placed
in TM IV very close to the nucleotide binding pocket. The homology
model and docking results suggest that hydrogen bonds may be formed
with Tyr1163.33, leading to the assumption that Asn1704.60 is involved
in regulation of the aromatic network. Increases in space in the binding
pocket through mutation of Tyr1975.35 or Phe2005.38 to alanine had no
negative impact on the potency of AR-C118925. The substitution with
the respective other aromatic amino acid (Y1975.35F, F2005.38Y) led to
a 2-fold (IC50 9790 ± 884 nM) and > 20-fold (IC50 > 10 μM)
decrease in potency, respectively, indicating that hydrogen bonds
affected the binding of AR-C118925 to the P2Y4R. Tyr1975.35 and
Phe2005.38 may modulate the flexibility of the ECL2, which could also
explain the effects of charged amino acids present in the ECL2
(Arg190ECL2, Glu193ECL2, Asp1955.33) on the potency of AR-C118925.
The selectivity of AR-C118925 for P2Y2R versus P2Y4R may be
explained through increased lipophilicity or favorable aromatic
stacking in the binding cavity for the dibenzocycloheptenyl moiety,
as Asn1704.60 of P2Y4R is replaced by a valine, and Tyr1975.35 by
phenylalanine in P2Y2R.

Fig. 19. Comparison of agonist (A) and antagonist binding modes in the P2Y2- (B) and P2Y4R pocket (C). Carbon atoms of UTP are colored in yellow, those of PSB-
1699 in orange. Negatively charged groups of the ligands interact with a binding cavity consisting of positively charged amino acid residues denoted as ‘ionic binding
pocket’. The putative orthosteric binding pocket is located beneath ECL2 and consists of lipophilic and aromatic residues of TM III, V, and VI (valine, leucine,
phenylalanine, tyrosine). The allosteric binding pocket is formed by residues of the ECL2, TM V and VI and separated by Arg2656.55 from the orthosteric binding site.
At P2Y2R, the AQ antagonist can reach the hydrophobic binding pocket, while at P2Y4R, ring E is predicted to be prevented from reaching the hydrophobic binding
site due to steric hindrance, and therefore to bind to an allosteric pocket.
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4. Conclusions

Docking and mutagenesis results suggest a binding mode of agonists
at P2Y2- and P2Y4R comparable to that of agonists in the crystal structure
of hP2Y12R [52], where the phosphate groups interact with negatively
charged residues, and a lipophilic binding pocket accommodates the
nucleobase. The putative agonist binding mode of P2Y2- and P2Y4R
differs from the one observed in the crystal structure of hP2Y1R in
complex with the nucleotide antagonist MRS2500 (13) [49]. The ago-
nists UTP (1) and ATP (2) contain a 5′-triphosphate chain, while the
P2Y1R antagonist MRS2500 (13) of the crystal structure bears single
phosphate groups in the 3′- and 5′-position of the ribose moiety, which is
the probable reason for different binding modes. We were able to elu-
cidate the role of Asp185ECL2 of P2Y2R, which likely forms an ionic lock
with an arginine in TM VII. UTP and ATP share a common pharmaco-
logical profile of full agonists at P2Y2R, while Ap4A (3) and MRS4062 (5)
acting as partial agonists, appear to induce a different active receptor
conformer. Phe1133.32 and Asp185ECL2 play a key role in receptor acti-
vation by Ap4A and MRS4062, since mutation of both amino acid re-
sidues resulted in a complete loss of receptor activation by agonists 3 and
5, in contrast to UTP and ATP. The charged residues Arg190ECL2,
Glu193ECL2 and Asp1955.33, predicted to be distant from the putative
ligand binding site of P2Y4R, affected the potency of agonists and an-
tagonists when mutated to alanine, which is consistent with previous
observations for hP2Y2R. Ligand recognition is therefore not only limited
to the orthosteric binding site but can also be altered through interac-
tions between residues close to the ECL2, which may affect loop flex-
ibility. The binding mode of both, agonists and antagonists, may be de-
termined through an aromatic network consisting of residues of TM III, V
and VI. The P2Y2R may be privileged to accept ATP and other adenine
nucleotide-derived agonists due to a more spacious nucleobase binding
cavity, as the increase in space in the orthosteric binding site of the
P2Y4R-Y1975.35A mutant resulted in reintroduction of ATP-sensitivity.

The investigated AQ antagonists share a similar binding cavity for the
AQ core, whereas substituents (rings D and E) of PSB-1699, PSB-16133
and PSB-16135 project towards an allosteric binding domain in P2Y4R.
The antagonist PSB-1699 appears to form additional interactions with
aromatic residues of P2Y4R (Phe2005.38), and with aromatic residues
close to the putative orthosteric binding site (Phe1133.32) and close to the
ECL2 (Phe1955.35) of P2Y2R due to its longer linker in comparison to the
other investigated AQ derivatives. The binding modes of smaller AQ
derivatives at P2Y2- and P2Y4Rs might therefore be dependent on the
structure and flexibility of ring E, as well as the available space in the

binding cavities resulting in either orthosteric or allosteric binding.
The antagonist AR-C118925 likely binds to the orthosteric site of

both receptor subtypes. The ECL2 possibly plays a key role in binding of
AR-C118925 in the case of P2Y4R while no similar observation has been
made for the investigated mutants of P2Y2R. The selectivity for P2Y2R
could be explained by increased lipophilicity in the binding pocket
resulting in tighter binding and stronger π–π-stacking.

Altogether, the data from the current work provides further insights
into the architecture of ligand–receptor interactions and ligand se-
lectivity of P2Y2- and P2Y4Rs. Docking studies at homology models
predicted key residues with direct ligand interactions and those remote
to the orthosteric binding site for developing novel therapeutics. These
findings, supported by mutagenesis and pharmacological studies, and
the refined homology models will aid future rational structure-based
ligand design for P2Y2- and P2Y4Rs for both of which potent and se-
lective ligands are badly needed to perform target validation studies.
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Supplementary Table S1. Cell surface expression of P2Y2 and P2Y4 receptors a  

Cell line % Expression ± SEM (%) b  n 

P2Y2 

wt 100 3 

R110A 74 ± 4 ** 3 

F113A 125 ± 10 ** 3 

F113Y 16 ± 1 **** 3 

D185A 105 ± 9 ns 3 

F195Y 95 ± 8 ns 3 

P2Y4 

wt 100 3 

N170V 73 ± 13 ** 3 

R190A 65 ± 6 *** 4 

E193A 86 ± 7 ns 4 

D195A 132 ± 14 ** 4 

D195S 90 ± 15 ns 3 

Y197A 56 ± 2 **** 4 

Y197F 65 ± 5 *** 4 

F200A 84 ± 7 ns 3 

F200Y 144 ± 6 **** 3 

a Data represent means ± SEM of 3-4 independent experiments (n). Cell surface receptor expression levels 

were determined by ELISA using antibodies that interacted with the receptors’ N-terminal-HA tag. 

Expression of the respective wildtype (wt) receptor was set at 100 %. b One-way ANOVA with Dunnett’s 

post-hoc test: ns not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. 

 

Supplementary Table S2. Potencies of agonists at the hP2Y2 receptor mutants as determined in 

intracellular calcium mobilization assays.a 

Cell line 
EC50 (µM) ± 

SEM b 
n 

% Efficacy 

(± SEM) b 

EC50 mutant/ 

EC50 wt 

UTP (1) 

P2Y2-wt 0.0822  ± 0.0059 5 100  1 

R110A >100 6 n.d c >1200 

F113A 25.0 ± 2.7 **** 3 170 ± 12 **** 304 

F113Y 0.0526 ± 0.0183 ns 5 33 ± 2**** 0.6 

D185A 0.606 ± 0.076 *** 4 116 ± 7 ns 7 
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F195Y 0.0233 ± 0.0064 ** 4 104 ± 3 ns 0.3 

ATP (2) 

P2Y2-wt 0.102 ± 0.010 6 100 ± 2 1 

R110A >100 6 n.d c >980 

F113A 20.5 ± 4.2**** 3 185 ± 16**** 201 

F113Y 0.219 ± 0.044 ns 5 31 ± 7**** 2 

D185A 2.160 ± 0.454 **** 5 100 ± 9 ns 21 

F195Y 0.203 ± 0.057 ns 4 92 ± 7 ns 2 

Ap4A (3) 

P2Y2-wt 0.0695 ± 0.0065 4 88 ± 3 1 

R110A >100 6 n.d c >1400 

F113A >100 5 n.d c >1400 

F113Y >100 5 16 ± 4**** >1400 

D185A >100 5 9 ±7**** >1400 

F195Y 0.194 ± 0.043 *** 5 67 ± 8 * 3 

MRS4062 (5) 

P2Y2-wt 0.535 ± 0.044 4 88± 4 1 

R110A >100 6 n.d c >187 

F113A >100 5 n.d c >187 

F113Y 0.0546 ± 0.0145 **** 4 20 ± 2 **** 0.1 

D185A >100 5 7 ± 3 **** >187 

F195Y 0.178 ± 0.027 *** 5 71 ± 3 *** 0.3 

a Data represent means ± SEM of 3-6 independent experiments each in duplicates. b Results of One-way 

ANOVA with Dunnett’s post-hoc test: ns not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001. c no concentration-dependent activation up to 100 µM; n.d. = not determined. 

 

Supplementary Table S3. Potencies of agonists at the hP2Y4 receptor mutants as determined in 

intracellular calcium mobilization assays.a 

Cell line 
EC50 (µM) ± 

SEM b 
n 

% Efficacy 

(± SEM) b 

EC50 mutant/ 

EC50 wt 

UTP (1) 

P2Y4- wt 0.135 ± 0.025 3 100  1 

N170V 0.259 ± 0.075 ns 
5 72 ± 8 * 2 

R190A 1.98 ± 0.20 **** 3 53 ± 6 *** 15 

E193A 0.0616 ± 0.0052 ns 3 100 ± 8 ns 0.5 

D195A 0.0475 ± 0.0066 ns 3 83 ± 5 ns 0.4 

107



 

5 
 

D195S 0.0686 ± 0.0120 ns 4 80 ± 6 ns 0.5 

Y197A 0.411 ± 0.056 ns 4 56 ± 6 *** 3 

Y197F 0.0844 ± 0.0120 ns 3 75 ± 1 ns 0.6 

F200A 0.284 ± 0.018 ns 3 24 ± 5 **** 2 

F200Y 0.0471 ± 0.0064 ns 3 106 ± 9 ns 0.3 

ATP (2) 

P2Y4- wt >100 3 n.d c n.d c 

N170V >100 5 4 ± 2 ns n.d c 

R190A >100 4 n.d c n.d c 

E193A >100 4 n.d c n.d c 

D195A >100 4 n.d c n.d c 

D195S >100 5 5 ± 3 ns n.d c 

Y197A 11.9 ± 1.6 **** 4 32 ± 3 **** n.d c 

Y197F >100 4 n.d c n.d c 

F200A >100 5 n.d c n.d c 

F200Y >100 4 5 ± 1 ns n.d c 

Ap4A (3) 

P2Y4- wt >100 5 n.d c n.d c 

N170V >100 4 n.d c n.d c 

R190A >100 5 n.d c n.d c 

E193A >100 4 n.d c n.d c 

D195A >100 4 n.d c n.d c 

D195S >100 4 n.d c n.d c 

Y197A >100 5 n.d c n.d c 

Y197F >100 6 n.d c n.d c 

F200A >100 4 n.d c n.d c 

F200Y >100 5 n.d c n.d c 

MRS4062 (5) 

P2Y4- wt 0.0761 ± 0.0100 3 100 ± 2 1 

N170V 0.0776 ± 0.0096 ns 5 56 ± 7 **** 1 

R190A 1.24 ± 0.28 **** 3 57 ± 3*** 16 

E193A 0.0831 ± 0.0091 ns 3 94 ± 5 ns 1 

D195A 0.0825 ± 0.0107 ns 3 88 ± 5 ns 1 

D195S 0.154 ± 0.014 ns 5 84 ± 6 ns 2 

Y197A 0.757 ± 0.068 *** 4 57 ± 5*** 10 

Y197F 0.0866 ± 0.0122 ns 3 75 ± 2 ns 1 

F200A 0.694 ± 0.069 ** 3 21 ± 5**** 9 

F200Y 0.0359 ± 0.0017 ns 3 89 ± 8 ns 0.5 
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a Data represents means ± SEM of 3-6 independent experiments each in duplicates. b Results of One-way 

ANOVA with Dunnett’s post-hoc test: ns not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001. c no concentration-dependent activation up to 100 µM; n.d. = not determined. 

 

Supplementary Table S4. Potencies of antagonists at the hP2Y2 receptor mutants.a 

Cell line 
IC50 (µM) ± 

SEM b 
n 

RB-2 purified (6) 

P2Y2-wt 5.99 ± 0.563 4 

F113A 4.13 ± 0.71 ns 4 

F113Y 23.5 ± 4.6 *** 4 

D185A 1.73 ± 0.32 *** 4 

F195Y 18.0 ± 1.5 ** 5 

AR-C118925 (7) 

P2Y2-wt 0.0212 ± 0.0042 5 

F113A 0.0340 ± 0.0071 ns 4 

F113Y 0.0324 ± 0.0075 ns 5 

D185A 0.0204 ± 0.0082 ns 3 

F195Y 0.0416  ± 0.0081 ns 5 

PSB-09114 (9) 

P2Y2-wt 1.54 ± 0.06 4 

F113A 0.710 ± 0.020 ns 4 

F113Y 0.550 ± 0.134 * 4 

D185A 0.170 ± 0.025 ** 3 

F195Y 2.02 ± 0.51 ns 4 

PSB-16133 (10) 

P2Y2-wt 2.31 ± 0.34 4 

F113A 4.74 ± 0.52 ns 3 

F113Y 0.351 ± 0.087 **** 3 

D185A 0.467 ± 0.039 **** 4 

F195Y 2.66 ± 0.68 ns 3 

PSB-16135 (11) 

P2Y2-wt 2.01 ± 0.31 4 

F113A 4.78 ± 0.74 ns 3 

F113Y 1.38 ± 0.26 ** 5 

D185A 1.20 ± 0.063 ** 4 

F195Y 4.89 ± 0.71 ns 5 
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PSB-1699 (12) 

P2Y2-wt 3.19 ± 0.97 5 

F113A >100 **** 3 

F113Y 2.77 ± 0.65 ns 4 

D185A 1.62 ± 0.22 ns 4 

F195Y >100 **** 4 
a Data represents means ± SEM of 3-5 independent experiments each in duplicates. b Results of One-way 

ANOVA with Dunnett’s post-hoc test: ns not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001. 

 

 

Supplementary Table S5. Potencies of antagonists at the hP2Y4 receptor mutants.a 

Cell line 
IC50 (µM) ± 

SEM b 
n 

RB-2 purified (6) 

P2Y4- wt 1.05 ± 0.04 3 

N170V 0.477 ± 0.083 * 3 

R190A 1.56 ± 0.20 ns 3 

E193A 1.51 ± 0.18 ns 3 

D195A 1.78 ± 0.35 ns 3 

D195S 2.26 ± 0.40 * 4 

Y197A 0.566 ± 0.035 ns 4 

Y197F 3.30 ± 0.65 *** 3 

F200A 1.39 ± 0.24 ns 3 

F200Y 4.17 ± 0.22 **** 3 

AR-C118925 (7) 

P2Y4- wt 5.73 ± 0.82 3 

N170V >100 **** 5 

R190A 10.9 ± 1.01 ** 4 

E193A 12.7 ± 1.2 *** 4 

D195A 1.47 ± 0.22 **** 3 

D195S >100 **** 5 

Y197A 1.96 ± 0.38 **** 3 

Y197F 9.79 ± 0.88 ** 5 

F200A 6.28 ± 0.77 ns 4 

F200Y >100 **** 4 

PSB-09114 (9) 

P2Y4- wt 0.403 ± 0.017 3 
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N170V 2.26 ± 0.35 **** 4 

R190A 0.736 ± 0.127 ns 3 

E193A 1.01 ± 0.16 ** 3 

D195A 0.576 ± 0.017 ns 2 

D195S 0.487 ± 0.098 ns 3 

Y197A 0.234 ± 0.007 ns 3 

Y197F 0.913 ± 0.059 ** 3 

F200A 0.331 ± 0.051 ns 3 

F200Y 2.09 ± 0.24 **** 3 

PSB-16133 (10) 

P2Y4- wt 1.62 ± 0.17 3 

N170V 2.84 ± 0.87 ns 4 

R190A 0.339 ± 0.010 *** 3 

E193A 3.08 ± 0.24 ns 3 

D195A 2.27 ± 0.37 ns 3 

D195S 1.85 ± 0.41 ns 4 

Y197A 0.205 ± 0.068 **** 3 

Y197F 4.77 ± 0.68 * 3 

F200A 0.680 ± 0.071 ns 3 

F200Y 5.43 ± 0.71 ** 3 

PSB-16135 (11) 

P2Y4- wt 1.73 ± 0.11 3 

N170V 2.99 ± 0.72 ns 5 

R190A 4.98 ± 0.94 ** 3 

E193A 4.33 ± 0.65 * 3 

D195A 3.16 ± 0.46 ns 3 

D195S 2.24 ± 0.26 ns 5 

Y197A 0.303 ± 0.060 **** 3 

Y197F 3.54 ± 0.05 ns 3 

F200A 1.73 ± 0.18 ns 3 

F200Y 5.69 ± 0.62 ** 3 

PSB-1699 (12) 

P2Y4- wt 1.53 ± 0.27 5 

N170V 0.537 ± 0.084 **** 3 

R190A >100 **** 3 

E193A 2.19 ± 0.38 ns 3 

D195A >100 **** 3 

D195S 0.504 ± 0.090 **** 4 

Y197A 2.13 ± 0.11 ns 3 

Y197F 8.85 ± 0.53 **** 3 

F200A >100 **** 3 

F200Y >100 **** 3 
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a Data represent means ± SEM of 3-5 independent experiments each in duplicates. b Results of One-way 

ANOVA with Dunnett’s post-hoc test: ns not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001.  

 

 

Supplementary Table S6. EC50 values and maximal efficacy for the UTP concentration-response 

curves determined by calcium assay at the wt hP2Y4R after pre-incubation with fixed concentration 

of PSB-1699. a 

UTP + [PSB-1699], µM EC50 value (µM) b, n = 3-4 
Maximal receptor response to 

100000 nM UTP (%) 

0 0.0896 ± 0.0031 100 ± 4 

0.500 0.104 ± 0.006 ns 100 ± 6 

1.50 0.148 ± 0.022 ns 86 ± 11 

3.00 0.198 ± 0.024 ns 78 ± 12 

4.50 0.221 ± 0.045 * 70 ± 6 

6.00 0.308 ± 0.024 *** 72 ± 3 

10.0 0.129 ± 0.018 ns 49 ± 7 

25.0 0.150 ± 0.045 ns 42 ± 7 

50.0 0.293 ± 0.041*** 34 ± 4 
a Data represent mean ± SEM of 3-4 independent experiments each in duplicates. b Results of one-way 

ANOVA with Dunnett’s post-hoc test: ns not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001. 
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sp|P41231|P2RY2_HUMAN      -------MAADLGPWNDTINGTWDGDELGYRCRFNEDFKYVLLPVSYGVVCVPGLCLNAV  53 

sp|P41232|P2RY2_RAT        -------MAAGLDSWNSTINGTWEGDELGYKCRFNEDFKYVLLPVSYGVVCVLGLCLNVV  53 

sp|P35383|P2RY2_MOUSE      -------MAADLEPWNSTINGTWEGDELGYKCRFNEDFKYVLLPVSYGVVCVLGLCLNVV  53 

sp|P51582|P2RY4_HUMAN      MASTESSLLRSLGLS-----PGPGSSEVELDCWFDEDFKFILLPVSYAVVFVLGLGLNAP  55 

sp|O35811|P2RY4_RAT        MTSAESLLFTSLGPS-----PSS----GDGDCRFNEEFKFILLPMSYAVVFVLGLALNAP  51 

sp|Q9JJS7|P2RY4_MOUSE      MTSADSLLFTSLGPS-----PSS----GDGDCKFNEEFKFILLPLSYAVVFVLGLALNAP  51 

                                  :  .*                   * *:*:**::***:**.** * ** **.  

 

sp|P41231|P2RY2_HUMAN      ALYIFLCRLKTWNASTTYMFHLAVSDALYAASLPLLVYYYARGDHWPFSTVLCKLVRFLF  113 

sp|P41232|P2RY2_RAT        ALYIFLCRLKTWNASTTYMFHLAVSDSLYAASLPLLVYYYAQGDHWPFSTVLCKLVRFLF  113 

sp|P35383|P2RY2_MOUSE      ALYIFLCRLKTWNASTTYMFHLAVSDSLYAASLPLLVYYYARGDHWPFSTVLCKLVRFLF  113 

sp|P51582|P2RY4_HUMAN      TLWLFIFRLRPWDATATYMFHLALSDTLYVLSLPTLIYYYAAHNHWPFGTEICKFVRFLF  115 

sp|O35811|P2RY4_RAT        TLWLFLFRLRPWDATATYMFHLALSDTLYVLSLPTLVYYYAARNHWPFGTGLCKFVRFLF  111 

sp|Q9JJS7|P2RY4_MOUSE      TLWLFLFRLRPWDATATYMFHLALSDTLYVLSLPTLVYYYAARNHWPFGTGFCKFVRFLF  111 

                           :*::*: **: *:*::*******:**:**. *** *:****  :****.* :**:*****  

 

sp|P41231|P2RY2_HUMAN      YTNLYCSILFLTCISVHRCLGVLRPLRSLRWGRARYARRVAGAVWVLVLACQAPVLYFVT  173 

sp|P41232|P2RY2_RAT        YTNLYCSILFLTCISVHRCLGVLRPLHSLSWGHARYARRVAAVVWVLVLACQAPVLYFVT  173 

sp|P35383|P2RY2_MOUSE      YTNLYCSILFLTCISVHRCLGVLRPLHSLRWGRARYARRVAAVVWVLVLACQAPVLYFVT  173 

sp|P51582|P2RY4_HUMAN      YWNLYCSVLFLTCISVHRYLGICHPLRALRWGRPRLAGLLCLAVWLVVAGCLVPNLFFVT  175 

sp|O35811|P2RY4_RAT        YWNLYCSVLFLTCISVHRYLGICHPLRAIRWGRPRFASLLCLGVWLVVAGCLVPNLFFVT  171 

sp|Q9JJS7|P2RY4_MOUSE      YWNLYCSVLFLTCISVHRYMGICHPLRAIRWGRPRFAGLLCLGVWLVVAGCLVPNLFFVT  171 

                           * *****:********** :*: :**::: **: * *  :.  **::* .* .* *:*** 

 

sp|P41231|P2RY2_HUMAN      TSARGGRVTCHDTSAPELFSRFVAYSSVMLGLLFAVPFAVILVCYVLMARRLLKPAYGTS  233 

sp|P41232|P2RY2_RAT        TSVRGTRITCHDTSARELFSHFVAYSSVMLGLLFAVPFSIILVCYVLMARRLLKPAYGTT  233 

sp|P35383|P2RY2_MOUSE      TSVRGTRITCHDTSARELFSHFVAYSSVMLGLLFAVPFSVILVCYVLMARRLLKPAYGTT  233 

sp|P51582|P2RY4_HUMAN      TSNKGTTVLCHDTTRPEEFDHYVHFSSAVMGLLFGVPCLVTLVCYGLMARRLYQPLPGSA  235 

sp|O35811|P2RY4_RAT        TNANGTTILCHDTTLPEEFDHYVYFSSAVMVLLFGLPFLITLVCYGLMARRLYRPLPGAG  231 

sp|Q9JJS7|P2RY4_MOUSE      TNANGTTILCHDTTLPEEFDHYVYFSSTIMVLLFGFPFLITLVCYGLMARRLYRPLPGAG  231 

                           *. .*  : ****:  * *.::* :**.:: ***..*  : **** ****** :*  *:  

 

sp|P41231|P2RY2_HUMAN      GGLPRAKRKSVRTIAVVLAVFALCFLPFHVTRTLYYSFRSLDLSCHTLNAINMAYKVTRP  293 

sp|P41232|P2RY2_RAT        -GLPRAKRKSVRTIALVLAVFALCFLPFHVTRTLYYSFRSLDLSCHTLNAINMAYKITRP  292 

sp|P35383|P2RY2_MOUSE      GGLPRAKRKSVRTIALVLAVFALCFLPFHVTRTLYYSFRSLDLSCHTLNAINMAYKITRP  293 

sp|P51582|P2RY4_HUMAN      Q--SSSRLRSLRTIAVVLTVFAVCFVPFHITRTIYYLARLLEADCRVLNIVNVVYKVTRP  293 

sp|O35811|P2RY4_RAT        Q--SSSRLRSLRTIAVVLTVFAVCFVPFHITRTIYYQARLLQADCHVLNIVNVVYKVTRP  289 

sp|Q9JJS7|P2RY4_MOUSE      Q--SSSRLRSLRTIAVVLTVFAVCFVPFHITRTIYYLARLLNAECRVLNIVNVVYKVTRP  289 

                                :: :*:****:**:***:**:***:***:**  * *: .*:.** :*:.**:*** 

 

sp|P41231|P2RY2_HUMAN      LASANSCLDPVLYFLAGQRLVRFARDAKPPTGPSPATPARRRLGLRRSDRTDMQRIEDVL  353 

sp|P41232|P2RY2_RAT        LASANSCLDPVLYFLAGQRLVRFARDAKPATEPTPSPQARRKLGLHRPNRTDTVRK-DLS  351 

sp|P35383|P2RY2_MOUSE      LASANSCLDPVLYFLAGQRLVRFARDAKPPTEPTPSPQARRKLGLHRPNRT--VRK-DLS  350 

sp|P51582|P2RY4_HUMAN      LASANSCLDPVLYLLTGDKYRRQLRQLCGGGKPQPRTAASSL-ALVSLPEDSSCRWAATP  352 

sp|O35811|P2RY4_RAT        LASANSCLDPVLYLFTGDKYRNQLQQLCRGSKPKPRTAASSL-ALVTLHEESISRWADTH  348 

sp|Q9JJS7|P2RY4_MOUSE      LASANSCLDPVLYLFTGDKYRNQLQQLCRGSTPKRRTTASSL-ALVTLHEESISRWADIH  348 

                           *************:::*::  .  ::      *     *    .*    .    *      

 

sp|P41231|P2RY2_HUMAN      GSSEDSRRTESTPAGSENTKDIRL 377 

sp|P41232|P2RY2_RAT        ISSDDSRRTESTPAGSET-KDIRL 374 

sp|P35383|P2RY2_MOUSE      VSSDDSRRTESTPAGSET-KDIRL 373 

sp|P51582|P2RY4_HUMAN      ---QD--SSCSTPRADRL------ 365 

sp|O35811|P2RY4_RAT        ---QD--STFSAYEGDRL------ 361 

sp|Q9JJS7|P2RY4_MOUSE      ---QD--SIFPAYEGDRL------ 361 

                              :*      :  ...        

 

Supplementary Figure S1. Sequence alignment of hP2Y2- and hP2Y4Rs. Conserved residues of the 

putative orthosteric binding site are highlighted in green, non-conserved residues are highlighted 

in blue. 
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Supplementary Figure S2. Antagonist-induced inhibition curves of P2Y2R(wt and mutants) 

activation by UTP using calcium mobilization assay A. Reactive blue 2 (RB-2) purified, B. AR-

C118925, C. PSB-09114, D. PSB-16133, E. PSB-16135 and F. YB - 099. Each data point 

represents mean ± SEM of 3 – 5 independent determinations each in duplicate vs. UTP employed 

at its EC80 value for the respective cell line. IC50 values are reported in Table S4. 
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Supplementary Figure S3. Antagonist-induced inhibition curves of P2Y4R(wt and mutants) 

activation by UTP using calcium mobilization. A. and B. Reactive blue-2, C. and D. AR-C118925, 

and E. and F. PSB-09114. Each data point represents mean ± SEM of 3 – 5 independent 

determinations each in duplicate vs. UTP employed at EC80 value for the respective cell line. IC50 

values are reported in Table S5. 
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Supplementary Figure S4. Antagonist-induced inhibition curves of P2Y4R(wt and mutants) 

activation by UTP using calcium mobilization. A. and B. PSB-16133, C. and D. PSB-16135, and 

E. and F. PSB-1699. Each data point represents the mean ± SEM of 3 – 5 independent 

determinations each in duplicate vs UTP employed at its EC80 value for the respective cell line. 

IC50 values are reported in Table S5. 
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Supplementary Figure S5. Comparison of selected residues close to the putative orthosteric binding 

site in the homology models of human P2Y2- (left) and P2Y4Rs (right). 
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5.4. Summary and Outlook 

The presented work shed a new light on ligand recognition and binding site differences 

between P2Y2- and P2Y4Rs which is a vital element in the design of selective and 

potent compounds. The data suggests that in the case of P2Y2R, more space in the 

nucleobase binding site is available for the ligands. Furthermore, the putative 

orthosteric binding site of P2Y2R is more lipophilic compared to P2Y4R, which results 

in acceptance of the bulkier nucleotide ATP additionally to UTP. Both factors likely 

contribute to the distinct P2Y2R selectivity of AR-C118925. Again, as a follow up of the 

investigation in Section 4, more key residues involved in nucleotide and antagonist 

binding were identified, fortifying the hypothesis of endogenous ligand binding 

underneath ECL2 in the case of P2Y2R. This study represents the first reported SAR 

analysis supported by mutagenesis data for human P2Y4R which will function as 

pioneering work for rational design of potent (tool) compounds in the future. 

Homologous to P2Y2- and P2Y12Rs, the results suggest that the nucleobase of 

agonists interact with buried lipophilic and aromatic residues of TM6. Yet, the space of 

the P2Y4R binding site is restricted due to a rotamer of Arg265, resulting in sensitivity 

towards UTP. Interestingly, ATP sensitivity was introduced at the Y197A P2Y4R 

mutant, likely due to the increased space in the putative nucleobase binding site. 

Investigation of antagonists at the P2Y4R mutants revealed additional differences 

between both binding sites: More flexible anthraquinone derivatives (RB-2, PSB-1699) 

displayed potential to interact with aromatic and residues buried beneath ECL2 that 

are likely involved in stabilization of the nucleobase of agonists in the orthosteric 

binding site at both P2Y2- and P2Y4Rs – a feature that can be exploited in future drug 

design and to increase the selectivity of the compounds. 

The homology models of P2Y2- and P2Y4Rs proved to predict important interactions 

between receptor and ligands which were confirmed by pharmacological data. The 

insights on the architecture of both receptors will prove imperative for structure-based 

drug discovery methods such as in the case of high-throughput virtual screening.  
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6. Discovery of P2Y2 Receptor Antagonist Scaffolds through Virtual High-

Throughput Screening 

6.1. Introduction 

Screening for novel drug candidates can be approached from different perspectives 

and starting points. Among them, SBDD assimilates 3D information of ligand and target 

to enable rational strategies for compound evolution or the discovery of new active 

molecules. VS represents a cost-efficient structure-based method as a pre-screening 

for potential drug candidates which greatly benefits from additional data on features 

important for proper interaction with the receptor. During VS, a collection of molecules 

is placed at a target of interest where several conformations of the ligand or the 

complex are generated and assessed for their interaction qualities. Subsequent 

quantification in the form of a docking score allows prognosis which pose complements 

the binding site the best and is therefore the most likely one to be observed in reality. 

Section 3 to 5 collected information on P2Y2R receptor architecture, and, more 

importantly, the topology of the orthosteric binding site was discussed. In this study, 

the resulting knowledge was utilized for a VS campaign with the aim to discover novel 

drug-like molecular scaffolds surpassing the physicochemical properties of the 

endogenous ligands and available tool compounds. Therefore, complexes of P2Y2R 

homology model with the selective antagonist AR-C118925 were used to screen a 

virtual library of 3.2 million of drug-like compounds from the ZINC database to identify 

potential binders, also addressed as ‘hit’ molecules. The top 1,000 scoring compounds 

were visually inspected, and the most promising candidates were selected. In total, 

fifty-eight compounds were purchased and assessed for their inhibitory effect at P2Y2R 

and, for preliminary selectivity studies, at human acetylcholine M3 receptor in calcium 

mobilization studies.  

6.2. Publication 
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ABSTRACT: The human ATP- and UTP-activated P2Y2 receptor
(P2Y2R) is a Gq protein-coupled receptor involved in several
pathophysiological conditions including acute and chronic
inflammation, cancer, and pain. Despite its potential as a novel
drug target, only few P2Y2R antagonists have been developed so
far, all of which suffer from severe drawbacks. These include (i)
high polarity due to one or several negative charges resulting in low
oral bioavailability, (ii) metabolic instability and generally poor
pharmacokinetic properties, and/or (iii) lack of selectivity, which
limits their utility for in vitro and in vivo studies aimed at target
validation. In search of new druglike scaffolds for P2Y2R
antagonists, we employed a structure-based virtual high-through-
put screening approach utilizing the complex of a P2Y2R homology model with one of the most potent and selective orthosteric
antagonists described so far, AR-C118925 (10). After virtual screening of 3.2 million molecules, 58 compounds were purchased and
pharmacologically evaluated. Several novel antagonist scaffolds were discovered, and their binding modes at the human P2Y2R were
analyzed by molecular docking studies. The investigated antagonists likely share a similar binding mode with 10 which includes
accommodation of bulky, lipophilic groups in the putative orthosteric binding site of the P2Y2R. The discovered scaffolds and the
elucidated structure−activity relationships provide a basis for the development of future drug candidates for the P2Y2R which have
great potential as novel drugs.

1. INTRODUCTION

G protein-coupled receptors (GPCRs) are ubiquitously
expressed membrane receptors involved in various signaling
pathways. They represent the largest family of transmembrane
receptors and are the most intensively studied class of drug
targets. The expression of GPCRs in the plasma membrane,
their accessability from the extracellular compartment, their
physiological and pathophysiological relevance, and their
accessibility and druggability by small molecules have led to
the fact that approximately 35% of approved drugs target
GPCRs.1

The human P2Y2 receptor (P2Y2R) is a GPCR belonging to
the purinergic P2 or nucleotide-activated receptor family
activated equipotently by two different endogenous nucleo-
tides, ATP (adenosine-5′-triphosphate, 1) and UTP (uridine-
5′-triphosphate, 2).2−6 Activation of the Gq protein-coupled
P2Y2 receptor leads to intracellular calcium release. Prolonged
activation results in the recruitment of β-arrestin followed by
receptor internalization.7 P2Y2Rs are widely expressed in
several organs and tissues, including brain, lung, heart, and
kidneys.8,9 Several studies confirm the crucial involvement of
P2Y2Rs in acute and chronic inflammation.10−14 Inhibition of
P2Y2Rs using selective antagonists represents an opportunity

for the treatment of pathologic conditions such as neuro-
degenerative disorders, asthma, and rheumatoid arthritis.15

Furthermore, P2Y2Rs were proposed to be involved in immune
responses based on their expression in eosinophils, lympho-
cytes, macrophages, mast cells, and natural killer cells.16,17

Early stages of human immunodeficiency virus-1 (HIV-1)
infection were reported to be facilitated by extracellular ATP
via P2Y2Rs, indicating that antagonist treatment may open new
therapeutic pathways for interrupting the virus entry
mechanism.18,19 Similarly, a critical role of P2Y2Rs for
human cytomegalovirus infection was described, where
inhibition of P2Y2Rs resulted in low viral load in infected
cells.20 Further potential indications for P2Y2R antagonists
comprise, for example, atherosclerosis, psoriasis, osteoporosis,
nephrogenic diabetes insipidus, cancer, and pain.21
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Although the P2Y2R poses a potential target for the

treatment of various pathological conditions, only few

antagonists have been described to date, all of which are not

ideal to perform pharmacological studies including target

validation.21

Rational drug design of P2Y2R antagonists poses significant
challenges: the endogenous nucleotidic agonists ATP and UTP
are prone to enzymatic hydrolysis. The triphosphate groups
which are negatively charged at a physiologic pH value of 7.4
prevent oral bioavailability of the nucleotides and its analogues.
Likewise, most of the few described P2Y2R antagonists suffer

Figure 1. Structures of selected P2Y2R agonists (1−3) and antagonists (4−10).

Figure 2. Putative binding mode of P2Y2R antagonist 10 in the orthosteric binding site of the human P2Y2R. (A) Docked pose of 10 in complex
with the homology model of the human P2Y2R shown with the residues forming the binding pocket. The receptor is displayed in cartoon
representation, and the amino acid residues (white) and compound 10 (red) are shown as stick models. Oxygen atoms are colored in red, nitrogen
atoms in blue, and sulfur atoms in yellow. (B) Schematic 2D representation of the binding pocket. Lipophilic amino acids are colored in yellow,
hydrophilic ones in blue, aromatic ones in red, and amino acid residues with mixed properties in green. (C) Denotation and schematic localization
of lipophilic binding pocket L and binding pocket E close to the extracellular lumen.
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from poor physicochemical and pharmacokinetic properties.
The replacement of the triphosphate group represents a
challenge in the design of analogues due to its multiple
interactions within the P2Y2R binding site and its requirement
for high-affinity binding.2,3,22,23 So far, the P2Y2R agonist
diquafosol (di-uridine-tetraphosphate, 3) is the only P2Y2R
ligand that has been approved as a drug, which is applied for
the treatment of dry eye disease in Asia.24 The polysulfonated,
polyaromatic P2Y2R antagonists suramin (4) and reactive blue
2 (RB-2, 5), both of which are nonselective, and various
somewhat more selective anthraquinone derivatives (6−9)
possess IC50 values only in the micromolar range (for
structures see Figure 1).2,3 Their target promiscuity, low
potency, metabolic instability, and/or high polarity prevent
oral bioavailability and brain penetration and limit their utility
as tool compounds for in vivo studies. The orthosteric
antagonist AR-C118925 (10), a structural analogue of the
endogenous agonist UTP, exhibited 50- to 500-fold selectivity
for P2Y2R compared to other P2YR subtypes with IC50 values
in the mid-nanomolar range.7,25 However, 10 showed poor
oral bioavailability in preclinical studies; nevertheless, it is still
a valuable pharmacological tool compound for studying the
P2Y2 receptor.

26−30

Recently, we have reported on suramin-derived dual
antagonists targeting the human P2Y2R and the orphan
receptor GPR17 that are potentially useful for the treatment
of inflammatory diseases.31 The reported antagonists contain-
ing a sulfonic acid group inhibited both receptors, P2Y2 and
GPR17, with low micromolar potency and selectivity
compared to the other P2YR subtypes.
P2Y2R antagonists of herbal origin have also been reported;

tangeretin, heptamethoxyflavone, β-oxo-aurentiacin, and sev-

eral other flavonoids were characterized as allosteric inhibitors
with IC50 values in the micromolar concentration range (for
structures, see Figure S1 in the Supporting Information).32

However, the promiscuity of flavonoids which are multitarget
drugs, and the rather complex structure−activity relationships
(SARs) of 40 investigated flavonoids impede causal con-
nections for straightforward ligand optimization. Plant extracts
of Joannesia princeps Vell. (stem) and Peixotoa A. Juss (flower
and leaf) were reported to inhibit UTP-induced responses via
P2Y2R and P2Y4R, but the identification of the active
molecules is still pending.33

The scarcity of potent, druglike antagonists for the P2Y2R
reflects the obstacles in drug discovery and ligand optimization
for this target. In the present study, we report on the first
homology model-based approach for the discovery of novel
antagonist scaffolds for the P2Y2R. Based on docking
predictions of the orthosteric antagonist 10, a virtual screening
campaign with over 3,200,000 compounds was performed.
Best-scoring compounds were visually assessed for their
binding modes, and candidates were selected for purchase
and in vitro testing.

2. METHODS

2.1. Molecular Modeling. 2.1.1. Receptor Grid Gen-
eration. With the aim to identify potential novel P2Y2R
antagonist scaffolds, docking studies with the competitive
antagonist 10 into the previously published homology model
of the human P2Y2R were carried out.2,6 The P2Y2R homology
model was based on the X-ray crystal structure of the human
P2Y1R.

34 The top five scoring complexes of the homology
model of the P2Y2R with 10 were used for receptor grid
generation based on their induced-fit docking (IFD) score. No

Figure 3. Workflow for the discovery of P2Y2R antagonists. In the first round of in vitro testing, 46 compounds were purchased. In the second
round, 12 analogues of initial hits were ordered and tested to elucidate SARs.
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significant deviations between the five complexes were
observed. Receptor grids for molecular docking into the
putative binding site of antagonist 10 were generated using the
receptor grid generator implemented in Maestro Schrödinger
software package release 2016. The binding pocket size was set
to 10 Å × 10 Å × 10 Å and centered on the centroid of the
ligand in each P2Y2R homology model complex.
2.1.2. Data Set. A chemical library consisting of

approximately 3.2 million druglike compounds, according to
Lipinski’s rule of five (≤5 H-bond donors, ≤10 H-bond
acceptors, molecular mass ≤ 500, log P ≤ 5), was retrieved
from the ZINC database (version ZINC15, accessed in March
2017).35,36 Molecules containing reactive functional groups
were excluded with the “reactive groups” filter of the LigPrep
module to minimize off-target effects and false positives.
Molecules were prepared for glide docking at pH 7.4 and
desalted if necessary. Tautomers were generated according to
standard settings. Stereoisomers were generated for unspecified
chiral centers with at the most four per ligand.
2.1.3. Virtual Screening. In the first step of the virtual

screening workflow of Maestro, the compound library was
docked with the Glide HTVS.37 The ligands were flexible
during docking, and nonplanar amide bonds were penalized
during the Glide HTVS workflow. The top 1% of the best
scoring compounds were taken over to the next step. In the
second step, the compounds were docked according to the
glide standard precision protocol implemented in Maestro.
The top 1% of the best scoring compounds were transferred to

the third step for glide XP (extra precision) docking. We
decided on the top 1% in each step to increase the chances of
finding potent lead structures during the screening process.
Docking scores were merged, and only the best scoring pose of
duplicates within the ensemble was retained for visual
assessment. The top 1000 scoring compounds were visually
inspected and individually evaluated for their interactions with
the receptor, molecular complexity, interaction quality with
target residues, correct protonation states, complementation of
the binding site surface, ligand strain and distorted ligand
geometry, π-stacking, structural diversity, chemical stability,
(potential) toxicity, and commercial availability. A selection of
46 compounds was finally purchased for preliminary in vitro
screening, measuring inhibition of UTP-mediated P2Y2R
activation. Hits from in vitro screening were evaluated and
cherry-picked. Subsequently, 12 additional compounds were
purchased and subjected to a second round of in vitro
screening. This second set of compounds consisted of
analogues of the selected hits from the first in vitro screening
at the P2Y2R. In the present report, we discuss three selected
active scaffolds. An overview of compounds purchased in each

Table 1. Potencies of Benzothiazole Derivatives Identified
by Initial Screening as Antagonists of the P2Y2R Compared
to their Inhibitory Activity at the Acetylcholine M3R

a,e

aBiological assessment of the compounds was performed using
calcium mobilization assays. bPotencies of antagonists were
determined versus an EC80 concentration of the agonist in the
respective assay. cAntagonism was determined at the human P2Y2
receptor versus UTP (3 μM). dAntagonism was determined at the
acetylcholine M3R versus carbachol (100 μM). eAll data are presented
as mean from three to four independent assays.

Figure 4. Concentration−response curve of compound 13 (A), 14
(B), and 22 (C) determined in calcium mobilization assays at human
P2Y2Rs expressed in 1321N1 astrocytoma cells. Each data point
represents the mean ± SEM of three to four independent
determinations, each in duplicate.
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round is given in Tables S1 and S2 of the Supporting
Information.
2.1.4. Docking Studies. In order to refine the initial docking

prediction based on glide docking, a method where the
structure is maintained rigid during the docking procedure, we
decided to redock in vitro hits using the IFD module
implemented in Maestro Schrödinger.38 The docking
procedure was previously published.2,6,23 Ligands and receptor
were prepared at pH 7.4. Ligands were docked into the
homology model of the human P2Y2R. The ligand binding
mode of 10 was selected as a center for the docking procedure.
Binding modes of antagonists with the highest IFD scores were
selected.
2.2. Materials. Dulbecco’s modified Eagle medium

(DMEM), penicillin G, streptomycin, and trypsin−EDTA
(ethylenediaminetetraacetic acid) were obtained from Life
Technologies GmbH (Darmstadt, Germany). Fluo-4 acetoxy-
methyl ester (Fluo-4-AM) was obtained from Invitrogen/
Thermo Fisher (Merelbeke, Belgium), and geneticin (G418)
was purchased from PAN Biotech (Aidenbach, Germany).
Fetal calf serum (FCS) and Pluronic F-127 were purchased
from Sigma-Aldrich (Taufkirchen, Germany). UTP was
obtained from Sigma-Aldrich (Steinheim, Germany), and
carbachol was obtained from Alfa Aesar Thermo Fisher
GmbH (Kandel, Germany). Corning 3340 microplates were
purchased from Corning Life Sciences (Tewksbury, MA,
USA), and 24-well plates were purchased for ELISA assays
from Sarstedt AG & Co. (Nuembrecht, Germany). Com-
pounds for in vitro screening were purchased at MolPort (Riga,
Latvia).
2.3. Calcium Mobilization Assays. Calcium mobilization

assays were performed to screen the selected compounds at
P2Y2R and other P2YR subtypes recombinantly expressed in
1321N1 astrocytoma cells.2,6,23 1321N1 Astrocytoma cells
natively express the muscarinic M3 receptor (M3R); therefore,
the VS hits were counter-screened at the M3R against the
agonist carbachol utilizing calcium mobilization assays.
Compounds which were also hits on the M3Rs were
considered to potentially display off-target effects and were
hence discarded as possible artifacts. The compounds were
screened at 10 μM as potential antagonists at the P2Y2R versus
UTP. The threshold for selection of in vitro screening hits was
set to 30% inhibition at 10 μM. Concentration inhibition

curves for the most potent compound of each scaffold series
were determined.
The calcium measurements were performed as previously

described.2,6,23 One day before the assay, the growth medium
was removed from a T175 flask with approximately 80−90%
cell confluency. The cells were washed with phosphate-
buffered saline (containing 137 mM NaCl, 2.7 mM KCl, 4.3
mM Na2HPO4, and 1.47 mM KH2PO4, at pH 7.3). The cells
were then detached with trypsin−EDTA and resuspended in
DMEM supplemented with 10% FCS, 100 U/mL penicillin G,
100 μg/mL streptomycin, and 800 μg/mL geneticin (G418).
About 60,000 cells in 200 μL of DMEM growth medium were
seeded into each well of the sterile black 96-well polystyrene
plate with a transparent flat bottom (Corning 3340) and
incubated at 37 °C, 96% humidity, and 10% CO2. Prior to the
assay, the growth medium was removed completely, and the
adherent cells were incubated for 1 h with 40 μL of loading dye
consisting of 15 μL of Fluo-4-AM (1 mM solution in dimethyl
sulfoxide, DMSO) and 15 μL of Pluronic F-127 (25% w/v in
DMSO) in 4970 μL of Hank’s balanced salt solution (HBSS)
buffer in each well. After incubation, excess dye was removed,
and the cells were further incubated in HBSS buffer at rt for 30
min before the addition of agonist. For assessment of
antagonist potencies, the cells were preincubated with the
antagonist in HBSS buffer during the 30 min incubation before
addition of the agonist UTP at its EC80 concentration (3 μM).
All dilutions used for dose−response curves were performed
on a log-scale (10−7 to 10−4 M). The final volume in each well
was 200 μL, and the final DMSO concentration was
maintained at 0.5% (v/v). The measurement of fluorescence
intensity was performed on a Novostar plate reader (BMG
LabTechnologies, Offenburg, Germany) at 520 nm for 30 s at
0.4 s intervals after excitation at 485 nm. For all assays, 100 μM
carbachol, inducing intracellular Ca2+ release by activating the
natively expressed Gq protein-coupled muscarinic M3 receptor
(M3R) in 132N1 astrocytoma cells, was used as a positive
control. The maximal carbachol response was set at 100% and
employed for normalization of all other responses.

3. RESULTS

Recently, we developed a homology model of the human
P2Y2R and investigated its structure in detail by utilizing site-
directed mutagenesis studies.2,6 Meanwhile, with the develop-

Figure 5. Putative binding mode of antagonist 13 in complex with the homology model of the human P2Y2R. (A) Docked pose of 13 into the
homology model of the human P2Y2R shown with the residues forming the binding pocket. The receptor is displayed in cartoon representation,
and the amino acid residues (white) and compound 13 (blue) are shown as stick models. Oxygen atoms are colored in red, nitrogen atoms in blue,
and sulfur atoms in yellow. (B) Schematic 2D representation of the binding pocket. For color code, see Figure 2.
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ment of AlphaFold for predicting protein structures by artificial
intelligence (https://alphafold.com/), an additional resource
for model comparison and validation became available. Based
on the binding site selection (Leu89, Arg110, Phe113, Tyr114,
Val168, Phe171, Val172, His184, Asp185, Thr186, Phe192,
Phe195, Phe261, Arg265, Tyr268, Tyr269, Arg272, Tyr288,
and Arg292), the RMSD between the homology model and

the AlphaFold structure amounts to 0.75 Å indicating an
equivalent prediction quality. RMSD values above 1 Å were
observed for residues Asp185 and Phe192, which are part of
the extracellular loop (ECL2) (1.09 and 1.21 Å, respectively),
and for Tyr269 (1.28 Å). Since the ECL2 is a highly flexible
structure that can undergo several conformational changes, we
believe that those differences would not have a significant
impact on the docking predictions. The overall RMSD of both
structures amounts to 1.73 Å. Greater differences were
observed for residues which are not part of the defined
binding site (tips of ECL2, ECL3, ICL2, and ICL3) and
therefore likely could not significantly affect the docking
predictions.
The reported top scoring proposed binding mode of 10 at

the P2Y2R is presented in Figure 2. The predicted binding
poses indicate that the tricyclic dibenzocycloheptenyl moiety
of 10 binds in a binding pocket created by several lipophilic
and aromatic residues (Leu89, Phe113, Tyr114, Val168,
Phe171, Val172, Phe195, and Phe261), designated as binding
pocket L (lipophilic). The methyl substituents of 10 may act as
“dowels”39−41 in the lipophilic binding site through lipophilic
interactions with Leu89, Phe113, Val168, Phe171, and Phe195.
Phe113, Tyr114, Phe195, and Phe261 in binding pocket L
were confirmed to interact with the nucleobase of the agonists
ATP and UTP which supports the orthosteric binding mode of
antagonist 10.2,3,6 The thiouracil group likely binds in a
subpocket formed by two arginine residues (Arg110 and
Arg292), and lipophilic residues (Phe113, Phe261, and
Tyr269). Residues of ECL 2 and transmembrane region
(TM) VI, namely, His184, Thr186, Tyr268, and Tyr288, are
predicted to form a binding cavity accommodating the furan
moiety of 10, designated as binding pocket E (ECL). The
tetrazolate group, which is deprotonated at physiological pH
value of 7.4, was predicted to form salt bridges with His184
and Arg272. Compared to the apo homology model structure,
minor conformational changes (<1 Å RMSD) of Leu89, Tyr
114, His184, Asp185, and Arg265 were observed.
Based on the IFD predictions of the orthosteric antagonist

10 into the homology model of the human P2Y2R, five top
scoring complexes were selected for receptor grid generation
for structure-based virtual high-throughput screening (vHTS).
Even though the top five scoring complexes showed only
negligible differences in their binding modes, we decided to
perform the vHTS as ensemble docking to increase the
positive hit rate. We take into account that our approach limits
docking to the putative orthosteric binding site of compound
10, while other binding modes of the discussed compounds
might be feasible.
A virtual library containing 3.2 million druglike molecules

was retrieved from the ZINC database and was subsequently
docked into the rigid receptors resulting in five sets of 1000
compounds.35,36 The top 1000 scoring compounds were
evaluated individually for their molecular complexity, inter-
action quality with target residues, correct protonation states,
complementation of the binding site surface, ligand strain and
disorted ligand geometry, π-stacking, structural diversity,
chemical stability, and toxicity.
Binding modes of promising candidates were additionally

assessed among all five ensemble complexes to take the impact
of the flexibility of side chains on the docking score and spatial
clashes into account. Subsequently, 46 compounds were
purchased and tested for their ability to inhibit UTP-mediated
P2Y2R activation. Their inhibitory potency was determined by

Table 2. Potency of 1,3-Thiazinane Derivative 14 Identified
by Screening as P2Y2R Antagonist Compared to Its
Inhibitory Activity at the Acetylcholine M3R, along with
Some Analoguesa,e

aBiological assessment of the compounds was performed using
calcium mobilization assays. bPotencies of antagonists were
determined versus an EC80 concentrations of the agonist in the
respective assays. cAntagonism was determined at the human P2Y2
receptor versus UTP (3 μM). dAntagonism was determined at the
acetylcholine M3R versus carbachol (100 μM). eAll data are presented
as means from three to four independent assays. The observed
negative values for some compounds may be artifacts, for example,
due to autofluorescence, or reflect very minor positive allosteric
receptor modulation.
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a fluorescence-based calcium mobilization assay. The screening
results were analyzed, and additional 12 analogues based on
the initial hit compounds were purchased and pharmacolog-
ically evaluated. Compounds inhibiting the P2Y2R were
redocked into the homology model of the P2Y2R using the
induced-fit protocol to refine the binding mode prediction.
The workflow of the lead structure discovery is schematically
presented in Figure 3.
This approach led to the discovery of several druglike

antagonist scaffolds, which likely share binding sites with the
orthosteric antagonist 10. The threshold for the selection of in
vitro screening hits was set at 30% inhibition of UTP-(3 μM)-
induced calcium mobilization assays at a test concentration of
10 μM. The hit rate for the first round of screening was 7%
after exclusion of ligands which also showed ≥30% inhibition
in the counterscreen assay using the same calcium mobilization
assay at the muscarinic M3R. In the second round, the hit rate
increased to 17%. The relatively low screening hit rate in the
first round, for example, as compared to X-ray crystal structure-
based virtual screening approaches, can be explained by the
low homology between the P2Y2R and the P2Y1R used as the
template (34% sequence identity), but it was in the same range
as previously published homology model-based virtual screen-
ing approaches.42−45 GPCRs with several X-ray crystal
structures in different activation states and defined binding
sites certainly allow more reliable prediction of screening
hits.46,47 In fact, previous virtual screening studies for other

P2Y receptor subtypes were reported with hit rates ranging
between <1% up to more than 50%.48,49

In this study, three of the discovered active scaffolds will be
discussed, whose binding modes have been analyzed. The in
vitro hit structures do not belong to the classes of pan-assay
interference compounds as assessed by available online
tools.50,51 Excluded compounds that showed less than 30%
inhibition of P2Y2R activation at a test concentration of 10
μM, or that were equally potent in blocking the P2Y2 and the
muscarinic M3R, are collected in Table S1 of the Supporting
Information, while the selected hit compounds were further
characterized.

3.1. Benzothiazole Derivatives. Pharmacological evalua-
tion of the purchased screening hits led to the discovery of
benzothiazole derivatives as P2Y2R antagonists. The results of
pharmacological evaluation are summarized in Table 1.
Antagonists 11 and 12 inhibited the P2Y2R with micromolar
potency (11, IC50 16.6 ± 1.7 μM; 12, 21.9 ± 0.7 μM) without
displaying antagonistic activity at the muscarinic M3R (5% and
1% inhibition at 10 μM). Compound 13 inhibited UTP-
induced P2Y2R activation with the highest potency (IC50 9.26
± 1.92 μM) but also blocked the M3R (68% inhibition at 10
μM). Concentration-inhibition curves of selected P2Y2R
inhibitors are shown in Figure 4.
In the virtual screening workflow, we applied the glide

docking method to predict hit structures. During glide docking,
the receptor is kept rigid, which facilitates calculations and

Figure 6. Putative binding mode of antagonist 14 in complex with the homology model of the human P2Y2R. (A) Docked pose of 14 with the
homology model of the human P2Y2R shown with the residues forming the binding pocket. The receptor is displayed in cartoon representation,
and the amino acid residues (white) and compound 14 (blue) are shown as stick models. Oxygen atoms are colored in red, nitrogen atoms in blue,
and sulfur atoms in yellow, fluorine atoms in cyan. (B) Schematic 2D representation of the binding pocket. For color code, see Figure 2. (C)
Denotation and schematic localization of lipophilic binding pocket L, binding pocket E close to the extracellular lumen, and binding pocket M with
mixed properties.
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eventually reduces program runtime, disregarding adaptation
of the receptor to ligand binding. In order to address this initial
simplification and to refine the binding mode prediction, we
redocked screening hits using IFD which allows conforma-
tional adjustments of the receptor. The redocked putative
binding mode of antagonist 11 is presented in Figure 5.
The benzothiazole core of 13 is predicted to bind in the

binding pocket L of the P2Y2R (Figure 5; also see Figure 2 for
designation of the binding pockets). Arg265 can form H-bonds
with the nitrogen atom of the heterocycle. The S-enantiomer
scored higher, most likely due to additional lipophilic
interactions of the methyl group with Phe113. The phenyl-
sulfane moiety is observed to be accommodated in a binding
cleft formed by Phe261, Thr264, Arg265, Tyr269, Thr291, and
Arg292. The nitrogen atom of the amide group is predicted to
form a H-bond with the backbone of Asp185. The terminal
phenyl group likely binds in pocket E, where π−π interactions
with Phe195, Tyr268, and Tyr288 are feasible. The meta-nitrile
group is likely exposed to the extracellular space, with His184
as a potential partner for H-bond interactions.
The benzothiazole was predicted to occupy the same

binding pocket L as the orthosteric antagonist 10, indicating
that more bulky aryl groups might be tolerated. Substitutions
in positions 4 and 5 may increase antagonistic potency as the
phenylsulfane does not completely fill the available space in the
binding pocket which features mixed properties.

3.2. 1,3-Thiazinane Derivatives. In vitro screening results
of the subset of discovered 2-imino-4-oxo-N-phenyl-1,3-
thiazinane-6-carboxamide derivatives 14−21 and their struc-
tures are collected in Table 2. The chiral compounds were
tested as racemates. Antagonist 14 displayed potency in the
micromolar range (IC50 9.87 μM), whereas several related
derivatives, 15−21, did not exhibit inhibitory effects at P2Y2R.
Compound 14 was able to fully inhibit UTP-induced P2Y2R
activation. For the concentration−response curve, see Figure
4B.
The putative binding mode of antagonist 14 at the human

P2Y2R is presented in Figure 6. The S-enantiomer scored
higher during redocking. The 4-fluorophenylimino group may
project toward the lipophilic binding pocket L. The 1,3-
thiazinane moiety likely binds between Arg265 and Arg292,
and close to Tyr269, with possible H-bond formation between
the carbonyl oxygen atom of the 4-oxo-1,3-thiazinane hetero-

Table 3. Potencies of 1,4-Thiazepine Derivative 22
Identified by Initial Screening as Antagonist of the P2Y2R
Compared to Its Inhibitory Activity at the Acetylcholine
M3R, along with Some Inactive Analoguesa,e

aBiological assessment of the compounds was performed using
calcium mobilization assays. bPotencies of antagonists were
determined versus an agonist EC80 concentrations of the agonist in
the respective assays. cAntagonism was determined at the human
P2Y2 receptor versus UTP (3 μM). dAntagonism was determined at
the acetylcholine M3R versus carbachol (100 μM). eAll data are
presented as means from three to four independent assays.

Figure 7. Putative binding mode of antagonist 22 in complex with the homology model of the human P2Y2R. (A) Docked pose of 22 in the
homology model of the human P2Y2R shown with the residues forming the binding pocket. The receptor is displayed in cartoon representation,
and the amino acid residues (white) and compound 22 (blue) are shown as stick models. Oxygen atoms are colored in red, nitrogen atoms in blue,
sulfur atoms in yellow, and fluorine atoms in cyan. (B) Schematic 2D representation of the binding pocket. For color code, see Figure 2.
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cycle and Arg292. The benzyl group in position 3 is predicted
to bind in a subpocket with mixed properties formed by
Phe261, Thr264, Arg265, and Thr291 (binding pocket M).
The amide was observed to form a H-bond with the backbone
of Asp185 in the model. The 4-carboxyphenyl residue likely
binds close to several aromatic residues of binding pocket E
(Phe195, Tyr268, Tyr288), stabilized through π−π inter-
actions. The carboxylate may form a salt bridge with Arg272
and a H-bond with Tyr268.
Our results suggest that binding pocket M (see Figure 6) has

spatial restrictions regarding the size of substituents in position
3 of the 1,3-thiazinane ring, resulting in loss of antagonistic
activity for 15 and 16. Decreased antagonistic activity of
compounds 17−21 may be due to the lacking of aromatic
groups which allow proper π−π interactions with Phe261 and
Tyr269 and/or cation−π interactions with Arg265. The
redocked binding mode of antagonist 14 suggests an additional
occupation of binding pocket M compared to the predicted
binding mode of the selective, orthosteric antagonist 10. The
lipophilic binding pocket L accommodating the tricyclic group
of 10 is not completely filled by the comparatively smaller aryl
group of the investigated antagonists and may therefore
provide space for modification and expansion by introduction
of larger lipophilic groups.
3.4. 1,4-Thiazepine Derivatives. The investigated

antagonists were pharmacologically evaluated as racematic
mixtures. Among the investigated 2,3-dihydrobenzo[b][1,4]-
thiazepine derivatives, compound 22 was the only one to
display a high potency (IC50 10.9 μM) showing full inhibition
of P2Y2R (for structures see Table 3). The concentration−
inhibition curve of 22 as an antagonist of the P2Y2R is
presented in Figure 4C. Compounds 23−25 did not exhibit

significant inhibition in calcium mobilization assays, neither at
the human P2Y2R nor at the muscarinic M3R.
The R-enantiomer of 22 scored higher during the induced-fit

redocking. The aromatic system consisting of rings A and B is
predicted to bind in binding pocket L, where it can be
stabilized through lipophilic interactions and/or cation−π
interactions with Arg265 (for ring numbering see Figure 7).
The nitrogen atom possibly forms a H-bond with Tyr114. The
trifluoromethyl group in position 7 of the 2,3-dihydrobenzo-
[b][1,4]thiazepine likely projects toward Val172 and Phe195,
where lipophilic interactions may contribute to antagonistic
activity. The 1,4-thiazepine heterocycle binds in a chairlike
conformation close to ECL2, Phe113, and Tyr114. The sulfur
atom is pointing downward toward Phe113. The 2H-pyran-2-
one moiety (ring C) likely binds in binding pocket M. H-Bond
interactions between the carbonyl O atom of the lactone and
Tyr269 are feasible. Possible interaction partners for the
hydroxy group in position 5 include Asp185 and Arg292. Ring
C of 22 is predicted to bind in a distant binding pocket created
by Tyr40, Tyr82, Tyr93, Val109, Arg110, Phe113, and Arg292,
where the hydroxyl group can form a H-bond with the
backbone of Val109.
The putative binding mode of 22 appears to be different

when compared to those of the previously discussed scaffolds.
It lacks an aromatic moiety which is exposed to the
extracellular domain. Rings A, B, and C likely bind similarly
to the tricyclic system of 10. The trifluoromethyl (ring A) and
hydroxy (ring D) groups may therefore interact as “dowels,”
like the methyl groups of 10. The R-enantiomer which scored
higher during redocking, likely has better interaction potential
of ring D with the receptor. Loss of inhibitory activity of
compound 23 may be explained by unfavorable interactions or
clashes of the nitro group with the hydroxy group of the

Figure 8. Schematic presentation of putative binding modes of antagonists at the human P2Y2R. (A) Schematic diagram of the binding mode of the
competitive, selective antagonist 10. (B) Binding mode of antagonists discovered in this study. The lipophilic binding site L, denoted as “L,” is
colored in red. The binding site M with mixed properties, denoted as “M,” is colored in green. The binding site E close to the extracellular
compartment, denoted as “E,” is colored in blue. (C) Spheres highlighting the functional groups implicate their binding position in the P2Y2R. The
core structure (colored in gray) connects the moiety binding in binding pocket L (colored in red) with the moiety binding in binding pocket M
(colored in green). Several linkers connecting the core structure with an aryl group (colored in yellow) are accepted. Asp185 and Arg292, forming
an ionic lock likely involved in receptor activation, are present in proximity to the gray- and yellow-colored moieties.
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tyrosine residues in the distant binding pocket. In the cases of
24 and 25, lacking of the trifluoromethyl group, the loss of
potential interactions of the 2H-pyran-2-one moiety, sterical
clashes with the 2,4-dimethoxyphenyl moiety, or all of the
above changes may be responsible for the loss of antagonistic
activity.
Our results suggest that the discussed scaffolds share a

similar binding pocket as the competitive antagonist 10.
Compared to 10, they lack a bulky, lipophilic tricyclic group
and partially occupy binding pocket L formed by residues of
TM IV and V. Additional stabilization of the novel scaffolds
can be ascribed to additional interactions resulting from
occupation of binding pocket M, which is not occupied by 10.
In most cases, a terminal aryl group is predicted to bind in
binding pocket E and to be exposed to the extracellular space.
The acceptance of diverse linkers connecting the core buried in
the P2Y2R with the terminal aryl group suggests high flexibility
and adaptation of ECL2. We suggest that the investigated
antagonists inhibit the P2Y2R through stabilization of an ionic
lock between Asp185 and Arg292, similar to that postulated for
the P2Y1R.

34,52 Anchoring of antagonists in the orthosteric
binding site and the binding pocket M having mixed
properties, as well as additional interactions with residue side
chains of ECL2, will increase the stability of the ionic lock, thus
impeding receptor activation. A schematic presentation of our
results is presented in Figure 8. It is noteworthy that antagonist
10 bears the largest group binding in the orthosteric binding
site, namely, the tricyclic moiety, which contributes to its high
potency and selectivity for the P2Y2R.

4. CONCLUSIONS

Virtual screening studies have proven to be cost- and time-
efficient methods for the discovery of hit compounds and
drugs.53,54 In this study we identified several druglike
molecular scaffolds with P2Y2R-antagonistic activity showing
IC50 values at low micromolar concentrations. Contrary to
available tool compounds, the discovered scaffolds lacking
negatively charged groups (benzothiazole, thiazepine deriva-
tives) or containing a single carboxylate function (thiazine
derivatives) have potential for oral bioavailability. Predicted
binding modes of antagonists can be divided into two types:
antagonist 10 which fills the putative orthosteric binding site
with the tricyclic moiety and those which partly reach the
lipophilic binding site (13, 14, and 22). Displaying already low
micromolar potency, the structures represent good starting
points for further optimization by rational drug design.
Our results will provide useful insights for future drug design

of potent P2Y2R inhibitors including ligands for the treatment
of cancer, (neuro-)inflammation, and other complex diseases.
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■ ABBREVIATIONS

ATP, adenosine-5′-triphosphate; BPTU, 1-[2-(2-tert-
butylphenoxy)pyridin-3-yl]-3-[4-(trifluoromethoxy)phenyl]-
urea; CHO, Chinese hamster ovary; DMEM, Dulbecco’s
modified Eagle’s medium; DMSO, dimethyl sulfoxide; DNA,
deoxyribonucleic acid; ECLX, extracellular loop X (X = 1−3);
FCS, fetal calf serum; FDA, Food and Drug Administration;
GPCR(s), G protein-coupled receptor(s); HBSS, Hank’s
balanced salt solution; HIV, Human immunodeficiency virus;
HTS, high-throughput screening; IFD, Induced-fit docking;
M3R, muscarinic M3 receptor; PAINS, pan-assay interference
compounds; PBS, phosphate-buffered saline; P2YnR(s), P2Yn
receptor(s) (n = 1, 2, 4, 6, 11, 12, 13 or 14); RB-2, reactive
blue 2; rt, room temperature; SAR(s), structure−activity
relationship(s); SP, standard precision; TMX, transmembrane
region X (X = I−VII); UTP, uridine-5′-triphosphate; vHTS,
virtual high-throughput screening; VS, virtual screening; XP,
extra precision
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Table S1. Structures and results of inactive analogs of screening hits at the human P2Y2R and at the 

human acetylcholine M3R. Biological assessment of the compounds was performed using calcium 

mobilization assays. 

  

IC50 ± SEM (μM)  

(% inhibition at 10 μM)a  

 

Compound Structure P2Y2Ra M3Rb 
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O
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28 
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> 10 
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(16 %) 
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> 10 
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(-39 %) 
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(-3 %) 

aPotencies of antagonists were determined against EC80 concentrations of agonist (3 µM UTP at the 
P2Y2 receptor, 100 µM carbachol at the muscarinic M3 receptor). All data are means from 3-4 
independent experiments.  
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Table S2. Overview of compound acquisition steps. In the first round 47 chemically diverse 

compounds were purchased for in vitro assessment. In the second round 11 commercially available 

analogs of hits from the first round were purchased. 

Compound  Round    Compound  Round 

11  1    40  1 

12  2    41  1 

13  2    42  1 

14  1    43  1 

15  2    44  1 

16  2    45  1 

17  2    46  1 

18  2    47  1 

19  2    48  1 

20  2    49  1 

21  2    50  1 

22  1    51  1 

23  2    52  1 

24  2    53  1 

25  2    54  1 

26  1    55  1 

27  1    56  1 

28  1    57  1 

29  1    58  1 

30  1    59  1 

31  1    60  1 

32  1    61  1 

33  1    62  1 

34  1    63  1 

35  1    64  1 

36  1    65  1 

37  1    66  1 

38  1    67  1 

39  1    68  1 
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Figure S1. Structures of selected flavonoids that act as allosteric P2Y2R antagonists.[1] 
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6.4. Summary and Outlook 

Although tool compounds such as the anthraquinone derivatives and the orthosteric 

antagonist AR-C118925 are available for target validation studies of the 

pharmaceutically relevant P2Y2R, development of those to drug-like compounds 

represents an arduous challenge. Deduced from molecular docking studies, key 

interaction motifs such as the sulfonic acid groups mimic the negatively charged nature 

of the phosphate groups of the endogenous agonists and are therefore necessary for 

ligand binding. While the specified functionalities are important for proper interaction 

with the receptor, they lower the oral bioavailability leading to a developmental dead 

end for those structures if no adequate bioisoster can be found. Hence, a chemically 

diverse portfolio of drug-like alternatives can improve the likelihood of success to find 

a novel scaffold surviving the preclinical process and making it to therapeutic approval. 

Utilizing the updated homology model of human P2Y2R, a VS campaign was 

conducted and retrieved three novel chemically diverse inhibitor scaffolds: 

Benzothiazole, 2-imino-4-oxo-N-phenyl-1,3-thiazinane-6-carboxamide, and 1,4-

thiazepine. The discovered antagonists share analogous interaction features to AR-

C118925 as they are predicted to occupy the lipophilic orthosteric nucleobase binding 

site likely leading to the stabilization of an inactive receptor conformation. Just as 

importantly, the putative binding modes of the antagonists are located close to the 

previously discussed ionic lock between Asp185ECL2-Arg292TM7 likely involved in 

agonist-induced receptor activation presumably contributing to receptor inhibition. 

Finally, the compounds also lack functional groups known to be metabolically unstable 

or accompanied by unfavorable physicochemical properties elevating them to excellent 

starting points for hit-to-lead optimization. The results emphasize the power of SBDD 

to retrieve relevant chemistry from a virtual compound library through synergistic 

effects of computational predictions and iterative improvement of the receptor model 

with biological assay data. 
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7. Development of Potent and Selective Antagonists for the UTP-Activated 

P2Y4 Receptor 

7.1. Introduction 

The anthraquinone derivative RB-2 belongs to one of the oldest P2YR antagonists and 

was even involved in characterization of receptors involved in purinergic signaling 

finally leading to differentiation of its members.87,88 It displays affinity for a broad range 

of proteins which usually interact with adenine nucleotides as substrate or cofactor 

resulting in unappealing target promiscuity. Consequently, it became an alluring 

template for the design of selective compounds targeting particular structures, such as 

P2YR subtypes, with improved potency.89–92 Still, its potential to interact with several 

binding sites impedes the development of tool compounds. 

The work presented in this section deals with the assessment of anthraquinones as 

potential inhibitors of human P2Y4R for which only few compounds for pharmacological 

investigation exist. The motive of this study was the development of potent and 

selective P2Y4R antagonists, as well as the elucidation of the anthraquinone binding 

site to distill key interactions with the receptor for future structure-based practices. For 

this, a library of compounds based on the anthraquinone derivative RB-2 was 

synthetized and assessed in calcium mobilization assays. A homology model of human 

P2Y4R was created with the X-ray crystal structure of the related P2Y1R in complex 

with the nucleotide-derived antagonist MRS2500 as template. Subsequently, the most 

potent antagonists and RB-2 were docked, and poses were assessed with the 

experimental data to deduce SARs for the anthraquinone derivatives. Binding mode 

differences between smaller molecules and the bulky RB-2 were discussed. 

7.2. Publication 
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ABSTRACT: P2Y4 is a Gq protein-coupled receptor activated by uridine-5′-triphosphate (UTP), which is widely expressed in
the body, e.g., in intestine, heart, and brain. No selective P2Y4 receptor antagonist has been described so far. Therefore, we
developed and optimized P2Y4 receptor antagonists based on an anthraquinone scaffold. Potency was assessed by a fluorescence-
based assay measuring inhibition of UTP-induced intracellular calcium release in 1321N1 astrocytoma cells stably transfected
with the human P2Y4 receptor. The most potent compound of the present series, sodium 1-amino-4-[4-(2,4-
dimethylphenylthio)phenylamino]-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (PSB-16133, 61) exhibited an IC50 value of
233 nM, selectivity versus other P2Y receptor subtypes, and is thought to act as an allosteric antagonist. A receptor homology
model was built and docking studies were performed to analyze ligand−receptor interactions. Compound 64 (PSB-1699, sodium
1-amino-4-[4-(3-pyridin-3-ylmethylthio)phenylamino]-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate) represents the most
selective P2Y4 receptor antagonist known to date. Compounds 61 and 64 are therefore anticipated to become useful tools
for studying this scarcely investigated receptor.

■ INTRODUCTION

The G protein-coupled P2Y receptors represent, together with
the ATP-gated ion channels known as P2X receptors, the
nucleotide-activated P2 receptor family. Eight subtypes of P2Y
receptors are known to exist: P2Y1, P2Y2, P2Y4, P2Y6, and
P2Y11 belonging to the P2Y1-like subgroup, and P2Y12, P2Y13,
and P2Y14 that are members of the P2Y12-like subgroup of P2Y
receptors.1,2

P2Y receptors are present in almost all human tissues, where
they exert various biological functions. They are of great
interest as (potential) therapeutic targets for several indications,
including neurodegenerative disorders, pain, cancer, and
cardiovascular diseases.3,4 In fact, several antithrombotic drugs
on the market, namely clopidogrel, prasugrel, and ticagrelor,
achieve their effect through inhibiting the human platelet P2Y12

receptor.5−7 Despite a generally strong interest in the P2Y
receptor family, relatively little is known regarding the P2Y4

subtype. This uridine-5′-triphosphate (UTP)-activated receptor
shows a wide distribution in the body, including heart,
gastrointestinal tract (GIT), central nervous system (CNS),
skin, and ear (cochlea).8−12 In the GIT, P2Y4 receptors were

demonstrated to mediate chloride (Cl−) secretion in the jejunal
epithelium and therefore represent possible targets for the
treatment of cystic fibrosis (P2Y4 receptor agonists) and
diarrhea (P2Y4 receptor antagonists).

13−16 P2Y4 receptors also
appear to be involved in the regulation of amyloid precursor
protein (APP) production and its release in the brain.17

Because APP accumulation is associated with the progression of
Alzheimer’s disease, P2Y4 receptor antagonists might be useful
as therapeutic agents for this debilitating and yet incurable
disorder.17 In the heart, P2Y4 receptors are expressed on cardiac
endothelial cells; they were found to be important for cardiac
endothelial cell growth and migration as well as secretion of
platelet-derived growth factor B (PDGF-B). Moreover, P2Y4

receptor-knockout mice showed defective postnatal cardiac
development, including reduced heart weight. It has thus been
postulated that P2Y4 receptors could be possible targets to
modulate angiogenesis and regulate cardiac remodeling and
postischemic revascularization.18 In the cochlea, P2Y4 receptors
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are expressed in the epithelial cells of Reissner’s membrane,
where they regulate Na+ absorption upon noise exposure,8 and
in the apical membrane, where they are involved in K+ secretion
across strial marginal cell epithelium during stimulation of the
cochlea by sound.9

So far, no selective antagonists for the P2Y4 receptor have
been described.1 However, such a compound is required as a
pharmacological tool for receptor characterization and for
studies aimed at target validation.19 Mouse and rat P2Y4
receptors, which share 51% and 83% sequence identity with
the human P2Y4 receptor,12,20 are noncompetitively antago-
nized by PPADS (pyridoxalphosphate-6-azophenyl-2′,4′-disul-
fonic acid, 1, Figure 1) and also blocked by Reactive Blue 2
(RB-2, 2, Figure 1).21,22 Rat P2Y4 receptors, expressed in
Xenopus oocytes, were found to be weakly antagonized by
suramin (3, Figure 1).23 On the other hand, human P2Y4
receptors expressed in 1321N1 cells were ineffectively inhibited
by PPADS and were insensitive to suramin23 but were inhibited
by RB-2 at micromolar concentrations.24

RB-2 is a well-known nonselective P2 receptor antagonist
that has served as an important pharmacological tool in the
field of purinergic signaling.25,26 Our laboratory has been
extensively working on the development of anthraquinone
derivatives structurally related to RB-2 as potent and selective

antagonists of purine receptors and ectonucleotidases.24,27−36

For example, we have previously developed PSB-0739 (4,
Figure 1),30 an extremely potent and selective competitive
P2Y12 receptor antagonist (pA2 of 9.8),37 and PSB-1011 (5,
Figure 1), a competitive inhibitor of the rat P2X2 receptor with
a Ki value of 79 nM.31

High potency and selectivity could be attained, for example,
by optimizing the residue at the 4-position of the
anthraquinone core. Structure−activity relationships (SARs)
were found to be very different at the different purine receptor
subtypes, and the anthraquinone core structure can thus be
described as a “privileged structure” in medicinal chemistry.26

The aim of this study was to specifically design and develop
the first potent and selective P2Y4 receptor antagonist. To this
end, a library of RB-2-related anthraquinone derivatives was
synthesized using recently developed methods,27−29,39 and the
compounds were tested for their potency to block P2Y4

receptors using a Ca2+-mobilization assay.59 This data served
as a basis for subsequent structure−activity relationship
analyses and receptor docking studies aimed at enhancing our
knowledge with respect to P2Y4 receptor ligand preferences
and for further optimizing the structures. Modifications of the
substituents at the 4-position of the anthraquinone core led to

Figure 1. Structures of the classical P2 receptor antagonists PPADS, Reactive Blue 2 (RB-2), suramin, and receptor subtype-selective tool
compounds derived from RB-2.
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an increase in potency at the P2Y4 receptor and resulted in
selectivity for P2Y4 over other P2Y receptor subtypes.

■ RESULTS AND DISCUSSION

Chemistry. The target compounds were synthesized as
depicted in Schemes 1−3. The syntheses of several compounds
had been previously described.24,27−30,33,36,38−40 Some of the
known anthraquinone derivatives (19−21, 24, and 33−35
(Table 1)) have now been obtained by improved synthetic
procedures. In addition to known compounds, a series of 21
new compounds was prepared. Condensation of bromaminic
acid (R1 = SO3H (6a)) or 1-amino-4-bromo-2-methylanthra-
quinone (R1 = CH3 (6b)) with the appropriate amine yielded
the target compounds in satisfactory to excellent isolated yields
(Scheme 1). Reactions were conducted in phosphate buffer
(pH 6−7) in the presence of copper powder (Cu0) under
microwave irradiation at 80−120 °C.

Compounds 65 and 66 were synthesized from 1-amino-4-
bromo-2-methylanthraquinone (6b) by treatment with an
excess of the appropriate aniline derivative (15 equiv) under
argon in the presence of potassium acetate and a catalytic
amount of copper(I) acetate at 110 °C for 6−15 h (Scheme 2).

Table 1. Yields, Molecular Weights, UV Absorption, Color, and Purity of the Newly Synthesized Anthraquinone Derivatives

compd R1 R2 (A,C) or R2-X (B) yield (%)a MW (g/mol) absorption λmax (nm) color purity by LC-MS/UV (%)b

Structure A
14 SO3Na 2-chloro 36 450.83 590 blue 99.0
19 SO3Na 2-methyl 80 430.41 624 blue 99.0
20 SO3Na 3-methyl 70 430.41 626 blue 99.1
21 SO3Na 4-methyl 72 430.41 626 blue 100.0
24 SO3Na 4-ethyl 64 444.44 626 blue 99.0
25 SO3Na 3-propyl 35 458.46 628 blue 97.7
33 SO3Na 2,3-dimethyl 49 444.44 624 blue 99.0
34 SO3Na 2,4-dimethyl 60 444.44 624 blue 99.0
35 SO3Na 2,5-dimethyl 50 444.44 624 blue 99.5
37 SO3Na 3,4-dimethoxy 46 476.43 624 blue 98.5
39 SO3Na 3-methoxy-4-methyl 44 460.43 626 blue 98.3
40 SO3Na 4-chloro-2-methyl 36 464.85 626 blue 99.0
41 SO3Na 4-chloro-3-methyl 40 464.85 624 blue 99.0
42 SO3Na 4-hydroxy-3-methyl 40 446.41 626 blue 96.0
43 SO3Na 4-fluoro-3-methoxy 43 464.40 624 blue 99.3
44 SO3Na 4-chloro-3-methoxy 40 480.85 624 blue 99.7
49 SO3Na 2-carboxy-3-fluoro 40 478.38 594 blue 98.0
52 SO3Na 2-carboxy-4-hydroxy 68 476.39 630 blue 100.0
53 SO3Na 2-carboxy-4-nitro 21 505.39 584 blue 95.7
67 CH3 2-carboxy-4-fluoro 21 390.36 612 blue 99.7
Structure B
58 SO3Na 4-fluorophenoxy 41 526.47 630 blue 99.5
59 SO3Na 4-chlorophenoxy 25 542.92 630 blue 98.6
60 SO3Na 4-bromophenoxy 17 587.38 625 blue 96.1
61 SO3Na 2,4-dimethylphenylthio 10 552.59 640 blue 96.1
62 SO3Na 2,5-dimethylphenylthio 7 552.59 640 blue 98.0
63 SO3Na 3,4-dimethylphenylthio 7 552.59 640 blue 95.9
64 SO3Na 3-pyridylmethylthio 14 539.56 640 blue 98.6
Structure C
68 SO3H fluoro 97 397.38 500 purple 98.5
69 SO3H methoxy 38 409.41 506 purple 95.2

aIsolated yield. bPurity of the compounds was determined using LC-MS coupled to a diode array detector (220−900 nm).

Scheme 1. General Synthesis of 4-Substituted
Anthraquinone Derivatives (7−53 and 67)a

aReagents and conditions: (i) R2-NH2, phosphate buffer (pH 6−7),
Cu0, microwave, 80−120 °C, 5−24 min.
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Three anilinoanthraquinone derivatives, 12, 27, and 46,
which bear a primary amino group in the 1-position of the
anthraquinone moiety, were treated with sodium nitrite in
hydrochloric acid solution (1 M) at 0 °C for 5 min, then
allowed to warm up to room temperature followed by the
addition of ethanol and an excess of zinc powder (10 equiv) to
achieve deamination,39 affording the desired products 68−70
(Scheme 3).

Purification of Reactive Blue 2. RB-2 has been used for
decades as a valuable pharmacological tool for studying
nucleotide receptors. Most studies relied on commercially
available products. However, there has always been some doubt
regarding the identity and purity of commercial products,
making it difficult to obtain reliable pharmacological
results.41−43 RB-2 is a mixture of two isomers bearing a
sulfonate group either in position 3 or 4 of ring F (compound
2, Figure 1). Thus, we decided to investigate the purity of
commercially available RB-2. The purity of the investigated RB-
2 was declared to be 88.2% as determined by HPLC-UV.
However, the employed technique is not suitable to detect
inorganic impurities, e.g., inorganic salts. Therefore, we purified
commercially available RB-2 by reversed phase-18 flash column
chromatography (RP-18 FCC, for details see Experimental
Section). Subsequent analysis showed that the commercial
product only contained 54% of RB-2, while the main organic
contaminant was found to be the precursor of RB-2, namely
disodium 1-amino-4-[4-(4,6-dichloro-[1,3,5]triazin-2-ylamino)-
3-sulfonatophenylamino]-9,10-dioxo-9,10-dihydroanthracene-
2-sulfonate (ca. 12%). Moreover, it was found to be
contaminated with ca. 34% of inorganic salts, presumably
NaCl and Na3PO4, which were washed out during the
purification step using RP-18 column chromatography.
Biological Assays. The potencies of the compounds were

determined using a fluorescence-based Ca2+-mobilization assay

according to the following principle: monoclonal colonies of
1321N1 astrocytoma cells stably transfected with the human
P2Y4 receptor were loaded with the acetoxymethyl ester of the
calcium-sensitive fluorescent dye fluo-4. The P2Y4 receptor is
coupled to Gq protein. Thus, receptor activation with the
endogenous ligand UTP will lead to an increase in the
intracellular calcium ion concentration and a rise in the
intensity of fluorescent light emitted by the dye. Test
compounds that act as P2Y4 receptor antagonists inhibit the
increase in fluorescence intensity, which is monitored using a
microplate fluorescence reader. Prior to evaluating the
antagonistic activity of the anthraquinone derivatives, a
concentration−response curve of the agonist UTP at the
human P2Y4 receptor was obtained (Figure 2). The EC80 of

UTP at this cell line was determined to be 565 nM. A UTP
concentration of 500 nM, close to its EC80 value, was
subsequently used for receptor activation for the determination
of antagonist potency using the calcium mobilization assay.
A total of 64 synthesized anthraquinone derivatives including

21 new compounds not previously described in the literature
along with the commercially obtained and the purified RB-2
were tested for their inhibitory activity at the human P2Y4
receptor. The IC50 values are summarized in Tables 2−4.

Structure−Activity Relationships. Purified RB-2 (2′)
displayed an IC50 value of 0.625 μM and hence was more
potent than the commercially available RB-2 (IC50 = 1.14 μM,
Figure 3 and Table 2). This is very reasonable, because the dye
content of commercially available RB-2 was found to be only
54%. While the Hill slope of the concentration−inhibition
curve for purified RB-2 (2′) was found to be close to unity,

Scheme 2. Synthesis of Anthraquinone Derivatives 65 and 66a

aReagents and conditions: (i) CuOAc, KOAc, 110 °C, argon, 6−15 h.

Scheme 3. Synthesis of Deaminated Anthraquinone
Derivatives 68−70a

aReagents and conditions: (i) NaNO2, HCl (1 M), 0−5 °C, 5 min; (ii)
Zn (10 equiv), ethanol, rt, 30 s.

Figure 2. Concentration−response curve of the agonist UTP
determined by calcium mobilization assays on recombinant 1321N1
astrocytoma cells stably expressing the human P2Y4 receptor. Data
points shown are the mean values of eight independent experiments,
each performed in duplicate. The determined EC50 of UTP is 203 ±
41 nM. The calculated EC80 value is 565 nM.
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crude RB-2 had a much steeper Hill slope of −2.20. This might
be due to allosteric modulatory effects of the contaminants
present in the nonpurified material, e.g., inorganic salts.44

Regarding the synthesized compounds, the structurally
simple 1-amino-4-phenylamino-2-sulfoanthraquinone, acid
blue-25 (AB-25, 7), showed inhibitory activity at low
micromolar concentrations (IC50 = 3.10 μM), being almost
as potent as the much larger RB-2 (IC50 = 1.14 μM). Replacing
the phenylamino ring by benzylamino, phenethylamino, or α-
naphthylamino (8−10) decreased the activity by more than 2-
fold (Table 2).

These results suggested that a phenylamino substituent at the
4-position of the anthraquinone core structure is preferred for
P2Y4 receptor inhibitory potency over a benzyl or phenethyl
residue. Therefore, a library consisting of 60 derivatives of lead
structure 7 with various mono- and di-substitutions on the
phenyl ring attached to the 4-amino group was investigated for
inhibitory potency at the P2Y4 receptor (see Table 3).
Introducing different lipophilic substituents in the ortho-,

meta-, and para-positions in ring D, e.g. a halogen atom (F, Cl,
Br), an alkyl (CH3, C2H5, C3H7), or a methoxy group, did not
alter the activity, which ranged between 1 and 9 μM
(compounds 11−28, Table 3). On the other hand, introducing
hydrophilic moieties led to a reduction in potency by over a 10-
fold in the case of meta- and para-carboxy, while ortho-carboxy
and para-hydroxy substitutions were tolerated (compounds
29−32, Table 3).
In the next step, we assessed di-substitution in ring D (Table

3): di-substitution with lipophilic residues did not alter the
compounds’ potency (compounds 33−41 and 43−45, Table
3). However, a combination of lipophilic and hydrophilic
substituents affected the activity in three different directions: 3-
methyl-4-hydroxy (42; IC50 = 0.746) enhanced the antagonistic
activity by over 4-fold, 2-carboxy-5-chloro (51; IC50 = 2.76)
was tolerated, whereas any other combination, 2-carboxy-4-
fluoro (46), 2-carboxy-4-chloro (47), 2-carboxy-4-bromo (48),
2-carboxy-3-fluoro (49), 2-carboxy-5-fluoro (50), 2-carboxy-3-
hydroxy (52), and 2-carboxy-3-nitro (53), dramatically
decreased the inhibitory activity up to over a hundred-fold
(Table 3).
To investigate the effect of the presence of an additional ring

E, 11 new compounds (54−64) were synthesized. In the first
step, different bridges (CH2, O, NH, S) in the para-position of
ring D were investigated. All four linkers were tolerated
(compounds 54−57, IC50 = 3.45, 1.94, 1.91, and 1.18 μM,
respectively, Table 3). In the next step, different substituents
were introduced into ring E, including halogen (F, Cl, Br) and
methyl groups. 4-Fluorophenoxy and 4-bromophenoxy residues
were found to have no influence on the antagonistic activity
(compounds 58 and 60, IC50 = 1.69 and 1.76, respectively,
Table 3), while 4-chlorophenoxy substitution increased the
potency by >8-fold (59, IC50 = 0.373). Di-methylation in ring E
with a sulfide linker between ring D and E improved potency
by more than 13-fold (compounds 61−64, IC50 = 0.233, 0.395,
0.482, and 0.409 μM, respectively, Table 3 and Figure 4).
Indeed, compound 61 (IC50 = 0.233 μM) can be considered as
the most potent P2Y4 receptor antagonist known to date.
As a next step, we were interested in investigating the effects

of other substituents on the anthraquinone core, namely the
amino group in the 1-position and the sulfonate group in the 2-
position. Therefore, we developed six new analogues (65−70,
Table 4) of selected anthraquinone derivatives (12, 27, and
46). No improvement in the activity of compound 46 (IC50 >
100, Table 3) was observed upon replacement of the sulfonate
group with a methyl group (compound 67) or upon
deamination at the 1-position (compound 70). Moreover,
replacement of the 2-sulfonate group of compounds 12 and 27
(IC50 = 1.39 and 1.70 μM, respectively, Table 3) with a methyl
group completely abolished the activity (compounds 65 and
66, respectively, Table 4). Similar results were obtained with
the deaminated compounds 68 and 69 (Table 4). These results
indicate that the presence of an amino group in the 1-position
and a sulfonate function in the 2-position of the anthraquinone
core are essential for antagonistic activity at the P2Y4 receptor.

Figure 3. Concentration−response curves of the commercially
available RB-2 (2) and purified RB-2 (2′), determined using the
calcium-mobilization assay on recombinant 1321N1 astrocytoma cells
stably expressing the human P2Y4 receptor. UTP at a concentration of
500 nM (∼EC80) was used for receptor activation. Data points shown
are the mean values of at least three independent experiments, each
performed in duplicate. The IC50 values are 1.14 ± 0.31 for the
commercially available RB-2 (2), Hill slope −2.20, and 0.625 ± 0.198
for the purified RB-2 (2′), Hill slope −0.80.

Table 2. Antagonistic Activity of Anthraquinone Derivatives
at the Human P2Y4 Receptor, Part I

aPotency to inhibit calcium mobilization following receptor activation
with 500 nM UTP (EC80) in 1321N1 astrocytoma cells stably
transfected with the human P2Y4 receptor.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b00030
J. Med. Chem. 2017, 60, 3020−3038

151

http://dx.doi.org/10.1021/acs.jmedchem.7b00030


Table 3. Antagonistic Activity of Anthraquinone Derivatives at the Human P2Y4 Receptor, Part II

compd R1 R2 R3 R4 IC50 ± SEM (μM)a (or % inhibition at indicated concentration)

11 F H H H 1.97 ± 0.42
12 H F H H 1.39 ± 0.36
13 H H F H 4.04 ± 1.01
14 Cl H H H 9.34 ± 2.07
15 H Cl H H 2.34 ± 0.71
16 H H Cl H 3.03 ± 0.66
17 H Br H H 6.96 ± 0.73
18 H H Br H 3.30 ± 0.09
19 CH3 H H H 3.49 ± 0.29
20 H CH3 H H 2.22 ± 0.31
21 H H CH3 H 2.82 ± 0.92
22 C2H5 H H H 3.53 ± 1.21
23 H C2H5 H H 1.51 ± 0.48
24 H H C2H5 H 3.21 ± 0.91
25 H C3H7 H H 2.99 ± 0.12
26 OMe H H H 3.98 ± 1.39
27 H OMe H H 1.70 ± 0.24
28 H H OMe H 2.59 ± 0.72
29 H H OH H 3.16 ± 0.58
30 CO2H H H H 6.10 ± 1.72
31 H CO2H H H 23.4 ± 3.6
32 H H CO2H H ≈30 (57%)b

33 CH3 CH3 H H 2.63 ± 0.59
34 CH3 H CH3 H 3.58 ± 0.25
35 CH3 H H CH3 11.2 ± 1.2
36 H CH3 H CH3 6.45 ± 2.22
37 H OMe OMe H 4.98 ± 0.99
38 H OMe H OMe 9.25 ± 4.56
39 H OMe CH3 H 4.13 ± 0.99
40 CH3 H Cl H 2.20 ± 0.52
41 H CH3 Cl H 1.65 ± 0.37
42 H CH3 OH H 0.746 ± 0.076
43 H OMe F H 1.54 ± 0.66
44 H OMe Cl H 3.37 ± 1.09
45 H F H F 12.5 ± 2.3
4624 CO2H H F H >100 (17%)c

47 CO2H H Cl H >100 (31%)c

48 CO2H H Br H >100 (30%)b

49 CO2H F H H >100 (10%)c

50 CO2H H H F >100 (33%)c

51 CO2H H H Cl 2.76 ± 0.75
52 CO2H H OH H 21.1 ± 7.1
53 CO2H H NO2 H >30 (30%)b

54 H H benzyl H 3.45 ± 0.41
55 H H phenoxy H 1.94 ± 0.54
56 H H phenylamino H 1.91 ± 0.28
57 H H phenylthio H 1.18 ± 0.09
58 H H 4-fluorophenoxy H 1.69 ± 0.38
59 H H 4-chlorophenoxy H 0.373 ± 0.112
60 H H 4-bromophenoxy H 1.76 ± 0.49
61 H H 2,4-dimethylphenylthio H 0.233 ± 0.079
62 H H 2,5-dimethylphenylthio H 0.395 ± 0.082
63 H H 3,4-dimethylphenylthio H 0.482 ± 0.137
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Comparison of Structure−Activity Relationships of
Anthraquinone Derivatives at Different Targets. An
overview of the structure−activity relationships (SARs) of the
investigated anthraquinone derivatives at the human P2Y4
receptor is depicted in Figure 5. The ABCDE aromatic ring
system proved to be important for high inhibitory potency. The
amino function in the 1-position and the sulfonate group in the
2-position of the anthraquinone scaffold were found to be
essential for the activity. This is in accordance with previous

studies on the SARs of RB-2 and related dyes, which showed
that AB-25 is the minimum structural requirement for
biological activity of this class of compounds.24,29,30,33,45−52

Moreover, the activity on the P2Y4 receptor was strongly
affected by the substituents present on ring E, e.g., a lipophilic
substitution in the ortho-, meta-, or para-position increased the
activity, while an unsubstituted ring E with an −SCH2− linker
was also tolerated.
It is interesting to compare the results of the SAR analysis at

the human P2Y4 receptor with that at other purinergic targets
(Figure 53, Supporting Information). The main difference
between the human P2Y4 receptor and both the human P2Y12
receptor and P2Y1-like receptors of the guinea-pig taenia coli
(receptor was not cloned but found to be pharmacologically

Table 3. continued

compd R1 R2 R3 R4 IC50 ± SEM (μM)a (or % inhibition at indicated concentration)

64 see structure above 0.409 ± 0.138
aPotency to inhibit calcium mobilization following receptor activation with 500 nM UTP (EC80) in 1321N1 astrocytoma cells stably transfected with
the human P2Y4 receptor.

b% Inhibition at 30 μM. c% Inhibition at 100 μM.

Figure 4. Concentration−response curves of selected anthraquinone
derivatives, determined using the calcium mobilization assay with
recombinant 1321N1 astrocytoma cells stably expressing the human
P2Y4 receptor. UTP at a concentration of 500 nM (EC80) was used for
receptor activation. Data points shown are the mean values of at least
three independent experiments, each performed in duplicate. The IC50
values are found in Tables 2 and 3.

Table 4. Inhibitory Potencies at the Human P2Y4 Receptor of Selected Anthraquinone Derivatives Modified in the 1- and 2-
Positions

compd R1 R2 R3 IC50 ± SEM (μM)a (or % inhibition at indicated concentration)

Structure A
12 H F H 1.39 ± 0.36
27 H OMe H 1.70 ± 0.28
46 CO2H H F >100 (17%)c

Structure B
65 H F H >30 (−4%)b

66 H OMe H >30 (38%)b

67 CO2H H F ≈100 (57%)c

Structure C
68 H F H ≈30 (49%)b

69 H OMe H >10 (77%)b

70 CO2H H F >100 (25%)c

aPotency to inhibit calcium mobilization following receptor activation with 500 nM UTP (EC80) in 1321N1 astrocytoma cells stably transfected with
the human P2Y4 receptor.

bPercent inhibition at 30 μM. cPercent inhibition at 100 μM.

Figure 5. Summary of structure−activity relationships of anthraqui-
none derivatives as P2Y4 receptor antagonists.
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similar to the recombinant P2Y1-receptor subtype)41 is that
substitution of ring D with a sulfonate group at the meta-
position (for P2Y12 receptors)30,37 and at the ortho-position
(for the P2Y1-like receptors) was essential for the inhibitory
activity of the compounds. An additional ring F was also
important in case of the P2Y1-like receptor.

32,42 For activity at
the AMP-hydrolyzing enzyme ecto-5′-nucleotidase, ring system
ABCD was sufficient for the inhibitory activity.24 In contrast, a
triazine or pyrimidine as ring E was preferred by the P2X2
receptor.31 On the other hand, development of anthraquinone
compounds as large conductance Ca2+-activated K+ channel
openers showed a preference for a bulky and hydrophobic ring
D.53 Interestingly, the amino group at ring C was not essential
for activity at that target.53

These differences in SARs emphasize the influence of the
nature of substituents at the 4-position of the anthraquinone
ring on the potency and target selectivity of the compounds,
and allow the development of receptor (subtype)-selective
ligands.
Selectivity. To gain insights into the selectivity of these

compounds, we assessed the most potent compounds of this
series, 61−64, on the receptor subtypes that share the greatest
sequence homology with the P2Y4 receptor, namely P2Y1,
P2Y2, and P2Y6, which belong to the subgroup of Gq protein-
coupled P2Y1-like P2Y receptors. In addition, we investigated
selected compounds at the P2Y12 receptor that had previously
been shown to be potently blocked by anthraquinone
derivatives.30 Table 5 and Figure 6 summarize the results. Of
this series of compounds, 64 is the most selective one, with
particularly high selectivity versus the P2Y1 and P2Y6 receptors,
where it showed only low potency. Selectivity against the P2Y12
receptor was also observed. It can therefore be concluded that
these compounds display P2Y4 receptor selectivity, and it is not
only the potency but also the selectivity of lead structure 7 that
has been significantly enhanced (see Figure 6).
The Binding Mode of Anthraquinone Derivatives at

the P2Y4 Receptor. The mode of antagonism, competitive or
noncompetitive, at the P2Y4 receptor was determined using the
most potent compound (61) of the present series. Concen-
tration−response curves of the endogenous ligand UTP after a
preincubation with fixed concentrations of 61 were obtained.

For a competitive antagonist, a parallel rightward shift of the
curves toward higher concentrations of UTP would be expected
with increasing concentrations of 61. The upper plateaus of the
curves, corresponding to the maximum receptor activation,
should remain unaltered. A corresponding Schild plot would
show a straight line with a slope of approximately 1.
Noncompetitive antagonism, on the other hand, is charac-
terized by a suppression of the maximum receptor activation
with increasing antagonist concentrations, while the EC50
remains largely unaffected. Our results, summarized in Figure
7, show a significant depression of the upper plateaus of the
UTP curves with increasing concentrations of 61. The
reduction in the maximum receptor activation is successively
more pronounced with rising concentrations of 61, and a
complete blockade of UTP-mediated receptor activation is
observed at a concentration of 15 μM of 61. In the calcium
mobilization assay, the cells were first incubated with the
antagonist 61 for 30 min. The agonist UTP was subsequently
injected into the cell suspension, and the assay signal was read
immediately thereafter. Because there is no simultaneous
incubation with both agonist and antagonist and the measure-
ment of the signal is very fast, the assay conditions are likely to

Table 5. Selectivity of the Most Potent P2Y4 Receptor Antagonists versus Other P2Y Receptor Subtypesa

IC50 ± SEM (μM) or (% inhibition at 50 μM)

compd R hP2Y4 hP2Y1 hP2Y2 hP2Y6 hP2Y12

7 H 3.10 ± 0.35 17.6 ± 6.5 17.1 ± 6.3 2.79 ± 0.17 3.12 ± 1.17
42 3-methyl-4-hydroxy 0.746 ± 0.076 7.65 ± 1.90 16.4 ± 4.5 4.75 ± 1.49 0.0604 ± 0.0147
61 2,4-dimethyl 0.233 ± 0.079 5.48 ± 0.34 8.54 ± 1.45 12.5 ± 3.9 2.41 ± 0.45
62 2,5-dimethyl 0.395 ± 0.082 2.72 ± 0.59 6.52 ± 1.04 2.67 ± 0.91 2.96 ± 0.24
63 3,4-dimethyl 0.482 ± 0.137 4.55 ± 0.42 10.2 ± 1.5 4.36 ± 0.60 2.34 ± 0.10
64 see structure above 0.409 ± 0.138 ∼25 (61 ± 4%) 13.1 ± 2.6 ≫ 100 (12 ± 19%) 3.59 ± 0.38

aPotency to inhibit calcium mobilization in 1321N1 astrocytoma cells recombinantly expressing human P2Y recetors following receptor activation
with 500 nM ADP (P2Y1), 500 nM UTP (P2Y2, P2Y4), or 750 nM UDP (P2Y6). Potency at the Gi-coupled P2Y12 receptor was determined using a
β-arrestin translocation assay.

Figure 6. Potencies of selected anthraquinone derivatives on different
human P2Y receptors determined using the calcium mobilization assay
(P2Y1−6 receptors) or β-arrestin translocation assay (P2Y12 receptor).
Shown are the pIC50 values of at least three independent experiments
performed in duplicate.
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be under nonequilibrium conditions. Nevertheless, our data
indicate that 61 may achieve P2Y4 receptor antagonism via a
noncompetitive mechanism, but competitive antagonism
cannot be completely ruled out at present. Interestingly, on
the P2Y12 receptor, we previously found that anthraquinone
derivatives of this series act as competitive antagonists.30

However, the percentage of sequence shared by the P2Y4 and
P2Y12 receptors is only 25% and, consequently, significant
differences exist between these two receptors (also with respect
to orthosteric ligand preferences and G protein coupling).
To get more insight into the interaction of the anthraquinone

derivatives with the P2Y4 receptor on a molecular level, we
decided to perform docking studies.

Analysis of the Human P2Y4 Receptor Model. Two P2Y
receptor subtypes, the more distantly related P2Y12 and the
more closely related P2Y1 receptors, had been crystallized and
X-ray structures were obtained in complex with agonists
(P2Y12) and antagonists (P2Y1, P2Y12).

54−56 On the basis of
these structures, the molecular mechanism of activation of the
human P2Y1 receptor was recently analyzed by molecular
dynamics simulations, which explained the essential role of the
amino acids Asp204 in extracellular loop 2 (ECL2) and Arg310
in the transmembrane region 7 (TM VII).57 The two amino
acids Asp204 and Arg310 form an ionic lock and are stabilized
in the inactive state by P2Y1 antagonists. The ionic lock is
broken during the activation of the receptor by the agonist
adenosine diphosphate (ADP). We constructed a homology
model of the P2Y4 receptor based on the P2Y1 receptor. In our
inactive state homology model of the human P2Y4 receptor, an
ionic lock between Asp187 and Arg292 was formed, suggesting
a similar mechanism of activation as in the human P2Y1
receptor.
Two ligand binding sites located toward the extracellular

regions of the P2Y4 receptor were identified in the homology
model (Figure 8). The binding site denoted as “A” with a
volume of 190 Å3 was observed upon the downward movement
of the ECL2. This binding site “A” is comparable to the binding
site of the noncompetitive antagonist 2-iodo-N6-methyl-(N)-
methanocarba-2 ′ -deoxyadenosine-3 ′ ,5 ′ -bisphosphate
(MRS2500, 72) in the human P2Y1 receptor with a size of 214
Å3. The second binding site in the homology model of the P2Y4
receptor, denoted as “O”, is formed in the region comparable to
the orthosteric binding site identified in the crystal structure of
the human P2Y12 receptor in complex with the agonist 2-
methylthioadenosine-5′-diphosphate (2MeSADP, 71) and in
the molecular dynamics simulation study of the human P2Y1

Figure 7. Concentration−response curves of UTP on the P2Y4
receptor after preincubation with fixed concentrations of 61. The
results were obtained using the calcium mobilization assay with
1321N1 astrocytoma cells recombinantly expressing the human P2Y4
receptor. EC50 values are not significantly different from each other (p
> 0.05, unpaired t-test). The EC50 values and maximum receptor
activation are shown in the Supporting Information.

Figure 8. (a) Crystal structure of the human P2Y12 receptor (light red) in complex with the agonist 2-methylthio-ADP (2MeSADP, 71). (b)
Homology model of the human P2Y4 receptor (light green) with the schematic representation of the orthosteric binding site (denoted “O”) and the
allosteric binding site (denoted “A”). (c) Crystal structure of the human P2Y1 receptor (light blue) in complex with the noncompetitive antagonist 2-
iodo-N6-methyl-(N)-methanocarba-2′-deoxyadenosine-3′,5′-bisphosphate (MRS2500, 72). The receptors are represented as cartoon models, and
the small molecules 71 and 72 are represented as space fill models.
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receptor with the agonist ADP.56,57 In our inactive state model
of the human P2Y4 receptor, the binding site “O” is limited in
size due to the downward movement of the ECL2. However,
after its upward movement, it could accommodate the
endogenous agonists UTP and ATP, respectively. The
experimental data for the P2Y4 receptor antagonists developed
in this study suggested a noncompetitive mode of inhibition.
Hence, we selected binding site “A” for compound docking to
probe whether 61 and analogues may display a similar mode of
receptor inactivation as MRS2500 (72) in the P2Y1 receptor.
Docking Studies of Reactive Blue 2 (RB-2). The putative

binding modes of the para- and meta-sulfo-substituted isomers
(ring F) of RB-2 are shown in Figure 9. The binding poses
showed that the two derivatives have the same orientation in
the binding pocket “A” formed between ECL2 and TM regions
V, VI, and VII. Ring A of RB-2 appears to be completely
exposed to the extracellular space of the human P2Y4 receptor.

Ring B may be stabilized by π−π-stacking with Phe29 from the
N-terminal region of the receptor. The sulfonate group in
position 2 of ring C likely binds to Lys179 and Arg272, forming
strong electrostatic and hydrogen bonding interactions. The
carbonyl groups at positions 9 and 10 of the anthraquinone
core, the amino group at position 1, and the amine linker
between rings C and D were not observed to form any specific
interactions with the amino acids of the human P2Y4 receptor.
However, the amino group at position 1 of the anthraquinone
ring system probably forms intramolecular H-bond interactions
with the carbonyl group at position 9. The sulfonate group at
ring D forms strong electrostatic interactions with Lys34,
Lys289, and Arg292, and possibly with Asp187, according to
our model. Ring E was found to occupy the binding pocket
formed by His186 and Thr188 of ECL2, Tyr268 and Arg272 of
TM VI, and Tyr288 of TM VII. Ring F is bound by the
aromatic residues Tyr116, Tyr197, and Tyr269 between TM

Figure 9. Proposed binding modes of Reactive Blue 2 (RB-2) in our homology model of the P2Y4 receptor. Docked poses of RB-2 (a) para-
substituted and (b) meta-substituted with the important residues in the putative binding pocket of the human P2Y4 receptor and their 2D interaction
diagrams shown in (c) and (d). The human P2Y4 receptor model (dark cyan) is depicted in cartoon representation, and the amino acid residues
(white) and RB-2 (marine blue) are presented as stick models. The oxygen atoms are colored in red, nitrogen atoms in blue and sulfur atoms in
orange. None of the interacting residues are highly conserved for the subtypes analyzed in selectivity studies (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y12; see
Supporting Information, Figure 61).
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regions V and VI. The sulfonate group on ring F (para- or
meta-substituted) interacts with Arg265 through electrostatic
interactions and additionally stabilizes the ring in the binding
pocket through cation−π interactions as observed in the
docking study.
Docking Studies of the New, Potent P2Y4 Receptor

Antagonists. To propose binding modes for the anthraqui-
none derivatives that were optimized for P2Y4 receptor
blockade, and to rationalize the determined potency values,
we selected compounds 7, 42, and 61−64 for performing
molecular docking studies on the homology model of the
human P2Y4 receptor. The putative binding pose of the most
potent antagonist 61 in the binding pocket and its 2D
interaction diagram are shown in Figure 10. Similar to RB-2,

compound 61 can be well accommodated in binding pocket
“A”. Ring A of 61 faces toward the extracellular space and rings
B and C form hydrophobic interactions with Phe29 and
Leu184. The sulfonate group in ring C could make strong
electrostatic interactions with Lys34, Asp187, and Arg292
present in the pocket formed by Lys34, Tyr94, Asp187, Lys289,
and Arg292 of the ECL2 and TMs I, VI, and VII. Through its
strong electrostatic interactions, the sulfonate group may act as
an anchor for the compound and stabilize it in a vertical
position through hydrophobic interactions of ring B and C with
Phe29 and Leu184. The carbonyl group at position 9 of the
anthraquinone ring system likely interacts with Asn99 through
hydrogen bonding, and the carbonyl group at position 10 and
the amino group at position 1 may form weak hydrogen bond

Figure 10. Proposed binding mode of 61 in our homology model of the P2Y4 receptor. (a) Docked pose of 61 with the important residues in the
putative binding pocket of the human P2Y4 receptor. (b) The putative binding pocket is shown in a surface model; the 2D interaction diagram is
shown in (c). The human P2Y4 receptor model (dark cyan) is displayed in cartoon representation, and the amino acid residues (white) and
compound 61 (marine blue) are shown as stick models. The oxygen atoms are colored in red, nitrogen atoms in blue, and sulfur atoms in orange. As
for RB-2, none of the residues interacting with 61 are highly conserved for the subtypes analyzed in selectivity studies (P2Y1, P2Y2, P2Y4, P2Y6, and
P2Y12; see Supporting Information, Figure 61).
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interactions with Arg272 and Lys34, respectively. Additionally,
the amino group at position 1 of the anthraquinone probably
forms intramolecular interactions with the carbonyl group at
position 9 and the sulfonate oxygen at ring C. The importance
of the amino group at position 1 was confirmed for compounds
68−70 by replacing the amino group with a hydrogen atom.
This led to a significant drop in inhibitory potency. The amine
linker between ring C and D may form weak hydrogen bond
interactions with His186. We hypothesize that the sulfonate
group at ring C forms strong electrostatic interactions with
Arg292; it is essential for high potency of the anthraquinone
derivatives. The presence of an acidic (carboxylic) group at ring
D decreased potency (see 30−32, 46, 67, and 70). A possible
explanation is that both acidic structures compete for the same
binding subpocket interacting with Arg292, which might lead to
different binding modes. Furthermore, the binding pocket of
ring D appears to be limited in space with the subpocket
formed by His186, Thr188 of ECL2, and Tyr268, Arg272 and
Tyr288 of TMs VI and VII. In this pocket, phenyl substitution
is well tolerated, as opposed bulky groups, for example, the
naphthly group (compounds 8−10). This was additionally
supported by the linker preferences between rings D and E: S >
O > NH > CH2. Thiophenoxy derivatives were most potent,
likely because the orientation provided by a sulfur linker is
required for positioning ring E into the hydrophobic pocket.
Except for compound 62, ring D of the docked compounds
showed the same orientation within the subpocket (Supporting
Information, Figure 54).
The terminal ring E present in 61−63 and 64 was found to

occupy the pocket formed by Tyr116 of TM III, Phe194,
Tyr197, and Val198 of TM V, and Arg265, Tyr268, and Tyr269
of TM IV. Because of a large number of aromatic residues,
compounds with a ring E may be tightly packed within the
pocket, resulting in somewhat improved potency in comparison
to the compounds without ring E. The putative binding modes
of compounds 7 and 42 without ring E, and their 2D
interaction diagrams are shown in Supporting Information,
Figure 55. The dimethyl substitutions at ring E are thought to

increase the hydrophobic interactions with the aromatic
residues and promote the tight binding of the compound
inside the binding pocket of the P2Y4 receptor. Among
different substituents, 2,4-dimethylphenylthio-substitution (61,
0.233 μM) showed slightly higher potency as compared to 2,5-
and 3,4-dimethylphenylthio-substituted derivatives (62, 0.395
μM; 63, 0.482 μM). The putative binding poses and 2D
interaction diagrams of 62 and 63 are shown in Supporting
Information, Figure 56. In case of 64, tight binding was
achieved with an extended linker. Additionally, Arg265 is
located at the bottom of the pocket occupied by ring E and
might interact with the pyridine group of 64. The putative
binding pose and 2D interaction diagram of 64 are shown in
Supporting Information, Figure 57.
As a next step, we compared the binding poses of RB-2 and

compound 61 (see overlay of RB-2 and 61 in Figure 11). Ring
B of RB-2 and ring A of 61 form hydrophobic aromatic
interactions with Phe29. The sulfonate groups in ring D of RB-
2 correlates with the sulfonate group in ring C of 61; they are
believed to interact with Lys34 and Arg292. Ring E of RB-2 and
ring D of 61 occupy the same binding pocket formed by the
amino acid residues His186, Thr188, Tyr268, Arg272, and
Tyr288. A comparison of ring F of RB-2 with ring E of 61
shows that the sulfonate group in ring F probably displays
electrostatic interactions with Arg265 in the bottom part of the
hydrophobic pocket. The dimethyl substitution of 61 may lead
to a tightening of the binding pocket through hydrophobic
interactions with the aromatic residues instead. Thus, our
homology model explains the positive contributions of
lipophilic terminal moieties on the anthraquinone derivatives
as well as those of a polar sulfonate moiety as in RB-2.
A further important observation regarding the binding poses

of the antagonists in the binding pocket of the human P2Y4
receptor relate to the orientation and interactions of Asp187
and Arg292, which correspond to Asp204 and Arg310 in the
human P2Y1 receptor. This supports the hypothesis that the
mode of P2Y4 receptor inhibition by anthraquinone derivatives
is similar to that described for 72 at the P2Y1 receptor. They

Figure 11. Comparative overlay of the docked poses of para-substituted RB-2 (in blue) and compound 61 (in red) in the binding pocket of the
human P2Y4 receptor model. The overlap of the ring system of RB-2 and 61 is shown in the schematic representation on the top.
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stabilize the ionic lock and prevent the movement of TMs VI
and VII required for receptor activation. Our docking results
are consistent with the experimental data and the SARs of
anthraquinone derivatives. The homology model of the human
P2Y4 receptor will be useful for future compound optimization
and allow rational ligand design and virtual screening
approaches.

■ CONCLUSIONS

In conclusion, we have synthesized a library of RB-2-related
anthraquinone derivatives and successfully optimized them as
selective antagonists of the human P2Y4 receptor. To the best
of our knowledge, compound 61 (sodium 1-amino-4-[4-(2,4-
dimethylphenylthio)-phenylamino]-9,10-dioxo-9,10-dihydroan-
thracene-2-sulfonate) represents the most potent P2Y4 receptor
antagonist known to date, with an IC50 value of 233 nM. Our
results suggest that 61 exerts its antagonistic effect on the P2Y4
receptor through a noncompetitive mechanism. This was
rationalized by the docking of 61 to a homology model of
the human P2Y4 receptor based on the recently published X-ray
structure of the P2Y1 receptor in complex with allosteric
antagonists. As a continuation of our previous work on
anthraquinone derivatives, the current results confirm the
validity of RB-2 as a privileged structure in the field of
purinergic signaling. Furthermore, by fine-tuning the structure,
it is possible to develop subtype-specific ligands as valuable
pharmacological tool compounds.

■ EXPERIMENTAL SECTION
Chemistry. Material and Methods. All materials were used as

purchased (Acros, Alfa Aesar, Merck, or Sigma-Aldrich, Germany). 3-
Propylaniline was prepared according to the method of Rasmussen et
al.58 Thin-layer chromatography was performed using TLC aluminum
sheets silica gel 60 F254 or TLC aluminum sheets reversed phase (RP)
silica gel 18 F254 (Merck, Darmstadt, Germany). Colored compounds
were visible at daylight; other compounds were visualized under UV
light (254 nm). Flash chromatography was performed on a Büchi
system using silica gel RP-18 (Merck, Darmstadt, Germany). 1H and
13C NMR data were collected on either a Bruker Avance 500 MHz
NMR spectrometer at 500 MHz (1H) or 126 MHz (13C), respectively,
or a 600 MHz NMR spectrometer at 600 MHz (1H) or 151 MHz
(13C), respectively. DMSO-d6 was used as a solvent. Chemical shifts
are reported in parts per million (ppm) relative to the deuterated
solvent, i.e., DMSO, δ 1H 2.49 ppm; 13C 39.7 ppm, coupling constants
J are given in hertz, and spin multiplicities are given as s (singlet), d
(doublet), t (triplet), q (quartet), sext (sextet), m (multiplet), and br
(broad).
The purities of isolated products were determined by ESI−mass

spectra obtained on an LC-MS instrument (Applied Biosystems API
2000 LC-MS/MS, HPLC Agilent 1100) using the following
procedure: the compounds were dissolved at a concentration of 0.5
mg/mL in H2O:MeOH = 1:1, containing 2 mM NH4CH3COO. Then,
10 μL of the sample was injected into an HPLC column (Phenomenex
Luna 3 μ C18, 50 mm × 2.00 mm). Elution was performed with a
gradient of water:methanol (containing 2 mM NH4CH3COO) from
90:10 to 0:100 starting the gradient immediately at a flow rate of 250
μL/min for 15 min, followed by washing with 100% methanol for
another 15 min. UV absorption was detected from 200 to 950 nm
using a diode array detector. The purity of the compounds proved to
be ≥95%. For microwave reactions, a CEM Focused Microwave
Synthesis Type Discover apparatus was used. A freeze-dryer (CHRIST
ALPHA 1-4 LSC) was used for lyophilization. The synthesis and
analysis of compounds 7−12, 13, 15−18, 22, 23, 26−32, 36, 38, 45−
48, 50, 51, 65−66, and 70 were previously described.24,27−29,33,36,38−40
All other compounds (14, 19−21, 24, 25, 33−35, 37, 39−44, 49, 52,

53, 58−64, and 67−69) were newly prepared in analogy to described
methods27−29,39 with modifications as described below.

Purification of Reactive Blue 2 (RB-2). RB-2 (200 mg) was
dissolved in 10 mL of deionized water and injected into a flash column
chromatography type Sepacore glass column C-690 (ID 26 mm × 500
mm) two-thirds filled with reversed phase-18 silica gel (40−63 μm,
Merck) using water as eluent. The polarity was gradually decreased by
increasing the concentration of methanol (5, 10, 20, 40, and 60%).
The pooled blue-colored fractions were collected and evaporated
under vacuum to remove the methanol, and the remaining water was
subsequently removed by lyophilization to yield 108 mg (54%) of RB-
2 P (2′) as a blue powder. The chemical structure and purity were
confirmed by RP-TLC, LC-MS (>96%), and NMR.

General Procedure A: Preparation of 4-Substituted 1-Amino-
anthraquinone-2-sulfonate Derivatives (14, 19−21, 24, 25, 33−35,
37, 39−44, 49, 52, 53, 58−64, and 67). To a 5 mL microwave
reaction vial, equipped with a magnetic stirring bar, were added 1-
amino-4-bromo substituted anthraquinone compounds (bromaminic
acid sodium salt 6a, or 1-amino-4-bromo-2-methylanthraquinone 6b)
(0.1−0.3 mmol) and the appropriate aniline or amine derivative (1.5−
9.0 equiv), followed by a buffer solution of Na2HPO4 (pH 9.6) (4.5
mL) and NaH2PO4 (pH 4.2) (0.5 mL) and a finely powdered
elemental copper (0.002−0.003 g, 5−10 mol %). The mixture was
capped and irradiated in the microwave oven (80−100 W) for 5−24
min at 100−120 °C. The reaction mixture was cooled down to room
temperature (rt), and the product was purified using the following
procedure. The contents of the vial were filtered to remove the
elemental copper. Then ca. 200 mL of water was added to the filtrate
and the aqueous solution was extracted with dichloromethane (200
mL). The extraction procedure was repeated until the dichloro-
methane layer became colorless (2−3 times). The aqueous layer was
reduced by rotary evaporation to a volume of 10−20 mL, which was
subsequently submitted to flash column chromatography using RP-18
silica gel and water as an eluent. The polarity of the eluent was then
gradually decreased by the addition of acetone in the following steps:
5, 10, 20, 40, and 60%. Fractions containing blue product were
collected. For some compounds the last step of purification (RP-18
flash chromatography) had to be repeated two to three times to obtain
pure product (≥95% purity as determined by LC-MS, Table 1). The
pooled product-containing fractions were evaporated under vacuum to
remove the acetone and reduce water volume. The remaining water
was subsequently removed by lyophilization to yield (up to 80%) of
the product as blue powder (Scheme 1 and Table 1).

General Procedure B: Preparation of 4-Substituted Anthraqui-
none-2-sulfonate Derivatives (68 and 69). To a 50 mL round-
bottom flask equipped with a magnetic stirring bar, 0.1 mmol of 1-
aminoanthraquinone derivative (12 or 27) were added, followed by 5
mL of 1 molar hydrochloric acid. The solution was cooled to 0−5 °C
in an ice bath, and a previously cooled solution of NaNO2 (13.8 mg,
0.2 mmol, 2 equiv) in 0.5 mL of distilled water was added dropwise.
After 5 min, the mixture was allowed to warm up to rt followed by
addition of 30 mg of zinc powder (1.0 mmol, 10 equiv) and 5 mL of
ethanol. The resulting mixture was then allowed to stir at rt for ca. 30
s. The mixture was filtered off, and the purple-colored filtrate was then
purified by flash column chromatography on a reversed phase silica gel
(RP-18) using a gradient of acetone in water (5% and 20%) as the
eluent. Fractions containing the purple product were collected and
evaporated in vacuum to remove acetone and decrease the volume of
water to ca. 20 mL. Complete drying was achieved with a freeze-dryer,
affording purple-colored products 68 and 69 in 97% and 38 yield,
respectively (Scheme 3 and Table 1).

Sodium 1-Amino-4-(2-chlorophenylamino)-9,10-dioxo-9,10-di-
hydroanthracene-2-sulfonate (14). Reaction conditions according
to general procedure A: Compound 6a (81 mg, 0.2 mmol), 2-
chloroaniline (51 mg, 0.4 mmol). MW conditions: 5 min, 120 °C, 100
W; pressure up to 10 bar. Analytical data: blue powder (36% yield),
mp >300 °C. 1H NMR (500 MHz): δ 7.20 (m, 1H, 4′-H), 7.42 (m,
2H, 5′-H, 6′-H), 7.61 (dd, 1H, 3′-H), 7.86 (m, 2H, 6-H, 7-H), 7.91 (s,
1H, 3-H), 8.27 (m, 2H, 5-H, 8-H), 10.00 (br, 2H, 1-NH2), 11.95 (s,
1H, 4-NH). 13C NMR (126 MHz): δ 109.61, 112.91, 122.79, 123.81,
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125.48, 126.24, 126.50, 128.30, 130.48, 133.06, 133.56, 133.64, 134.32,
136.77, 139.32, 142.66, 144.70, 182.20, 183.47. LC-MS (m/z): 446 [M
− Na+ + NH4

+]+, 429 [M − Na+ + H+]+, 427 [M − Na+ + H+]−.
Purity by HPLC-UV (254 nm) ESI-MS: 99%.
Sodium 1-Amino-4-(2-methylphenylamino)-9,10-dioxo-9,10-di-

hydroanthracene-2-sulfonate (19). Reaction conditions according
to general procedures A: Compound 6a (81 mg, 0.2 mmol), 2-
methylaniline (43 mg, 0.4 mmol). MW conditions: 10 min, 120 °C,
100 W; pressure up to 10 bar. Yield 80%. Purity by HPLC-UV (254
nm) ESI-MS: 99%.
Sodium 1-Amino-4-(3-methylphenylamino)-9,10-dioxo-9,10-di-

hydroanthracene-2-sulfonate (20). Reaction conditions according
to general procedure A: Compound 6a (81 mg, 0.2 mmol), 3-
methylaniline (43 mg, 0.4 mmol). MW conditions: 10 min, 120 °C,
100 W; pressure up to 10 bar. Yield 70%. Purity by HPLC-UV (254
nm) ESI-MS: 99.1%.
Sodium 1-Amino-4-(4-methylphenylamino)-9,10-dioxo-9,10-di-

hydroanthracene-2-sulfonate (21). Reaction conditions according
to general procedure A: Compound 6a (121.3 mg, 0.3 mmol), 4-
methylaniline (64.3 mg, 0.6 mmol). MW conditions: 5 min, 120 °C,
100 W; pressure up to 10 bar. Yield 72%. Purity by HPLC-UV (254
nm) ESI-MS: 100%.
Sodium 1-Amino-4-(4-ethylphenylamino)-9,10-dioxo-9,10-dihy-

droanthracene-2-sulfonate (24). Reaction conditions according to
general procedure A: Compound 6a (81 mg, 0.2 mmol), 4-ethylaniline
(48.5 mg, 0.4 mmol). MW conditions: 5 min, 120 °C, 100 W; pressure
up to 10 bar. Analytical data: blue powder (64% yield), mp >300 °C.
1H NMR (500 MHz): δ 1.22 (t, 3H, 4′-CH2CH3), 2.64 (q, 2H, 4′-
CH2CH3), 7.20 (d, 2H, 2′-H, 6′-H), 7.29 (d, 2H, 3′-H, 5′-H), 7.84 (m,
2H, 6-H, 7-H), 7.98 (s, 1H, 3-H), 8.27 (m, 2H, 5-H, 8-H), 10.10 (br,
2H, 1-NH2), 12.07 (s, 1H, 4-NH). 13C NMR (126 MHz): δ 15.64,
27.75, 109.18, 111.03, 122.73, 123.61, 126.05, 126.15, 129.12, 132.85,
133.18, 133.76, 134.28, 136.81, 140.43, 141.59, 143.04, 144.39, 181.84,
182.30. LC-MS (m/z): 440 [M − Na+ + NH4

+]+, 423 [M − Na+ +
H+]+, 421 [M − Na+ + H+]−. Purity by HPLC-UV (254 nm) ESI-MS:
99%.
Sodium 1-Amino-4-(3-propylphenylamino)-9,10-dioxo-9,10-di-

hydroanthracene-2-sulfonate (25). Reaction conditions according
to general procedure A: Compound 6a (121.3 mg, 0.3 mmol), 3-
propylaniline (61 mg, 0.45 mmol). MW conditions: 15 min, 120 °C,
100 W; pressure up to 10 bar. Analytical data: blue powder (35%
yield), mp >300 °C. 1H NMR (500 MHz): δ 0.91 (t, 3H,
−CH2CH2CH3), 1.63 (sext, 2H, −CH2CH2CH3), 2.58 (t, 2H,
−CH2CH2CH3), 7.03 (d, 1H, 6′-H), 7.10 (m, 2H, 2′-H, 4′-H), 7.35
(t, 1H, 5′-H), 7.85 (m, 2H, 6-H, 7-H), 8.05 (s, 1H, 3-H), 8.28 (m, 2H,
5-H, 8-H), 12.07 (s, 1H, 4-NH). 13C NMR (126 MHz): δ 13.65,
23.91, 37.91, 109.06, 111.19, 120.32, 122.79, 123.02, 124.59, 125.90,
126.00, 129.41, 132.71, 133.09, 133.57, 134.12, 139.05, 140.93, 142.79,
143.94, 144.30, 181.72, 182.32. LC-MS (m/z): 454 [M − Na+ +
NH4

+]+, 437 [M − Na+ + H+]+, 435 [M − Na+ + H+]−. Purity by
HPLC-UV (220−700 nm) ESI-MS: 97.7%.
Sodium 1-Amino-4-(2,3-dimethylphenylamino)-9,10-dioxo-9,10-

dihydroanthracene-2-sulfonate (33). Reaction conditions according
to general procedure A: Compound 6a (81 mg, 0.2 mmol), 2,3-
dimethylaniline (48.5 mg, 0.4 mmol). MW conditions: 5 min, 120 °C,
100 W; pressure up to 10 bar. Yield 49%. Purity by HPLC-UV (254
nm) ESI-MS: 99%.
Sodium 1-Amino-4-(2,4-dimethylphenylamino)-9,10-dioxo-9,10-

dihydroanthracene-2-sulfonate (34). Reaction conditions according
to general procedure A: Compound 6a (81 mg, 0.2 mmol), 2,4-
dimethylaniline (48.5 mg, 0.4 mmol). MW conditions: 5 min, 120 °C,
100 W; pressure up to 10 bar. Yield 60%. Purity by HPLC-UV (254
nm) ESI-MS: 99%.
Sodium 1-Amino-4-(2,5-dimethylphenylamino)-9,10-dioxo-9,10-

dihydroanthracene-2-sulfonate (35). Reaction conditions according
to general procedure A: Compound 6a (81 mg, 0.2 mmol), 2,5-
dimethylaniline (48.5 mg, 0.4 mmol). MW conditions: 5 min, 120 °C,
100 W; pressure up to 10 bar. Yield 50%. Purity by HPLC-UV (254
nm) ESI-MS: 99.5%.
Sodium 1-Amino-4-(3,4-dimethoxyphenylamino)-9,10-dioxo-

9,10-dihydroanthracene-2-sulfonate (37). Reaction conditions ac-

cording to general procedure A: Compound 6a (121.3 mg, 0.3 mmol),
3,4-dimethoxyaniline (92 mg, 0.6 mmol). MW conditions: 5 min, 120
°C, 100 W; pressure up to 10 bar. Analytical data: blue powder (46%
yield), mp >300 °C. 1H NMR (500 MHz): δ 3.78 (s, 3H, −OCH3),
3.80 (s, 3H, −OCH3), 6.83 (dd, 1H, 6′-H, J2′,6′ 2.45 Hz, J5′,6′ 8.5 Hz),
6.94 (d, 1H, 2′-H, J2′,6′ 2.45 Hz), 7.03 (d, 1H, 5′-H, J5′,6′ 8.5 Hz), 7.85
(m, 2H, 6-H, 7-H), 7.98 (s, 1H, 3-H), 8.28 (m, 1H, 5-H, 8-H), 12.08
(s, 1H, 4-NH). 13C NMR (126 MHz): δ 55.60, 55.74, 108.88, 110.34
(C-4a), 112.55, 115.94, 122.79, 125.82, 125.97, 131.96, 132.63, 132.90,
133.65, 134.12, 142.21, 142.91, 144.14, 146.42, 149.49, 181.57, 181.80.
LCMS (m/z): 472 [M − Na+ + NH4

+]+, 455 [M − Na+ + H+]+, 453
[M − Na+ + H+]−. Purity by HPLC-UV (220−700 nm) ESI-MS:
98.5%.

Sodium 1-Amino-4-(3-methoxy-4-methylphenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (39). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 3-methoxy-4-methylaniline (82.3 mg, 0.6 mmol). MW
conditions: 5 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (44% yield), mp >300 °C. 1H NMR (500 MHz): δ
2.17 (s, 1H, −CH3), 3.81 (s, 3H, −OCH3), 6.77 (dd, 1H, 6′-H, J2′,6′
2.0 Hz, J5′,6′ 7.9 Hz), 6.89 (d, 1H, 2′-H, J2′,6′ 2.0 Hz), 7.19 (d, 1H, 5′-
H, J5′,6′ 7.9 Hz), 7.85 (m, 2H, 6-H, 7-H), 8.10 (s, 1H, 3-H), 8.28 (m,
1H, 5-H, 8-H), 12.10 (s, 1H, 4-NH). 13C NMR (126 MHz): δ 15.69,
55.49, 106.40, 109.16, 111.05, 115.03, 122.20, 123.15, 126.03, 126.14,
131.08, 132.84, 133.18, 133.75, 134.28, 138.15, 141.46, 142.93, 144.40,
158.21, 181.83, 182.28. LCMS (m/z): 456 [M − Na+ + NH4

+]+, 439
[M − Na+ + H+]+,. 437 [M − Na+ + H+]− Purity by HPLC-UV (220−
700 nm) ESI-MS: 98.3%.

Sodium 1-Amino-4-(4-chloro-2-methylamino)-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonate (40). Reaction conditions according
to general procedure A: Compound 6a (81 mg, 0.2 mmol), 4-chloro-2-
methylaniline (56.6 mg, 0.4 mmol). MW conditions: 24 min, 120 °C,
100 W; pressure up to 10 bar. Analytical data: blue powder (36%
yield), mp >300 °C. 1H NMR (500 MHz): δ 2.28 (s, 3H, 2′-CH3),
7.27 (d, 1H, 6′-H, J5′,6′ 8.5 Hz), 7.33 (dd, 1H, 5′-H, J3′,5′ 2.4 Hz, J5′,6′
8.5 Hz), 7.46 (d, 1H, 3′-H, J3′,5′ 2.4 Hz), 7.70 (s, 1H, 3-H), 7.84 (m,
2H, 6-H, 7-H), 8.26 (m, 2H, 5-H, 8-H), 10.05 (br, 2H, 1-NH2), 11.88
(s, 1H, 4-NH). 13C NMR (126 MHz): δ 17.69, 109.31, 111.46, 122.53,
125.89, 126.11, 126.20, 126.91, 129.03, 130.85, 132.92, 133.36, 133.67,
134.31, 134.70, 136.97, 131.40, 143.01, 144.36, 181.95, 182.83. LC-MS
(m/z): 460 [M − Na+ + NH4

+]−, 443 [M − Na+ + H+]+, 441 [M −
Na+ + H+]−. Purity by HPLC-UV (254 nm) ESI-MS: 99%.

Sodium 1-Amino-4-(4-chloro-3-methylphenylamino)-9,10-dioxo-
9,10-dihydroanthracene-2-sulfonate (41). Reaction conditions ac-
cording to general procedure A: Compound 6a (81 mg, 0.2 mmol), 4-
chloro-3-methylaniline (56.6 mg, 0.4 mmol). MW conditions: 5 min,
120 °C, 100 W; pressure up to 10 bar. Analytical data: blue powder
(40% yield), mp >300 °C. 1H NMR (500 MHz): δ 2.34 (s, 3H, CH3),
7.13 (dd, 1H, 6′-H, J2′,6′ 2.7 Hz, J5′,6′ 8.5 Hz), 7.27 (d, 1H, 2′-H, J2′,6′
2.7 Hz), 7.44 (d, 1H, 5′-H, J5′,6′ 8.5 Hz),7.84 (m, 2H, 6-H, 7-H), 7.96
(s, 1H, 3-H), 8.25 (m, 2H, 5-H, 8-H), (br, 2H, 1-NH2 not detectable),
11.90 (br, 1H, 4-NH). 13C NMR (126 MHz): δ 19.80, 109.38, 111.96,
122.16, 122.86, 125.82, 126.09, 126.18, 128.69, 129.94, 132.96, 133.40,
133.63, 134.27, 137.02, 138.47, 140.48, 142.84, 144.52, 182.02, 182.82.
LC-MS (m/z): 460 [M − Na+ + NH4

+], 443 [M − Na+ + H+]+, 441
[M − Na+ + H+]−. Purity by HPLC-UV (254 nm) ESI-MS: 99%.

Sodium 1-Amino-4-(4-hydroxy-3-methylphenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (42). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-amino-2-methylphenol (111 mg, 0.9 mmol). MW
conditions: 20 min, 100 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (40% yield), mp >300 °C. 1H.NMR (500 MHz): δ
2.15 (s, 3H, CH3), 6.86 (d, 1H, 5′-H, J5′,6′ 8.4 Hz), 6.93 (dd, 1H, 6′-H,
J5′,6′ 8.4, J2′,6′ 2.6 Hz), 7.01 (d, 1H, 2′-H, J2′,6′ 2.6 Hz), 7.81 (s, 1H, 3-
H), 7.84 (m, 2H, 6-H, 7-H), 8.28 (m, 2H, 5-H, 8-H).13C NMR (126
MHz): δ 15.94, 108.73, 109.68, 115.32, 122.57, 123.39, 125.23, 125.79,
125.94, 127.37, 129.58, 132.54, 132.73, 133.74, 134.11, 143.07,
143.28,143.97, 153.42, 181.41, 181.46. LC-MS (m/z): 425 [M −
Na+ + H+]+, 423 [M − Na+ + H+]−. Purity by HPLC-UV (254 nm)
ESI-MS: 96%.
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Sodium 1-Amino-4-(4-fluoro-3-methoxyphenylamino)-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (43). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-fluoro-3-methoxylaniline (84.7 mg, 0.6 mmol). MW
conditions: 5 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (43% yield), mp >300 °C. 1H NMR (500 MHz): δ
3.86 (s, 3H, −OCH3), 6.85 (m, 1H, 6′-H), 7.14 (dd, 1H, 2′-H, 4JH−F
7.8 Hz, 4J2′,6′ 2.5 Hz), 7.27 (dd, 1H, 5′-H, 3JH−F 11.35 Hz, 4J5′,6′ 8.6
Hz), 7.86 (m, 2H, 6-H, 7-H), 8.00 (s, 1H, 3-H), 8.28 (m, 1H, 5-H, 8-
H), 11.96 (s, 1H, 4-NH). 13C NMR (126 MHz): δ 56.52, 109.07,
109.79, 111.22, 115.36, 116.37, 122.72, 125.88, 126.01, 132.74, 133.14,
133.52, 134.12, 135.89, 141.06, 142.77, 144.26, 147.78, 149.65, 181.77,
182.40. LCMS (m/z): 460 [M − Na+ + NH4

+]+, 443 [M − Na+ +
H+]+, 441 [M − Na+ + H+]−. Purity by HPLC-UV (220−700 nm)
ESI-MS: 99.3%.
Sodium 1-Amino-4-(4-chloro-3-methoxyphenylamino)-9,10-

dioxo-9,10-dihydroanthracene-2-sulfonate (44). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-chloro-3-methoxylaniline (94.6 mg, 0.6 mmol). MW
conditions: 5 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (40% yield), mp >300 °C. 1H NMR (500 MHz): δ
3.88 (s, 3H, −OCH3), 6.87 (dd, 1H, 6′-H, J2′,6′ 2.4 Hz, J5′,6′ 8.45 Hz),
7.10 (d, 1H, 2′-H, J2′,6′ 2.4 Hz), 7.44 (d, 1H, 5′-H, J5′,6′ 8.45 Hz), 7.86
(m, 2H, 6-H, 7-H), 8.10 (s, 1H, 3-H), 8.27 (m, 1H, 5-H, 8-H), 11.90
(s, 1H, 4-NH). 13C NMR (126 MHz): δ 56.14, 107.60, 109.26, 112.08,
115.13, 116.00, 123.08, 125.92, 126.03, 130.31, 132.81, 133.28, 133.43,
134.10, 139.67, 139.80, 142.51, 144.43, 155.23, 181.88, 182.74. LC-MS
(m/z): 476 [M − Na+ + NH4

+]+, 459 [M − Na+ + H+]+, 457 [M −
Na+ + H+]−. Purity by HPLC-UV (220−700 nm) ESI-MS: 99.7%.
Sodium 1-Amino-4 (2-carboxy-3-fluorophenylamino)-9,10-

dioxo-9,10-dihydroanthracene-2-sulfonate (49). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 2-amino-6-fluorobenzoic acid (93 mg, 0.6 mmol). MW
conditions: 15 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (40% yield), mp >300 °C. 1H NMR (500 MHz): δ
6.78 (dd, 1H, 5′-H), 6.94 (d, 1H, 6′-H), 7.15 (dd, 1H, 4′-H), 7.82 (m,
2H, 6-H, 7-H), 8.10 (s,1H, 3-H)), 8.25 (m, 2H, 5-H, 8-H), 10.05 (br,
2H, 1-NH2), 12.07 (s, 1H, 4-NH). 13C NMR (126 MHz): δ 109.67,
110.09, 113.18, 116.83, 124.46, 126.27, 126.04, 127.18, 127.22, 132.82,
133.13, 133.86, 134.22, 138.59, 139.03, 141.96, 144.59, 159.54, 166.02,
181.9, 182.2. (m/z): 474 [M − Na+ + NH4

+]+, 457 [M − Na+ + H+]+,
455 [M − Na+ + H+]−. Purity by HPLC-UV (254 nm) ESI-MS: 98%.
Sodium 1-Amino-4-(2-carboxy-4-hydroxyphenylamino)-9,10-

dioxo-9,10-dihydroanthracene-2-sulfonate (52). Reaction condi-
tions according to general procedure A: Compound 6a (81 mg, 0.2
mmol), 2-amino-5-hydroxybenzoic acid (61.3 mg, 0.4 mmol). MW
conditions: 5 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder, (68% yield), mp >300 °C. 1H NMR (500 MHz): δ
7.00 (dd, 1H, 5′-H, J3′,5′ 2.9 Hz, J5′,6′ 8.7 Hz), 7.17 (d, 1H, 6′-H, J5′,6′
8.7 Hz), 7.33 (d, 1H, 3′-H, J3′,5′ 2.9 Hz), 7.83 (m, 2H, 6-H, 7-H), 7.90
(s, 1H, 3-H), 8.24 (m, 2H, 5-H, 8-H), 9.7 (br, 2H, 1-NH2), 12.27 (s,
1H, 4-NH). 13C NMR (126 MHz): δ 109.54, 112.69, 117.20, 120.36,
123.80, 124.19, 125.33, 126.03, 126.11, 132.04, 132.84, 133.09, 133.90,
134.24, 140.03, 142.17, 144.44, 153.4, 167.33, 181.88, 182.06. LC-MS
(m/z): 555 [M − Na+ + H+]+, 553 [M − Na+ + H+]−. Purity by
HPLC-UV (254 nm)-ESI-MS: 100%.
Sodium 1-Amino-4-(2-carboxy-4-nitrophenylamino)-9,10-dioxo-

9,10-dihydroanthracene-2-sulfonate (53). Reaction conditions ac-
cording to general procedure A: Compound 6a (60.6 mg, 0.15 mmol),
2-amino-5-nitrobenzoic acid (246 mg, 1.35 mmol). MW conditions:
20 min, 110 °C, 100 W; pressure up to 10 bar. Analytical data: blue
powder (21% yield), mp >300 °C. 1H NMR (500 MHz): δ 7.10 (d,
1H, 6′-H, J5′,6′ 9.2 Hz) 7.86 (m, 2H, 6-H and 7-H) 8.09 (s, 1H, 3-H),
8.11 (dd, 1H, 5′-H, J3′,5′ 2.9 Hz, J5′,6′ 9.2 Hz), 8.15 (m, 1H, 5-H or 8-
H), 8.24 (m, 1H, 5-H or 8-H), 8.77 (d, 1H, 3′-H, J3′,5′ 2.9 Hz). 13C
NMR (126 MHz): δ 111.28, 115.34, 121.37, 126.03, 126.10, 126.58,
128.03, 128.06, 130.95, 133.18, 133.42, 133.73, 133.92, 137.78, 139.84,
146.07, 149.67, 167.63, 182.93, 183.22. LC-MS (m/z): 501 [M − Na+

+ NH4
+]+, 484 [M − Na+ + H+]+, 482 [M− Na+ + H+]−. Purity by

HPLC-UV (254 nm) ESI-MS: 95.7%.

Sodium 1-Amino-4-[4-(4-fluorophenoxy)phenylamino]-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (58). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-(4-fluorophenoxy)aniline (131.5 mg, 0.6 mmol). MW
conditions: 15 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (41% yield), mp >300 °C. 1H NMR (500 MHz): δ
7.06 (d, 2H, 3′-H, 5′-H), 7.13 (dd, 2H, 2″-H, 6″-H), 7.24 (dd, 2H, 3″-
H, 5″-H), 7.30 (d, 2H, 2′-H, 6′-H), 7.84 (m, 2H, 6-H, 7-H), 7.94
(s,1H, 3-H), 8.27 (m, 2H, 5-H, 8-H), 10.11 (br, 2H, 1-NH2), 12.03 (s,
1H, 4-NH). 13C NMR (126 MHz): δ 109.2, 111.1, 116.6, 116.8, 119.4,
120.8, 120.9, 122.6, 125.5, 126.0, 126.1, 132.9, 133.2, 133.7, 134.0,
134.6, 141.6, 143.1, 144.4, 152.7, 154.3, 157.4, 159.4, 181.9, 182.4. LC-
MS (m/z): 522 [M − Na+ + NH4

+]+, 505 [M − Na+ + H+]+, 503 [M
− Na+ + H+]−. Purity by HPLC-UV (254 nm) ESI-MS: 99.5%.

Sodium 1-Amino-4-[4-(4-chlorophenoxy)phenylamino]-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (59). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-(4-chlorophenoxy)aniline (141.4 mg, 0.6 mmol). MW
conditions: 15 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (25% yield), mp >300 °C. 1H NMR (500 MHz): δ
7.10 (m, 4H, 3′-H, 5′-H, 2″-H, 6″-H), 7.32 (dd, 2H, 3″-H, 5″-H), 7.44
(d, 2H, 2′-H, 6′-H), 7.85 (m, 2H, 6-H, 7-H), 7.96 (s,1H, 3-H), 8.27
(m, 2H, 5-H, 8-H), 10.11 (br, 2H, 1-NH2), 12.03 (s, 1H, 4-NH). 13C
NMR (126 MHz): δ 109.3, 111.3, 120.2, 120.4, 122.6, 125.4, 126.1,
126.2, 127.4, 130.1, 132.9, 133.3, 133.7, 134.3, 135.2, 141.4, 143.1,
144.4, 153.2, 155.9, 181.9, 182.5. LC-MS (m/z): 519 [M − Na+ +
H+]−. Purity by HPLC-UV (254 nm) ESI-MS: 98.6%.

Sodium 1-Amino-4-[4-(4-bromophenoxy)phenylamino]-9,10-
dioxo-9,10-dihydroanthracene-2-sulfonate (60). Reaction condi-
tions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-(4-bromophenoxy)aniline (190 mg, 0.6 mmol). MW
conditions: 15 min, 120 °C, 100 W; pressure up to 10 bar. Analytical
data: blue powder (17% yield), mp >300 °C. 1H NMR (500 MHz): δ
7.03 (d, 2H, 3′-H, 5′-H) 7.12 (d, 2H, 2″-H, 6″-H), 7.33 (dd, 2H, 3″-H,
5″-H), 7.56 (d, 2H, 2′-H, 6′-H), 7.85 (m, 2H, 6-H, 7-H), 7.96 (s,1H,
3-H), 8.27 (m, 2H, 5-H, 8-H), 10.10 (br, 2H, 1-NH2), 12.03 (s, 1H, 4-
NH). 13C NMR (126 MHz): δ 109.3, 111.3, 115.2, 120.3, 120.7, 122.6,
125.3, 126.1, 126.2, 132.9, 133.0, 133.3, 135.3, 141.4, 144.4, 153.1,
156.5, 181.9, 182.5. LC-MS (m/z): 565 [M − Na+ + H+]+, 563 [M −
Na+ + H+]−. Purity by HPLC-UV (254 nm) ESI-MS: 96.1%.

Sodium 1-Amino-4-[4-(2,4-dimethylphenylthio)phenylamino]-
9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (61). Reaction con-
ditions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-[(2,4-dimethylphenyl)thio]aniline (137.6 mg, 0.6
mmol). MW conditions: 15 min, 120 °C, 100 W; pressure up to 10
bar. Analytical data: blue powder (10% yield), mp >300 °C. 1H NMR
(500 MHz): δ 2.31, 2.28 (2s, 6H, 2CH3), 7.04, 7.20 (m, 7H, 2′-H, 3′-
H, 5′-H, 6′-H, 3″-H, 5″-H, 6″-H), 7.84 (m, 2H, 6-H, 7-H), 7.98 (s,
1H, 3-H), 8.25 (m, 2H, 5-H, 8-H), 10.05 (br, 2H, 1-NH2), 11.95 (s,
1H, 4-NH). 13C NMR: δ 20.2, 20.7, 109.4, 112.0, 122.9, 123.7, 126.1,
126.2, 127.9, 129.5, 130.4, 130.9, 131.7, 132.9, 133.3, 133.6, 134.2,
138.1, 138.2, 139.5, 140.2, 142.8, 144.5, 182.0, 182.7. LC-MS (m/z):
531 [M − Na+ + H+]+, 529 [M − Na+ + H+]−. Purity by HPLC-UV
(254 nm) ESI-MS: 96.1%.

Sodium 1-Amino-4-[4-(2,5-dimethylphenylthio)phenylamino]-
9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (62). Reaction con-
ditions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-[(2,5-dimethylphenyl)thio]aniline (137.6 mg, 0.6
mmol). MW conditions: 15 min, 120 °C, 100 W; pressure up to 10
bar. Analytical data: blue powder (7% yield), mp >300 °C. 1H NMR
(500 MHz): δ 2.23, 2.30 (2s, 6H, 2CH3), 7.08, 7.23 (m, 7H, 2′-H, 3′-
H, 5′-H, 6′-H, 3″-H, 4″-H, 6″-H), 7.84 (m, 2H, 6-H, 7-H), 8.00 (s,
1H, 3-H), 8.25 (m, 2H, 5-H, 8-H), 10.07 (br, 2H, 1-NH2), 11.94 (s,
1H, 4-NH). 13C NMR: δ 19.8, 20.6, 109.4, 112.2, 123.0, 123.7, 126.1,
126.2, 128.9, 129.9, 130.7, 131.4, 132.6, 133.0, 133.2, 133.4, 133.6,
134.3, 135.9, 136.4, 138.6, 140.1, 142.8, 144.6, 182.0, 182.8. LC-MS
(m/z): 531 [M − Na+ + H+]+, 529 [M − Na+ + H+]−. Purity by
HPLC-UV (254 nm) ESI-MS: 98.0%.

Sodium 1-Amino-4-[4-(3,4-dimethylphenylthio)phenylamino]-
9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (63). Reaction con-
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ditions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-[(3,4-dimethylphenyl)thio]aniline (137.6 mg, 0.6
mmol). MW conditions: 15 min, 120 °C, 100 W; pressure up to 10
bar. Analytical data: blue powder (7% yield), mp >300 °C. 1H NMR
(500 MHz): δ 2.21 (s, 6H, 2CH3), 7.21 (m, 7H, 2′-H, 3′-H, 5′-H, 6′-
H, 3″-H, 4″-H, 6″-H), 7.84 (m, 2H, 6-H, 7-H), 8.00 (s, 1H, 3-H), 8.25
(m, 2H, 5-H, 8-H), 10.06 (br, 2H, 1-NH2), 11.93 (s, 1H, 4-NH). 13C
NMR: δ 19.1, 19.4, 109.4, 112.1, 122.9, 123.6, 126.1, 126.2, 129.3,
130.8, 130.9, 131.1, 131.5, 132.7, 132.9, 133.4, 133.6, 134.2, 136.4,
137.9, 138.5, 140.1, 142.7, 144.6, 182.0, 182.8. LC-MS (m/z): 531 [M
− Na+ + H+]+, 529 [M − Na+ + H+]−. Purity by HPLC-UV (254 nm)
ESI-MS: 95.6%.
Sodium 1-Amino-4-[4-(3-pyridin-3-ylmethylthio)phenylamino]-

9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (64). Reaction con-
ditions according to general procedure A: Compound 6a (121.3 mg,
0.3 mmol), 4-[(pyridin-3-ylmethyl)thio]aniline (129.8 mg, 0.6 mmol).
MW conditions: 15 min, 120 °C, 100 W; pressure up to 10 bar.
Analytical data: blue powder (14% yield), mp >300 °C. 1H NMR (500
MHz): δ 4.33 (s, 2H, CH2), 7.21 (d, 2H, 2′-H, 6′-H), 7.39 (d, 2H, 3′-
H, 5′-H), 7.64 (m, 1H, 5″-H), 7.84 (m, 2H, 6-H, 7-H), 7.97 (s, 1H, 3-
H), 8.03 (s, 1H, 6″-H), 8.26 (m, 2H, 5-H, 8-H), 8.60 (2s, 2H, 2″-H,
4″-H), 11.89 (s, 1H, 4-NH). 13C NMR: δ 34.7, 109.4, 112.2, 123.0,
123.4, 125.2, 126.1, 126.2, 129.1, 132.6, 133.0, 133.4, 133.6, 134.3,
136.1, 138.7, 140.2, 140.8, 142.7, 144.6, 145.0, 146.2, 182.0, 182.8. LC-
MS (m/z): 518 [M − Na+ + H+]+, 516 [M − Na+ + H+]−. Purity by
HPLC-UV (254 nm) ESI-MS: 98.6%.
1-Amino-4-(2-carboxy-4-fluorophenylamino)-2-methyl-9,10-

dioxo-9,10-dihydroanthracene (67). Reaction conditions according
to general procedure A: Compound 6b (31.6 mg, 0.1 mmol), 2-amino-
5-fluorobenzoic acid (31 mg, 0.2 mmol). MW conditions: 5 min, 120
°C, 100 W; pressure up to 10 bar. Analytical data: blue powder (21 %
yield), mp > 300 °C. 1H NMR (500 MHz): δ 2.22 (s, 3H, -CH3), 7.02
(m, 1H, 6′-H), 7.17 (m, 1H, 5′-H), 7.50 (m, 2H, 3-H, 3′-H), 7.79 (m,
2H, 6-H, 7-H), 8.24 (m, 2H, 5-H, 8-H). 13C NMR (126 MHz): δ
18.34, 108.74, 111.85, 114.83, 115.02, 116.56, 116.72, 121.77, 121.84,
125.74, 125.86, 126.37, 132.35, 132.49, 133.84, 134.23, 135.24, 135.93,
139.43, 141.12, 146.98, 155.93, 157.82, 168.08, 180.26, 182.27. LC-MS
(m/z): 391 [M]+, 389 [M]−. Purity by HPLC-UV (254 nm)-ESI-MS:
99.7 %.
4-(3-Fluorophenylamino)-9,10-dioxo-9,10-dihydroanthracene-2-

sulfonic Acid (68). Reaction conditions: Compound 12 (41 mg, 0.1
mmol) was reacted according to general procedure C. Analytical data:
reddish-purple powder (97% yield), mp >300 °C. 1H NMR (600
MHz): δ 7.07 (td, 1H, 6′-H), 7.23 (m, 2H, 2′-H, 5′-H), 7.51 (m, 1H,
4′-H), 7.80 (d, 1H, 1-H or 3-H, J1,3 1.47 Hz), 7.86 (d, 1H, 1-H or 3-H,
J1,3 1.47 Hz), 7.90 (td, 1H, 6-H or 7-H), 7.94 (td, 1H, 6-H or 7-H),
8.20 (dd, 1H, 5-H or 8-H), 8.25 (dd, 1H, 5-H or 8-H), 11.21 (s, 1H, 4-
NH). 13C NMR (151 MHz) δ 39.52, 110.16, 110.32, 111.46, 111.60,
113.94, 115.53, 116.05, 119.18, 119.20, 126.51, 126.66, 131.26, 131.33,
132.49, 133.98, 134.17, 134.30, 134.68, 140.94, 141.01, 147.72, 154.35,
161.98, 163.60, 182.30, 184.50. LC-MS (m/z): 415 [M − H+ +
NH4

+]+, 398 [M]+, 396 [M]−. Purity by HPLC-UV (220−650 nm)
ESI-MS: 98.5%.
4-(3-Methoxyphenylamino)-9,10-dioxo-9,10-dihydroanthracene-

2-sulfonic Acid (69). Reaction conditions: Compound 27 (42 mg, 0.1
mmol) was reacted according to general procedure C. Analytical data:
reddish-purple powder (38% yield), mp >300 °C. 1H NMR (500
MHz) δ 3.80 (s, 1H, −OCH3), 6.84 (m, 1H, 6′-H), 6.94 (m, 2H, 2′-H,
4′-H), 7.39 (m, 1H, 5′-H), 7.81 (d, 1H, 1-H or 3-H, J1,3 1.5 Hz), 7.83
(d, 1H, 1-H or 3-H, J1,3 1.5 Hz), 7.90 (td, 1H, 6-H or 7-H), 7.95 (td,
1H, 6-H or 7-H), 8.20 (dd, 1H, 5-H or 8-H), 8.27 (dd, 1H, 5-H or 8-
H), 11.24 (s, 1H, 4-NH). 13C NMR (126 MHz) δ 55.20, 109.27,
110.86, 113.28, 115.08, 115.70, 116.14, 126.46, 126.61, 130.47, 132.51,
133.84, 134.15, 134.25, 134.61, 140.03, 148.47, 154.31, 160.36, 182.35,
184.35. LC-MS (m/z): 427 [M − H+ + NH4

+]+, 410 [M]+, 408 [M]−.
Purity by HPLC-UV (220−600 nm) ESI-MS: 95.2%.
Retroviral Transfection of 1321N1 Astrocytoma Cells with

Human P2Y1, P2Y4, and P2Y6 Receptors. Transfection of 1321N1
astrocytoma cells with human P2Y1, P2Y4, and P2Y6 receptors was
performed as previously described.59 Transfection with the human

P2Y2 receptor was done in analogy (see Supporting Information).
Briefly, the coding sequence of the respective receptor was cloned into
the pQCXIN or pLXSN retroviral vector, amplified, purified, and
sequenced prior to the transfection of GP+env AM-12 packaging cells
together with vesicular stomatitis virus G (VSV-G) protein DNA using
lipofectamine 2000. After 16 h, 3 mL of Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% fetal calf serum, 1% of a penicillin/
streptomycin solution (final concentrations: penicillin = 100 U/mL,
streptomycin = 0.1 mg/mL), and sodium butyrate (5 mM) was given
to the packaging cells and these were kept at 32 °C and 5% CO2 for 48
h, during which the viral vectors containing the receptor sequence
were produced and released into the surrounding medium. These were
harvested, filtered (45 μm filter pore diameter), and given to 1321N1
astrocytoma cells that do not intrinsically express P2 receptors at a
detectable level. Polybrene solution (6 μL, 4 mg/mL in H2O, filtered)
was added. After 2.5 h, the virus-containing medium was discarded and
DMEM supplemented with 10% fetal calf serum and 1% of a
penicillin/streptomycin solution (final concentrations: penicillin = 100
U/mL, streptomycin = 0.1 mg/mL) was given to the cells. These were
incubated for 2 days, followed by selection of successfully transfected
cells with Geneticin resistance by adding G418 (200 μg/mL) to the
medium. Single cells were selected and grown into monoclonal
colonies in case of the P2Y2 and P2Y4 receptor expressing cells.

Pharmacological Evaluation of the Compounds at Human
P2Y1, P2Y2, P2Y4, and P2Y6 Receptors. All experiments were
performed using 1321N1 human astrocytoma cells stably expressing
the respective human P2Y receptor subtype. The cells were grown in
T175 tissue culture flasks (175 cm2 area) containing 25−30 mL
DMEM supplemented with 10% fetal calf serum, 200 μg/mL G418,
and 1% of a penicillin/streptomycin solution (final concentrations:
penicillin = 100 U/mL, streptomycin = 0.1 mg/mL). DMEM and
supplements were purchased from Invitrogen (Life Technologies
GmbH, Darmstadt, Germany). The flasks were kept at 37 °C in a
humidified atmosphere (96% relative humidity) containing 5% CO2.
Cells were maintained in the exponential growth phase throughout
and regularly tested for mycoplasma contamination.

Calcium Mobilization Assays. Calcium measurements were
performed as previously described.60 Briefly, 1321N1 human
astrocytoma cells stably transfected with the coding sequence for the
respective human P2Y receptor were used. Approximately 24 h prior
to testing, the nutrient medium was discarded and the cells rinsed with
phosphate-buffered saline before detachment using 0.05% trypsin/0.6
mM EDTA. The cells were then suspended in DMEM with the
supplements described above and dispensed into sterile, black, flat,
clear-bottom 96-well polystyrene microplates with lid (Corning 3340)
at 50000 cells per well. The microplates were incubated at 37 °C in
humidified air with 5% CO2, during which the cells adhered to the
coated bottom of the wells. Test compounds were investigated by
measuring their inhibition of P2Y1, P2Y2, P2Y4, or P2Y6 receptor-
mediated intracellular calcium mobilization using a FlexStation 3
(Molecular Devices GmbH, Biberach an der Riss, Germany) plate
reader. At the start of the assay, the plated cells were loaded with fluo-4
acetoxymethyl ester (Life Technologies GmbH, Darmstadt, Germany)
for 1 h. Excess dye was subsequently removed and Hank’s Balanced
Salt Solution (HBSS) buffer given to the cells. Afterward, the cells
were preincubated with the test compound for 30 min. Using the
pipetting function of the microplate reader, the physiological ligand
was injected at a concentration that corresponds to its EC80: 500 nM
ADP for the P2Y1, 500 nM UTP for the P2Y2 and P2Y4, and 750 nM
UDP for the P2Y6 receptor. The final volume was 200 μL per well.
Fluorescence was measured at 525 nm following excitation at 488 nm.
At least three independent experiments were performed in duplicate.
IC50 values were calculated by nonlinear regression using Prism 5.0
(GraphPad Software, San Diego, CA, USA).

Homology Modeling of the Human P2Y4 Receptor. A
homology model of the human P2Y4 receptor was created based on
the X-ray cocrystal structure of the human P2Y1 receptor with the
nucleotide-derived antagonist MRS2500 (PDB-ID: 4XNW, resolution
2.7 Å).56 The structure was downloaded from the RSCB (Research
Collaboratory for Structural Bioinformatics) Protein Data Bank
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(http://www.rcsb.org/) and used as a template for generating the
homology model of the human P2Y4 receptor.61 The amino acid
sequence of the human P2Y4 receptor with the accession number
P51582 was retrieved from UniProtKB sequence database.62 The
sequences of the human P2Y1 and P2Y4 receptors were aligned using
Clustal Omega and AlignMe (Supporting Information, Figure 58).63,64

The resulting alignments were manually adjusted for improving the
alignment, particularly in the transmembrane and extracellular loop
region 2 (ECL2). An overall sequence identity of 41.8% and a
similarity of 60.2% between the human P2Y1 and P2Y4 receptors was
calculated. The resulting alignment was used as input for generating
homology models of the human P2Y4 receptor using Model-
ler9.16.65,66 From the 750 models generated, the best model was
selected on the basis of the Discrete Optimized Protein Energy
(DOPE) score included in Modeller, manual visualization of the
presence of an ionic lock between Asp187 and Arg292, and analysis of
the binding sites. The overall structural quality was confirmed by a
Ramachandran plot (Supporting Information, Figure 59),67 and
sequence−structure compatibility of the model was ensured using
PROSA II profile analysis (Supporting Information, Figure 60).68

Possible binding sites were identified using the SiteFinder module
from Molecular Operating Environment (MOE 2014.09).69

Docking Studies. Docking simulations were performed using
Induced Fit Docking (IFD) and Glide as implemented in Schrödinger
release 2016.70−72 Prior to docking, the homology model of the
human P2Y4 receptor was prepared using the Protein Preparation
Wizard at pH 7.4 and with force field Optimized Potentials for Liquid
Simulations Version 3 (OPLS3) implemented in Schrödinger. The
ligands were prepared using the implemented LigPrep module and the
OLPS3 force field in possible states at pH 7.4 ± 1.0. The
conformations of the docked ligands within an energy window of
2.5 kcal/mol were considered. For Glide docking, the following
standard parameters were selected: receptor van der Waals scaling,
0.50; ligand van der Waals scaling, 0.50; a maximum of 20 poses per
ligand. Residues within 5.0 Å of the ligand poses were refined, and the
side chains were optimized. The best docking pose was selected based
on the IFD score and Prime Energy values. The compounds were
subsequently docked to the best scoring complex obtained for
compound 61. A receptor grid center was specified on the basis of the
transformed position of the allosteric antagonist MRS2500 from the
human P2Y1 receptor structure, with a cubic grid side length of 10 Å.
As precision setting, XP (extra precision) was chosen. Following Glide
docking, the resulting poses were selected using the IFD scores and
Prime Energy as representative values.
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7.3. Supporting Information 

The Supporting Information can be accessed free of charge online at 

http://pubs.acs.org/doi/abs/10.1021/acs.jmedchem.7b00030. 

It contains: 

• Spectra of para-RB-2 (2’): chromatogram, mass spectrum, UV spectrum, and

purity calculation

• 1H-NMR, 13C-NMR, and DEPT135-NMR spectra of the newly synthesized

anthraquinone derivatives

• Structure-activity relationships of RB-2-related anthraquinone derivatives at

different targets

• Docked poses of compounds 7, 42, 62, 63, and 64 in the proposed allosteric

binding pocket of the P2Y4R model

• Sequence alignment of the human P2Y1- and P2Y4Rs

• Ramachandran diagram of the human P2Y4R homology model

• Multiple sequence alignment of different human P2Y subtypes assessed for the

selectivity of the compounds

• Descriptions of the lentiviral transfection of 1321N1 astrocytoma cells with the

• Lentiviral transfection of 1321N1 astrocytoma cells with human P2Y2R

• Expression of the human P2Y12R CHO cells for the β-arrestin translocation

assay

• Procedure of the β-arrestin translocation assay

• EC50 values and maximal receptor activation for the dose-response curves of

UTP after pre-incubation with fixed concentrations of compound 61
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7.4. Summary and Outlook 

As discussed in in Sections 5 and 6, design of selective antagonists for P2Y4R is 

challenging due to the fact that it shares high sequence similarity with human P2Y2R. 

In this study, six novel anthraquinone-derived P2Y4R antagonists with nanomolar IC50 

values were identified and their selectivity profiles at other P2YR subtypes were 

characterized. The results suggest that the most potent antagonist (sodium 1-amino-

4-[4-(2,4-dimethylphenylthio)-phenylamino]-9,10-dioxo-9,10-dihydroanthracene-2-

sulfonate, compound number 61 in the publication) displays allosteric inhibition at 

human P2Y4R. Moreover, the potent compound 64 displayed a superior selectivity 

profile versus over P2Y1-, P2Y2-, P2Y6- and P2Y12Rs. Connecting experimental data 

with molecular docking studies, comprehensive SARs for the compound series were 

established. While interaction of a sulfonate with positively charged residues predicted 

to be involved in the binding of the phosphate group of the (Section 5) was observed 

for both RB-2 and the smaller antagonists, different binding motifs of the anthraquinone 

core were forecasted suggesting different possible binding conformations of 

anthraquinone derivatives at P2Y4R. 

In total, several potent P2Y4R antagonists were successfully developed, and their 

pharmacology was characterized. The results will function as a guiding force for future 

rational design of drug-like compounds acting at human P2Y4R and provide 

fundamental information for virtual screening campaigns. 
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8. Computational Investigations on the Binding Mode of Ligands for the

Cannabinoid-Activated G Protein-Coupled Receptor GPR18

8.1. Introduction 

Orphan receptors represent a heterogenous cluster of proteins where the identity of 

the physiological signaling molecule, the endogenous ligand, remains unknown. 

Although their pharmacology is cryptic, they can represent relevant points for 

therapeutic intervention for the treatment of diseases. One of those potential drug 

targets is GPR18 which is suggested to belong to the class of cannabinoid receptors 

due to the agonistic sensitivity towards THC. Unfortunately, no X-ray crystal structure 

of human GPR18 has been reported yet, impeding advancements in tool compound 

design and deoprhanization of the GPCR. In order to elucidate the architecture of 

human GPR18, a homology model was constructed and used for computational 

studies of agonists and antagonists to stimulate SBDD and provide novel insights on 

receptor functionality. Taking advantage from the knowledge collected in the previous 

sections covering the investigation of P2YRs, particular interest was given to potential 

salt bridges that modulate receptor functionality. Furthermore, behavior of 

imidazothiazinone antagonist complexes was investigated in 200 ns long MD 

simulations to identify key interactions with the receptors and structural features 

contributing to the stabilization of the inactive state. To complement the total picture, 

SARs of the imidazothiazinone series were coupled to the predicted binding modes. 

Conclusively, the binding mode of the promiscuous agonist THC was examined in 

detail to elucidate the binding mode of cannabinoids at GPR18 and compared to other 

cannabinoid-GPCR complexes.  

8.2. Publication 
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Abstract: GPR18 is an orphan G protein-coupled receptor (GPCR) expressed in cells of the immune
system. It is activated by the cannabinoid receptor (CB) agonist ∆

9-tetrahydrocannabinol (THC).
Several further lipids have been proposed to act as GPR18 agonists, but these results still require
unambiguous confirmation. In the present study, we constructed a homology model of the human
GPR18 based on an ensemble of three GPCR crystal structures to investigate the binding modes of
the agonist THC and the recently reported antagonists which feature an imidazothiazinone core
to which a (substituted) phenyl ring is connected via a lipophilic linker. Docking and molecular
dynamics simulation studies were performed. As a result, a hydrophobic binding pocket is predicted
to accommodate the imidazothiazinone core, while the terminal phenyl ring projects towards an
aromatic pocket. Hydrophobic interaction of Cys251 with substituents on the phenyl ring could
explain the high potency of the most potent derivatives. Molecular dynamics simulation studies
suggest that the binding of imidazothiazinone antagonists stabilizes transmembrane regions TM1,
TM6 and TM7 of the receptor through a salt bridge between Asp118 and Lys133. The agonist THC is
presumed to bind differently to GPR18 than to the distantly related CB receptors. This study provides
insights into the binding mode of GPR18 agonists and antagonists which will facilitate future drug
design for this promising potential drug target.

Keywords: cannabinoid; docking studies; GPCR; GPR18; MD simulation; orphan GPCRs

1. Introduction

G protein-coupled receptors (GPCR) represent the largest family of membrane proteins in
eukaryotes. They are structurally characterized by seven transmembrane (TM) regions connected
by three extracellular (ECL1-3) and three intracellular loops (ICL1-3), an extracellular N-terminal
and an intracellular C-terminal domain. Upon binding of the cognate agonist (e.g., biogenic amine
neurotransmitter, nucleotide, lipid, amino acid, peptide, glycoprotein) conformational changes are
induced. These result in coupling with G proteins, and thereby transducing information from the
extracellular to the intracellular compartment and inducing or inhibiting downstream signaling
pathways [1,2]. Despite persistent efforts, nearly 100 GPCRs remain orphan, with their endogenous
ligands unidentified or unconfirmed [3]. The functionalities and roles of orphan GPCRs under
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(patho)physiological conditions are in most cases poorly understood. The identification of the
endogenous ligands would be helpful for target validation studies and the design of novel therapeutic
drugs for orphan GPCRs.

GPR18 is such an orphan GPCR of therapeutic interest, phylogenetically belonging to the δ-branch
of class A, rhodopsin-like GPCRs. GPR18 was first described in 1997 and reported to be highly
expressed in different tissues and cell lines of the immune system, including spleen, thymus, and
leukocytes [4]. The role of GPR18 is still unclear and controversially debated. GPR18 has been
proposed by independent groups to be involved in immunological [5–8] and neurodegenerative
processes including Alzheimer’s disease and multiple sclerosis [9–13]. Based on the observation that
the activation of GPR18 lowers the intraocular pressure in mice, GPR18 agonists have been proposed
for the treatment of glaucoma [14,15]. Antagonists targeting GPR18 may be effective as anticancer
drugs [16–18], since the receptor was found to be abundantly overexpressed in melanoma metastases
and reported to contribute to tumor cell survival through inhibition of apoptosis [17].

In recent years, several studies aimed at the deorphanization of GPR18 have been published.
Due to the lack of selective agonists, the moderately potent cannabinoid (CB) receptor agonist
∆

9-tetrahydrocannabinol (THC, 1) has been used in pharmacological studies to activate human
GPR18, which led to the suggestion to classify GPR18 as a cannabinoid receptor subtype besides CB1

and CB2 [19–22]. N-Arachidonoylglycine (NAGly, 2) and resolvin D2 (RvD2, 3) were proposed as
endogenous agonists of GPR18 [23,24]. However, independent confirmation for both lipids is still
lacking, as other groups, including ours, have not been able to confirm their activation of GPR18 [25,26].
We recently described the first GPR18 antagonists based on an imidazothiazinone core structure [21,27].
These were discovered by screening a compound library at the human receptor in a β-arrestin
recruitment assay using enzyme complementation technology and THC as an agonist. Based on
the screening results, a library of imidazothiazinones was synthesized and their structure–activity
relationships (SARs) were investigated. PSB-CB-27 (4) and PSB-CB-5 (5; for structures, see Figure 1)
were reported as the first potent and selective GPR18 antagonists [21].

δ

∆

β

Figure 1. Structures of proposed GPR18 agonists (1–3) and antagonists (4–6).

In the present study, we constructed a homology model of the human GPR18 to elucidate the
binding mode of the only confirmed agonist so far, the natural product THC, and of selected antagonists
by docking and molecular dynamics (MD) simulation studies. Insights into the binding interactions of
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agonists and antagonists will provide a basis for the rational design of more potent ligands and may
eventually contribute to the deorphanization of GPR18.

2. Material and Methods

2.1. Homology Modeling

The crystal structures of the murine µ-opioid receptor in complex with the agonist BU72 (PDB-ID:
5C1M), the human P2Y1 receptor in complex with the allosteric antagonist BPTU (PDB-ID: 4XNV)
and the zebrafish lysophosphatidic acid receptor LPA6 in complex with 1-oleoyl-R-glycerol (PDB-ID:
5XSZ) were obtained from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (PDB) [28–30]. The crystal structures of all three receptors were used as templates for
generating homology models of the human GPR18 sequence (accession number: Q14330) retrieved
from the UniProt sequence database (http://www.uniprot.org) [31]. The sequences of the murine
µ-opioid receptor, the P2Y1R, and the zebrafish lysophosphatidic acid receptor LPA6 were aligned
with that of the human GPR18 using Clustal Omega [32]. We generated 500 models for the human
GPR18 based on the triple template approach using the standard comparative modeling automodel
class implemented in MODELLER (version 9.16, University of California, San Francisco, CA, USA). To
ensure correct tertiary protein structure prediction, we introduced a disulfide bridge between Cys94
and Cys172. The best model was selected on the basis of Discrete Optimized Protein Energy (DOPE)
scores calculated for the models [33,34]. The generated models were analyzed, and the best models for
the human GPR18 were used to perform molecular docking studies, based on the DOPE and GA341
score, PROSA II Z score, and Ramachandran plots. We took into account that the X-ray crystal structure
of the lysophosphatidic acid receptor LPA6 is missing part of the ECL2, likely due to low resolution
and high flexibility of that region. Nevertheless, we decided to include LPA6 as a template for model
generation as it might provide valuable information, e.g., regarding the transmembrane domains and
the ligand-binding site. Sequences for the cannabinoid receptors CB1 (P21554) and CB2 (P34972) were
retrieved from UniProt.

2.2. Docking Studies

Prior to docking, the homology model of the human GPR18 was prepared using the Protein
Preparation Wizard module implemented in Schrödinger [34,35]. In the first step for protein preparation,
we preprocessed the structure using the standard protocol at pH 7.4. Docking was performed using
Induced Fit Docking (IFD) and Glide as implemented in Schrödinger release 2016 [35–37]. In the first
step of IFD, Glide ligand docking was performed by removing the side chains of the amino acids in
the selected binding pocket. In the second phase of docking, Prime was applied to refine the nearby
residues and to optimize the side chains. In the final docking phase, the ligand was re-docked into all
induced fit protein structures that were within 30 kcal/mol of the lowest energy structure, by using the
Glide XP scoring function. A receptor grid center was specified on the basis of preliminary docking
studies, resulting in the highest docking scores for the centroid of Lys174 with a cubic grid side length
of 10 Å. Preliminary ensemble docking studies provided highest docking scores and consistent SARs
explanation for this selection as well as comparison with published cannabinoid receptor X-ray crystal
structures [38].

During the docking simulations, the receptor and the ligands were kept flexible. Following
docking, the resulting poses of the best model were selected using the IFD scores and Prime Energy
as representative values. The conformations of the docked ligands within an energy window of
2.5 kcal/mol were considered. For Glide docking, the following standard parameters were selected:
receptor van der Waals scaling, 0.50, ligand van der Waals scaling, 0.50, and a maximum of 20 poses
per ligand. Residues within 5.0 Å of the ligand poses were refined, and the side chains were optimized.
The best docking pose was selected based on the IFD score and Prime Energy values.
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2.3. Compounds

Synthesis of the compounds which are utilized in this computational study as performed in the
Department of Technology and Biotechnology of Drugs Jagiellonian University at Kraków, Poland,
and potencies of the compounds were determined at the Department of Pharmaceutical & Medicinal
Chemistry, Pharmaceutical Institute, University of Bonn, Germany, as previously reported [21,27]. The
synthesis and biological evaluation of the new potent GPR18 antagonist 6 will be published elsewhere.

2.4. Molecular Dynamics Simulation

We selected several successful MD simulations as starting points for our runs [39–42]. The GPR18
complexes and the unbound GPR18 structure were prepared using the method described above to
determine the protein protonation state at pH 7.4. The obtained structures were processed to the
CHARMM-GUI molecular simulation program [43–45]. The forcefield CHARMM36m was applied for
all simulation runs. Ligand parameters were obtained separately from Schrödinger. The orientation of
the protein in the phosphatidylcholine lipid bilayer (POPC) was determined using the orientation of
proteins in membranes (OPM) database [46]. The cubic water box size was adjusted to the structure
size of 20 Å and filled with 0.15 M KCl solution. Water molecules were treated with the transferable
intermolecular potential with a 3 points (TIP3P) water model [47]. Equilibration steps for all structures
were divided into six steps using NAMD2 [48]. For the first three steps, we selected a runtime of 250 ps
in 1 fs intervals. For the last three steps, we selected an equilibration runtime of 2 ns in 2 fs intervals.
The system was heated from 0 to 303.15 K during equilibration using the NPT ensemble. During
production stages, the system was kept at 303.15 K. Temperature was regulated using the Langevin
dynamics thermostat. Production runs were performed for 4 × 50 ns with 4 fs intervals (eventually
amounting to 200 ns), and frames were collected every 40 ps using ACEMD by Acellera® with the
NVT ensemble [49].

3. Results

So far, no X-ray crystal structure of GPR18 has been published. After performing a BLAST search,
three crystal structures with highest sequence identity and overall sequence coverage were chosen
as templates: the murine µ-opioid receptor (PDB-ID: 5C1M) in complex with an agonist, the human
P2Y1R (PDB-ID: 4XNV) in complex with an allosteric antagonist, and the zebrafish lysophosphatidic
acid receptor LPA6 (PDB-ID: 5XSZ) in complex with oleoyl-R-glycerol, showing sequence identities
of 24.8%, 25.5% and 27.3%, respectively [28–30,50]. Multiple template approaches had been reported
to compensate for poor sequence similarity for receptors lacking a template with sequence similarity
above 30% [51,52]. Therefore, we decided to include all three templates into the process of homology
modeling, although they represent different states of receptor activation. Structures of class A GPCRs
belonging to the same δ-branch as GPR18 (P2Y1, LPA6) andone GPCR that is activated by a lipid like
GPR18 (LPA6) were selected. BBy this approach, we expected to compensate for gaps and mismatching
residues which would be present in a single template approach. The multiple sequence alignment is
shown in Figure S1 of Supporting Information.

We subsequently investigated the binding modes of imidazothiazinone antagonists and of the
agonist THC in the homology model of the human GPR18. To this end, we used the Induced Fit
module implemented in Maestro Schrödinger to propose a binding mode for the selected ligands and
to rationalize the potency values obtained in biological studies. Imidazothiazinone derivatives 4 and 5

were selected as representative potent antagonist structures. In addition to the imidazothiazinone core,
they both possess a 4-chlorophenoxy substituent connected by a linker which differs in length. For
the investigated antagonists 4 and 5, IC50 values of 0.650 and 0.279 µM had been determined [21,27].
In order to investigate whether the proposed antagonist–GPR18 complexes are stable, we performed a
200 ns MD simulation study. Furthermore, we rationalized the SARs of related GPR18 antagonists
using a structure-based approach.
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3.1. Docking Studies of Antagonists

Recently, several studies on molecular modeling of the human GPR18 have been published [53–57].
However, neither binding mode predictions of THC (or other agonists) nor MD simulations of ≥200 ns
of antagonist–GPR18 complexes have been published so far. Kuder et al. reported molecular modeling
and docking studies, creating a homology model of the human GPR18 based on the crystal structure of
the antagonist-bound human P2Y1 receptor [53]. The imidazothiazinone group of antagonist 5 was
predicted to point into a deeper binding pocket towards TM3 where it was hypothesized to form a
hydrogen bond with Arg1915.42. The results obtained in the present study indicate a different binding
mode which is supported by comprehensive SAR data and based on an ensemble of templates for
homology model generation rather than a single, low homology template as in the previous study [53].

The proposed binding mode for antagonist 4 based on the performed docking studies is presented
in Figure 2. Antagonist 4 is predicted to bind in the upper third part of the receptor, extending from
a hydrophobic cavity formed by ECL2, TM2 and TM3 to an aromatic binding pocket formed by
TM6 and TM7, which is a common motif for several GPCRs [58–61]. Compound 4 likely binds with
its imidazothiazinone moiety close to the conserved disulfide bridge of Cys943.25 and Cys172ECL2.
Both cysteines and Leu973.28 form a lipophilic binding pocket which is predicted to accommodate
the thiazine ring. The keto group of the imidazolone ring likely forms an H-bond with Tyr822.64.
Due to the close proximity of Arg782.60, cation–π interactions with the imidazolone system are feasible.
The benzylidene ring may extend towards the center of the receptor, where hydrophobic interactions
with Thr2727.39 are possible. The hexyloxy linker could bind with several hydrophobic residues
(Tyr1604.64, Ile175ECL2, Phe2486.51, Met2757.42) towards an aromatic binding pocket formed by side
chains of TM6 and TM7. Additional van der Waals forces for hydrophobic interactions with the
benzylidene moiety and the hexyloxy linker may be provided by the alkyl chain of Lys174ECL2. Several
aromatic (Phe2486.51, Phe2526.55, Tyr2647.31) and hydrophobic (Cys2516.54 and Leu2556.58) residues of
TM6 and TM7 are predicted to form the binding pocket accommodating the 4-chlorophenoxy moiety
of compound 5 (see Figure 3).
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≥

π

Figure 2. Proposed binding mode of antagonist 4. (A) Docked pose of 4 in complex with the homology
model of the human GPR18 shown with the residues forming the binding pocket. The receptor is
displayed in cartoon representation, the amino acid residues (white) and compound 4 (orange) are
shown as stick models. Oxygen atoms are colored in red, nitrogen atoms in blue, chlorine in green and
sulfur atoms in yellow. (B) Schematic 2D representation of the binding pocket. Lipophilic amino acids
are colored in yellow, hydrophilic ones in blue, aromatic ones in red, amino acid residues with mixed
properties in green. (C) Schematic presentation of the homology model of GPR18 in complex with
antagonist 4. The imidazothiazinone moiety is predicted to bind in the hydrophobic binding pocket
consisting of residues of TM3 and ECL2. The 4-chlorophenyl moiety binds in the aromatic binding
pocket consisting of residues of TM6 and TM7. Cys2516.54 in the aromatic binding pocket most likely
interacts with hydrophobic substituents in position 4 of the phenoxy (4) or benzyloxy (5) moiety of
the antagonists.

The smaller antagonist 5 can occupy the same binding cavity as antagonist 4 (see Figure 3). The
imidazothiazinone moiety of both compounds can reach the same binding pose. Due to the missing
linker, the benzylidine ring is predicted to exhibit an upward shift towards ECL2 where additional
cation–π interactions with Lys161ECL2 can be realized. In both cases, the chlorine atoms on the terminal
phenyl ring can reach the same binding cavity consisting of aromatic and hydrophobic residues of
TM6 and TM7 close to Cys2516.54. Therefore, we expect halogen or methyl substitutions to interact
analogously with Cys2516.54. These findings suggest that hydrophobic substituents in position 4 of
the terminal phenyl ring of the antagonists are necessary for proper hydrophobic interaction with
Cys2516.54 resulting in increased potency.
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Figure 3. Proposed binding mode of antagonist 5. (A) Docked pose of 5 in complex with the homology
model of GPR18 shown with the residues forming the binding pocket. (B) Schematic 2D representation
of the binding pocket. For color code, see Figure 2.

3.2. MD Simulation Study of Antagonists

Both antagonist–GPR18 complexes were stable during the 200 ns MD simulation runs, which
supports our prediction of the binding pocket based on docking studies. The duration of the
MD simulation runs was in accordance with similar studies performed for other GPCRs [62–65].
The behavior of antagonists 4 and 5 in the homology model of GPR18 during the 200 ns MD simulation
is presented from a bird’s eye view perspective in Supplementary Information Figures S2 and S3.
The 0 ns state refers to the structure of the docked complex after equilibration. The course of the
root mean square deviation (RMSD) indicates that the complex of GPR18 with antagonist 5 reached
an equilibrated state after approximately 50 ns, and after approximately 100 ns for antagonist 4 (see
Figure 4). Compared to the unbound GPR18 structure, the complex of GPR18 with antagonist 5
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showed decreased root mean square fluctuation (RMSF) values for TM1, TM2, TM3, TM5 and TM7,
and for ECL2 and ECL3, indicating stabilization of these regions upon antagonist binding. Similar
results were observed for the complex with the larger antagonist 4, where decreased RMSF values
were observed for TM7, ECL2 and ECL3, and ICL2 and ICL3 when compared to the unbound structure.
The concept of stabilization of an inactive conformation of the target GPCR upon antagonist binding
was postulated for several receptors and supported by mutagenesis experiments, biophysical studies
and MD simulations [58,66–68]. This had also been observed for the P2Y1 receptor which belongs to
the same δ-branch of the class A family of GPCRs. The P2Y1 receptor can be blocked by structurally
distinct antagonists that bind to different binding sites, the nucleotide analog MRS2500 and the urea
derivative BPTU—both of which stabilize an ionic lock between an aspartic acid residue of ECL2 and
an arginine of TM7 [69]. During MD simulations for 2 µs, RSMD values had been significantly lower
for the complexes with an antagonist as compared to those with the P2Y1 receptor agonist ADP [69].
A shift in TM3, TM6 and TM7 in the simulation runs with the agonists created a void resulting in
receptor activation through a bulk water influx into the binding pocket [69]. Similar observations were
reported for several class A family members of GPCRs including µ-opioid receptors and adenosine
receptors [70–73].

δ

μ

μ

Figure 4. (a,b) Root mean square deviation (RMSD) curves for the 200 ns MD simulation runs of the
GPR18 complex with antagonist 4 (a) and antagonist 5 (b). (c,d) Root mean square fluctuation (RMSF)
curves of the molecular dynamics (MD) simulation for complexes with antagonist 4 (c) and 5 (d).
Curves of the complexes are colored in orange, and the curve of the apo form of the receptor in black.

To further investigate conformational changes in the receptor, RMSD values for each
transmembrane-spanning helix were calculated (see Figure 5). Using the OPM database [46] seven
transmembrane region segments were determined: TM1 (Ile231.33–Ser481.58), TM2 (Ile592.41–Phe802.62),
TM3 (Glu913.22–Ala1173.53), TM4 (Val1394.43–Tyr1604.64), TM5 (Ala1835.34–Val2095.60), TM6
(Ile2316.34–Phe2546.57) and TM7 (Trp2677.34–Val2897.56). The RMSD values amounted to 2.8, 1.0,
1.2, 1.2, 1.4, 2.0 and 1.9 Å for TM1–TM7, respectively, when comparing the TM regions of the complex
of GPR18 and compound 4 at 0 ns and at 200 ns. For the complex with the larger antagonist 4, the
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RMSD values amounted to 2.2, 2.2, 1.4, 1.9, 2.1, 2.3 and 1.8 Å for TM1–TM7, respectively. The higher
RMSD values for antagonist 4 can be explained by the size of the compound when compared to 5:
the larger linker requires adaptation of the receptor, resulting in higher RMSD values. In contrast to
the behavior of the antagonist-bound complexes, even higher RMSD values were observed for the
unbound apo form of GPR18. Here, RMSD values of 4.6, 1.4, 1.8, 2.4, 1.4, 2.9 and 5.4 Å were calculated
for TM1–TM7, respectively. Furthermore, the stabilization of TM1, TM6 and TM7 in the presence of an
antagonist supports the theory of stabilization of an inactive state of the receptor upon binding of an
antagonist [74–76].

Figure 5. RMSD values for the transmembrane (TM) regions during the 200 ns MD simulation runs.
Values were calculated based on the initial complex state after equilibration (0 ns).

Potential salt bridges within the receptor were analyzed to further investigate the mode of
inhibition. Arg1193.50 of the DRY motif had been proposed to be located in an “arginine cage,” where
it forms an ionic lock with Asp1183.49, thus stabilizing the inactive GPR18 [54,77]. Disruption of the
ionic lock was postulated to contribute to receptor activation through facilitated movements of TM3
and TM6, resulting in conformational changes towards the intracellular lumen [54]. The authors
concluded that stable salt bridges or H-bonds induce a rotamer of Arg1193.50, which is no longer
present during receptor activation. The ionic lock between Asp1183.49 and Arg1193.50 was observed
in the apo form of GPR18 during our 200 ns MD simulation run, which is consistent with previous
studies [54]. Interestingly, we observed differences in the behavior of Arg1193.50 in the apo form as
compared to the antagonist-bound complexes: in the apo form, the salt bridge between Arg1193.50 and
Asp1183.49 formed after approximately 75 ns and was stable until the end of the MD simulation, while
no similar interaction was observed for the antagonist-bound complexes. Asp1183.49 formed a stable
salt bridge with Lys133ICL2 in the complexes but not in the apo form. This lysine is neither conserved in
the three homology model templates nor in the two CB receptor subtypes. Furthermore, we observed
stable ionic interactions of Asp85ECL1 with Lys22N-terminus and of Asp162ECL2 with Lys161ECL2 in the
antagonist-bound structures, which were not present in the apo form. Interaction of Glu131ICL2 with
Lys1374.41 was observed in all three structures. The salt bridge between Glu2286.31 and Arg2326.35

was stable in the receptor apo form, which was not the case for the antagonist-bound structures.
The trajectory for the salt bridge distances is presented in Supplementary Information (Figure S4).
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We conclude that the binding of an antagonist stabilizes several salt bridges within GPR18, resulting in
the stabilization of an inactive conformation of the receptor.

We additionally investigated the binding mode of a new potent antagonist, an analog of 4 and 5,
which has a more rigid substituent in position 4 of the phenyl group (a biphenyl derivative). Compound
PSB-CB-148 (6) contains a p-cyano-biphenyl group which is larger and at the same time less flexible
than the corresponding substituents in antagonists 4 and 5. The imidazothiazinone group is predicted
to bind in the same binding cavity as for compounds 4 and 5 (see Figure 6). The trajectory of the
linker in the docked structure closely resembles the binding mode of compound 4. Furthermore,
the proximity of Arg1915.42 to both oxygen atoms in the linker indicates bidental H-bond interactions.
The biphenyl moiety likely binds in a lipophilic binding cavity, where π–π interactions between the
phenyl groups and the aromatic residues Phe2486.51, Phe2526.55 and Tyr2647.31 are feasible. Interactions
of the terminal phenyl group with Cys2516.54 are not observed for 6. Due to its decreased flexibility,
the terminal group does not allow this interaction. The shift in the phenyl group is predicted to place
the cyano moiety in close proximity to Asn1855.39. Upon inspection of Asn1855.39, several rotamers
were found which could form H-bonds with the nitrile (see Figure S5 in Supplementary Information).

π π

μ
μ

μ

Figure 6. Proposed binding mode of antagonist 6. (A) Docked pose of 6 in complex with the homology
model of human GPR18 shown with the residues forming the binding pocket. (B) Schematic 2D
representation of the binding pocket. For color code, see Figure 2. (C) Overlay of the proposed binding
modes of GPR18 antagonists. Antagonist 4 is colored in orange, antagonist 5 in red, antagonist 6 in blue.
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The obtained data of the docking studies were used to re-analyze the SARs of previously published
antagonists [21]. The summarized results are presented in Figure 7 (for structures, see Figures S6 and
S7 in Supporting Information). The linker size was found to have an impact on the potency of the tested
antagonists. The antagonist containing a hexyloxy linker (4) showed an almost 10-fold increase in
potency compared to the analog with the shorter ethyloxy linker (7) (IC50 of 0.650 µM versus 5.00 µM).
Prolongation of the ethyloxy linker resulted in increased inhibitory potency, with hexyloxy being
optimal (IC50 = 0.650 µM), while larger linkers, i.e., heptyloxy (11) and octyloxy (12), led to slightly less
potent antagonists (IC50 = 1.71 and 1.15 µM). Our docking results suggest that the hexyloxy linker is
required for the 4-chlorophenoxy moiety to reach the aromatic binding pocket and to form hydrophobic
interactions with Cys2516.54. The shorter alkyloxy linker is less well stabilized in the hydrophobic
cavity formed by Tyr1604.64, Ile175ECL2, Phe2486.51 and Met2757.42. The decrease in potency observed
for compounds 11 and 12 despite their higher lipophilicity could be explained by limited space in
the binding cavity or unfavorable adaptation of the alkyloxy linker, resulting in a shifted binding
position for the 4-chlorophenoxy moiety which prohibits optimal interaction with Cys2516.54. Among
the smaller compounds missing an additional linker between the benzylidene and the substituted
phenoxy ring, the most potent antagonists contained a hydrophobic substituent in position 4 of the
phenyl ring (compounds 5, 14–16). Hydrophobic interactions of substituents in position 4 of the
phenoxy residue with Cys2516.54 are supported by acceptance of both chlorine and methyl groups in
compounds 4 and 13, resulting in comparable IC50 values (0.650 and 0.238 µM). The potency (IC50

values) of the compounds decreased in the following rank order Cl (0.279 µM) > Br (1.73 µM) ≥ CH3

(3.59 µM) > F (> 10 µM), indicating that the size and lipophilicity of the substituent plays a major
role. Decreased potency observed for antagonists containing larger substituents in position 4 such as
ethyl (17) or isopropyl (18) can be explained by the limited space of the binding pocket in proximity
to Cys2516.54. Moreover, the substitution position on the phenyl ring proved to have an effect on the
potency of the compounds. Antagonist 19 (o,o-dimethyl-substituted), for example, was inactive (IC50 >

10 µM). Antagonists containing different heterocycles in place of the imidazothiazinone moiety (20–34)
showed lower potency as compared to antagonist 5. In our homology model, two aromatic residues
close to the hydrophobic binding pocket, Tyr812.63 and Trp87ECL1, may form π–π interactions with
antagonists containing an additional aromatic group attached to the heterocycle (see Figure S8 in
Supporting Information). The ethylthio linker connecting the imidazolone ring with the phenyl ring in
compound 32 might be beneficial to enable proper binding for π–π interactions. The results suggest
that the imidazothiazinone heterocycle is optimal to allow hydrophobic packing in the binding pocket
close to the disulfide bridge of ECL2.

In conclusion, the docking studies, MD simulations and SARs of imidazothiazinones as well as
antagonists containing smaller heterocycles further support our suggested binding mode of an aromatic
and lipophilic binding pocket of the human GPR18 for antagonists. The most potent antagonists of
this series likely interact with Cys2516.54 through lipophilic interactions, and this additional interaction
is predicted to be the reason for their high potency.
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Figure 7. Schematic representation of the structure–activity relationships (SARs) of GPR18 antagonists.
The different heterocycles shown contain a 4-chlorophenoxy group, while the compounds with varying
aryl substituents and linker lengths contain the imidazothiazinone heterocycle. Compounds were
categorized into three groups: highest potency (IC50 < 1 µM), moderate potency (1 µM < IC50 < 10 µM)
and low potency (IC50 > 10 µM) based on their antagonistic activity.

3.3. Binding Mode of THC

As a next step, we explored the most likely binding pocket for the GPR18 agonist THC (1).
The ability of the potent CB receptor agonist THC to activate GPR18 with moderate potency had led to
the suggestion to classify GPR18 as a novel CB receptor subtype [19]. Lipophilicity is a feature shared
by GPR18 agonists and antagonists [78,79]. THC is regarded as a promiscuous ligand acting not only
at cannabinoid but also at several non-cannabinoid receptors [80–85]. Studies on the binding mode
of cannabinoids at the cannabinoid receptors CB1 and CB2 proposed a binding portal between TM6
and TM7 from the lipid-facing side of the receptor for the entrance of agonists [86–88]. Such entry is
unique among GPCRs, as ligands typically reach the binding pocket between TM3 and TM7 from the
extracellular lumen.

To date, two crystal structures of the CB1 receptor bound to THC-related compounds are available
(PDB-ID: 5XR8, 5XRA) [38]. As observed for many other GPCRs, the agonist binding site, which
is very lipophilic in the case of the CB1 receptor, is located between a highly conserved Trp6.48 and
ECL2 [89,90]. The tricyclic THC ring system is stabilized through lipophilic as well as π–π interactions
with an aromatic cluster (Phe1702.57, Phe1742.61, Phe1772.64, Phe1893.25, Phe268ECL2, Phe3797.35). Several
previous mutagenesis studies have confirmed the key role of the aromatic residues for the binding of
cannabinoids [38,91–93]. The alkyl chain of the agonists extends towards a binding cleft formed by
several lipophilic residues (Leu1933.29, Val1963.32, Tyr2755.39, Leu2765.40, Leu3596.51 and Met3636.55).

Given the low sequence similarity between the cannabinoid receptors CB1, CB2, and GPR18 (18.7
and 23.7%, respectively), similar binding of the THC ring system in GPR18 cannot be taken for granted.
Amino acid residues Val1963.32, Phe268ECL2, Tyr2755.39, Met3636.55 and Phe3797.35 are conserved in
both CB receptor subtypes but replaced in GPR18 by leucine, serine, arginine, phenylalanine and
glycine, respectively (see Figure S9 in Supplementary Information for multiple sequence alignment).
Phe1742.61 and Leu1933.29, but not Leu3596.51, are conserved among all three receptors. The absence of
the aromatic network responsible for the binding of the THC ring system in the CB receptors suggests
a different binding mode for the agonist THC at GPR18.

Docking studies of THC were performed using the generated homology model of the human
GPR18. We observed that THC appears to bind closer to TM4 and TM5 as compared to the cannabinoids

180



Biomolecules 2020, 10, 686 13 of 19

in the X-ray crystal structures of the CB1 receptor (see Figure 8). The phenyl group of the tricyclic
THC ring system is predicted to bind in a cleft formed by several lipophilic (Val1023.33, Ile175ECL2,
Phe2486.51, Phe2526.55) and hydrophilic (Lys161ECL2, Lys174ECL2, Asn1885.39, Arg1915.42, His2496.52)
amino acid residues. H-bond interactions are feasible for the oxygen atoms of the chromene moiety
and Lys161ECL2, as well as the hydroxy group and Asn1885.39 and Arg1915.42. The cyclohexenyl moiety
is likely accommodated in a lipophilic binding pocket formed by Thr1524.56, Pro1554.59, Leu1564.60,
Val1845.35 and the alkyl side chain of Arg1915.42. The alkyl group of the agonist likely projects
towards TM7, where it can be stabilized through lipophilic interactions with Phe2486.51, Phe2526.55

and Met2757.42. The binding modes of THC in the CB1 receptor as compared to GPR18 are shown in
Figure S10 of Supporting Information.

∆Figure 8. Proposed binding mode of ∆
9-tetrahydrocannabinol (THC) in the homology model of human

GPR18. (A) The receptor is displayed in cartoon representation, the amino acid residues (white) and
THC (1, green) are shown as stick models. Oxygen atoms are colored in red, nitrogen atoms in blue,
sulfur atoms in yellow. (B) Schematic 2D representation of the binding pocket. For color code, see
Figure 2.

We propose that the tricyclic THC ring system binds in a binding cavity of GPR18 distant to
the orthosteric binding site of the CB1 receptor. The absence of aromatic residues in ECL2 of GPR18
may contribute to the proposed shifted binding mode of THC, as π–π stacking with a phenylalanine
in position 2.57 is not possible. However, the binding cleft for the alkyl chain is predicted to be
overlapping in both receptors. It should be pointed out that THC displays much higher potency at CB1

(and CB2) receptors as compared to GPR18.
Our results suggest that THC shares a common binding pocket with the imidazothiazinone

antagonists (see Figure 9). While the imidazothiazinone moiety of the antagonists is predicted to
bind in a lipophilic pocket formed by amino acid residues of TM2 and TM7, the benzylidene group is
suggested to project towards the putative binding site of the chromene and alkyl group of THC. This is
supported by experimental data showing that imidazothiazinone antagonists containing lipophilic
residues act as competitive antagonists versus THC [21].
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∆

Figure 9. (A) Comparison of the proposed binding mode of THC (green) and antagonist 4 (orange) at
human GPR18. (B) Comparison of the proposed binding modes of THC and antagonist 5 (red).

4. Conclusions

Since only approximately 10% of the non-olfactory GPCRs are covered by structural studies,
meaningful prediction of ligand-binding modes represents one of the greatest challenges in molecular
modeling [94]. In particular, homology modeling assessment of receptors with no resolved closely
related crystal structures requires further experimental validation. In the present study, we generated
a homology model of the orphan GPR18 and predicted the binding modes of the confirmed agonist
THC as well as the most potent class of antagonists containing an imidazothiazinone scaffold. Despite
the lack of closely related X-ray crystal structures, we successfully performed docking and MD
simulation studies of antagonist complexes which were in agreement with the extensive published
SAR data. The investigated potent antagonists are predicted to share the same binding site for the
imidazothiazinone core. The linker of the antagonists is likely accommodated in a lipophilic binding
cleft shared by the alkyl chain of the agonist THC. The 200 ns MD simulation runs suggested stabilization
of a receptor conformation by antagonists which was not observed for the unbound receptor structure.
Stabilization of a salt bridge between Asp1183.49 and Lys133ICL2 through imidothiazinone-based
antagonists may play a role in the inhibition mechanism. Our docking studies suggest a different
binding mode of the agonist THC in GPR18 as compared to that observed in cannabinoid receptors.
However, future structural studies will be required to confirm the proposed interactions. The presented
data provide a well-founded hypothesis that will support the rational design of new ligands for this
poorly investigated receptor which has potential as a future drug target.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/5/686/s1,
Figure S1: Multiple sequence alignment of GPR18 for homology modeling, Figure S2: Time scale of the molecular
dynamics simulation of antagonist 4, Figure S3: Time scale of the molecular dynamics simulation of antagonist
5, Figure S4: Trajectories of salt bridges, Figure S5: Possible interaction of antagonist 6 with Asn185, Figure S6:
Structures of GPR18 imidazothiazinone antagonists, Figure S7: Structures of GPR18 antagonists with modification
of the core structure, Figure S8: Comparison of the binding modes of antagonists 5 and 32, Figure S9: Multiple
sequence alignment of human GPR18 and the cannabinoid receptors CB1 and CB2, Figure S10: Comparison of the
binding mode of THC to GPR18 with the binding of THC derivatives to the CB1 receptor, Figure S11: Multiple
Sequence alignment of top 10 scoring BLAST sequences, Figure S12: Residues considered to be important for the
binding of antagonists, Table S1: Results for 10 scoring BLAST sequences for GPR18.
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Saura, C.A.; Müller, C.E.; Franco, R. Molecular and functional interaction between GPR18 and cannabinoid
CB2 G-protein-coupled receptors. Relevance in neurodegenerative diseases. Biochem. Pharmacol. 2018, 157,
169–179. [CrossRef]

11. McHugh, D. GPR18 in microglia: Implications for the CNS and endocannabinoid system signalling. Br. J.

Pharmacol. 2012, 167, 1575–1582. [CrossRef]
12. Walter, L.; Franklin, A.; Witting, A.; Wade, C.; Xie, Y.; Kunos, G.; Mackie, K.; Stella, N. Nonpsychotropic

cannabinoid receptors regulate microglial cell migration. J. Neurosci. 2003, 23, 1398–1405. [CrossRef]
13. Haugh, O.; Penman, J.; Irving, A.J.; Campbell, V.A. The emerging role of the cannabinoid receptor family in

peripheral and neuro-immune interactions. Curr. Drug Targets 2016, 17, 1834–1840. [CrossRef]
14. Miller, S.; Leishman, E.; Oehler, O.; Daily, L.; Murataeva, N.; Wager-Miller, J.; Bradshaw, H.; Straiker, A.

Evidence for a GPR18 role in diurnal regulation of intraocular pressure. Investig. Ophthalmol. Vis. Sci. 2016,
57, 6419–6426. [CrossRef]

15. Caldwell, M.D.; Hu, S.S.-J.; Viswanathan, S.; Bradshaw, H.; Kelly, M.E.M.; Straiker, A. A GPR18-based
signalling system regulates IOP in murine eye. Br. J. Pharmacol 2013, 169, 834–843. [CrossRef]

16. Haskó, J.; Fazakas, C.; Molnár, J.; Nyúl-Tóth, Á.; Herman, H.; Hermenean, A.; Wilhelm, I.; Persidsky, Y.;
Krizbai, I.A. CB2 receptor activation inhibits melanoma cell transmigration through the blood-brain barrier.
Int. J. Mol. Sci. 2014, 15, 8063–8074. [CrossRef]

17. Qin, Y.; Verdegaal, E.M.E.; Siderius, M.; Bebelman, J.P.; Smit, M.J.; Leurs, R.; Willemze, R.; Tensen, C.P.;
Osanto, S. Quantitative expression profiling of G-protein-coupled receptors (GPCRs) in metastatic melanoma:
The constitutively active orphan GPCR GPR18 as novel drug target. Pigment Cell Melanoma Res. 2011, 24,
207–218. [CrossRef]

18. Noreen, N.; Muhammad, F.; Akhtar, B.; Azam, F.; Anwar, M.I. Is cannabidiol a promising substance for new
drug development? A review of its potential therapeutic applications. Crit. Rev. Eukaryot. Gene Expr. 2018,
28, 73–86. [CrossRef]

19. Console-Bram, L.; Brailoiu, E.; Brailoiu, G.C.; Sharir, H.; Abood, M.E. Activation of GPR18 by cannabinoid
compounds: A tale of biased agonism. Br. J. Pharmacol. 2014, 171, 3908–3917. [CrossRef]

183

http://dx.doi.org/10.1038/s41594-017-0011-7
http://www.ncbi.nlm.nih.gov/pubmed/29323277
http://dx.doi.org/10.1016/j.bbamem.2006.10.021
http://www.ncbi.nlm.nih.gov/pubmed/17188232
http://dx.doi.org/10.1038/aps.2011.210
http://www.ncbi.nlm.nih.gov/pubmed/22367282
http://dx.doi.org/10.1006/geno.1997.4752
http://www.ncbi.nlm.nih.gov/pubmed/9205118
http://dx.doi.org/10.3389/fimmu.2018.00660
http://www.ncbi.nlm.nih.gov/pubmed/29670628
http://dx.doi.org/10.1084/jem.20140646
http://dx.doi.org/10.1371/journal.pone.0133854
http://dx.doi.org/10.1016/j.fsi.2013.07.017
http://dx.doi.org/10.1089/can.2017.0036
http://dx.doi.org/10.1016/j.bcp.2018.06.001
http://dx.doi.org/10.1111/j.1476-5381.2012.02019.x
http://dx.doi.org/10.1523/JNEUROSCI.23-04-01398.2003
http://dx.doi.org/10.2174/1389450117666160112113703
http://dx.doi.org/10.1167/iovs.16-19437
http://dx.doi.org/10.1111/bph.12136
http://dx.doi.org/10.3390/ijms15058063
http://dx.doi.org/10.1111/j.1755-148X.2010.00781.x
http://dx.doi.org/10.1615/CritRevEukaryotGeneExpr.2018021528
http://dx.doi.org/10.1111/bph.12746


Biomolecules 2020, 10, 686 16 of 19

20. Pertwee, R.G.; Howlett, A.C.; Abood, M.E.; Alexander, S.P.H.; Di Marzo, V.; Elphick, M.R.; Greasley, P.J.;
Hansen, H.S.; Kunos, G.; Mackie, K.; et al. International Union of Basic and Clinical Pharmacology. LXXIX.
Cannabinoid receptors and their ligands: Beyond CB1 and CB2. Pharmacol. Rev. 2010, 62, 588–631. [CrossRef]

21. Schoeder, C.T.; Kaleta, M.; Mahardhika, A.B.; Olejarz-Maciej, A.; Łażewska, D.; Kieć-Kononowicz, K.;
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2 

4xnv 1 TGFQF-YYLPAVYILVFIIGFLGNSVAIWMFVFHMKPWSGISVYMFNLALADFLYVLTLP   59 

5c1m 1 PSMVTAITIMALYSIVCVVGLFGNFLVMYVIVRYTKMKTATNIYIFNLALADALATSTLP   60 

5xsz 1 DNFKYPLYSM-VFSIVFMVGLITNVAAMYIFMCSLKLRNETTTYMMNLVVSDLLFVLTLP   59 

GPR18 1 --DEYKIAALVFYSCIFIIGLFVNITALWVFSCTTKKRTTVTIYMMNVALVDLIFIMTLP   58 

4xnv 60 ALIFYYFNKTDWIFGDAMCKLQRFIFHVNLYGSILFLTCISAHRYSGVVYP-KSLGRLKK  118 

5c1m 61 FQSVNYLMGT-WPFGNILCKIVISIDYYNMFTSIFTLCTMSVDRYIAVCHPVKALDFRTP  119 

5xsz 60 LRVFYFVQQN-WPFGSLLCKLSVSLFYTNMYGSILFLTCISVDRFLAIVYPFRSRGLRTK  118 

GPR18 59 FRMFYYAKDE-WPFGEYFCQILGALTVFYPSIALWLLAFISADRYMAIVQPKYAKELKNT  117 

4xnv 119 KNAICISVLVWLIVVVAISPILFY-SGTGVRKNKTITCYDTTSDEYLRSYFIYSMCTTV-  176 

5c1m 120 RNAKIVNVCNWILSSAIGLPVMFM--ATTKYRQGSIDCTLTFSHPTWYWENLLKICVFI-  176 

5xsz 119 RNAKIVCAAVWVLVLSGSLPTGFMLNSTNKLENNSISCF------EWK-SHLSKVVIFIE  171 

GPR18 118 CKAVLACVGVWIMTLTTTTPLLLLYKDPDK-DSTPATCLKISDIIYLKAVNVLNLTRLT-  175 

4xnv 177 -AMFCVPLVLILGCYGLIVRALIYKEPL---------RRKSIYLVIIVLTVFAVSYIPFH  226 

5c1m 177 -FAFIMPVLIITVCYGLMILRLKSVRMLSGSKEKDRNLRRITRMVLVVVAVFIVCWTPIH  235 

5xsz 172 TVGFLIPLMLNVVCSAMVLQTLRRPNTVL-------NKKKILRMIIVHLFIFCFCFIPYN  224 

GPR18 176 -FFFLIPLFIMIGCYLVIIHNLLHGRTSK---LKPKVKEKSIRIIITLLVQVLVCFMPFH  231 

4xnv 227 VMKTMNLRARLDFQTPAMCAFNDRVYAT-YQVTRGLASLNSCVNPILYFLAGDTFRRR  283 

5c1m 236 I--YVIIKALI---TIP----ETTFQTVSWHFCIALGYTNSCLNPVLYAFLDENFKRC  284 

5xsz 225 V--NLVFYSLVRTNTLKGCAAESVVRTI-YPIALCIAVSNCCFDPIVYYFTSETIQNS  279 

GPR18 232 I--CFAFLMLGT---------GENSYNPWGAFTTFLMNLSTCLDVILYYIVSKQFQAR  278 

Figure S1. Multiple sequence alignment of the human GPR18 and the templates chosen for homology 

modeling. 
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3 

Figure S2. Time scale of the molecular dynamics (denoted ‘MD’) simulation of GPR18 homology 

model complex with antagonist 4. The docking prediction which was used for the simulation run is 

shown at the top left corner. 0 ns presents the complex after relaxation steps. 
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4 

Figure S3. Time scale of the molecular dynamics (denoted ‘MD’) simulation of GPR18 homology model complex 

with antagonist 5. The docking prediction which was used for the simulation run is shown at the top left corner. 0 

ns presents the complex after relaxation steps. 
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Figure S4. Trajectories of salt bridges during the 200 ns MD simulation runs. 
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6 

Figure S5. Possible interaction of antagonist 6 with a rotamer of Asn185. 
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7 

Figure S6. Structures of GPR18 imidazothiazinone antagonists with their respective IC50 values in brackets. For 

IC50 values > 10 µM the percent inhibition of agonist-induced luminescence signal at 10 µM is given. Biological 

results were taken from published studies [1]. 
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8 

Figure S7. Structures of GPR18 antagonists with modification of the core structure with their respective IC50 

values in brackets. For IC50 values > 10 µM the percent inhibition of agonist-induced luminescence signal at 10 µM 

is given. Biological results were taken from published studies [1]. 
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9 

Figure S8. Comparison of the putative binding mode of antagonist 32 (green) and predicted binding 

mode of antagonist 5. 
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10 

Figure S9. Multiple sequence alignment of human GPR18 and the cannabinoid receptors CB1 and CB2. Residue 

positions involved in the binding of cannabinoid agonists in the X-ray crystal structure of CB1 receptor are 

highlighted. 
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11 

Figure S10. Comparison of the proposed binding mode of THC to GPR18 with the binding of THC derivatives to 

the CB1 receptor as observed in the crystal structure [2]. 
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8.4. Summary and Outlook 

As a member of the GPCR family, GPR18 was expected to display complex 

conformational changes. Therefore, information collected and processed in Section 3-

7 greatly contributed to understanding and interpretation of the multilayered MD 

simulation data. Antagonist-induced stabilization of the inactive receptor state was 

observed in both MD simulation runs, likely resulting from an interplay between salt 

bridges in separate locations. A similar phenomenon was proposed for the P2Y1-, 

P2Y2- and P2Y4R subtypes. The discussed SARs and presented binding modes of the 

imidazothiazinone antagonists were consistent with experimental data and are 

therefore of major value for future optimization of the compound series. Study of THC 

binding mode at GPR18 yielded new insights on the promiscuity of the cannabinoid: 

The explicit lipophilicity of the molecule contributes to the binding event and ligand 

recognition which is not limited to conserved residues observed at other cannabinoid 

receptors or target structures associated with them (e.g., GPR55). 

The findings represent a stimulus for future studies focused on the deorphanization of 

GPR18. Elucidated interactions between target and ligands will be of significant value 

as pharmacophore constraints for virtual screening campaigns aiming to discover 

novel molecular scaffolds addressing this relevant receptor. 
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9. Conclusions

The initiative of this work was to elucidate the architecture of δ-branch GPCRs and the 

binding modes of their respective ligands as a starting point for the development, 

design, and discovery of potent and selective drugs by applying computational 

methods (Section 2). The generated homology models were evaluated for their quality 

and used for molecular docking studies. Subsequent mutagenesis studies, 

complemented with previously published data93,94, and MD simulations fortified the 

binding mode hypotheses, and key interactions of ligands with the receptor were 

identified. 

For P2YRs, challenges originated from the physicochemical properties of the 

endogenous nucleotide ligands of the investigated receptors. The triphosphate chain 

of ATP and UTP is negatively charged at physiological pH 7.4 resulting in poor oral 

bioavailability but is required for proper interactions with the receptor impeding 

potential replacement of the functional group. Further, selectivity issues have to be 

addressed during the development of potential drug candidates due the conserved 

binding site hosting the nucleobase. 

Unfortunately, no agonist-bound X-ray crystal structure of a P2Y1-like receptor has 

been published to perform structure-based computational methods for the design and 

discovery of compounds. Yet, the related P2Y1R X-ray crystal structure bound to 

antagonist represented a viable starting point for template-based homology modeling 

of the related P2Y2- and P2Y4Rs. The PDB structure 4XNW contains a nucleotide 

antagonist which binds at the upper third part of the receptor close to the extracellular 

lumen.93 In contrast, two agonist-bound structures of the more distantly-related P2Y12R 

revealed an alternating binding mode for the co-complexed nucleotides with the 

nucleobase buried inside a lipophilic binding pocket formed by the surrounding 

transmembrane regions.95 This raised the question on how the endogenous nucleotide 

ligands bind to P2Y2- and P2Y4Rs (Section 3). Therefore, in order to determine the 

orthosteric binding site, extensive analysis of potential binding modes of agonists and 

antagonists was performed.  

Docking studies successfully predicted important key interactions and differences 

between ATP and UTP recognition taking subpockets distant to the putative orthosteric 

binding site into consideration (Section 4 and 5). Several lipophilic residues of P2Y2R 
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were discovered to participate in the ligand recognition: Phe113, Tyr114, Tyr118, 

Phe195, Phe261, and Tyr269, were found to interact with the nucleobase of the 

agonists. Compared to P2Y4R, the putative orthosteric binding site, and especially the 

subpocket likely involved in the binding of the nucleobase, were found to be more 

lipophilic in the case of P2Y2R. Furthermore, the results suggest that the putative 

nucleobase binding site of P2Y2R is more spacious than the one at P2Y4R. 

Interestingly, mutation of Tyr197 to alanine introduced ATP-sensitivity in P2Y4R likely 

due to the increased available space in the orthosteric binding site. Additional insights 

on binding mode differences were gained during the investigation of N4-

phenylpropoxy-substituted cytidine-5′-triphosphate derivative MRS4062. MRS4062 

acts as agonist on several UTP-activated P2YRs but displays moderate P2Y4R-

selectivity.96 The collected data for both receptors proposes a binding mode similar to 

UTP in which the cytidine and phenylpropoxy group are hosted in the orthosteric 

nucleobase binding site. This is supported by the fact that mutation of the deeply buried 

Phe113 to alanine resulted in complete loss of P2Y2R activation, whereas mutation to 

tyrosine increased the potency of MRS4062. In the case of P2Y4R, aromatic 

interactions of MRS4062 with Tyr197 and Phe200 were observed as mutation of said 

residues to alanine resulted in decreased potency which was not observed at the 

respective phenylalanine and tyrosine mutants. 

Correspondingly, the topology of the binding pocket likely plays a crucial role in the 

behavior of antagonist binding. Although multiple binding modes of individual 

anthraquinone derivatives at P2YRs are feasible, both allosteric and orthosteric 

inhibition was observed for different subtypes (Section 7). In the case of P2Y2R, 

access to the lipophilic nucleobase binding site for anthraquinone derivative PSB-1699 

was observed in docking and confirmed by mutagenesis studies. There, aromatic 

interactions with Phe113 were observed as mutation of said residue to alanine resulted 

in compete loss of potency, whereas the mutation to tyrosine maintained potency 

compared to the wild type. Compared to the other investigated anthraquinone 

derivatives PSB-1699 contains an additional linker atom resulting in increased 

flexibility of ring E (see Figure 2 for ring numbering) allowing to interact with the buried 

residue Phe113. The loss of PSB-1699 inhibition at the F195Y mutant can be 

accounted for the additional hydroxy group of the tyrosine which results in clashes with 

the linker of ring E. Similarly, complete loss of RB-2 inhibition was observed for the 

P2Y2R mutants F111A, Y114A, Y198A, and F261A.94 The docking studies suggested 
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the binding of ring E in the orthosteric nucleobase binding site which includes π–π 

stacking and lipophilic interactions with said residues with and is therefore consistent 

with the mutagenesis data. Additionally, the sulfonic acid group likely engages in 

hydrogen bond interactions within the binding site as the mutation of Tyr269 to 

phenylalanine resulted in loss of RB-2 inhibition, and decreased potency at the F113Y 

and F195Y mutants. Rearrangement of hydrogen bond partners in the nucleobase 

subpocket could therefore interfere with the interaction pattern of the sulfonic acid 

leading to the decreased potency. Those effects were not observed for the other 

investigated anthraquinones at P2Y2R mutants as those do not contain hydrogen bond 

partners at the respective rings. 

For P2Y4R, a rotamer of Arg265 was observed that limits the space and the access to 

the lipophilic nucleobase binding site which may contribute to the allosteric mode of 

inhibition of anthraquinone derivatives. Future development of drug candidates could 

therefore profit from addressing the space availability in the orthosteric binding site and 

the increased lipophilicity in case of P2Y2R to design selective compounds. Seemingly, 

the presence of the highly lipophilic and bulky 2,8-dimethyl-5H-

dibenzo[a,d][7]annulene group in AR-C118925 exploits the lipophilic nature and the 

available space of the orthosteric binding site resulting in increased P2Y2R selectivity. 

Alongside the orthosteric nucleobase binding site, the allosteric binding site addressed 

by anthraquinone antagonists in P2Y4R, an ionic binding pocket present in both P2YR 

subtypes was investigated. This binding pocket consists of hydrophilic and charged 

residues, namely Arg110, His184, Asp185, Lys289, and Arg292 (P2Y2R), and Arg112, 

His186, Asp187, Lys289, and Arg292 (P2Y4R). Those residues were predicted in 

interacting with the phosphate groups of the endogenous ligands and the sulfonic acid 

group(s) of the investigated anthraquinone derivatives. As several of those residues 

were found to be important for the interaction with the agonists, assessment of their 

role in antagonist binding remains unanswered due to the accompanying absence of 

receptor activation in the performed assays. Yet, mutation of Asp185 to alanine 

(P2Y2R) resulted in increased potency of the anthraquinone derivatives. This can origin 

from the replacement of a negatively charged residue which would repel the sulfonic 

acid group of the antagonists allowing proper interaction with the positively charged 

residues in the ionic binding pocket, or the increased potency can be a consequence 

of removal of the ionic lock mentioned in the next paragraph. 
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MD simulations of the P2Y1R X-ray crystal structure with agonist ADP and antagonists 

proposed the involvement of an ionic lock between an asparagine in ECL2 and an 

arginine in TM6.86 While both antagonists stabilized the Asp-Arg salt bridge in the 20 

µs all-atom long-timescale MD simulation, agonist ADP was found to break the ionic 

lock resulting in receptor activation through conformational changes. Analogous 

residues were observed in the generated homology models of P2Y2R (Asp185-

Arg292) and P2Y4R (Asp187-Arg292), respectively. The role of the ionic lock was 

elucidated by docking and mutagenesis studies of this work. For P2Y2R, mutation of 

both residues to alanine resulted in decreased agonist potency (D185A) and complete 

loss of potency (R292A), supporting their involvement of both residues in receptor 

activation and ligand recognition. Furthermore, involvement of a second salt bridge 

between Glu190 and Arg194 in agonist-induced receptor activation was discovered in 

P2Y2R. Mutation of Arg194 to alanine resulted in reduced potency of ATP and to a 

absent activation by Ap4A, whereas mutation of Arg194 to histidine resulted only in a 

decrease in Ap4A potency. The observations could occur from modulation of ECL2 

flexibility by the formed salt bridge as mutation to a basic amino acid preserved 

receptor response to Ap4A. In the case of P2Y4R, a second ionic lock distant to 

proposed binding sites between Arg190 and Asp195 in ECL2 of P2Y4R was found to 

affect the potency and efficacy of agonists likely due to modification of flexibility. 

In summary, the presented data supports similar binding modes of agonists at P2Y2-, 

P2Y4- and P2Y12Rs. The nucleobase likely binds in a lipophilic and aromatic cavity 

buried between the TM regions underneath ECL2 distant to the binding spot of the 

P2Y1R nucleotide antagonist.93 ATP-sensitivity of P2Y2R can result from more 

available space inside the nucleobase binding cavity. Finally, antagonists likely 

stabilize an ionic lock between an aspartic acid in ECL2 and an arginine in TM6.  

The gained insights were taken over to the VS campaign for P2Y2R antagonists 

(Section 6). Proper interaction patterns are important for the assessment of potential 

binders and increase the likelihood of finding active compounds. Hence, approximately 

3.2 million drug-like compounds retrieved from the ZINC database were docked at an 

ensemble of the homology model of P2Y2R in complex with AR-C118925. The resulting 

top one thousand ranked compounds were visually inspected and purchased at 

Molport. Although the replacement of the essential triphosphate for drug-like groups to 

stabilize the ionic lock by interacting with surrounding residues posed a major 
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challenge, three novel antagonist scaffolds with selectivity towards P2Y2R were 

discovered. The antagonists were predicted to occupy the orthosteric nucleobase 

binding site with lipophilic groups. Additional stabilization may result from interactions 

of antagonists with residues in the extracellular compartment or with residues forming 

a binding side with mixed (hydrophilic and lipophilic) properties. Most importantly, the 

discovered antagonists contained drug-like groups that were predicted to bind in the 

region hosting the triphosphate chain of the nucleotide agonists opening alternative 

future routes for the development and optimization of novel drug candidates. 

Incorporating the accumulated insights on the architecture of δ-branch rhodopsin‐like 

GPCRs, behavior of ligands at the orphan receptor GPR18 was investigated (Section 

8). Due to close conformational resemblance of GPR18 to the validated P2Y2- and 

P2Y4R structures resulting from the use of same template X-ray crystal structures for 

the generation of the homology model, effort was taken to elucidate unique or 

conserved interaction motifs. For this, 200 ns MD simulations were run for the apo 

state human GPR18 homology model, as well as for two selected antagonists, PSB-

CB-5 and PSB-CB-27, and the occurring inter- and intramolecular interactions were 

analyzed.  

Several salt bridges were of particular interest as an inactive receptor conformation 

resulting from the binding of an antagonist was expected, analogous to the inhibition 

mechanism of P2Y1R and therefore to that of P2Y2- and P2Y4Rs.86 The apo state of 

GPR18 was considered as the active conformation of the receptor due to its reported 

constitutive activity.26,97,98 During the 200 ns MD simulations, a previously proposed 

salt bridge between Asp118 and Arg119 was confirmatively observed at the apo 

structure after 75 ns, whereas the binding of an antagonist broke the salt bridge and 

induced a new ionic lock between Asp118 and Lys133.99 The salt bridge between 

Glu131-Lys137 was conserved in all three simulation runs and is therefore unlikely to 

be involved in the receptor activation process. Further, the ionic lock between Glu228 

and Arg232 was observed at the apo state only. Lastly, two additional salt bridges were 

observed exclusive to antagonist-bound complexes: Lys22-Asp185 and Lys161-

Asp162. In conclusion, it appears that one or more ionic locks are involved in receptor 

functionality of GPR18. Ligands that modulate the stability of the proposed ionic 

interactions therefore represent enormous potential as novel tool compounds or drug 

candidates. 
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Antagonist-bound complexes of PSB-CB-5 and PSB-CB-27 both stabilized a receptor 

conformation during the 200 ns MD simulation runs. Especially TM1, TM6 and TM7 

displayed reduced root mean square fluctuations compared to the apo state, indicating 

conformational constrains induced by the antagonists. Both antagonists bind in the 

upper third part of the receptor – a the binding cavity shared by many δ-branch 

GPCRs.100 The imidazothiazinone moiety was found to bind underneath ECL2 and 

close to the disulfide bridge Cys94-Cys172, where it is stabilized by lipophilic 

interactions and H-bonds with Tyr82. The 4-chlorophenoxy group of both antagonists 

binds in a lipophilic and aromatic subpocket formed by residues of TM6 and TM7. The 

superior potency of the selected antagonists was accounted for the interactions of the 

chlorine atom with the side chain of Cys251 which is consistent with published SAR 

data.84 

The promiscuity of THC can be attributed to the high lipophilicity of the molecule as the 

driving force for the binding at GPR18. Compared to the binding modes of other 

cannabinoids, THC displays a turned conformation at GPR18 where the tricyclic ring 

system binds underneath ECL2 in a lipophilic binding cavity formed by residues of TM4 

and TM5.101,102 This can be accounted to sequence differences between GPR18 and 

CB1- and CB2Rs such as the absence of aromatic residues in ECL2 of GPR18: While 

a phenylalanine was discovered to form aromatic interactions with the phenyl moiety 

of the cannabinoids at CBRs, no analog residue as interaction partner was discovered 

at GPR18. This finding is of foremost importance as it enables rational design of 

selective ligands targeting individual receptors thus lowering the risk of adverse side 

effects. 

Finally, the proposed binding mode of the GPR18 antagonist was successfully 

reproduced in a recent independent computational study.103 Taken this together with 

the previously mentioned consistency with previous computational and 

pharmacological studies, the validity and utility of the generated homology model was 

confirmed. Therefore, the collected knowledge will contribute to the understanding of 

GPR18 behavior and help to deorphanize this therapeutically relevant receptor. 

To summarize the preceding paragraphs, it can be said that molecular modeling is a 

powerful and cost-efficient method for lead generation and optimization that relies on 

feed-back and support from experimental validation of the predictions. The symbiotic 

interplay between computational and pharmacological methods provides invaluable 
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insights into SARs which fosters understanding of key interactions required for 

successful design and discovery of novel therapeutics. Although great advances 

related to the development of P2YR antagonists and tool compounds were reported, 

expansion of the medicinal chemistry tool box is still required to appropriately address 

those difficult targets.104,105 With this work several novel drug-like scaffolds for P2Y2R 

were identified based on information gained from structure-guided investigation of 

known binders. Those structures represent excellent drug-like starting points 

surpassing the properties of the endogenous ligands and available tool compounds. 

The overall picture of P2Y2R, P2Y4R and GPR18 architecture and the ligand binding 

sites will facilitate rational development of therapeutic drug candidates and pave the 

way to GPR18 deorphanization. 
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10. Abbreviations

ADP  Adenosine-5′-diphosphate  

Ap4A  P1,P4-di(adenosine-5′)-tetraphosphate 

AR-C118925 5-{[5-(2,8-Dimethyl-5Hdibenzo[a,d]cyclohepten-5-yl)-3,4-dihydro-

2-oxo-4-thioxo-1(2H)-pyrimidinyl]methyl}-N-(1H-tetrazol-5-yl)-2-

furancarboxamide 

ATP   Adenosine-5′-triphosphate 

β-arrestin-EA enzyme acceptor-tagged β-arrestin 

CADD  Computer-aided drug discovery 

CBxR  Cannabinoid receptor subtype X 

cryo-EM Electron cryo-microscopy 

DAG  Diacyl glycerol 

ECL  Extracellular loop 

EA Enzyme acceptor fragment 

FDA  Food and Drug Administration 

GPCR  G protein-coupled receptor 

GPCR-PK ProLink™-tagged GPCR 

GPR18 G protein-coupled receptor 18 

HTS  High-throughput screening 

IFD Induced-fit docking 

IP3 Inositol 1,4,5-trisphosphate 

LBDD  Ligand-based drug discovery 

MD Molecular dynamics 

NAGly  N-arachidonoylglycine
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P2YxR P2Y receptor subtype X 

PAINS Pan-assay interference compounds 

PIP2 Phosphatidylinositol 4,5-bisphosphate r 

PK ProLink™ fragment 

PLC Phospholipase C 

RB-2 Reactive Blue 2 

RMSD  Root-mean-square deviation 

SAR Structure-activity relationship 

SBDD Structure-based drug discovery 

THC Δ9-tetrahydrocannabinol 

TM Transmembrane 

UDP Uridine-5′-diphosphate 

UTP Uridine-5′-triphosphate 

VS Virtual screening 
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