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            Abstract
Retroviral integrase catalyses the integration of viral DNA into host target DNA, which is an essential step in the life cycle of all retroviruses1. Previous structural characterization of integraseâ€“viral DNA complexes, or intasomes, from the spumavirus prototype foamy virus revealed a functional integrase tetramer2,3,4,5, and it is generally believed that intasomes derived from other retroviral genera use tetrameric integrase6,7,8,9. However, the intasomes of orthoretroviruses, which include all known pathogenic species, have not been characterized structurally. Here, using single-particle cryo-electron microscopy and X-ray crystallography, we determine an unexpected octameric integrase architecture for the intasome of the betaretrovirus mouse mammary tumour virus. The structure is composed of two core integrase dimers, which interact with the viral DNA ends and structurally mimic the integrase tetramer of prototype foamy virus, and two flanking integrase dimers that engage the core structure via their integrase carboxy-terminal domains. Contrary to the belief that tetrameric integrase components are sufficient to catalyse integration, the flanking integrase dimers were necessary for mouse mammary tumour virus integrase activity. The integrase octamer solves a conundrum for betaretroviruses as well as alpharetroviruses by providing critical carboxy-terminal domains to the intasome core that cannot be provided in cis because of evolutionarily restrictive catalytic core domainâ€“carboxy-terminal domain linker regions. The octameric architecture of the intasome of mouse mammary tumour virus provides new insight into the structural basis of retroviral DNA integration.
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                    Figure 1: MMTV intasome (Int) characterization.[image: ]


Figure 2: Cryo-EM structure of the MMTV intasome.[image: ]


Figure 3: Comparison of MMTV and PFV intasome structures.[image: ]


Figure 4: MMTV intasome functionality.[image: ]
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                Coordinates of cryo-EM density maps for the full and core intasome datasets have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-6440 and EMD-6441, respectively. X-ray diffraction data and the resulting INCCD, INNTDâ€“CCD and INCTD structures have been deposited in the Protein Data Bank (PDB) under accession numbers 5CZ1, 5CZ2 and 5D7U, respectively. The core intasome structure has been deposited in the Protein Data Bank under accession number 3JCA.
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Extended data figures and tables

Extended Data Figure 1 Cryo-EM data and refinement.
a, Representative cryo-electron micrograph of MMTV intasomes, taken at 2.7â€‰Î¼m underfocus. b, Same as in a, marked to show selected particles. c, Two-dimensional class averages calculated using Relion56. d, Initial model from the class averages calculated using OptiMod57. e, Refined reconstruction from the full data set, with an Euler angle distribution plot showing the relative orientations of the particles.


Extended Data Figure 2 Cryo-EM resolution analysis of reconstructed intasome maps.
a, Fourier shell correlation curve corresponding to the refined map generated from the full intasome data set. b, Fourier shell correlation curve corresponding to the refined map generated from the core intasome data set with the NTDs, CCDs and interdomain linker regions of the flanking IN dimers computationally subtracted. Average global resolutions in a and b are indicated. c, Refined map generated from the full data set (left) displayed side-by-side with the same map coloured for local resolution (right). d, Refined map generated from the core intasome data set (left) displayed side-by-side with the same map coloured for local resolution (right) using the colouring scheme in c. e, Rotational snapshots of segmented density of CCD1 with the fit of the refined model (see Extended Data Fig. 6) highlighting structural features evident at ~4â€“5â€‰Ã… resolution. Partial separation of Î²-strands, which is typically evident at or beyond 4.5â€‰Ã… resolution, is apparent.


Extended Data Figure 3 Structural heterogeneity of the MMTV intasome.
a, Stable structural conformation of the MMTV intasome after three-dimensional classification of the data. Slices from the density map are displayed below. b, One of several conformations of MMTV intasome refinement after three-dimensional classification of the data. Slices from the density map are displayed below. Multiple fuzzy regions in the flanking INs are apparent in b, which are indicative of remaining heterogeneity within the data and/or continuous structural mobility of the region. c, Overlay of the two reconstructed maps, highlighting the extent of mobility within the flanking regions (brackets).


Extended Data Figure 4 MMTV IN domains and intasome sedimentation coefficient distribution.
a, Primary IN sequence alignment with boxes denoting canonical IN structural domains. The N-terminal extension domain occurs in spuma-, gamma- and epsilonretroviral IN proteins. Identical residues between MMTV, Rous sarcoma virus, HIV-1 and PFV INs are highlighted by red background; residues that are minimally conserved in three of the sequences are in red. PFV IN secondary structure elements are from PDB accession number 3L2Q; MMTV elements are from the INNTDâ€“CCD and INCTD crystal structures described here (PDB accession numbers 5CZ2 and 5D7U, respectively). Symbols Î±, Î², Î·, TT and TTT represent Î±-helix, Î²-strand, 310-helix, Î±-turn and Î²-turn, respectively. Figure generated with ESPript 3.0 (ref. 61). b, Monte Carlo analysis of sedimentation velocity data for the higher loading concentrations of vDNA (green), MMTV IN (blue) and intasome (red). A clear shift to a discrete species at 10.5â€‰s is observed for the intasome, with minor IN and vDNA populations evident. Different centrifugation parameters for IN and vDNA versus intasomes (see Methods) probably attributed to the minor variations in sedimentation coefficient between major and minor IN and vDNA species. Measured sedimentation coefficients and calculated molar masses compared with theoretical molar masses are shown beneath the graph.


Extended Data Figure 5 MMTV IN domain crystal structures.
a, Stereo view of the final 2Foâ€‰âˆ’â€‰Fc density map of the INCCD crystal structure with blue mesh contoured at 1Ïƒ. Amino-acid side chains are readily evident at the 1.7â€‰Ã… resolution. b, Stereo view of the final 2Foâ€‰âˆ’â€‰Fc density map of the 2.7â€‰Ã… resolution INNTDâ€“CCD crystal structure with blue mesh contoured at 1Ïƒ. The map is centred on the DDE catalytic triad (red sticks); green spheres, Mg2+ ions. c, Cartoon representation of the INCCD monomer (one of four in the crystallographic asymmetric unit) coloured in gold. Active site residues are shown as red sticks. d, Cartoon representation of the INNTDâ€“CCD dimer structure (one of three in the asymmetric unit). The NTD and CCD are coloured green and gold, respectively. Red sticks, active site residues; grey and green spheres, Zn2+ and Mg2+ ions, respectively. e, Stereo view of the final 2Foâ€‰âˆ’â€‰Fc density map of the 1.5â€‰Ã… resolution INCTD crystal structure, shown as a green mesh contoured at 1Ïƒ. f, Cartoon representation of one of the two CTD monomers present in the asymmetric unit.


Extended Data Figure 6 Molecular modelling of cryo-EM density.
a, Stereo views showing comparisons between the starting X-ray domain models and refined cryo-EM domain models for IN1 highlight relatively minor structural perturbations that are evident only in the most flexible regions of the intasome. b, Linker region snapshots. Atomic models were built de novo from the cryo-EM density for the indicated linkers in the top two panels (residues 45â€“54 connecting NTD1 and CCD1 and CCDâ€“CTD residues 211â€“213). Linkers NTD2â€“CCD2, CCD5â€“CTD5 and CCD6â€“CTD6 were not modelled, but are shown as cryo-EM density (red) in the lower panels. c, Stereo view of the cryo-EM model for the MMTV intasome core region (Extended Data Fig. 2d), generated using Rosetta15,16,17. All domains were refined starting with the X-ray crystal structures (Extended Data Fig. 5). Specific linker regions were built de novo (continuous red lines) from the cryo-EM density, whereas lower-resolution linker regions (red dotted lines) were omitted from the model. d, Fourier shell correlation curve between the refined cryo-EM core intasome model and map, showing an average resolution of 4.8â€‰Ã…. e, Comparison of two NTDâ€“CCD conformations in the intasome highlights the NTDâ€“CCD linker, which assumes a retracted state in the outer IN2 and IN4 monomers of core intasome dimers A and B, respectively, as well as in flanking IN dimers C and D (left). The linker extends in core IN molecules IN1 and IN3, which interact with the vDNA (right).


Extended Data Figure 7 Gel filtration profiles of INWT and IN mutant proteins.
Elution profiles of mass standards in kilodaltons as well as theoretical protein monomer (M) and dimer (D) positions are indicated.


Extended Data Figure 8 Comparisons of PFV and MMTV intasome structures.
a, Cartoon representations of the inner IN3 green subunits of the MMTV and PFV intasomes (Fig. 3a; vDNA strands are in grey). CCDâ€“CTD linker regions are highlighted in orange, and dashed lines circle analogously positioned CTDs. Of note, this CTD in the MMTV structure is coloured differently because it originates from a separate IN molecule (IN8 from flanking dimer D). b, Lengths of NTDâ€“CCD and CCDâ€“CTD interdomain linker regions across retroviral IN proteins; â€˜+â€™ indicates the presence of an N-terminal extension domain (NED). The multimeric state of IN in known intasome structures is indicated by bold type. c, The PFV intasome with bound tDNA (PDB accession number 3OS2; orange) was superimposed with the MMTV intasome (blue). The distance between overlaid active sites is in each case ~26â€‰Ã…. d, Ninety-degree rotation of superimposed structures, with proteins omitted for clarity. Canonical B-form tDNA (magenta) was superimposed with PFV intasome tDNA. The positions of phosphodiester bonds staggered by 4â€‰bp in the PFV crystal structure or by 6â€‰bp in the modelled tDNA are indicated by spheres.


Extended Data Table 1 X-ray crystallography data collection and refinement statisticsFull size table


Extended Data Table 2 Cryo-EM data statisticsFull size table
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        Editorial Summary
Octameric integrase architecture in retroviruses
Integration of reverse-transcribed viral DNA into the host genome is an essential step in the life cycle of retroviruses, catalysed by the protein integrase. Two studies, from the laboratories of Hideki Aihara and Alan Engelman, have used crystallography and cryo-electron microscopy to determine the structure of Rous sarcoma virus and mouse mammary tumour virus intasomes, the complex containing integrase, viral DNA, and target DNA. They find that integrase is an octameric assembly â€” not a tetramer as previously reported. A pair of core integrase dimers engages the viral DNA ends for catalysis, while another pair of non-catalytic integrase dimers bridge the two viral DNA molecules and help capture target DNA. The flanking, unanticipated pair of integrase dimers are required for target capture and strand transfer.
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