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            Abstract
Protein biosynthesis depends on the availability of ribosomes, which in turn relies on ribosomal RNA production. In eukaryotes, this process is carried out by RNA polymerase I (Pol I), a 14-subunit enzyme, the activity of which is a major determinant of cell growth. Here we present the crystal structure of Pol I from Saccharomyces cerevisiae at 3.0 Å resolution. The Pol I structure shows a compact core with a wide DNA-binding cleft and a tightly anchored stalk. An extended loop mimics the DNA backbone in the cleft and may be involved in regulating Pol I transcription. Subunit A12.2 extends from the A190 jaw to the active site and inserts a transcription elongation factor TFIIS-like zinc ribbon into the nucleotide triphosphate entry pore, providing insight into the role of A12.2 in RNA cleavage and Pol I insensitivity to α-amanitin. The A49–A34.5 heterodimer embraces subunit A135 through extended arms, thereby contacting and potentially regulating subunit A12.2.
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                    Figure 1: Crystal structure of yeast RNA polymerase I.[image: ]


Figure 2: An extended loop mimics the transcription bubble inside the DNA-binding cleft.[image: ]


Figure 3: Stalk anchoring in Pol I, Pol II and archaeal Pol.[image: ]


Figure 4: Pol I subunit A12.2 extends from the jaw to the active site.[image: ]


Figure 5: Anchoring of the A49–A34.5 heterodimer onto the Pol I core.[image: ]
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                Atomic coordinates and structure factors of the three related Pol I crystal forms have been deposited at the Protein Data Bank under accession numbers 4C3H, 4C3I and 4C3J.
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Extended data figures and tables

Extended Data Figure 1 Electron densities of different regions of the Pol I structure.
a, Helix in the cleft of subunit A190. Subunits are coloured according to the code given in Fig. 1a. In a–d, σA-weighted electron densities contoured at 1σ are depicted in blue. b, Interaction between subunit Rpb8 (green) and subunit A190 (grey). c, Linker between the two Zn ribbon domains in subunit A12.2. d, A49–A34.5 heterodimer and the anchoring onto the Pol I core by the A34.5 hook and the A49 linker region. e, Anomalous difference Fourier map (purple) calculated from partially selenomethionine-substituted Pol I contoured at 3σ (Extended Data Table 1). In the A49–A34.5 heterodimer two selenium peaks correspond to A34.5 Met 80 and Met 107. f, Anomalous difference Fourier map (purple) showing selenomethionine positions contoured at 3σ. In total, 90 out of 100 expected selenium positions were located within a distance of less than 2.3 Å to corresponding methionine residues.


Extended Data Figure 2 Comparison between Pol I, Pol II and archaeal Pol.
a, Crystal structures of yeast Pol I and Pol II and the archaeal Pol are represented in the same orientation using the same colour code. Whereas the overall organization is conserved, additional subunits such as the A49–A34.5 heterodimer in Pol I and Rpo13 in Archaea are also present. The archaeal Pol lacks the orthologue of subunit A12.2 in Pol I (or Rpb9 in Pol II). The relative position of the stalk also varies between the three RNA polymerases. b, Crystal structures of the individual subunits varying between the three enzymes are depicted. The same colour code for corresponding or identical subunits in the three RNA polymerases is used.


Extended Data Figure 3 Opening of the cleft varies among different Pol I structures and between Pol I and Pol II.
a, Middle panel: front view of the Pol I structure in crystal form C2-100 (see Extended Data Table 1). The complex is divided into two modules. Module 1 (red) is formed by the major part of subunit A190 (without the pore 1, funnel and jaw domains), the C terminus of A135, Rpb5, Rpb6, Rpb8 and the stalk subunits, whereas module 2 (blue) comprises the remaining A135 domains, the pore 1, funnel and jaw domains of A190, AC40–AC19, Rpb10, Rpb12, A12.2 and the A49–A34.5 heterodimer. These modules are held by three hinges in A190 (active site–pore 1 connection, bridge helix and jaw–cleft connection) and one hinge in A135 (hybrid binding–anchor connection) as indicated in Fig. 1b. Pol I structures obtained in crystal forms C2-90 (left panel) and C2-93 (right panel) were superimposed with the one obtained in crystal form C2-100 taking module 2 as reference. Differences between the different crystal forms in the cleft aperture and the tilting of the mobile modules are indicated. b, Pol II structure (Protein Data Bank accession 1WCM) is superimposed onto Pol I (C2-100) using module 1 as reference. In comparison, the Pol II cleft is closed by 10 Å and the modules rotate 15.6°. c, Schematic representation of Pol I and Pol II showing the mobility between Pol I modules, as well as the conformation of the stalk and the clamp. Colour coding is as in b, with the exception of the Pol II stalk, which is coloured deep orange. d, Conformation of the bridge helix of the bacterial Thermus thermophilus polymerase (bacPol, pink, Protein Data Bank accession 1IW7), Pol I (green) and Pol II (yellow, Protein Data Bank accession 1WCM). In addition, the trigger loop is shown for the Thermus thermophilus polymerase, where it is ordered, and as dotted lines for Pol I and Pol II, where it is disordered. e, Sequence alignment of the bridge helix of Saccharomyces cerevisiae and Homo sapiens Pol I, Pol II and Pol III, archaeal Methanococcus jannaschii and Sulfolobus solfataricus, and the bacterial Escherichia coli and Thermus thermophilus polymerases. The secondary structure of the Pol I bridge helix is shown above the alignment. In Methanococcus jannaschii, site-directed mutations Q823D and S824P in subunit A′ lead to increased transcriptional activity.


Extended Data Figure 4 Elongation complex.
a, Cartoon representation of a model of Pol I in complex with an elongation bubble, generated by superposition of the Pol II elongation complex crystal structure (Protein Data Bank accession 1Y1W) using the largest subunit as reference. Whereas Pol II is not shown, the coding and non-coding DNA strands are depicted in blue and cyan, respectively, and the RNA in red. The main Pol I elements putatively involved in nucleic acid interaction appear in different colours, whereas the rest of the Pol I structure is shown in light grey. b, Proposed rearrangements in elongating Pol I (coloured elements) in analogy with Pol II (grey elements). Closure of the cleft is expected to approach the wall (tan), the hybrid binding domain (dark red) and the fork loop 2 (orange) to the bubble, as well as to fold the bridge helix (green). Closure of the fork loop 1 (pink) and opening of the lid loop (cyan) would also be required.


Extended Data Figure 5 The DNA-mimicking loop of Pol I forms a mobile element.
a, σA-weighted electron density contoured at 1σ of A190 jaw residues 1361–1399 (middle and right panel) in crystal form C2-90. Density is also present in crystal form C2-93 (data not shown), whereas it is absent in crystal form C2-100 at the same contour level (left panel). b, Sequence alignment of the Pol I DNA-mimicking loop across different species highlighting the conservation of this element. c, Purified Pol I shows elongation activity in an RNA extension assay. DNA templates (Temp-41 and Temp-27 of 41 and 27 nucleotides, respectively) and 32P-labelled RNA sequences used for the assay are indicated. The autoradiogram shows the elongation of RNA by Pol I producing a run-off of 18 nucleotides (lane 3) or 12 nucleotides (lane 6) depending of the template used. Lanes 1 and 4: the DNA/RNA hybrids were incubated in the absence of Pol I. Lanes 2 and 5: Pol I–DNA–RNA complexes were incubated with a buffer without NTPs. d, Dot spots grown at the indicated temperatures of the parental RPA190 strain and rpa190Δloop strain where the DNA-mimicking loop has been deleted. The rpa190Δloop strain shows a slight temperature-sensitive growth defect on SDC medium.


Extended Data Figure 6 Pol I dimer in the crystal lattice.
The A43 C-terminal tail establishes crystal contacts with a second molecule related by a crystallographic dyad. The A43 C-terminal helix is embedded between the clamp and the protrusion domain of a dyad related molecule. The σA-weighted electron density map (contoured at 1σ) shows clear density corresponding to residues A43 251–326. The two monomers are related by a crystallographic dyad, which is indicated by a dyad symbol.


Extended Data Figure 7 Subunit A12.2 structure and its position in Pol I.
a, Detailed views show the A12.2 Zn sites and the main contacts between its linker and the A190 subunit. The A12.2 linker extends the β-sheet of the A190 jaw. b, The overlap between subunit A12.2 and α-amanitin in the Pol I structure explains the insensitivity of Pol I for this fungal toxin. The Pol II–α-amanitin complex structure (Protein Data Bank accession 2VUM) was superimposed onto the Pol I crystal structure. In the left panel, the α-amanitin toxin is depicted in surface representation (pink). On the right, a detailed view of α-amanitin shows the overlap with the C-terminal Zn ribbon of A12.2.


Extended Data Figure 8 Precise positioning of the A49–A34.5 heterodimer suggests similar positions for the related C37–C53 heterodimer in Pol III and the TFIIF heterodimer in Pol II.
a, Pol I was fitted into the Pol III envelope (EM-1804)12. A49–A34.5 (corresponding to C37–C53 in Pol III), AC40–AC19 and A12.2 (corresponding to C11 in Pol III) are coloured as in Fig. 1. The approximate position of subcomplex C82–C34–C31 is also indicated. b, The proposed Pol II/TFIIF model was manually fitted into the Pol II/TFII-A-B-F/TBP/DNA EM density (EM-2305)43. c, Left panel: detailed view of the anchoring of the A49–A34.5 dimerization domain onto the Pol I core. Right panel: model for the TFIIF dimerization module bound to the Pol II core based on the crystal structures of the human Rap74–Rap30 complex (Protein Data Bank accession 1F3U) and Pol II (Protein Data Bank accession 1WCM).


Extended Data Table 1 Data statistics of the Pol I structure determinationFull size table
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        Editorial Summary
Pol I structure determined
RNA polymerase I (Pol I) transcribes ribosomal RNA which is critically required for ribosome assembly, and the enzyme is therefore a major determinant of protein biosynthesis and cell growth. Mis-regulation of Pol I has been associated with several types of cancer, and Pol I is an emerging target for anticancer drugs. In this issue of Nature, two groups, working independently, present the X-ray crystal structure of the complete 14-subunit Pol I from yeast, determined at 3.0 Å and 2.8 Å resolution. The basic architecture of Pol I resembles those of Pol II and Pol III, but its DNA-binding cleft adopts a wider conformation than seen in the other RNA polymerases, and other unique features also provide insights into the functional roles of its components.
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