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            Abstract
Chemical modifications of RNA have essential roles in a vast range of cellular processes1,2,3. N6-methyladenosine (m6A) is an abundant internal modification in messenger RNA and long non-coding RNA that can be dynamically added and removed by RNA methyltransferases (MTases) and demethylases, respectively2,3,4,5. An MTase complex comprising methyltransferase-like 3 (METTL3) and methyltransferase-like 14 (METTL14) efficiently catalyses methyl group transfer6,7. In contrast to the well-studied DNA MTase8, the exact roles of these two RNA MTases in the complex remain to be elucidated. Here we report the crystal structures of the METTL3–METTL14 heterodimer with MTase domains in the ligand-free, S-adenosyl methionine (AdoMet)-bound and S-adenosyl homocysteine (AdoHcy)-bound states, with resolutions of 1.9, 1.71 and 1.61 Å, respectively. Both METTL3 and METTL14 adopt a class I MTase fold and they interact with each other via an extensive hydrogen bonding network, generating a positively charged groove. Notably, AdoMet was observed in only the METTL3 pocket and not in METTL14. Combined with biochemical analysis, these results suggest that in the m6A MTase complex, METTL3 primarily functions as the catalytic core, while METTL14 serves as an RNA-binding platform, reminiscent of the target recognition domain of DNA N6-adenine MTase9,10. This structural information provides an important framework for the functional investigation of m6A.
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                    Figure 1: Structural overview of the METTL3–METTL14 complex.


Figure 2: AdoMet is coordinated by METTL3 in the binary complex.


Figure 3: Potential RNA-binding groove in the METTL3–METTL14 complex.


Figure 4: Proposed working model of the METTL3–METTL14 complex.
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of human METTL3 and METTL14.
Sequence alignment of Homo sapiens METTL3 (UniProt accession Q86U44) and METTL14 (UniProt accession Q9HCE5). The alignment was generated using the MultAlin and ENDscript programs. Secondary structural elements are shown above. Sequence identity is shown in white letters with a red background, and sequence similarity is shown in red letters. The coloured dots highlight functionally important positions. Residues of METTL3 and METTL14 that are involved in protein interactions are indicated by magenta and green dots, respectively. Cyan dots indicate residues that interact with AdoMet that were analysed by mutagenesis in this study. Blue dots represent residues that compose the RNA binding groove. The dots at the top and bottom of the sequences indicate residues from METTL3 and METTL14, respectively. Phosphoserine is highlighted by a red arrow.


Extended Data Figure 2 The MTase domains of METTL3 and METTL14 adopt the class I MTase fold.
a, Diagram of the METTL3–METTL14 secondary structure profiles. METTL3 (magenta) and METTL14 (green) are boxed with a light teal background and a wheat background, respectively. The MTase domain contains an eight-stranded β-sheet (triangles) flanked by four α-helices and three 310-helices (circles). Structural elements are numbered by their linear order in the sequence. The loops in the front are indicated by black lines, and loops in the back are indicated by black dashed lines. b, Structural comparison of METTL3 and METTL14. Two perpendicular views of superimposed METTL3 and METTL14 coloured magenta and green, respectively. The NHM and CTM of METTL14 are coloured cyan and yellow, respectively. The main differences between the MTase domains of METTL3 and METTL14 are the two gate loops (orange) and the interface loop (blue).


Extended Data Figure 3 Extensive hydrogen network between METTL3 and METTL14.
a, The main interface of the METTL3–METTL14 heterodimer comprises interface 1 (boxed with orange and green rectangles) and interface 2 (boxed with a cyan rectangle), which generate an extensive water-mediated hydrogen network. METTL3 and METTL14 are coloured wheat and silver, respectively. The interface loop of METTL3 (blue) primarily contributes to the heterodimer interaction. b, Details of interfaces 1 and 2. Water is shown as a red ball. Hydrogen bonds are represented by red dashed lines. Residues from METTL3 (magenta) and METTL14 (green) that are involved in interactions are shown as sticks.


Extended Data Figure 4 One AdoMet was located at the AdoMet binding site of METTL3.
a, Lattice packing of AdoMet-bound complex. One AdoMet (green sphere) was coordinated by METTL3 (purple) but not METTL14 (green). The arrow shows the putative AdoMet-binding pocket. b, Stereo views of electron density map of AdoMet binding site of METTL3. 2Fo − Fc electron density (grey) of AdoMet binding site in METTL3, contoured at 1.0σ. AdoMet is show as green balls-and-sticks and surrounding residues in magenta with the DPPW motif (orange). c, Representative 2Fo − Fc electron density (grey) of AdoMet binding site in METTL14, contoured at 1.0σ. The electron density of METTL14 (grey) is clearly visible and the EPPL motif is coloured orange. No additional apparent electron density was observed in the putative AdoMet binding site of METTL14.


Extended Data Figure 5 Mutagenesis analysis of the METTL3–METTL14–AdoMet interaction.
a, Characterization of METTL3–METTL14 mutations affecting MTase activity. The indicated point mutations were introduced into METTL3. Each METTL3 mutant was co-expressed and purified with wild-type METTL14 as a binary complex and used for the MTase and ITC assays. Methylation yields were calculated based on the c.p.m. of the extracted tritium-labelled RNA probe. The c.p.m. of the extracted RNA was measured in a scintillation counter. The data are shown as mean ± s.e.m. from experiments that were independently repeated at least three times. All alanine substitutions resulted in remarkable decreases in activity. b, c, Measurement of the binding affinity between AdoMet and the METTL3–METTL14 complex (wild-type and D377A for METTL3 and D395A for METTL3) using ITC. Individual peaks from titrations were integrated and presented in a Wiseman plot. The first dot was removed from the analysis. The dissociation constant (Kd) and the binding stoichiometry (N) of the wild type were approximately 1.5 μM and 1.15, respectively. The mutants exhibited undetectable AdoMet binding activity.


Extended Data Figure 6 Biochemical analysis of the role of the potential RNA binding groove.
a, RNA binding activity of the METTL3–METTL14 complex revealed by EMSA. The final concentrations of proteins in each set of five lanes (1–5, 6–10, 11–15, 16–20 and 21–25) were 0, 0.19, 0.56, 1.67 and 5 μM, respectively. ‘Well’ indicates the top of native gel. The RNA-bound complex is highlighted by a black asterisk. The wild-type complex binds to the substrate RNA probe weakly (the dissociation constant is approximately 10 μM). All of the mutants showed moderately reduced RNA binding activity. These results suggested that the positively charged groove is involved in RNA interactions. For uncropped gels, see Supplementary Fig. 1. b, Measurement of the binding affinity between AdoMet and the METTL3–METTL14 complex mutants using ITC. These mutations in METTL3 or METTL14 had little effect on AdoMet binding activity.


Extended Data Figure 7 There is little conformational change in overall structure between the AdoMe-bound and AdoHcy-bound states.
a, Electron density maps of AdoHcy showing 2Fo − Fc electron density (red) of AdoHcy adjacent to the DPPW motif (orange) contoured at 1.0σ. The DPPW motif is shown as sticks. AdoHcy is shown as cyan sticks. b, Structural comparison of AdoHcy (cyan) and AdoMet (green); the electron densities are shown as red and blue meshes, respectively. AdoHcy and AdoMet exhibited nearly identical configurations except for ribose. c, SAXS measurements reveal little structural difference among the ligand-free, AdoMe-bound and AdoHcy-bound states. Superposition of the SAXS curves of ligand-free protein complex (black), and in the presence of AdoMet (red) or AdoHcy (blue).


Extended Data Figure 8 Potential role of METTL14.
a, Structural comparison with the DNA-free (PDB: 2ADM) and DNA-bound (PDB: 1G38) states of M.TaqI. M.TaqI contains the target recognition domain (TRD, green), DNA (orange) and MTase domain (slate). The TRD functions as a scaffold for substrate DNA recognition, and the MTase domain functions as an enzyme. Adenine (magenta) is flipped out and points to the ligand-binding pocket. Black arrows highlight the loop conformational changes, which are similar to those of gate loops 1 and 2 in the METTL3–METTL14 complex. b, Ribbon representation of the DNA-bound state of EcoP15I (PDB: 4ZCF). The TRD (green) of ModA recognizes DNA, while the MTase (slate) of ModB methylates the target adenine. c, The putative AdoMet-binding site of METTL14 (green) is highlighted by a red dashed ellipse. AdoMet coordinated by METTL3 (magenta) is shown as a space-filling representation. The surface electrostatic potential around the putative AdoMet-binding site of METTL14 revealed a negative charge (black dashed ellipse) and suggests a dispensable role for this region in RNA binding. d, Most of the putative AdoMet-binding site residues were conserved between METTL3 (cyan) and METTL14 (yellow). e, Each complex containing alanine substitution mutants of residues in METTL14 (D173 and E192) that correspond to critical residues in METTL3 (D377 and D395) displayed similar methylation activity to the wild type. The average (± s.e.m.) c.p.m. was determined from three independent experiments. f, The complex mutants exhibited similar AdoMet-binding activities to the wild-type complex.


Extended Data Figure 9 Substrate sequence preference of the METTL3–METTL14 complex.
The 20-nucleotide RNA substrate contains four repeats of the consensus sequence GGACU. Each site was substituted by the other three kinds of nucleotide. The average (± s.e.m.) c.p.m. was determined from three independent experiments.


Extended Data Table 1 Data collection, phasing and refinement statisticsFull size table
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A window on m6A epitranscriptomics
The various base modifications now known to occur in messenger RNA and long non-coding RNA are reversible, and are utilized to dynamically modify the function of the RNA. The N6-methyladenosine modification is removed by an enzyme complex comprising METTL3 and METTL14. Ping Yin and colleagues have solved structures of the methyltransferase domains of this heterodimeric complex with and without ligand. Surprisingly, the S-adenosyl methionine ligand was found only the METTL3 pocket, not in METTL14. This suggests a model in which there is a single catalytic subunit, with METTL3 functioning as an RNA binding platform. The reported structures provide unprecedented mechanistic insight into m6A RNA methylation and suggest new opportunities for the development of therapeutic agents.
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