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            Abstract
Oxidative stress promotes genomic instability and human diseases1. A common oxidized nucleoside is 8-oxo-7,8-dihydro-2â€²-deoxyguanosine, which is found both in DNA (8-oxo-G) and as a free nucleotide (8-oxo-dGTP)2,3. Nucleotide pools are especially vulnerable to oxidative damage4. Therefore cells encode an enzyme (MutT/MTH1) that removes free oxidized nucleotides. This cleansing function is required for cancer cell survival5,6 and to modulate Escherichia coli antibiotic sensitivity in a DNA polymerase (pol)-dependent manner7. How polymerases discriminate between damaged and non-damaged nucleotides is not well understood. This analysis is essential given the role of oxidized nucleotides in mutagenesis, cancer therapeutics, and bacterial antibiotics8. Even with cellular sanitizing activities, nucleotide pools contain enough 8-oxo-dGTP to promote mutagenesis9,10. This arises from the dual coding potential where 8-oxo-dGTP(anti) base pairs with cytosine and 8-oxo-dGTP(syn) uses its Hoogsteen edge to base pair with adenine11. Here we use time-lapse crystallography to follow 8-oxo-dGTP insertion opposite adenine or cytosine with human pol Î², to reveal that insertion is accommodated in either the syn- or anti-conformation, respectively. For 8-oxo-dGTP(anti) insertion, a novel divalent metal relieves repulsive interactions between the adducted guanine base and the triphosphate of the oxidized nucleotide. With either templating base, hydrogen-bonding interactions between the bases are lost as the enzyme reopens after catalysis, leading to a cytotoxic nicked DNA repair intermediate. Combining structural snapshots with kinetic and computational analysis reveals how 8-oxo-dGTP uses charge modulation during insertion that can lead to a blocked DNA repair intermediate.
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                    Figure 1: 8-Oxo-dGTP specificity and insertion opposite adenine.[image: ]


Figure 2: 8-Oxo-dGTP insertion opposite cytosine.[image: ]


Figure 3: Product complex with 8-oxo-dGMP(anti):cytosine.[image: ]


Figure 4: Charge modulation of the polymerase active site.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mutagenic 8-oxo-dGTP insertion opposite adenine.
a, Overlay of the ternary complex for 8-oxo-dGTP(syn):Ad generated with Ca2+ or a dideoxy-terminated primer (Protein Data Bank accession number 3MBY) is shown in yellow and green, respectively (root mean squared deviation of 0.17Â Ã…). b, The pol Î² active site is shown with a 2FoÂ âˆ’Â Fc map contoured at 1.5Ïƒ after a 20Â s soak. Key active site residues are indicated and Mg2+ ions are shown as red spheres. The reactant 8-oxo-dGTP and product 8-oxo-dGMP are shown in green and yellow respectively. c, A focused view of b with the density removed. Coordinating waters (blue) and their distances (in Ã¥ngstrÃ¶ms) to active site metals are shown. d, The active site following a 40Â s soak is shown with an omit map (3Ïƒ) for the Mgp and coordinating waters. e, The coordination distances (in Ã¥ngstrÃ¶ms) for the Nac, Mgp, and Mgn metals are indicated for the closed product complex after a 40Â s soak. f, The 8-oxo-dGMP(anti):Ad contact between N3 and N6 of 8-oxo-dGMP and Ad respectively is shown for the open product complex after a 90Â s soak.


Extended Data Figure 2 Pre-catalytic ground state with 8-oxo-dGTP and templating cytosine after a 5Â s soak in MnCl2.
a, The pre-catalytic pol Î² active site is shown with an omit map (3Ïƒ). The ground state metal (Mng) has been removed for clarity. b, The view is a 90Â° rotation relative to a. An overlay of the 8-oxo-dGTP(anti) with Ca2+ and Mn2+ is shown in yellow and purple respectively. The anomalous density map contoured at 5Ïƒ for the Mn2+ ions is shown in purple. The Mng coordinating water molecules are shown in blue and the distances (in Ã¥ngstrÃ¶ms) are indicated.


Extended Data Figure 3 Reaction with 8-oxo-dGTP opposite templating cytosine.
a, Focused view of the active site following a 40Â s soak is shown with key residues indicated; density has been removed for clarity (see Fig. 2e for density). b, An omit map (3Ïƒ) for Cag is shown. Coordinating waters are shown in blue (distances in Ã¥ngstrÃ¶ms). c, An omit map (3Ïƒ) for Mgp is shown.


Extended Data Figure 4 Quantum mechanical computational models for 8-oxo-dGTP(anti) and dGTP(anti).
The models used for the quantum mechanical computational studies with the calcium ions, oxygen, phosphates, carbon, nitrogen, and protons shown in green, red, orange, grey, blue, and white, respectively. The key atoms and AspÂ 190, AspÂ 192, and AspÂ 256 mimics are indicated. a, The 8-oxo-dGTP(anti) with three calcium ions and eight water molecules. b, The 8-oxo-dGTP(anti) with two calcium ions and three water molecules. c, The dGTP(anti) with two calcium ions and three water molecules.


Extended Data Figure 5 Molecular dynamics simulation analysis of 8-oxo-dGTP(anti) and dGTP(anti) opposite Cy.
a, The 8-oxo-dGTP(anti) opposite Cy at 80Â ns superimposed upon the initial structure. A multicolour code based on atom type is used for the final molecular dynamics structure, whereas the reference initial structure is shown in light grey. The catalytic (Mgc), nucleotide (Mgn), and ground (Mgg) magnesium metal ions are shown in green, and average distances over the course of the simulation are indicated for PÎ±-O3â€² and Mgc-O3â€². b, Distance distributions between hydrogen atoms in the water shell and O8 in the 8-oxo-dGTP(anti):Cy simulation. A snapshot of the 8-oxo-dGTP, Mgg, and water shell (W(g1â€“g5)) is plotted at top. Black and red dotted lines indicate Mgg coordination and a hydrogen-bonding interaction between a water molecule and O8, respectively. Four of the five water molecules in the water shell (W(g1â€“g4)) contribute to hydrogen-bonding interactions with O8. Blue and orange lines indicate distances between hydrogen atoms in each water molecule and O8. The red line in the bottom plot indicates the minimum distance between hydrogen atoms in the water shell and O8. c, The dGTP(anti) opposite Cy at 80Â ns superimposed upon the initial structure (grey). Distances and ion labelling are as for a. d, Root mean squared deviation of the evolving molecular dynamics structure for the entire polymerase/DNA complex (top) and for the active site only (bottom), with respect to the crystal structure.


Extended Data Table 1 Data collection and refinement statistics of pol Î² 8-oxo-dGTP insertion opposite adenineFull size table


Extended Data Table 2 Key DNA and structural parameters near the pol Î² active site*Full size table


Extended Data Table 3 Data collection and refinement statistics of pol Î² insertion opposite cytosine with 8-oxo-dGTP and dGTPFull size table


Extended Data Table 4 Quantum mechanical point charges for each atom of 8-oxo-dGTP(anti) and dGTP(anti) with either two or three calcium ionsFull size table


Extended Data Table 5 Average distances in the active sites in 8-oxo-dGTP(anti) and dGTP(anti)Full size table
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