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            Abstract
Soluble guanylate cyclase (sGC) is the primary sensor of nitric oxide. It has a central role in nitric oxide signalling and has been implicated in many essential physiological processes and disease conditions. The binding of nitric oxide boosts the enzymatic activity of sGC. However, the mechanism by which nitric oxide activates the enzyme is unclear. Here we report the cryo-electron microscopy structures of the human sGCÎ±1Î²1 heterodimer in different functional states. These structures revealed that the transducer module bridges the nitric oxide sensor module and the catalytic module. Binding of nitric oxide to the Î²1 haem-nitric oxide and oxygen binding (H-NOX) domain triggers the structural rearrangement of the sensor module and a conformational switch of the transducer module from bending to straightening. The resulting movement of the N termini of the catalytic domains drives structural changes within the catalytic module, which in turn boost the enzymatic activity of sGC.
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                    Fig. 1: Structure of sGC in the inactive state.[image: ]


Fig. 2: Structure of sGC in the NO-activated state.[image: ]


Fig. 3: The structure of the sGC transducer and catalytic module in the NO-activated state.[image: ]


Fig. 4: Overall structural rearrangement of sGC during NO activation.[image: ]
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                Data availability

              
              Cryo-EM maps of the haem-unliganded, haem-oxidized, NO-activated and Î²1(H105C) mutant sGC structures have been deposited in the EMDB under accession numbers EMD-9883, EMD-9884, EMD-9885 and EMD-9886, respectively. Atomic coordinates of the haem-unliganded, haem-oxidized and NO-activated sGC structures have been deposited in the PDB under accession numbers 6JT0, 6JT1 and 6JT2, respectively.
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Extended data figures and tables

Extended Data Fig. 1 Biochemical characterization of the human Î±1Î²1 sGC heterodimer protein and single-particle cryo-EM data processing procedure for sGC in the inactive (haem-oxidized) state.
a, Size-exclusion chromatography of sGC on a superdex 200 column. The fractions indicated by dashed lines were pooled for cryo-EM sample preparation. b, SDSâ€“PAGE of the size-exclusion chromatography fractions labelled in a. Arrows show the positions of the Î±1 and Î²1 subunits. For gel source data, see Supplementary Fig. 1. c, UV-vis spectra of purified sGC before (red) and after (black) treatment with the haem oxidant NS2028. The positions of the Soret peaks are indicated by arrowheads. aâ€“c, The experiments were repeated independently three times with similar results. d, A representative raw micrograph of sGC in the inactive (haem-oxidized) state. e, Representative 2D class averages of sGC in the inactive (haem-oxidized) state. f, The angular distribution for the consensus refinement of the inactive (haem-oxidized) state is indicated by the sizes of spheres. g, The cryo-EM data processing workflow for sGC in the inactive (haem-oxidized) state.


Extended Data Fig. 2 Conformational heterogeneity and local density quality of sGC in the inactive (haem-oxidized) state.
a, Gold-standard FSC curves of haem-oxidized sGC after correction for masking effects. Resolution estimations were based on the criterion of the FSC 0.143 cutoff. b, Local resolution distribution of the composite map of sGC in the inactive (haem-oxidized) state. c, Histogram of the eigenvectors that contribute to the variance. The top eigenvector is highlighted in grey. d,Â Histogram of the amplitudes along the top eigenvectors shows monomodal distribution. Particle populations with amplitudes less than âˆ’3 or greater than 3 are indicated as red and blue arrows, respectively. e, A 4Â Ã… low-pass filtered map reconstructed from particles indicated as red and blue arrows in d. N-lobes were used for alignment. f,Â Representative cryo-EM densities of fragments from each individual domain. g, Representative cryo-EM densities of several key residues involving the interactions between Î²1 H-NOX and adjacent domains in the inactive (haem-oxidized) state. h,Â The cryo-EM map of the sGC in the haem-oxidized state. The putative linkers between the H-NOX and PAS domains are shown in grey. The B-factor of the map was adjusted to âˆ’100Â Ã…2 during the post-processing procedure to visualize features with high flexibility. i, Cryo-EM maps of the catalytic module in the haem-oxidized state (cyan) and the haem-unliganded state (purple). The density of the putative phosphate groups is shown in grey.


Extended Data Fig. 3 Single particle cryo-EM data processing of the sGC sample in the NO-activated state.
a, Representative raw micrograph of sGC in the NO-activated state. b, Representative 2D class averages of sGC in the NO-activated state. c, The angular distribution for the consensus refinement of the NO-activated state is indicated by the sizes of the spheres. d, The cryo-EM data processing workflow for sGC in the NO-activated state. e, Gold-standard FSC curves (after correction for the masking effects) of NO-activated sGC. Resolution estimations are based on the criterion of FSC 0.143 cutoff. f, Local resolution distribution of the composite map of sGC in the NO-activated state.


Extended Data Fig. 4 Conformational heterogeneity and local density quality of sGC in the NO-activated state.
a, Histogram of the eigenvectors that contribute to the variance. The top eigenvector is highlighted in grey. b, Histogram of the amplitudes along the top eigenvectors shows monomodal distribution. Particle populations with amplitudes less than âˆ’2 or greater than 2 are indicated with red and blue arrows, respectively. c, 4 Ã… low-pass filtered maps reconstructed from particles indicated as red and blue arrows in b. N-lobes were used for alignment. d, Representative cryo-EM densities of fragments from each individual domain. e, Representative cryo-EM densities of several key residues involving the interactions between Î²1 H-NOX and adjacent domains in the NO-activated state. f, Cryo-EM map of the catalytic module in the NO-activated state (yellow). The putative density of the Î±1 C terminus is shown in grey, Î±Q of the Î±1 subunit is shown in pink, and the Î±Oâ€“Î²K fragment of the Î²1 subunit is shown in cyan. The B-factor of the map was adjusted to âˆ’100Â Ã…2 in post-processing to visualize features with high flexibility. g, The side view of the cryo-EM map of the Î²1(H105C) mutant sGC. h, Gold-standard FSC curves (after correction for masking effects) of the Î²1(H105C) mutant sGC. Resolution estimations were based on the criterion of FSC 0.143 cutoff. i, Cryo-EM map of Î²1(H105C) mutant sGC (pink) and NO-activated sGC (cyan). The haem density is shown in yellow. The map of NO-activated sGC was low-pass filtered to 6.8Â Ã…. j, The locations of cysteine residues that are involved in sGC desensitization (Î±1 C244, Î²1 C78 and Î²1 C122) are indicated with their CÎ± atoms shown as red spheres. Because the loop containing Î±1 C244 is disordered in the NO-activated state, only the termini of the loop (Î±1 L235 and Î±1 Y252) containing Î±1 C244 are labelled.


Extended Data Fig. 5 Sequence alignment of the sGC Î±-subunit.
The sequences of the Homo sapiens Î±1 subunit, H. sapiens Î±2 subunit, Danio rerio Î±1 subunit, D. rerio Î±2 subunit, and M. sexta Î±1 subunit are aligned. Conserved residues are coloured in grey. Residues that are mutated to cysteines for oxidative cross-linking are indicated with a black box. Mutations for activity assay are indicated with a red box. The residues corresponding to H105 in the Î²1 subunit are indicated with a yellow box. Secondary structural elements are indicated as follows: arrows, Î²-sheets; cylinders, Î±-helices; lines, loops. Unmodelled residues are shown as dashed lines. The colours of arrows and cylinders are as in Fig. 1a.


Extended Data Fig. 6 Sequence alignment of the sGC Î²1 subunit.
The sequences of the H. sapiens Î²1 subunit, D. rerio Î²1 subunit, and M. sexta Î²1 subunit are aligned. Conserved residues are coloured in grey. Residues that are mutated to cysteines for oxidative cross-linking are indicated with a black box. Mutations for activity assay are indicated with a red box. Secondary structural elements are indicated as follows: arrows, Î²-sheets; cyinders, Î±-helices; lines, loops. Unmodelled residues are shown as dashed lines. The colours of arrows and cylinders are as in Fig. 1a.


Extended Data Fig. 7 Domainâ€“domain interfaces of sGC in the inactive state.
a, Side view of soluble guanylate cyclase in the inactive state, highlighting key interfaces (grey rectangles). Each domain is coloured as in Fig. 1a. The surface of sGC is shown in transparency. b,Â The interface between the Î±1 H-NOX domain and the PAS domains boxed in a. c, The interface between the PAS domains boxed in a. d, The interface between Î²1 H-NOX and adjacent domains boxed in a. e, A 180Â° rotated view compared to d. f, The structure of the transducer module boxed in a. The side chains of Î±1 L425 and Î²1 L365 that are in close proximity are shown as spheres. g, The interface between the transducer module and the catalytic module boxed in a. h, A 90Â° rotated top view compared to g. i, End-point activity of the less-Cys construct (sGCLC, Î±1LC + Î²1LC) compared to the wild-type sGC with CGFP. MeanÂ Â±Â s.d., nÂ =Â 3 biologically independent samples. j, SDSâ€“PAGE of the in vitro disulfide bond cross-linking experiment of Î±1LC (L275C) with Î²1LC(A316C) mutants under reducing and non-reducing conditions. The in-gel GFP fluorescence of the Î±1 subunit is shown in black on a white background. The position of cross-linked heterodimer is indicated with a red asterisk. Oxidative cross-linking happened only when the cysteine mutants, Î±1(L275C) and Î²1(A316C), were present in both subunits simultaneously. The experiments were repeated independently three times with similar results. For gel source data, see Supplementary Fig. 1. k, SDSâ€“PAGE of the in vitro disulfide bond cross-linking experiment of Î±1LC(L425C) with Î²1LC(L365C) under reducing and non-reducing conditions. Oxidative cross-linking happened only when the cysteine mutants, Î±1(L425C) and Î²1(L365C), were present in both subunit simultaneously. For gel source data, see Supplementary Fig. 1. The experiments were repeated independently three times with similar results. l, SDSâ€“PAGE of the in vitro disulfide bond cross-linking experiment of Î±1LC(L275C) with Î²1LC(L365C) and Î±1LC(L425C) with Î²1LC(A316C) under reducing and non-reducing conditions. In contrast to Î±1(L275C) with Î²1(A316C) and Î±1(L425C) with Î²1(L365C), Î±1(L275C) did not crosslink with Î²1(L365C), and Î±1(L425C) did not crosslink with Î²1(A316C), owing to their long spatial distance. For gel sourcfe data, see Supplementary Fig. 1. The experiments were repeated independently twice with similar results.

                          Source Data
                        


Extended Data Fig. 8 Domainâ€“domain interfaces of sGC in the NO-activated state.
a, Superposition of the NO-bound Î²1 H-NOX domain structure (purple) onto the inactive state structure (grey) by alignment of the Î±F helices. The steric clashes between the side chains of the NO-bound Î²1 H-NOX domain (purple sphere) and the side chains of the PAS and CC domains of the inactive state (grey sphere) are marked by red circles if their atom-to-atom distances are smaller than 2.2Â Ã…. The arrow indicates the positional change of the CÎ± atoms of Î²1 N62 induced by NO binding. b, The interface between Î²1 H-NOX and adjacent domains of sGC in the NO-activated state. c, A 180Â° rotated view compared to b. d,Â Soret peaks of the sGC mutants show markedly decreased NO activation. The experiments were repeated independently twice with similar results. e,Â The transducer module in the NO-activated state, coloured as in Fig. 1a. f, Top view of the structural comparison of the catalytic module between the inactive state (grey) and the NO-activated state (coloured). The GMPCPP molecule is shown as sticks. The CÎ± atoms of Î±1 P459 and Î²1 P399 are shown as spheres.


Extended Data Fig. 9 Structural comparisons of each domain.
a, Structural comparison of the full-length human sGC between the haem-oxidized state (coloured) and the haem-unliganded state (grey). b, Structural comparison between the Î±1 H-NOX domain (pink) and the Î²1 H-NOX domain (blue) in the inactive state. Both Î±1 H-NOX and Î²1 H-NOX share common structural features with prokaryotic H-NOX domains, which are composed of both N-terminal and C-terminal subdomains. The N-terminal Î±A helix of the Î±1 subunit that occupies the haem binding pocket is shown in red. The haem molecule of the Î²1 H-NOX domain is shown as a yellow stick. The approximate boundaries of N-terminal and C-terminal subdomains are indicated by dashed lines. c,Â Structural comparison between the human Î±1 PAS domain (red) and the M. sexta Ms Î± PAS domain (grey, PDB ID:4GJ4). d, Structural comparison between the human Î²1 PAS domain (blue) and the M. sexta Ms Î± PAS domain (grey, PDB ID:4GJ4). e, Structural comparison between the catalytic module of the full-length sGC in the inactive state (coloured) and the isolated catalytic domain heterodimer (grey, PDB ID: 4NI2). The Î²1 subunit was used for structural alignment. f, 90Â° rotated view compared to e. g, Structural comparison between the catalytic module of the full-length sGC in the inactive state (coloured) and the catalytic domain of the active adenylate cyclase (grey, PDB ID: 1CJU, chain A&B). The Î²1 subunit was used for structural alignment. The residues of sGC that are within 2.2Â Ã… of the substrate are considered as sterical clashes and shown as red spheres. h, Structural comparison between the NO-activated state (purple) and the inactive state (grey) of the human Î²1 H-NOX domain. The N-terminal subdomain was used for alignment and the movements are indicated as red arrows. i, Structural comparison between the catalytic module of the full-length sGC in the NO-activated (colored) and the isolated catalytic domain heterodimer (grey, PDB ID: 4NI2). The Î²1 subunit was used for structural alignment. A inter-domain rotational conformational change is observed. j, A 90Â° rotated view compared to i. k, Cutaway views of the sGC catalytic module in the inactive state and the NO-activated state. The catalytic module is shown in surface representation colored by electrostatic potential calculated in Pymol. The pockets inside the catalytic module are indicated by arrows. GMPCPP molecule is shown as sticks. l,Â Structural comparison of the catalytic core between the active adenylate cyclase (grey, PDB ID: 1CJU, chain A and B) and sGC in the NO-activated state (coloured). m, Structural comparison between the NO-activated state (coloured) and the inactive state (grey) of the human Î±1 and Î²1 PAS heterodimer.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table





Supplementary information
Supplementary Figure 1
This file contains the uncropped images of SDS-PAGE gels with size marker indicated.


Reporting Summary

Supplementary Notes
This file contains detailed analysis of domain-domain interactions observed in the structures and relevant discussions.


Supplementary Video 1 | Flexibility of sGC in the inactive state along the first and second eigenvectors.
Repositioning of reconstructed densities of sGC in the inactive state along the first and the second eigenvectors reveals the flexibility of the CC domain.


Supplementary Video 2 | Flexibility of sGC in the NO-activated state along the first and second eigenvectors.
Repositioning of reconstructed densities of sGC in the NO-activated state along the first and the second eigenvectors reveals the flexibility of the CC domain.


Supplementary Video 3 | Structure of sGC in the inactive state.
The cryo-EM map and the domain organization of sGC in the inactive state.


Supplementary Video 4 | Structure of sGC in the NO-activated state.
The cryo-EM map and the domain organization of sGC in the NO-activated state.


Supplementary Video 5 | Conformational changes of sGC during NO activation.
When the PAS domains are aligned, the transducer and catalytic modules have a swing-like motion during the NO-activation. The transducer module switches from a highly bent conformation to a straightened conformation, which leads to the structural reorganization of the catalytic module to adopt a catalytically competent conformation.
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