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            Abstract
Protease-activated receptors (PARs) are a family of G-protein-coupled receptors (GPCRs) that are irreversibly activated by proteolytic cleavage of the N terminus, which unmasks a tethered peptide ligand that binds and activates the transmembrane receptor domain, eliciting a cellular cascade in response to inflammatory signals and other stimuli. PARs are implicated in a wide range of diseases, such as cancer and inflammation1,2,3. PARs have been the subject of major pharmaceutical research efforts3 but the discovery of small-molecule antagonists that effectively bind them has proved challenging. The only marketed drug targeting a PAR is vorapaxar4, a selective antagonist of PAR1 used to prevent thrombosis. The structure of PAR1 in complex with vorapaxar has been reported previously5. Despite sequence homology across the PAR isoforms, discovery of PAR2 antagonists has been less successful, although GB88 has been described as a weak antagonist6. Here we report crystal structures of PAR2 in complex with two distinct antagonists and a blocking antibody. The antagonist AZ8838 binds in a fully occluded pocket near the extracellular surface. Functional and binding studies reveal that AZ8838 exhibits slow binding kinetics, which is an attractive feature for a PAR2 antagonist competing against a tethered ligand. Antagonist AZ3451 binds to a remote allosteric site outside the helical bundle. We propose that antagonist binding prevents structural rearrangements required for receptor activation and signalling. We also show that a blocking antibody antigen-binding fragment binds to the extracellular surface of PAR2, preventing access of the tethered ligand to the peptide-binding site. These structures provide a basis for the development of selective PAR2 antagonists for a range of therapeutic uses.
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                    Figure 1: Overall structure of PAR2 bound with antagonists.


Figure 2: The allosteric antagonist binding pockets in PAR2.


Figure 3: Kinetic profiling and modelling of AZ8838 binding.


Figure 4: Structure of PAR2 in complex with Fab3949.
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Extended data figures and tables

Extended Data Figure 1 Comparison between PAR2 and PAR1.
a, PAR1 (PDB code 3VW7 in purple) with vorapaxar (yellow) bound was superimposed onto PAR2 (in green) with the positions of AZ8838 (in magenta) and AZ3451 (in orange) indicated. b, c, Differences in the helical trajectories of the extracellular and intracellular side are indicated by red arrows. d, The inward movement of TM5 and TM6 places residues Tyr2425.38, Phe2435.39, His3106.58 and Tyr3116.59 into steric clashes with vorapaxar when superimposed onto PAR1. e, The AZ8838 allosteric pocket is also present in PAR1. His1352.64 in PAR2 is replaced by Tyr1622.64 in PAR1 which would clash with AZ8838.


Extended Data Figure 2 Overview of the crystal asymmetric unit.
a, PAR2 receptor is shown with the location of the StaR mutations (in orange stick representation) and the glycosylation site mutation N222Q (in red stick representation). The location of the sodium ion (in purple sphere) is indicated. b, b562RIL is inserted between residue Leu2695.65 and Glu276ICL3 of ICL3 of PAR2. c, The N-terminal lobe of T4L is not involved in crystal contacts and is less well ordered compared to the C-terminal lobe. d, Electron density for AZ8838; view from extracellular space looking down the receptor TMD bundle. For all panels, density shown (blue mesh) is from a composite omit map calculated using the final model of PAR2 double fusion complexed with AZ8838 and contoured at 1.0σ.


Extended Data Figure 3 Saturation binding of [3H]-radiolabelled antagonist and agonist to membranes from HEK293 cells overexpressing wild-type and StaR variant of human PAR2.
Data analysis using a single-binding-site model gave a Kd of 344 ± 74 nM and 356 ± 72 for [3H]-AZ8838 antagonist to wild-type and StaR, respectively. High-affinity binding of agonist [3H]-acetyl-GB110 was observed to wild-type PAR2 with a Kd of 34 ± 5 nM, whereas no binding could be detected to PAR2-StaR, indicative of an antagonist-stabilized state. Data were fitted to a single-binding-site model and the reported values are the mean ± s.e.m. of two independent experiments, except in b, which is based on three experiments. Error bars represent s.e.m.


Extended Data Figure 4 Inhibition of PAR2 signalling by MAB3949.
a–d, Blocking activity of MAB3949 or Fab3949 of PAR2 activation by trypsin (a, c) or activating peptide SLIGRL (b, d) measured using FLIPR in human A549 cells. The IC50 of MAB3949 is 286 ± 143 nM for trypsin activation (n = 3) and 253 ± 36.7 nM for activating peptide (n = 2). Isotype controls (red curves) are mouse IgG2A clone NIP228 as full IgG or Fab fragment. Minor non-specific inhibition seen with high concentrations of full-length mouse IgG2A isotype control maybe related to IgG Fc domains as is not apparent with IgG2A Fab. Error bars represent s.e.m. e, f, Representative sensorgrams for interaction of Fab with full-length (e) and NΔ57 (f) PAR2-StaR variants. The mean Kd values determined from four replicate runs are 7.6 ± 1.9 nM and 11 ± 2.7 nM, respectively.


Extended Data Figure 5 Schematic representation of PAR2 constructs used in this study.
Residues are labelled with the sequence number and Ballesteros–Weinstein nomenclature (Ballesteros and Weinstein, 1995)9 . Insertion positions of T4L and b562RIL at the N terminus and ICL3 are indicated. StaR mutations are coloured in green, residues involved in AZ8838 interaction in purple, AZ3451 in blue and the most conserved residue (x.50 in Ballesteros–Weinstein nomenclature) in each transmembrane helix in orange. The disulfide bond Cys1483.25–Cys226ECL2 is indicated with a yellow dotted line. Residues not observed in the crystal structure are coloured in grey. Residues involved in more than one interaction have more than one colour.


Extended Data Figure 6 The triclinic P1 crystal lattice of PAR2-StaR T4L-NΔ57/CΔ20 N222Q b562RIL-C04.
a, b, d, Three orientations of the crystal lattice looking down the bc (a), ac (b) and ab (d) plane. c, Magnified view of the dotted area in b. e, Magnified view of the dotted area in c. f, Magnified view of the dotted area in d. In f, T4L is semi-transparent for clarity.


Extended Data Table 1 Structures, pharmacology and binding data for PAR2 antagonistsFull size table


Extended Data Table 2 Effect of single-point mutations in PAR2 on activating peptide efficacies and antagonist potenciesFull size table


Extended Data Table 3 Data collection and refinement statisticsFull size table
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Video of the AZ8838 entry simulations
The video starts with an overview of the X-ray structure of PAR2 (green) in complex with AZ8838 (magenta) with the His227ECL2 highlighted in orange sticks. Then the simulated entry trajectory of AZ8838 (cyan) is shown for accepted Monte Carlo step. The video finally transitions into the refinement trajectory within the allosteric pocket. (MP4 22082 kb)
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Protease-activated receptors (PARs) are a family of G-protein-coupled receptors (GPCRs) with roles in diverse diseases, such as neuroinflammation and cancer, and are considered important target for drug discovery. Here, Fiona Marshall and colleagues have determined three crystal structures of PAR2 in complex with two different antagonists and a blocking antibody, respectively. The antagonists bind to distinct allosteric sites on the receptor and these binding sites are different to the one previously found on PAR1. Therefore this family of GPCRs can be inhibited by a number of different allosteric mechanisms, offering new leads for structure-based drug design.
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