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            Abstract
Arenaviruses can cause severe haemorrhagic feverÂ and neurological diseases in humans and other animals, exemplified by Lassa mammarenavirus, Machupo mammarenavirus and lymphocytic choriomeningitis virus, posing great threats to public health1,2,3,4. These viruses encode a large multi-domain RNA-dependent RNA polymerase for transcription and replication of the viral genome5. Viral polymerases are one of the leading antiviral therapeutic targets. However, the structure of arenavirus polymerase is not yet known. Here we report the near-atomic resolution structures of Lassa and Machupo virus polymerases in both apo and promoter-bound forms. These structures display a similar overall architecture to influenza virus and bunyavirus polymerases but possess unique local features, including an arenavirus-specific insertion domain that regulates the polymerase activity. Notably, the ordered active site of arenavirus polymerase is inherently switchedÂ on, without the requirement for allosteric activation by 5â€²-viral RNA, which is a necessity for both influenza virus and bunyavirus polymerases6,7. Moreover, dimerization could facilitate the polymerase activity. These findings advance our understanding of the mechanism of arenavirus replication and provide anÂ important basis for developing antiviral therapeutics.
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                    Fig. 1: Overall structure of LASV and MACV L proteins.[image: ]


Fig. 2: Comparison of active sites of LACV, LASV and MACV polymerases.[image: ]


Fig. 3: The binding sites of the vRNA promoter.[image: ]


Fig. 4: Dimerization of arenavirus L and its effect on polymerase activity.[image: ]
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                Data availability

              
              The cryo-EM density maps and corresponding coordinates have been deposited to the EMDB and the PDB, respectively. The accession numbers are listed as follows: apo LASV L (EMD-0706, 6KLC), apo MACV L monomer (EMD-0707, 6KLD), apo MACV L dimer (EMD-0708), MACV Lâ€“vRNA monomer (EMD-0709, 6KLE) and MACV Lâ€“vRNA dimer (EMD-0710, 6KLH). Details about RNA product characterization and uncropped images for autoradiographs are provided in theÂ Supplementary information. All other data are available from the authors on reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Cryo-EM analysis of apo LASV and MACV L proteins.
a, A representative cryo-EM micrograph of MACV L (out of ~2,500 micrographs). b, 2D class average images of LASV and MACV L particles (at least two rounds of classification were performed). A few MACV L particles were observed to form homodimers (red boxes, right panel). Some potential LASV L dimeric particles were also observed (red boxes, left panel) but the abundance was very low and did not result in distinguished 2D class averages. câ€“f, Brief image processing workflows for LASV and MACV L data sets and Euler angle distribution of each reconstruction. g, Local resolution maps for monomeric structures of LASV and MACV L proteins. h, The FSC curves for each reconstruction. The FSC 0.143 and 0.5 cut-off values are indicated by blue and orange dashed lines, respectively. i, j, Representative density of LASV (i) and MACV (j) L monomeric reconstructions.


Extended Data Fig. 2 Comparison of individual domains of FluPol, LACV, LASV and MACV polymerases.
a, Similar overall architecture of these polymerases. b, LASV and MACV L proteins lack the arch loop as in FluBPol and LACV L, which is highlighted by a red dashed oval. c, Arenavirus polymerases lack a bridge domain in the C-terminal region of RdRp but possess a pendant domain insertion between the Î±-ribbon and the finger domain compared with LACV L. The pendant domain in LASV L was not resolved and its supposed location is represented by a pink dashed oval. d, In LACV L (PDB ID: 5AMQ), the CTD was truncated in protein expression. For FluBPol (PDB ID: 4WRT) and LASV and MACV L, the CTD is present in the protein sample but not resolved due to flexibility. NTD, N-terminal domain. e, SEC and SDSâ€“PAGE profiles of LASV and MACV L pendant deletion mutants. OD, optical density. f, Binding kinetics of LASV and MACV L pendant deletion mutants to the 3â€²-vRNA or 3â€²-cRNA promoter strands determined by BLI experiments. KD, dissociation constant. g, In vitro activity assays for WT polymerase and mutants. The correct and incomplete-denatured product bands are indicated by red asterisks and blue arrowheads, respectively. The uncropped autoradiograph images are shown in Supplementary Fig. 1. The data shown in eâ€“g are representative of three independent experiments using different protein preparations.


Extended Data Fig. 3 Knock-on effect of 5â€²-vRNA hook binding for FluPol and LACV polymerase.
aâ€“h, The B-factor maps for apo FluCPol (a), vRNA-bound FluAPol (b) or FluBPol (c), 5â€²-hook-free (d) or 5â€²-hook-bound (e) LACV L, and apo LASV (f), apo MACV (g) and apo vesicular stomatitis virus (VSV) (h) L structures are shown as tube models. The radius and colour are correlated to the B-factor of corresponding atoms, with a larger radius and red colour representing high B-factor values and a smaller radius and blue colour representing low B-factor values. The finger-tip loop in LACV L without 5â€²-hook binding is disordered and is represented by a red dotted line. Corresponding regions in apo LASV, MACV or VSV L are highly ordered.


Extended Data Fig. 4 mRNA sequencing and verification by denatured PAGE experiment.
a, The migration profiles of the same transcription reaction samples in gels containing different concentrations of urea. b, The expected sequence of correct mRNA product and sequencing results for the products generated by LASV and MACV polymerases. The capped primer sequence is underlined with three terminal residues (red) complementary to the template. SeeÂ Supplementary Methods and Supplementary Discussion for details about these experiments. The images show the complete gels without cropped features. The data shown are representative of two independent experiments using different protein preparations.


Extended Data Fig. 5 Biochemical characterization of LASV and MACV L proteins and their interactions with RNA promoters.
a, b, SEC profiles of LASV and MACV L and their interactions with vRNA promoter strands. c, Schematic diagram of the arenavirus vRNA promoter. The non-templated G (position 0) at the 5â€²-vRNA terminus is coloured in red. Residues 1â€“7 of the 3â€²-vRNA that are responsible for L protein interaction are highlighted with a green background. The 5â€² terminus (residues 1â€“12) binds to L protein in a separate binding site, indicated with a grey background, for which the complementarity with the 3â€²-vRNA terminus is represented by dotted lines. The distal ends (residues 13â€“19) of 5â€²-vRNA and 3â€²-vRNA are supposed to form a duplex, for which the base pairs are represented by solid lines. dâ€“g, Binding kinetics of LASV and MACV L proteins to 3â€²-vRNA or 3â€²-cRNA strands determined by BLI experiments. The data shown in this figure are representative of three independent experiments using different protein preparations.


Extended Data Fig. 6 Cryo-EM analysis of the MACV Lâ€“vRNA complex.
a, A representative cryo-EM micrograph of promoter-bound MACV L (out of ~3,000 micrographs). b, Representative 2D class average images (three rounds of classification were performed). Most of the particles exist as homodimers (red boxes). câ€“f, Brief 3D classification and refinement procedures for the dimeric and monomeric particles. The masks for splitting dimeric particles into monomeric forms are indicated by red dotted outlines in c. The Euler angle distribution of each reconstruction is shown. g, Local resolution maps for monomeric (left) and dimeric (right) structures of the MACV Lâ€“vRNA complex. The RNA-binding groove is indicated by a black arrowhead in each structure. The densities of the Î±-ribbon and pendant domains (highlighted by red dashed circles) become less ordered than the apo form, indicating conformational changes in this region. h, The FSC curves for each reconstruction. The FSC 0.143 and 0.5 cut-off values are indicated by blue and orange dashed lines, respectively. i, Representative density of the dimeric interface and 3â€²-vRNA.


Extended Data Fig. 7 The 3â€²-vRNA-binding site and conservation analysis for arenavirus polymerases.
aâ€“c, The similar 3â€²-vRNA-binding site in MACV polymerase (a), LACV polymerase (PDB ID: 5AMQ) (b) and FluPol (PDB ID: 6KUT) (c). The protein structures are shown as cartoons (coloured by domains), and the bound RNA is shown as a surface model. d, e, Electrostatic surface of the 3â€²-vRNA-binding site in MACV (d) and LASV (e) L proteins. f, Conservation analysis for arenavirus polymerases. Residues H1189 and D1329Â (numbered according toÂ Tacaribe virus (TCRV) polymerase), which are potentially involved in Z protein interaction29, are located near the NTP entrance. The clamp domain (blue dotted oval) shows high variability, whereas the dimerization interface (red dotted oval) and the 3â€²-vRNA-binding site (black dotted rectangle) are relatively conserved. g, Sequence alignment of the clamp region. Residues with >70% similarity in one site are coloured in red and indicated by blue rectangles. The strictly identical residues are highlighted with a red background. The two insertions of Old World arenavirus polymerases relative to New World arenaviruses are highlighted with green boxes. GTOV, Guanarito virus; IPPYV, Ippy virus; JUNV, Junin virus; LCMV, lymphocytic choriomeningitis virus; LUJV, Lujo virus; MBLV, Mobala virus; MOPV, Mopeia virus; OLIV, Oliveros virus; PIRV, Pirital virus; SABV, Sabia virus; WWAV, Whitewater Arroyo virus.


Extended Data Fig. 8 Different conformations of LASV and MACV L proteins for RNA synthesis.
a, Superposition of LASV (dark) and MACV (light) L structures. The four major domains with different conformations are highlighted, including the endonuclease (blue), Î±-ribbon (yellow), pendant (pink) and clamp (green) domains. The rest of the main body is coloured in grey. The pendant domain of LASV is modelled by superimposing the Î±-ribbon and pendant of MACV L with the Î±-ribbon helices of LASV and is highlighted by a dotted oval. The CTD is not resolved in both structures and is represented with a black dotted oval. The predicted template entrance is indicated by a black arrow, which is closed by the Î±-ribbon and pendant in MACV L. b, Schematic model of the different conformational states of LASV and MACV L proteins. The domains of LASV L are represented by solid colours, and those of MACV L are shown with dotted outlines. c, Model of replicating RdRp based on the structures of LASV L and the poliovirus elongation complex30. The catalytic site is indicated by a red asterisk. The 3â€²-vRNA (black) and product (blue) strands are separated by the lid domain. The NTP entrance and template or product exits are indicated by arrows. d, Inside tunnels within the LASV L structure for RNA synthesis, including the template entrance, the NTP entrance and the template (black) or product (blue) exits. The catalytic site is indicated by a red asterisk.


Extended Data Fig. 9 Modelling of the LASV L homodimer and the contacting interfaces.
a, Structural model of the LASV L homodimer. The two protomers are coloured by domains: one in dark colours and the other in light colours. b, Close-up view of the predicted dimeric interface. The electrostatic surface of one protomer is shown to visualize the complementary charge patterns. Positive and negative charges are represented in blue and red, respectively. The key contacting residues are shown as sticks. c, Sequence alignment for key regions of the dimeric interface, with three key motifs highlighted by red boxes. Residues with >70% similarity in one site are coloured in red and indicated by blue rectangles. The strictly identical residues are highlighted with a red background. d, Close-up view of the steric clash between endonuclease domains (blue) within the two LASV L protomers, indicated by a dotted oval.


Extended Data Fig. 10 Purification and dynamic light scattering analysis of LASV, MACV L and mutants.
aâ€“d, SEC and SDSâ€“PAGE profiles of LASV and MACV L mutants. All of these mutants display similar behaviour to the WT proteins, indicating predominant monomeric forms in solution. e, f, Dynamic light scattering patterns of the WT LASV and MACV L and mutants. Both mut_A and mut_B mutants showed sharper and smaller radius distribution patterns than the WT proteins, indicating attenuated dimeric interactions and thus better homogeneity than the WT. The upper limit of molecular radius for mut_B proteins is indicated by red dashed lines to facilitate comparison. The data shown in this figure are representative of three independent experiments using different protein preparations.


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