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            Abstract
Chemokines and their G-protein-coupled receptors play a diverse role in immune defence by controlling the migration, activation and survival of immune cells1. They are also involved in viral entry, tumour growth and metastasis and hence are important drug targets in a wide range of diseases2,3. Despite very significant efforts by the pharmaceutical industry to develop drugs, with over 50 small-molecule drugs directed at the family entering clinical development, only two compounds have reached the market: maraviroc (CCR5) for HIV infection and plerixafor (CXCR4) for stem-cell mobilization4. The high failure rate may in part be due to limited understanding of the mechanism of action of chemokine antagonists and an inability to optimize compounds in the absence of structural information5. CC chemokine receptor type 9 (CCR9) activation by CCL25 plays a key role in leukocyte recruitment to the gut and represents a therapeutic target in inflammatory bowel disease6. The selective CCR9 antagonist vercirnon progressed to phase 3 clinical trials in Crohn’s disease but efficacy was limited, with the need for very high doses to block receptor activation6. Here we report the crystal structure of the CCR9 receptor in complex with vercirnon at 2.8 Å resolution. Remarkably, vercirnon binds to the intracellular side of the receptor, exerting allosteric antagonism and preventing G-protein coupling. This binding site explains the need for relatively lipophilic ligands and describes another example of an allosteric site on G-protein-coupled receptors7 that can be targeted for drug design, not only at CCR9, but potentially extending to other chemokine receptors.
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                    Figure 1: Structure of CCR9 and comparison with CCR5 and CXCR4.[image: ]


Figure 2: Intracellular allosteric binding site of vercirnon in CCR9.[image: ]


Figure 3: Conservation and mutagenesis of vercirnon binding site.[image: ]


Figure 4: Mechanism of vercirnon exerting intracellular antagonism of CCR9.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CCR9 crystallization construct StaR(25-340) in schematic representation.
Thermostabilizing mutations (green) are Thr77Ala, Val79Ala, Met82Ala, Ser141Cys, Thr216Ala, Val255Ala, Asn294Ala, Thr304Ala. Further mutations to remove sites of post-translational modifications (light blue) are Cys337Ala and Thr34Glu. Residues forming the allosteric pocket are pink. Disordered residues in the structure are grey. The disulfide bonds between (Cys1193.25) and extracellular loop 2 and linking the N terminus (Cys38) with the top of TM7 (Cys2897.25) are denoted by dashed yellow lines.


Extended Data Figure 2 Comparison of wild-type and thermostabilized CCR9 in radioligand binding of [3H]vercirnon.
The thermal stability of wild-type CCR9 (filled circles) and CCR9-StaR(1-369) (open circles) analysed in decyl-maltoside are shown. Error bars are derived from standard deviations and calculated from duplicate temperature points (n = 2) within a single experiment. Data shown are representative of three independent experiments. CCR9-StaR(1-369) produced a mean Tm of 39.5 °C. The Tm of wild-type CCR9 was not determinable under these conditions; however, binding is observed and a Tm can be calculated in dodecyl-maltoside (data not shown).


Extended Data Figure 3 Pharmacology of WT CCR9 and CCR9-StaR.
Saturation binding experiments performed in membranes from HEK293 cells transiently expressing (a) human CCR9 or (b) CCR9-StaR(1-369). Non-specific binding was determined by addition of 1 μM cold vercirnon. Data shown as mean ± s.e.m. are representative of three independent experiments performed in duplicate. Data were fitted globally to a one-site saturation isotherm. Affinity and expression level (Bmax) values are given below the graphs for both WT CCR9 and CCR9-StaR(1-369). There was no difference in the affinity of [3H]vercirnon at WT CCR9 or CCR9-StaR(1-369) (unpaired, two-tailed t-test = 0.51). CCR9-StaR(1-369) showed significantly higher expression levels (Bmax) than WT CCR9 (unpaired, two-tailed t-test = 0.0007).


Extended Data Figure 4 Crystal packing in the CCR9-StaR(25-340) triclinic system.
a, Typical CCR9-StaR(25-340) non-fusion crystals grown in LCP complexed with vercirnon. b, The two copies of CCR9-StaR(25-340) in the triclinic asymmetric unit assemble in a parallel fashion with contacts mediated by TM4 – CCR9-StaR(25-340) shown in chainbow colouration (blue to red equals N to C terminus). c, View as in b rotated by 90° with the two copies of CCR9-StaR(25-340) now coloured yellow and cyan. d–f, Views of CCR9-StaR(25-340) packing in the triclinic crystal system along the a, b and c axes respectively, molecules coloured as in c.


Extended Data Figure 5 Multiple sequence alignment of human chemokine receptors.

Extended Data Figure 6 Electron density around the vercirnon binding site.
a, Cross-eye stereoscopic view of 2Fo − Fc density contoured at 1.6σ covering vercirnon and surrounding residues as viewed from intracellular space. Vercirnon in stick representation, with carbon, nitrogen, chlorine, sulfur and oxygen atoms coloured magenta, blue, green, yellow and red, respectively; CCR9 in stick representation with carbon, nitrogen, oxygen and sulfur atoms coloured white, blue, red and yellow respectively. b, View as in a rotated by 180°.


Extended Data Figure 7 Saturation binding analysis of mutants with [3H]vercirnon.
a–f, Saturation binding of [3H]vercirnon to homogenized cell lysates containing indicated mutant variants of CCR9. Data are representative of three independent experiments performed in duplicate ± s.d. Kd values (inset) are mean of three independent experiments with s.d. in parentheses. The datasets for L87F, Y317A and G321A could not be analysed unambiguously owing to near-complete loss of specific binding.


Extended Data Figure 8 Molecular dynamics analysis of the CCR9–vercirnon complex.
a, Stability of the CCR9–vercirnon complex during 100 ns molecular dynamics. Structural alignment of the wild-type CCR9–vercirnon complex at 0 (blue), 25 (green), 50 (yellow), 75 (orange) and 100 ns (red) molecular dynamics. Proteins are shown as ribbon with TM7 partly hidden for clarity; vercirnon is represented in sticks. b, Two-dimensional representation of the ligand–protein contacts. c, d, Induced-fit binding of vercirnon to CCR9. Superposition of the CCR9–vercirnon complex (cyan) and the pseudo-apo state of CCR9 receptor at 100 ns molecular dynamics (magenta). Vercirnon is shown as sticks with carbons coloured in grey. Arg323, Phe324 and Tyr317 are shown as sticks with carbons coloured in cyan for the crystallographic structure and stick (c) or spheres (d) with carbons coloured in magenta for the molecular dynamics output.


Extended Data Table 1 Data collection and refinement statistics for CCR9-StaR(25-340) complexed with vercirnonFull size table


Extended Data Table 2 Conservation of vercirnon binding residues across all chemokine receptorsFull size table
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Chemokine receptors are a family of G-protein-coupled receptors that regulate the migration of immune cells; their function has been implicated in a range of diseases. Two groups reporting in this issue of Nature describe crystal structures of two different chemokine receptors bound to small-molecule inhibitors. Tracy Handel and colleagues describe the structure of CCR2—a promising drug target for autoimmune, inflammatory and metabolic diseases as well as cancer—bound to orthosteric (BMS-681) and allosteric (CCR2-RA-[R]) antagonists. Fiona Marshall and colleagues describe the structure of CCR9—involved in immune cell recruitment to the gut and a promising drug target in inflammatory bowel disease—in complex with the selective CCR9 antagonist vercirnon. Both CCR2 and CCR9 structures reveal an allosteric pocket on the cytoplasmic face of the receptor. This allosteric pocket appears to be highly druggable, and homologous pockets may be present on other chemokine receptors.
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