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            Abstract
CrAss-like phages are a recently described expansive group of viruses that includes the most abundant virus in the human gut1,2,3. The genomes of all crAss-like phages encode a large virion-packaged protein2,4 that contains a DFDxD sequence motif, which forms the catalytic site in cellular multisubunit RNA polymerases (RNAPs)5. Here, using Cellulophaga baltica crAss-like phage phi14:2 as a model system, we show that this protein is a DNA-dependent RNAP that is translocated into the host cell along with the phage DNA and transcribes early phage genes. We determined the crystal structure of this 2,180-residue enzyme in a self-inhibited state, which probably occurs before virion packaging. This conformation is attained with the help of a cleft-blocking domain that interacts with the active site and occupies the cavity in which the RNAâ€“DNA hybrid binds. Structurally, phi14:2 RNAP is most similar to eukaryotic RNAPs that are involved in RNA interference6,7, although most of the phi14:2 RNAP structure (nearly 1,600 residues) maps to a new region of the protein fold space. Considering this structural similarity, we propose that eukaryal RNA interference polymerases have their origins in phage, which parallels the emergence of the mitochondrial transcription apparatus8.
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                    Fig. 1: In vitro transcription activity of the phi14:2 RNAP gp66.[image: ]


Fig. 2: Global analysis of phi14:2 transcription during infection.[image: ]


Fig. 3: The phi14:2 RNAP gp66 is homologous to single- and multi-subunit RNAPs.[image: ]
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                Data availability

              
              The following publicly available datasets were used in the study: GenBank reference genome sequences of phages phi14:2 (NC_021806.1), phicrAss001 (MH675552.1), IAS (KJ003983); phage genomes from the Data S1 dataset found in the supplementary information of ref. 13; and PDB atomic models of proteins with the accession numbers 2J7N, 2O5J, 4C2M and 1Y1W. The genome of C. baltica strain 14 has been deposited to the NCBI BioProject and is accessible through the BioProject ID PRJNA552277. The RNA-seq datasets have been deposited to the NCBI Gene Expression Omnibus and are accessible through the GEO Series GenBank accession number GSE133609. The refined atomic model of phi14:2 gp66 and the X-ray structure factors have been deposited to the PDB under the accession number 6VR4. The uncropped gels used for Figs. 1, 2 and Extended Data Figs. 1, 6 are shown in theÂ Supplementary Information.Â Source data are provided with this paper.

            

Code availability

              
              The custom code, information about the software used in this study, and annotations of genomes of crAss-like phages are available from GitHub at https://github.com/matveykolesnik/Drobysheva_et_al_2020.
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Extended data figures and tables

Extended Data Fig. 1 Purification of the phi14:2 RNAP gp66 and analysis of its transcriptional activity on an RNAâ€“DNA scaffold.
a, Wild-type gp66 and three aspartate-to-alanine point mutants in the catalytic DFDID motif are visualized on SDS-PAGE. The panel depicts one of two repeat experiments with similar outcomes. b, Unlike E. coli (Eco) and T7 phage RNAPs, gp66 does not extend an RNA primer of an RNAâ€“DNA scaffold in the presence of rNTPs. The sequences of RNAâ€“DNA scaffolds used are shown below the gels. The RNA was radioactively labelled at the 5â€² end. The reaction products were resolved by electrophoresis in 16% (w/v) polyacrylamide gel containing 8 M urea and revealed by autoradiography. The assay was performed twice for each of two biological replicates. The uncropped SDS-PAGE gel and autoradiograms are shown inÂ Supplementary Fig. 1.


Extended Data Fig. 2 General parameters of phi14:2 infection and temporal patterns of transcript accumulation of selected early, middle and late phi14:2 genes visualized by RTâ€“qPCR and RNA-seq.
a, Growth curves of C. baltica infected with phi14:2 at different MOIs (mean Â± s.d. of three biological replicates). For each condition, the OD600 was normalized to its value measured immediately after the phage was added to the culture (time point 0). b, Single-step multiplication of phi14:2 in C. baltica at an MOI of 0.001. The number of PFUs (mean Â± s.d. of three biological replicates) is given for a standard infection protocol (no rifampicin, black line) and for infection in the presence of rifampicin (red line). The value of PFU was normalized to that measured at time point 0. c, Black and red lines and symbols correspond to the infection of C. baltica under a standard protocol and that in the presence of rifampicin, respectively. RTâ€“qPCR reactions are quantified by a cycle threshold (Ct) parameter at which the RTâ€“qPCR signal exceeds a preset value. The signal is converted to the original transcript abundance by plotting it as \({2}^{-{\rm{Ct}}}\). The transcript abundance is normalized to that of the C. baltica 16S ribosomal RNA (rRNA) as follows: \({2}^{-{{\rm{Ct}}}_{{\rm{gene}}}}/{2}^{-{{\rm{Ct}}}_{{\rm{16S}}{\rm{rRNA}}}}={2}^{-\Delta {\rm{Ct}}}\) where \(\Delta {\rm{Ct}}={{\rm{Ct}}}_{{\rm{gene}}}-{{\rm{Ct}}}_{{\rm{16S}}{\rm{rRNA}}}\). Each RTâ€“qPCR reaction contained three technical replicates resulting in up to nine values of \(\Delta {{\rm{Ct}}}_{ij}={{\rm{Ct}}}_{{\rm{gene}}i}-{{\rm{Ct}}}_{{\rm{16S}}{\rm{rRNA}}j}\) \(i,j=1,\,2,\,3\). The line connects the mean values of the function \({2}^{-\Delta {{\rm{Ct}}}_{ij}}\) for each time point that are labelled with a larger symbol. The corresponding RNA-seq data are shown next to the RTâ€“qPCR plots. The RTâ€“qPCR and RNA-seq analyses were performed on different biological replicates.
Source data


Extended Data Fig. 3 SAD-derived electron density of the catalytic loop and cleft-blocking domain of phi14:2 RNAP gp66.
All panels show the initial experimental electron density map, which was calculated using SeMet SAD phases that were improved by solvent flattening and twofold non-crystallographic averaging, and the final refined model. a, b, Two orthogonal views of the catalytic site region. The CÎ± atoms of the catalytic loop are coloured yellow. The map is contoured at 2 s.d. above the mean. c, The structure of the cleft-blocking domain. The CÎ± atoms of the cleft-blocking domain are coloured cyan. The map is contoured at 1 s.d. above the mean. The orientation of the molecule and domain colour code are both similar to those shown in Extended Data Fig. 4.


Extended Data Fig. 4 Domain organization and functional elements of phi14:2 RNAP gp66.
phi14:2 gp66 (middle) can be divided into 12 domains, each containing its own separate hydrophobic core (except the cleft-blocking domain, owing to its small size). To improve clarity, the overall structure is shown with a substantial degree of depth cueing, resulting in some parts of the structure (e.g. domain VII) being almost invisible. All panels that show the structure are to scale. The colour code, domain boundaries and secondary structure are given in the lower panels. Known and putative functional elements are labelled. The functions of the channels that span the molecule were assigned as follows: gp66 was first superimposed onto the T. thermophilus RNAP elongation complex crystal structure (PDB ID: 2O5J15), and the RNA and DNA molecules were then extracted from the latter. Then, while keeping the RNAâ€“DNA duplex part of the complex stationary, both the RNA and DNA tails were adjusted as rigid bodies to minimize clashes with gp66, and their geometries were regularized.


Extended Data Fig. 5 The cleft-blocking domain of the phi14:2 RNAP gp66 and the expander element of Pol I clash with nucleic acids in the RNAP elongation complex.
a, Superposition of the Pol I catalytic site (PDB ID: 4C2M22) onto that of the Pol II elongation complex structure (PDB ID: 1Y1W47). b, Superposition of the gp66 catalytic site onto that of the Pol II elongation complex structure (PDB ID: 1Y1W47). c, Two orthogonal views of the superposition of gp66 and Pol I catalytic sites (PDB ID: 4C2M22).


Extended Data Fig. 6 A model of the gp66 catalytic site in the active conformation.
a, DNA-dependent RNA synthesis activity of wild-type gp66 and its two catalytic loop mutants as measured on denatured phi14:2 DNA. The uncropped autoradiogram is shown inÂ Supplementary Fig. 5. The assay was performed three times for each of two biological replicates. b, The crystal structure of the catalytic site of the T. thermophilus RNAP (the elongation state conformation, PDB ID: 2O5J15). Residues of the Î² subunit are labelled with a superscript index. c, Possible configuration of the catalytic site of the wild-type gp66 (tan coloured) and its I1364G and I1364W mutants (coloured cyan and magenta, respectively) in the active conformation. The models were obtained by rebuilding and regularizing the geometry of the polypeptide chain to make the side chains of the three catalytic aspartates (D1361, D1363 and D1365) point in the same direction. For each of the aspartates, a rotamer that brings the side chains closer in space was chosen. The magnesium ion was placed to match its dictionary distance value. In b, c, the bottom panels show the Ramachandran angles of the amino acids comprising the catalytic loop (the Ramachandran plots of gp66 and its two mutants are overlaid on top of each other); residues that interact with the catalytic loop are semi-transparent and represent the crystal structure conformation.


Extended Data Table 1 Data collection and refinement statisticsFull size table


Extended Data Table 2 Absolutely conserved amino acids of RNAPs of crAss-like phages and their analogues in other RNAPs based on structural alignmentsFull size table





Supplementary information
Supplementary Information
This file contains a Supplementary Discussion, Supplementary Methods, Supplementary Figures 1-7, Supplementary Tables 1-6, and Supplementary References.


Reporting Summary

Video 1
: Structure of gp66 RNAP with putative locations of DNA and RNA molecules. The domain color code is the same as in the Extended data Fig. 4. The location of the RNA and DNA molecules and that of the RNA-DNA duplex are derived from the superposition of gp66 onto the crystal structure of the T. thermophilus RNAP elongation complex (PDB code 2O5J). To avoid clashes with gp66, the direction of RNA and DNA tails was adjusted, and then their geometries were minimized. Neither the structure nor location of the RNA-DNA duplex was changed in this procedure.
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