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            Abstract
Adiponectin stimulation of its receptors, AdipoR1 and AdipoR2, increases the activities of 5â€²Â AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated receptor (PPAR), respectively, thereby contributing to healthy longevity as key anti-diabetic molecules. AdipoR1 and AdipoR2 were predicted to contain seven transmembrane helices with the opposite topology to G-protein-coupled receptors. Here we report the crystal structures of human AdipoR1 and AdipoR2 at 2.9 and 2.4Â Ã… resolution, respectively, which represent a novel class of receptor structure. The seven-transmembrane helices, conformationally distinct from those of G-protein-coupled receptors, enclose a large cavity where three conserved histidine residues coordinate a zinc ion. The zinc-binding structure may have a role in the adiponectin-stimulated AMPK phosphorylation and UCP2 upregulation. Adiponectin may broadly interact with the extracellular face, rather thanÂ the carboxy-terminal tail, of the receptors. The present information will facilitate the understanding of novel structureâ€“function relationships and the development and optimization of AdipoR agonists for the treatment of obesity-related diseases, such as type 2 diabetes.
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                    Figure 1: Overall structures of AdipoR1 and AdipoR2.[image: ]


Figure 2: Sequence alignment of human AdipoR1 and AdipoR2.[image: ]


Figure 3: The zinc-binding sites of AdipoR1 and AdipoR2.[image: ]


Figure 4: The large internal cavities in the AdipoR1 and AdipoR2 structures.[image: ]


Figure 5: The extracellular faces of AdipoR1 and AdipoR2.[image: ]
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                The atomic coordinates and structure factors for the AdipoR1â€“Fv and AdipoR2â€“Fv structures have been deposited in the Protein Data Bank under the accession codes 3WXV and 3WXW, respectively.
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Extended data figures and tables

Extended Data Figure 1 Analysis of N-terminal deletion mutants of AdipoR1 and AdipoR2 and lattice packing of the AdipoR1â€“Fv and AdipoR2â€“Fv crystals.
a, Phosphorylation and amounts of AMPK in HEK293 cells transfected with full-length AdipoR1 (residues 1â€“375) or N-terminally truncated mutants (residues 47â€“375, 77â€“375, 89â€“375, 102â€“375 and 120â€“375), treated for 5Â min with adiponectin (15Â Î¼gÂ mlâˆ’1). b, UCP2 mRNA levels in HEK293 cells transfected with full-length AdipoR2 (residues 1â€“386) or N-terminally truncated mutants (residues 88â€“386 and 100â€“386), treated for 18Â h with adiponectin (3Â Î¼gÂ mlâˆ’1). All values are meanÂ Â±Â s.e.m. n = 3â€“4, three independent experiments. **PÂ <Â 0.01 compared to control cells or as indicated (see Methods for statistical tests used). NS, not significant. câ€“h, Lattice packing of the AdipoR1â€“Fv crystals (câ€“e) and the AdipoR2â€“Fv crystals (fâ€“h). AdipoR1, AdipoR2 and Fv are coloured green, cyan and grey, respectively. The AdipoR1â€“Fv and AdipoR2â€“Fv complexes crystallized with an anti-parallel arrangement of the receptor molecules.


Extended Data Figure 2 Comparison of the AdipoR1â€“Fv and AdipoR2â€“Fv structures.
aâ€“c, Superimposition of the AdipoR1â€“Fv and AdipoR2â€“Fv complexes: side view (a), extracellular view (b), intracellular view (c). Fv was omitted from the intracellular view for clarity. d, Superimposition of the subdomains consisting of helices I, II, III and VII between AdipoR1 and AdipoR2. The CÎ± r.m.s.d. value is 0.34Â Ã…. e, HelixÂ 0 (pink) interacts hydrophobically with the cytoplasmic ends of helices Iâ€“III, and the ICL1 (purple), as represented by those of AdipoR1. In addition, the zinc ion firmly connects helices VII, II and III (Fig. 3). Therefore, helices VII, I, II and III (d) constitute a rigid subdomain in the 7TM-domain structures. By contrast, helices IV, V and VI are superimposed between AdipoR1 and AdipoR2 with a CÎ± r.m.s.d. value of 0.73Â Ã…, and are likely to constitute the other subdomain, with some conformational differences in helix V between AdipoR1 and AdipoR2.


Extended Data Figure 3 Comparison of the AdipoR2 structure with other 7TM proteins.
The structures of 7TM proteins in the N-terminus-out topology were inverted and superimposed on the AdipoR2 structure in the C-terminus-out topology. Superimpositions of AdipoR2 (cyan) with the Î²2AR (PDB code 2RH1) (r.m.s.d. 3.9Â Ã…) (a), the glucagon receptor (PDB code 4L6R) (r.m.s.d. 3.8 Ã…) (b), the metabotropic glutamate receptor 1 (PDB code 4OR2) (r.m.s.d. 2.9Â Ã…) (c), the sphingosine 1-phosphate receptor 1 (PDB code 3V2Y)56 (r.m.s.d. 3.0Â Ã…) (d), the A2A adenosine receptor (PDB code 2YDV)57 (r.m.s.d. 3.4Â Ã…) (e), and sensory rhodopsin (PDB code 1XIO)58 (r.m.s.d. 3.1Â Ã…) (f) in orange. The AdipoR2 and other 7TM protein structures are viewed parallel to the membrane (top) and from the extracellular and intracellular sides, respectively (bottom).


Extended Data Figure 4 The zinc-binding sites of AdipoR1 and AdipoR2.
a, b, The zinc-binding sites of AdipoR1 (a) and AdipoR2 (b) are conserved from mammals to plants. The conserved residues, the 3Ã—Â His+Asp residues and a Ser residue, are shown in red. The side chains of SerÂ 187 (AdipoR1) and SerÂ 198 (AdipoR2) in helix II are located 3.7 and 3.8Â Ã…, respectively, away from the zinc ion (data not shown and Fig. 3b). c, d, The amounts of AdipoR1 (c) and AdipoR2 (d) in HEK293 cells transfected with AdipoR1 (residues 89â€“375), AdipoR2 (residues 100â€“386) or a variety of mutants of AdipoR1 and AdipoR2 were analysed by western blotting, using an anti-Flag antibody. The label 89â€“375 indicates no mutation, and the other labels, such as His191Ala and 4Ala, indicate the single and multiple mutations (see text). The label 100â€“386 indicates no mutation, and the other labels, such as His202Ala and 4Ala, indicate the single and multiple mutations (see text). e, UCP2 mRNA levels in HEK293 cells transfected with full-length AdipoR2 (residues 1â€“386) or a zinc-binding site mutant. All values are presented as meanÂ Â±Â s.e.m. n = 3â€“4, three independent experiments, *PÂ <Â 0.05, **PÂ <Â 0.01 compared to control cells or as indicated (see Methods).


Extended Data Figure 5 The zinc-binding sites of soluble proteins.
a, b, The zinc-binding sites of Astacus astacus L. astacin (PDB code 1AST) (a) and human carbonic anhydrase II (PDB code 1CA2) (b). The zinc ion (magenta) is coordinated by three His residues and a water molecule (pink sphere).


Extended Data Figure 6 The cytoplasmic side of AdipoR1.
a, b, Structures of AdipoR1 residues 89â€“375 (a) and 120â€“375 (b) viewed parallel to the membrane. c, d, The cavity of AdipoR1 (residues 89â€“375 (c) and 120â€“375 (d)) viewed from the cytoplasmic side. Residues 120â€“375, including helixÂ 0, the 7TM domain, and the CTR, are coloured green. The NTR (residues 89â€“119) is coloured orange.


Extended Data Figure 7 The cytoplasmic faces of AdipoR2 and AdipoR1.
a, b, Intracellular views of AdipoR1 (a) and AdipoR2 (b). The openings of the cavities are circled in red. The N-terminal regions of the AdipoRs are represented as surface models (orange). c, d, The ICL2 s of AdipoR1 (c) and AdipoR2 (d).


Extended Data Figure 8 Crystal packing of the CTRs of AdipoR1 and AdipoR2.
a, b, Crystal packing of the CTR of AdipoR1 with Fv (a) and the CTR of AdipoR2 with Fv (b). The CTR of AdipoR1 is tucked between the two Fv fragments, whereas the C-terminal tail of AdipoR2 contacts the framework region 1 of VH (orange). The CTRs are coloured purple.


Extended Data Figure 9 Expression of the AdipoR1 mutant proteins.
a, b, The amounts of AdipoR1 in HEK293 cells transfected with full-length AdipoR1 (residues 1â€“375) or a variety of mutants of AdipoR1 were analysed by western blotting, using an anti-Flag antibody. Full-length AdipoR1 (residues 1â€“375) and the C-terminally truncated mutant (residues 1â€“370, 1â€“366 and 1â€“362) were used in a. AdipoR1 residues 1â€“375, MYFMAPL (residues 161â€“167) changed to SGSSGGS (ECL1); residues 1â€“375, YCS (residues 229â€“231) changed to GGG (ECL2); residues 1â€“375, FVKATTV (residues 291â€“297) changed to SSSGGGS (ECL3); residues 1â€“375, ECL1 and ECL3 (ECL1/3); and residues 1â€“375, ECL1, ECL2 and ECL3 (ECL1/2/3) were used in b.


Extended Data Table 1 Data collection and refinement statistics (Molecular replacement)Full size table
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