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            Abstract
Infection by enveloped viruses involves fusion of their lipid envelopes with cellular membranes to release the viral genome into cells. For HIV, Ebola, influenza and numerous other viruses, envelope glycoproteins bind the infecting virion to cell-surface receptors and mediate membrane fusion. In the case of influenza, the receptor-binding glycoprotein is the haemagglutinin (HA), and following receptor-mediated uptake of the bound virus by endocytosis1, it is the HA that mediates fusion of the virus envelope with the membrane of the endosome2. Each subunit of the trimeric HA consists of two disulfide-linked polypeptides, HA1 and HA2. The larger, virus-membrane-distal, HA1 mediates receptor binding; the smaller, membrane-proximal, HA2 anchors HA in the envelope and contains the fusion peptide, a region that is directly involved in membrane interaction3. The low pH of endosomes activates fusion by facilitating irreversible conformational changes in the glycoprotein. The structures of the initial HA at neutral pH and the final HA at fusion pH have been investigated by electron microscopy4,5 and X-ray crystallography6,7,8. Here, to further study the process of fusion, we incubate HA for different times at pH 5.0 and directly image structural changes using single-particle cryo-electron microscopy. We describe three distinct, previously undescribed forms of HA, most notably a 150 Å-long triple-helical coil of HA2, which may bridge between the viral and endosomal membranes. Comparison of these structures reveals concerted conformational rearrangements through which the HA mediates membrane fusion.
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                    Fig. 1: HA fusion intermediates.[image: ]


Fig. 2: Surface representations of HA fusion intermediates.[image: ]


Fig. 3: Structural rearrangements of HA fusion intermediates.[image: ]
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                Data availability


Maps and models have been deposited in the Electron Microscopy Data Bank (http://www.ebi.ac.uk/pdbe/emdb/, under accession numbers EMD-10696, EMD-10697, EMD-10698, EMD-10699, EMD-10700, EMD-10701, and EMD-10702). Models have been deposited in the Protein Data Bank (https://www.ebi.ac.uk/pdbe/, under identification codes 6Y5G, 6Y5H, 6Y5I, 6Y5J, 6Y5K and 6Y5L). The raw image for Extended Data Fig. 5c is provided in Supplementary Fig. 1.
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Extended data figures and tables

Extended Data Fig. 1 Features of intermediate states.
a, Displacement measurements between dilated HA1 domains. Measurements are the position of the centroid of HA1 residues 45–310, with structures aligned on the invariant parts of HA2 (residues 76–98). b, An interaction can be seen between the glycan attached to Asn165 (orange) and Trp222 (green) on the neighbouring HA1 monomer (blue), crosslinking the HA1 domains. This is present in states I, II and III. c, Cryo-EM density (grey) and model, with HA1 in blue and HA2 in red, for the short helix of HA2 (residues 38–55) and the 30-loop (HA1 residues 22–37). Density extends beyond the top of the helix, indicating elongation of this helix by residues from the interhelical loop. d, Example of typical density (grey) for the same section of an HA2 helix from states I and IV (green).


Extended Data Fig. 2 Resolution estimates of obtained cryo-EM maps.
Local-resolution estimates, global-resolution FSC curves and orientation-distribution plots for different conformations of HA. FSC curves have values for FSC of 0.143, shown as the resolution criterion. Reconstruction of state V has a resolution of 9.9 Å and has little variability in local resolution. See Extended Data Fig. 9 for the FSC curve for state V.


Extended Data Fig. 3 Flexibility of the membrane-distal domains.
The membrane-distal regions of HA1 (roughly residues 45–310) can adopt a range of different orientations compared with the C3 symmetrized structure (state IV). The remainder of HA1 and HA2 adopt a structure with less evidence of flexibility. We examined the flexibility in ten maps generated by asymmetric classification. a, The generated models are shown aligned to the symmetrized version of the protein (yellow). b, Examples of the most-populated classes are shown on a molecular surface, with HA1 in blue and HA2 in red to emphasize the different locations of these domains when compared with the symmetrized version. c, The displacements of the locations of the centroids of each of these mobile domains were measured to the nearest symmetrized monomer, giving 30 data points. These adopt a range of locations, with the main flexibility being in a rotation angle around the threefold axis, with little lateral movement towards and away from the threefold axis. The angles of displacement vary from −15° to +25°.


Extended Data Fig. 4 The 30-loop.
a, Potential interactions in the 30-loop are similar in both the neutral-pH (state I) and the extended HA2 (state IV) conformations. There are, however, several changes in the side chains involved in this interaction, owing to the relocation of the short helix of HA2 in the neutral-pH structure. This helix relocation removes an HA2 salt bridge between Arg54 of the short helix and Glu97 of the long helix, as well as the interaction of Lys51 with His106. These rearrangements permit new potential interactions between Thr30 of HA1 with Gln105 of HA2 and His106 of the adjacent HA2 chain. A salt bridge also forms between Lys27 of HA1 and Glu97 of HA2. b, Density of the 30-loop and interacting regions of the long helices of HA2 in the extended subtracted structure. c, The location and architecture of the 30-loop is conserved in all HAs, including influenza C HEF37. In HA, a cluster of conserved hydrophobic-loop residues at positions 26, 34 and 36 packs against the strictly conserved Ile108 in the long α-helix; the strictly conserved Asn104 forms hydrogen bonds with loop residue Lys27 and Lys315 of HA1; and HA2 residue 105, conserved as Gln or Glu, interacts with Thr30. Amino-acid substitutions in the loop (Thr30 to Ser), the short α-helix (Arg54 to Lys) and the long α-helix (Gln105 to Lys and His106 to Ala) that interact with loop residues 28, 29 and 30, respectively, destabilize the mutant HAs, as shown by their elevated fusion pH17,20. These observations indicate the functional importance of the loop and suggest its involvement in membrane fusion. Formation of the 180° turn in the extended helix requires removal of the 30-loop from its interactions with Gln105 and His106. The observed unfolding of the loop and its acquisition of susceptibility to protease digestion in stage V are consistent with this requirement and with the suggested role of the loop in supporting the extended helix in states II, III and IV.


Extended Data Fig. 5 2D class averages and representative micrographs for the 10 s, 20 s and 60 s time points.
a, 2D classes fall into two broad groups: neutral-pH-like and extended-intermediate-like. Representative classes are shown for each group for each time point, with the percentages indicating the overall numbers of particles that fall into these two broad groups. There is a general trend towards increasing numbers of extended-intermediate-like classes as the time point increases, with a decrease in numbers of neutral-pH-like classes. There is limited diversity in the orientations seen for the 10 s extended-intermediate-like and the 60 s neutral-pH-like classes. b, Representative micrographs (scale bars, 50 nm). Numbers of micrographs collected: 10 s, n = 4,004; 20 s, n = 8,728; 60 s, n = 2,925. c, SDS–PAGE of the HA sample used for experiments.


Extended Data Fig. 6 Classification scheme for the 10 s time point.
The figure shows the workflow for image processing to determine structures at 10 s.


Extended Data Fig. 7 Classification scheme for the 20 s time point.
The figure shows the workflow for image processing to determine structures at 20 s.


Extended Data Fig. 8 Classification scheme for the 60 s time point.
The figure shows the workflow for image processing to determine structures at 60 s.


Extended Data Fig. 9 Data processing for 30 min time points.
a, 2D classes from the 30 min time point show the presence of the extended HA2 (state IV) and the post-fusion conformations, as well as a minor population of neutral-pH conformations. The post-fusion averages are interpretable only for the end-on view down the threefold axis, where this conformation forms a characteristic dense ring-like shape. This limited range of interpretable views is probably due to the, now flexibly linked, HA1 domains increasing the structural heterogeneity. The interpretability of this species could be improved by the addition of 10 mM of 2-mercaptoethanol to detach the disulfide-linked HA1 domains. b, Classification scheme for the 30-min time point supplemented with 2-mercaptoethanol. c, FSC curve for the final refined structure, with resolution criterion FSC = 0.143 shown.


Extended Data Table 1 Cryo-EM statistics for map and model refinementFull size table
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