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            Abstract
Dengue disease is caused by four different flavivirus1 serotypes, which infect 390 million people yearly with 25% symptomatic cases2 and for which no licensed vaccine is available. Recent phase III vaccine trials showed partial protection, and in particular no protection for dengue virus serotype 2 (refs 3, 4). Structural studies so far have characterized only epitopes recognized by serotype-specific human antibodies5,6. We recently isolated human antibodies potently neutralizing all four dengue virus serotypes7. Here we describe the X-ray structures of four of these broadly neutralizing antibodies in complex with the envelope glycoprotein E from dengue virus serotype 2, revealing that the recognition determinants are at a serotype-invariant site at the E-dimer interface, including the exposed main chain of the E fusion loop8 and the two conserved glycan chains. This ‘E-dimer-dependent epitope’ is also the binding site for the viral glycoprotein prM during virus maturation in the secretory pathway of the infected cell9, explaining its conservation across serotypes and highlighting an Achilles’ heel of the virus with respect to antibody neutralization. These findings will be instrumental for devising novel immunogens to protect simultaneously against all four serotypes of dengue virus.
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                    Figure 1: DENV-2 sE in complex with four EDE bnAbs.[image: ]


Figure 2: Comparison of paratopes.[image: ]


Figure 3: Exposed main-chain atoms in the epitope.[image: ]
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                Data deposits

                Coordinates and structure factor amplitudes have been deposited in the Protein Data Bank under accession numbers 4UTC, 4UTA, 4UT9, 4UTB and 4UT6 respectively for the structures of DENV-2 sE unliganded and in complex with EDE1 C8, EDE1 C10, EDE2 A11 and EDE2 B7, and 4UT7 for the structure of the unliganded scFv of EDE2 A11. The sequence of prM/sE fragment from Den2_FGA-02 has been deposited in GenBank under accession number KM087965. Patent application (UK 1413086.8) was deposited.
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Extended data figures and tables

Extended Data Figure 1 Overall complexes and footprints of the bnAbs on the sE dimer.
a–d, Each row corresponds to a different sE/bnAb complex (except for the first one, which shows the unliganded sE dimer) and each column displays the same orientation, as labelled. In the first two columns the sE dimer is depicted as ribbons and the bnAb variable domains as surface coloured as in Fig. 1. In the side view (left column) the viral membrane would be underneath, whereas the bottom view (middle column) corresponds to the sE dimer seen from the viral membrane with the antibodies visible across the sE ribbons. The top view (right column) shows the sE surface as presented to the immune system on the viral particle, showing the footprint of the antibodies (green) with a white depth-cuing fog. For clarity, a white outline delimits the green footprint on the blue surface of domain III. As a guide, in the top-left panel the glycan chains of foreground and background subunits are labelled in red and black respectively. In the middle and right columns, the two-fold axis of the sE dimer is marked by a black ellipse at the centre. The fusion loop and the ij loop are labelled on the top-middle panel, and can be seen in the other rows in contact with the bnAbs. A red star in the left panels of rows c and d marks the location of the 150 loop, which is disordered in the complexes with the EDE1 bnAbs. This loop bears the N153 glycan recognized by the EDE2 bnAbs, as seen in row b, left panel (glycan shown as sticks with carbon atoms coloured red). In contrast, all the bnAbs are seen contacting the N67 glycan, with C8 displaying the most contacts (row c, left panel, N67 glycan as sticks with carbon atoms yellow). A blue star in row c shows a disordered loop in domain III. Note that EDE1 C10 (row d) inserts deeper into the sE dimer than the others bnAbs.


Extended Data Figure 2 Electrostatic potential of paratopes and epitope.
‘Open book’ representation of the complexes, with negative and positive potential displayed and coloured according to the bar underneath. Because certain regions are disordered in the complexes, the unliganded DENV-2 sE dimer model, generated as described in the Methods section, was used to calculate the surface electrostatic potential of the sE dimer. Corresponding areas in contact are indicated by ovals as in Fig. 2.


Extended Data Figure 3 Unliganded bnAb A11 and EDE2 bnAbs in interactions with DENV-2 sE.
a, The structure of the unliganded EDE2 A11 scFv (red, 1.7 Å resolution) superposed to the variable domain of Fab A11 in complex with DENV-2 sE (yellow, 3.8 Å resolution), to show that the same conformation is retained in the sE/Fab fragment complex. b, Stereo view showing the superposed B7 (green) and A11 (yellow) variable domains, together with the 150 loop extracted from the structures of the corresponding Fab/DENV-2 sE complexes. Note that the main chain of the 150 loop adopts different conformations in the two complexes, mainly because of the hydroxyl group the Y99 side chain in the CDR H3 of B7 makes a hydrogen bond with sE T155. A11 has a phenylalanine at this position, and so lacks the hydroxyl group. The sE protein in the complex with A11 displays the same conformation as the unliganded sE (not shown). c, Histograms of the atomic contacts of B7 (above the sE sequence) and A11 (below the sequence) according to the key at the bottom (see also detailed data and explanations in Supplementary Information). The secondary structure elements of the DENV-2 sE protein are indicated above the sequence, as a guide.


Extended Data Figure 4 Residues involved in bnAb/antigen interactions.
a, Amino-acid sequence alignment of sE from the four DENV serotypes, with residues in black or light blue background highlighting identity and similarity, respectively, across serotypes. Secondary structure elements are indicated underneath, with tertiary organization given by colours as in Fig. 1. DENV-2 sE residues contacted by the bnAbs are marked above, according to the code of the key (bottom-right insert). Full and empty symbols correspond to contacts on the reference subunit (defined as the one contributing the fusion loop to the epitope) and opposite subunit, respectively. Coloured boxes highlight the five distinct regions of sE making up the epitopes, matching Fig. 1c. The histogram displaying the number of atomic contacts per sE residue by each bnAb is provided as Supplementary Information. Because the EDE2 B7 and A11 contacts are very similar, only the B7 contacts are shown here. The question mark on the 150 loop indicates residues likely to contact the EDE1 bnAbs, but which are not visible in the structure because the loop is disordered. b, Sequence alignment of the four bnAbs crystallized and with the framework and CDR regions in grey and white background (in Kabat numbering43), respectively. Blue lines over the sequence mark the CDRs in the IMGT convention42. Somatic mutations are in red with germline residues in smaller font underneath. Residues arising from the recombination process are in green. A symbol above the sequence indicates the sE segment contacted, according to the key of the bottom-right inset. The secondary structure elements of the EDE1 C8 Ig β-barrels are indicated above the sequence, as guide.


Extended Data Figure 5 Epitopes and paratopes.
The epitope area of DENV-2 sE from three different complexes is highlighted in green and dark grey, with relevant side chains as sticks, corresponding to residues interacting with the heavy and light chain, respectively (left panels). The variable domain of the corresponding bnAb is shown in side view, with interacting side chains labelled. Heavy and light chains are in dark and light grey, respectively, with somatic mutations in red and residues that arose through the recombination process (third CDR in each chain) in green. a, EDE2 B7 complex; b, EDE1 C8 complex; c, EDE1 C10 complex.


Extended Data Figure 6 Key interactions of the bnAbs with sE.
a, The right panel shows the sE dimer in ribbons, with the framed area enlarged in the left panel to show the epitope, with main features labelled. b, sE dimer in complex with bnAb EDE2 B7, c with EDE1 C8 and d with EDE1 C10. The sE dimer surface is shown in a semi-transparent representation with the ribbons visible through. The glycan residues were not included in the surface, and are displayed as sticks. The relevant CDR loops of the bnAbs are shown as ribbons with side chains as sticks on top of the sE protein, coloured as in Fig. 1. The orientation of the left panel in rows b–d corresponds to the enlargement of row a, and the right panel is a view along the arrow in Fig. 1b (main text). Hydrogen bonds are displayed as dotted lines. The circle in the left panel of d highlights a deep contact of EDE1 C10 CDR-H3 into the DENV-2 sE dimer (see also Extended Data Fig. 1d, left panel).


Extended Data Figure 7 Interactions with the glycan chains.
Ribbon representation of a the EDE2 A11 Fab and b the EDE1 C8 Fab in complex with DENV-2 sE, coloured as in Fig. 1. The simulated annealing omit maps contoured at 1σ (cyan) or 0.6σ (gold) show clear density for the N153 (in a) and N67 glycans (in a and b) (black arrows). To create an unbiased map, all glycan atoms were removed from the structures, all B factors were reset to 20 Å and the structures were re-refined using torsion dynamics simulated annealing. Note that the antibody spans the two glycans across the dimer interface (as also shown in Fig. 1). c, Views down the black arrow in a (left panel) and the arrow in b (right panel), through the glycan chain. The key to the sugar connectivity and nomenclature is framed at the centre. d, Contacts of the sugar residues with the antibodies, coded according to the key.


Extended Data Table 1 Crystallization conditions, data collection and refinement statisticsFull size table


Extended Data Table 2 Buried surface areas and surface complementarity in the various DENV sE–EDE complexesFull size table
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        Editorial Summary
Structure of broadly active anti-dengue antibodies
The recent identification of a major class of broadly neutralizing human antibodies potently neutralizing all four dengue virus serotypes has raised the prospect that it may be possible to design a vaccine to provide protection against severe forms of the disease. Alexander Rouvinski et al. report the X-ray crystal structures of four of these antibodies in complex with the soluble dimeric form of the dengue virus envelope protein E. The antibodies recognize a quaternary epitope and exhibit strong neutralizing activity against all four virus subtypes.
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