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            Abstract
Cytosine residues in mammalian DNA occur in five forms: cytosine (C), 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). The ten-eleven translocation (Tet) dioxygenases convert 5mC to 5hmC, 5fC and 5caC in three consecutive, Fe(ii)- and α-ketoglutarate-dependent oxidation reactions1,2,3,4. The Tet family of dioxygenases is widely distributed across the tree of life5, including in the heterolobosean amoeboflagellate Naegleria gruberi. The genome of Naegleria6 encodes homologues of mammalian DNA methyltransferase and Tet proteins7. Here we study biochemically and structurally one of the Naegleria Tet-like proteins (NgTet1), which shares significant sequence conservation (approximately 14% identity or 39% similarity) with mammalian Tet1. Like mammalian Tet proteins, NgTet1 acts on 5mC and generates 5hmC, 5fC and 5caC. The crystal structure of NgTet1 in complex with DNA containing a 5mCpG site revealed that NgTet1 uses a base-flipping mechanism to access 5mC. The DNA is contacted from the minor groove and bent towards the major groove. The flipped 5mC is positioned in the active-site pocket with planar stacking contacts, Watson–Crick polar hydrogen bonds and van der Waals interactions specific for 5mC. The sequence conservation between NgTet1 and mammalian Tet1, including residues involved in structural integrity and functional significance, suggests structural conservation across phyla.
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                    Figure 1: Activity of NgTet1.[image: ]


Figure 2: Structure of NgTet1–DNA complex.[image: ]


Figure 3: Comparison of NgTet1 and AlkB.[image: ]


Figure 4: Pairwise comparison of NgTet1 and mammalian Tet1.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of Naegleria Tet-like dioxygenases (1 to 8).
a, Schematic representation of NgTet1–8. b, Secondary structural elements are indicated in green (helices), blue (the major sheet) and cyan (the minor sheet). Numbering above the sequences corresponds to NgTet1. White-on-red residues are invariant among the eight sequences examined, whereas black or grey-highlighted positions are conserved substitutions). Positions highlighted are responsible for various functions as indicated: t for structural turn, h for hydrophobic core, 5mC for 5mC binding, α or αKG for binding of αKG or NOG, P for DNA phosphate interaction, i for intra-molecular polar interaction (D268) and ? for side chain of K137 pointing to the DNA major groove (panel c). Sequences included are NgTet1 (XP_002667965.1), NgTet2 (XP_002682154.1), NgTet3 (XP_002668005.1), NgTet4 (XP_002676528.1), NgTet5 (XP_002668409.1), NgTet6 (XP_002674105.1), NgTet7 (XP_002668594.1), and NgTet8 (XP_002676954.1). However, the N-terminal sequences for NgTet3, 5, 7, 8 are extended in frame to include more conserved sequence elements until either a putative initiation methionine or the end of a sequence contig (that is, until a sequencing gap is encountered), therefore the exact N terminus is unknown. For NgTet6, the sequence of XP_002674105 (177 residues) is probably incomplete at the N terminus. Extending scaffold 42_31984–32508 to 32980 and allowing for a proper splicing junction results in a protein of 313 residues that shares 51% identity with NgTet1 across the whole protein except for the first 20 residues. Of the five NgTet proteins tested (NgTet1–5), two of them (NgTet1 and NgTet4) have 5mC dioxygenase activities. c, An invariant Lys 137 among the eight NgTet dioxygenases, located in the loop between helix α2 and strand β5, points to the major groove of DNA with the terminal ε-amino group approximately 4.3 Å away from the base 3′ to the target 5mCpG site. An exchange of a C:G to G:C pair at this position does not affect crystallization. The corresponding loop in AlkB is the long loop L3 (see Fig. 3b) that makes DNA backbone contacts. In mammalian Tet1, the Cys-rich region is predicted to insert within the corresponding loop L3 (see Fig. 4c).


Extended Data Figure 2 Activity of NgTet1 on various DNA substrates.
a–c, The time courses (lanes 5–13) of the reactions using 32-bp DNA substrates containing 5mC (a), 5hmC (b) or 5caC (c). Lanes 1–4: antibody sensitivity against 10 pmol of control oligonucleotides and 2 fold serial dilutions. Lanes 5–13: the rate of conversion appears to be the fastest for the reaction of 5mC to 5hmC, and decreases with each subsequent reaction: 5mC to 5hmC > 5hmC to 5fC > 5fC to 5caC. d, Activities of NgTet1 (20 µM) on genomic DNA of Hela cells (2.5 µg). After 1 h reaction, 87% of the products are 5caC in gDNA with the remaining being 5fC and 5hmC. The percentages were estimated from integration of the peaks in LC–MS traces. The mean and standard error ( ± s.e.m.) were estimated from three repeated experiments. e, Human thymine DNA glycosylase (TDG) excises 5fC and 5caC (but not 5mC and 5hmC) when paired with a guanine in a CpG sequence (lanes 1–4)4,29,36. After NgTet1 reactions with DNA substrates containing 5mC, 5hmC or 5fC, in the presence of αKG, the product DNA containing 5fC and 5caC becomes a substrate for TDG (lanes 6, 8 and 10), but not with NOG (lanes 5 and 7), again demonstrating the production of 5fC and 5caC by NgTet1. f, Activities of NgTet1 on 56-bp double-stranded (ds) DNA-2 with methylation on both strands (M/M) or single strand (hemi-methylated either on top M/C or bottom C/M strand) or single-stranded (ss) DNA (reaction time 1 h and ± s.e.m. estimated from three repeats). We note that an in vitro activity of the mouse Tet1 catalytic domain on single-stranded DNA has also been observed37. g, LC–MS traces of a sample reaction mix on the hemi-methylated 5mCpG dsDNA-1 (top panel), reaction control with no enzyme (middle panel), and the standard deoxyribonucleoside mix (bottom panel). Arrows indicate peaks of 5mC, 5hmC, 5fC and 5caC. Identities of the peaks are confirmed by comparing the retention time with the standard as well as by mass spectrometry.


Extended Data Figure 3 Structure of NgTet1–DNA complex.
a, Schematic NgTet1–DNA interactions. b, The amino end of the 310-helix h3 interacts with the DNA backbone phosphate 3′ to the 5mCpG site. An arrow indicates the helical dipole. c, Unlike other DNA base flipping enzymes such as DNA methyltransferases13 and DNA repair glycosylases14, NgTet1 lacks a finger residue to occupy the space left by the everted 5mC. Instead, solvent molecules maintain the base stacking surrounding the flipped nucleotide. An ethylene glycol and a water molecule (behind ethylene glycol) occupy the space left by the everted 5mC. d, Superimposition of a normal intrahelical 5mC (coloured in grey) onto the flipped 5mC suggests a small rotation around the glycosidic bond. e, The simulated annealing omit electron density, contoured at 2.5σ above the mean, by omitting entire 14-bp DNA (approximately 21% of total content in the crystal). The density is shown for the length of the unit cell along the a axis (indicated by vertical grey lines). The bent DNA molecules mediate crystal packing contacts along the a axis by two-fold symmetry. The flipped 5mC is clearly visible in the active site (indicated by red circles). The broken density for the outer DNA bases in one end (as indicated by an arrow), in the absence of any protein contacts, correlates with higher crystallographic thermal B-factors (∼90 Å2) than that for the central DNA base pairs including 5mCpG (∼50 Å2) or those of the other end (∼67 Å2). f, g, Enlarged panels showing NgTet1 structure in two views.


Extended Data Figure 4 Modelling of 5hmC, 5fC and 5caC in the active site of NgTet1.
a, Superimposition of bases of 5hmC (cyan), 5fC (green), and 5caC (magenta) onto the flipped 5mC (yellow) in the NgTet1 active site. The closest residue to the 5-position modifications is Val 293 of strand β12 and Ala 212 of strand β6 (see panels c–e). The interaction involving hydrophobic Ala 212 and Val 293 might be the reason that the enzyme prefers 5mC (carrying a hydrophobic methyl group) over 5hmC (carrying a hydroxyl oxygen) or 5fC (carrying a carbonyl oxygen atom). b, The carboxylate group of 5caC (the final product of oxidation reaction by NgTet1) would be in the vicinity of the C1 carboxylate group of NOG (it would be succinate during the reaction cycle—see Extended Data Fig. 5), resulting in repulsion. c, Space filling model of 5hmC. The atoms are coloured with blue for nitrogen, red for oxygen, grey for carbon. The hydroxymethyl moiety of 5hmC is coloured in yellow (CH2) and its hydroxyl oxygen atom is in close contact with either the side chain of Val 293 (as shown) or Ala 212 (not shown). d, Space filling model of 5fC. The carbon atoms of 5fC are coloured either as green (ring carbon) or yellow (the formyl carbon). A study suggested the existence of a hydrated form of 5fC in DNA containing synthetic 5fC at a level of about 0.5%38. Because further oxidation of 5fC to 5caC would require the addition of water to the formyl group, the hydrated form of 5fC might be the real substrate during the oxidation of 5fC to 5caC39. Our structure may provide evidence in support of this hypothesis. A water molecule, held in place by Asn 214 and Tyr 141, might provide the water molecule needed for the formation of 5fC hydrate. e, Space filling model of 5caC. The carbon atoms of 5caC are coloured either as magenta (ring carbon) or yellow (the carboxylate carbon). The negatively charged carboxylate groups of 5caC and the carboxylate group of NOG would result in repulsion (right panel). f, We could model a water molecule with two alternative positions (left panel) or a dioxygen O2 molecule (right panel) as the sixth metal ligand as observed in the electron density 2Fo − Fc, contoured at 1σ above the mean. Previously, we studied a Jumonji PHF2–metal interaction (PDB 3PU8), where a water molecule was modelled as the sixth ligand. Comparing the two structures, we concluded that the density observed in NgTet1 active site is more than a water molecule and the density was best fit with either a water molecule with dual positions or an O2 molecule or a mixture of both. However, we do note that the observation of a dioxygen molecule needs to be confirmed independently by other methods.


Extended Data Figure 5 Proposed mechanism of 5mC oxidation by Fe(ii)- and αKG-dependent NgTet1.
We suggest an ordered binding of αKG (step 1) followed by DNA (step 2), DNA bending and base flipping by NgTet1. Like many base-flipping enzymes, NgTet1 might use a multi-step flipping pathway to distinguish substrate (5mC, 5hmC and 5fC) from non-substrate (unmodified C). The discrimination step could occur either before flipping when the C:G pair is intrahelical, during the flipping or after flipping where the nucleotide becomes extrahelical. The hydroxylation reaction is proposed to involve an Fe(iii)-superoxo intermediate which converts to a reactive Fe(iv)-oxo upon decarboxylation of αKG (step 3)42. The hydroxylated DNA is subsequently released (step 4), followed by exchange of succinate with αKG (step 5 and step 1) for next round of reaction. We do not know whether NgTet1 acts on DNA substrates distributively or processively (step 4) for the three consecutive, oxidation reactions that convert 5mC to 5caC. Metal ions Zn(ii), Mn(ii) or Co(ii) have been used to replace Fe(ii) in the studies of other dioxygenases, for example FIH40 and AlkB11,41; they occupy Fe(ii)-binding site but do not support catalysis. Like αKG, NOG (shown in the middle), initially used as an inhibitor in the study of FIH40, is ligated to Fe(ii) or Mn(ii) in a bidentate manner but does not support catalysis due to decreased susceptibility to attack by an Fe(iii)-superoxo. We used the combination of Mn(ii) and NOG in a very similar fashion as Zn(ii) and NOG used in the FIH study.


Extended Data Figure 6 Pairwise comparison of Naegleria NgTet1 and E. coli AlkB (panels a–c) or human ABH2 (panels d–f).
a, Structure-based sequence alignment of NgTet1 (PDB 4LT5) and AlkB (PDB 3O1M). NgTet1 has N-terminal as well as C-terminal additions. Secondary structural elements and residue numbering are indicated above (NgTet1) or below (AlkB) the sequences. Shared structural elements are coloured in green (helices), blue (the major sheet) and cyan (the minor sheet). White-on-red residues are invariant residues between the two, important for binding of metal ion and αKG, white-on-black are invariant for the hydrophobic core (h), structural turns (t) before or after β strands (glycine and proline residues), and intra-molecule interaction (see panel b). Grey-highlighted positions are conserved substitutions. The two proteins share 19 invariant residues that are important for metal ion coordination, αKG binding, hydrophobic packing and intramolecular interactions, as well as glycine and proline residues essential for structural turns before or after β strands. b, An invariant aspartate (Asp 268 in NgTet1 and Asp 174 in AlkB), located in strand β10, performs a network of stabilizing polar interactions with the main-chain amide nitrogen atoms immediately after strand β4 and β9. c, Superimposition of active sites of NgTet1 and AlkB indicate a co-variation of the binding site of the target base (5mC or 3mC) and the location of an arginine (Arg 224 of NgTet1 and Arg 210 of AlkB) that suggest conserved reaction chemistry and a conserved ion-pair interaction with the C1 carboxylate group of NOG of NgTet1 or αKG of AlkB. Arg 224 of NgTet1, located in the 310-helix h7, interacts with the C1 carboxylate group of NOG in a bidentate manner. Superimposition of NgTet1 and AlkB indicated that the flipped 3mC occupies the space of Arg 224 of NgTet1. Instead, AlkB uses Arg 210 of strand β12 of the major sheet, from the opposite direction of Arg 224 of NgTet1, to interact with the C1 carboxylate group or αKG. In NgTet1, the NOG molecule is involved in extensive interactions with the protein, including the carboxylate groups at C1 and C5 positions interacting with two arginine residues (Arg 224 of h7 and Arg 289 of β12), respectively, hydrophobic interactions with the side chains of Ile 225 of h7, Leu 240 of β7 and Leu 253 of β8 and polar interactions with the side chains of Asn 214 of β6 and Tyr 242 of β7 (see Fig. 2k, l). d, Structure-based sequence alignment of NgTet1 and hABH2. e, ABH2 (coloured in yellow; PDB 3BUC) has a hairpin loop insertion L3 between helix α2 and strand β5 and a 12-residue insertion between strands β8 and β9. NgTet1 (coloured in green) has the TET/JBP1-specific structural element (helices α5 and α6) and a C-terminal addition (helices α9 and α10). The two proteins share 28 invariant residues. f, The DNA molecules, bound with NgTet1 or hABH2, lie nearly perpendicular to each other relative to the proteins. We also note that the AlkB-DNA and ABH2-DNA complexes were captured by chemical cross-linking between an engineered mutant S129C, located in the AlkB-specific strand (coloured magenta in Fig. 3b) next to β11 as part of the minor sheet, and a disulphide-modified cytosine two nucleotides 3′ to the target base11,12.


Extended Data Figure 7 Pairwise comparison of Naegleria NgTet1 (coloured in green) and human ABH3 (magenta) (a), human FTO (cyan) (b), Chlamydomonas P4H (brown) (c) or human TYW5 (grey) (d).
Among them, NgTet1 has the TET/JBP1-specific structural element (helices α5 and α6). a, Like ABH2, ABH3 (PDB 2IUW) has a hairpin loop L3 insertion between helix α2 and strand β5 and a 13-residue insertion between strands β8 and β9. The two proteins share 30 invariant residues. b, FTO (PDB 3LFM) has a hairpin loop insertion between helix α2 and strand β5, a ∼30-residue insertion in the location corresponding to the helices α5 and α6 of NgTet1 and a 15-residue insertion between strands β7 and β8. The two proteins share 26 invariant residues. c, Chlamydomonas reinhardtii prolyl-4 hydroxylase type I (P4H, PDB 2JIJ) has insertions before strand β5, between strands β6 and β7, strands β8 and β9 and strands β10 and β11. The two proteins share 29 invariant residues. d. The tRNA wybutosine (yW)-synthesizing enzyme 5 (TYW5, PDB 3AL6) has large insertions between helix α2 and strand β5 and between strands β8 and β9, in addition to a C-terminal domain. The two proteins share 30 invariant residues.


Extended Data Table 1 X-ray data collection and refinement statistics (values in parentheses are for the highest resolution shell)Full size table


Extended Data Table 2 Summary of pairwise comparisons of NgTet1 with other αKG-dependent dioxygenases (Extended Data Figs 5 and 6)Full size table


Extended Data Table 3 Conserved residues with functional significanceFull size table
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Structure of a Tet-like protein
Dioxygenase enzymes of the Tet family convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Here, Xiaodong Cheng and colleagues structurally and biochemically characterize the Tet-like protein from the amoeboflagellate Naegleria gruberi. Naegleria Tet-like protein (NgTet1) shares approximately 39% sequence similarity with, and similar biochemical activities to, mammalian Tet proteins. The crystal structure of NgTet1 complexed with DNA containing a methylated CpG site reveals that NgTet1 uses a base-flipping mechanism to access 5mC.
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