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            Abstract
RNA polymerase I (Pol I) is a highly processive enzyme that transcribes ribosomal DNA (rDNA) and regulates growth of eukaryotic cells1,2,3,4. Crystal structures of free Pol I from the yeast Saccharomyces cerevisiae have revealed dimers of the enzyme stabilized by a â€˜connectorâ€™ element and an expanded cleft containing the active centre in an inactive conformation5,6,7. The central bridge helix was unfolded and a Pol-I-specific â€˜expanderâ€™ element occupied the DNA-template-binding site. The structure of Pol I in its active transcribing conformation has yet to be determined, whereas structures of Pol II and Pol III have been solved with bound DNA template and RNA transcript8,9,10. Here we report structures of active transcribing Pol I from yeast solved by two different cryo-electron microscopy approaches. A single-particle structure at 3.8â€‰Ã… resolution reveals a contracted active centre cleft with bound DNA and RNA, and a narrowed pore beneath the active site that no longer holds the RNA-cleavage-stimulating domain of subunit A12.2. A structure at 29â€‰Ã… resolution that was determined from cryo-electron tomograms of Pol I enzymes transcribing cellular rDNA confirms contraction of the cleft and reveals that incoming and exiting rDNA enclose an angle of around 150Â°. The structures suggest a model for the regulation of transcription elongation in which contracted and expanded polymerase conformations are associated with active and inactive states, respectively.
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                    Figure 1: Single-particle cryo-EM structure of yeast Pol I elongation complex at 3.8â€‰Ã… resolution.


Figure 2: Cleft contraction and module movements.


Figure 3: Cryo-electron tomography analysis of Pol I transcribing rDNA genes.
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Extended data figures and tables

Extended Data Figure 1 Preparation of Pol I elongation complex (EC) for single-particle cryo-EM.
a, Size-exclusion chromatogram (Superose 6 Increase 3.2/300; GE Healthcare) of reconstituted Pol I EC. Higher absorbance at 260â€‰nm (red line) than at 280â€‰nm (blue line) indicates presence of nucleic acids. Coomassie-stained SDSâ€“PAGE analysis of pooled peak fractions shows the presence of all 14 Pol I subunits. b, Coomassie-stained SDSâ€“PAGE analysis of titration with BS3 cross-linker. Gel is cropped to large subunits A190 and A135. A shift to higher molecular weight is observed with increasing BS3 concentration indicating successful crosslinking. Based on interpolation, we chose 0.9â€‰mM BS3 (not shown) as the appropriate concentration for final sample preparation.


Extended Data Figure 2 Single-particle cryo-EM particle sorting pipeline.
Annotated arrows indicate the direction of processing and provide information regarding the number of particles used and the classification masks applied. A representative micrograph of the Pol I EC under cryo conditions showed particles of the expected size. A set of 1,500 particles was picked manually with EMAN2 (ref. 30) and used to generate initial 2D classes for template based auto-picking in Relion31. After cleaning by manual inspection and in 2D classification, per frame B-factor weighting and translational movie alignment was applied to the remaining 282,000 particles. The colouring of the surfaces is according to the standard polymerase subunit colouring: A190, grey; A135, wheat; A49, light blue; A43, slate; AC40, red; A34.5, pink; Rpb5, magenta; Rpb6, silver-blue; AC19, yellow; Rpb8, green; A14, hot pink; A12.2, orange; Rpb10, blue; Rpb12, lemon. Template DNA, non-template DNA and RNA are depicted in medium blue, sky blue and red, respectively. The structures against greyed background indicate final EC and Pol I monomer structures.


Extended Data Figure 3 Quality of single-particle cryo-EM reconstructions.
a, Top and bottom view of local resolution surface maps. b, Representative areas of the single-particle cryo-EM density for Pol I EC (left panel) and Pol I monomer (right panel). The A190 helix Î±19 (upper panel) and the A135 strand Î²40 (lower panel) are depicted together with the refined model superimposed. c, Angular distribution of particle images. Red dots indicate views with at least one particle assigned within 1Â°. Black shading represents the number of particles. The orientation occupancy is similar for both structures and covers most of the angles. d, FSC curves. Blue lines indicate the FSC between half maps of the respective reconstruction and red lines indicate FSC between the derived model against the single-particle cryo-EM map.


Extended Data Figure 4 Comparison of all eukaryotic and the bacterial elongation complexes.
All structures are depicted in front view. Bridge helix and active site are highlighted in green and magenta, respectively. Modules were defined as in Fig. 2d. a, Pol EC from this study. b, Pol II EC9. c, Pol III EC10. d, Bacterial EC15.


Extended Data Figure 5 Additional details on Pol I EC.
a, Cleft loops. Ribbon model of ECs of all three S. cerevisiae RNA polymerases superimposed on the bridge helix9,10. Bridge helix (green) and downstream DNA together with DNA-RNA hybrid (blue and red) are given for Pol I. b, Ribbon model of free Pol I (PDB code 4C2M (ref. 5), black and orange) superimposed on the shown inner A190 funnel helix Î±21 with Pol I EC (grey, green and pink). As a consequence of cleft contraction, parts of the shelf module move in and reduce the width of the pore to impair binding of the C-terminal domain of A12.2. c, Modelling the A12.2 C-terminal domain into the pore of the contracted Pol I EC results in a clash. In the upper part, a surface representation of domains in free Pol I shows that the C-terminal domain of A12.2 fills the pore that is lined by the A190 funnel helix Î±21 and loop 1572-1579 of the A190 cleft domain in the shelf module. In the lower part, cleft contraction observed in the EC reduces the width of the pore, causing a steric clash in the model.


Extended Data Figure 6 Free monomeric Pol I single-particle cryo-EM structure.
a, Ribbon model of free, monomeric Pol I solved by single-particle cryo-EM. The views correspond to the â€˜frontâ€™ and â€˜topâ€™ views with the incoming downstream DNA pointing towards the reader. Colour code as in Extended Data Fig. 2. b, Free Pol I (PDB 4C2M, black), Pol I Monomer (pink) and Pol I EC (orange) were superimposed onto A135. For clarity, only subunits A190 and A135 are shown. c, Scheme of the observed conformations as displayed in b. The cleft width was measured at two positions: (i) between residue K434 from chain A135 to residue E414 from chain A190 and (ii) between residue K1331 from chain A190 to residue G231 from chain A190. The distance bars above and below the polymerase cartoon indicate the distances between the protrusion and the clamp core helices (above) and at the entry site of downstream DNA (below). The difference (Î”) between the free Pol I (ref. 5) and the Pol I monomer, the Pol-Iâ€“Rrn3 (ref. 17) and Pol I EC, respectively, is given in brackets. For the measurement of the relative movement of the clamp core helices shown in the magnified inset, all Pol I structures were aligned on the A135 subunit and the distance between residue E414 of subunit A190 of the free Pol I5 to the same residue of the Pol I EC, Pol I â€“ Rrn317 and Pol I monomer, respectively, was measured. d, Electron density of the bridge helix in the free Pol I Monomer. e, Comparison of bridge helices in the free Pol I monomer (orange) and free Pol I (black) from the crystal structure. f, Electron density (semi-transparent grey) is shown together with models for the bridge helix, trigger loop (both grey) and the C-terminal domain of A12.2. The expander (red) is not present in this structure but modelled here based on the crystal structure of the free Pol I dimer, revealing a clash. g, Inhibited24 and paused23 bacterial polymerase superimposed on Rpb1 of the free Pol I monomer. For clarity only A190 and A135 of Pol I are shown and the Î²â€²-NCD of the bacterial polymerases is excluded from the visualization.


Extended Data Figure 7 Yeast cells, lysed to leak their nucleoplasm, prepared with negative stain and visualized under cryo conditions.
a, Electron micrograph of a negatively stained lysed yeast cell, with the nucleoplasm spread on the carbon support film. The upper left of the micrograph is occupied by the grid bar. The yeast cell has released the nuclear context on the grid, which appears as an electron-lucent leakage. b, Electron micrograph of the spread nucleoplasm of a plunge-frozen yeast cell at close-to-native conditions. In the lower left corner, the remains of a yeast cell can be seen as an electron-dense patch. The nucleoplasm is embedded in an ice layer and the asterisks indicate three Miller trees found in the vicinity of this cell. The Miller tree indicated with the red asterisk was used for recording of the tilt-series in Fig. 3.


Extended Data Figure 8 Relative positions of polymerases towards each other and of protruding nucleic acids.
a, Histogram of centreâ€“centre distance d of two consecutive Pols as depicted in (Fig. 3c). The reason for measuring distances smaller than 12â€‰nm is that the enzyme is not completely spherical. Thus at certain rotational arrangements the centre-to-centre distance can be smaller than the average diameter of Pol I. b, Histogram of in-plane angle Ï† spanned by three consecutive Pols as depicted in Fig. 3c. c, Focused sub-tomogram averaging around the RNA. The RNA exits Pol I as an ~10â€‰Ã… thick density, both in the slice and in the isosurface representation. d, Sub-tomogram average with the alignment focused on the downstream DNA. The downstream DNA is a long, straight 2â€‰nm density, both in the slice and in the isosurface representation. In both c and d, the Pol I molecule is a globular ~12â€‰nm featureless density. e, Stereo pair of the sub-tomogram average shows the positions of the nascent RNA chain as green balls. The positions that were manually identified by three independent users, without previous knowledge of the positions of the sub-tomogram average, correspond closely to the position of the RNA exit site that was postulated by the X-ray crystallography structure5.


Extended Data Figure 9 Comparisons between cryo-electron tomography and single-particle cryo-EM structures.
a, FSC of the cryo-electron tomography structure with a resolution of 29â€‰Ã… (purple line) and FSC between the cryo-electron tomography structure and single-particle cryo-EM structure with estimated resolutions of 44â€‰Ã… and 31â€‰Ã…, measured at FSC 0.5 and 0.143 criteria, respectively (green line). b, Poor fit of the expanded, free Pol I crystal structure5 (PDB: 4C2M) to the cryo-electron tomography density (grey). In the expanded state a significant part of the clamp core helices are outside the cryo-electron tomography density (26% outside, 74% inside), while in the contracted state they almost completely enclosed (4% outside, 96% inside). In addition, in the expanded state 54% of the cryo-electron tomography density remains unoccupied compared to 19% of the contracted state (also compare Fig. 3d, reproduced here for comparison purposes).


Extended Data Table 1 Model refinement statisticsFull size table





Supplementary information
Conformational changes between free Pol I and Pol I EC 
The video illustrates the transition from free monomeric Pol I to elongating Pol I. The four major polymerase modules core, jaw-lobe, clamp and shelf are colored in grey, blue, yellow and pink, respectively. The movement of the rigid clamp-shelf module is highlighted together with the refolding of the bridge helix (green). The adjacent dimer of model of the crystal structure (PDB 4C2M) is shown briefly before the focus is set on the domain movements. Furthermore, the expander (light green), downstream DNA (blue), the DNA-RNA hybrid (blue-red) and the C-terminal domain of A12.2 are visualized. (MP4 10596 kb)
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