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Structural basis of regulated m7G tRNA 
modification by METTL1–WDR4

Jiazhi Li1,2,3,10, Longfei Wang2,4,5,10, Quentin Hahn1, Radosław P. Nowak2,3, Thibault Viennet2,3, 
Esteban A. Orellana1,2, Shourya S. Roy Burman2,3, Hong Yue2,3, Moritz Hunkeler2,3, 
Pietro Fontana2,4, Hao Wu2,4, Haribabu Arthanari2,3, Eric S. Fischer2,3 & Richard I. Gregory1,2,6,7,8,9 ✉

Chemical modifications of RNA have key roles in many biological processes1–3. 
N7-methylguanosine (m7G) is required for integrity and stability of a large subset of 
tRNAs4–7. The methyltransferase 1–WD repeat-containing protein 4 (METTL1–WDR4) 
complex is the methyltransferase that modifies G46 in the variable loop of certain 
tRNAs, and its dysregulation drives tumorigenesis in numerous cancer types8–14. 
Mutations in WDR4 cause human developmental phenotypes including 
microcephaly15–17. How METTL1–WDR4 modifies tRNA substrates and is regulated 
remains elusive18. Here we show,  through structural, biochemical and cellular studies 
of human METTL1–WDR4, that WDR4 serves as a scaffold for METTL1 and the tRNA 
T-arm. Upon tRNA binding, the αC region of METTL1 transforms into a helix, which 
together with the α6 helix secures both ends of the tRNA variable loop. Unexpectedly, 
we find that the predicted disordered N-terminal region of METTL1 is part of the 
catalytic pocket and essential for methyltransferase activity. Furthermore, we reveal 
that S27 phosphorylation in the METTL1 N-terminal region inhibits methyltransferase 
activity by locally disrupting the catalytic centre. Our results provide a molecular 
understanding of tRNA substrate recognition and phosphorylation-mediated 
regulation of METTL1–WDR4, and reveal the presumed disordered N-terminal region 
of METTL1 as a nexus of methyltransferase activity.

Recent ‘epitranscriptome’ studies have revealed critical roles of RNA 
modifications in various molecular, cellular and developmental pro-
cesses1,2. Several childhood developmental disorders are caused by 
mutations in genes encoding RNA-modifying enzymes, and dysregu-
lation of certain RNA modifications is oncogenic3,19,20. tRNAs are the 
most highly modified class of RNAs that influences tRNA maturation, 
stability and function4,21,22. Of these, m7G at position G46 (m7G46) in 
the variable loop is a prevalent modification in a large subset of tRNAs. 
m7G46 interacts with C13–G22 in the D-loop to stabilize tRNA tertiary 
structure5. Impaired m7G46 is associated with rapid tRNA decay and 
altered expression6,7. m7G46 is catalysed by METTL1 and its essential 
cofactor WDR4 (refs. 8,9). The METTL1–WDR4 complex is required 
for normal mRNA translation and mouse embryonic stem cell prolif-
eration and differentiation23. Mutations in WDR4 are associated with 
developmental defects including primordial dwarfism, microcephaly 
and Galloway–Mowat syndrome15–17. Dysregulated METTL1–WDR4 
drives tumorigenesis and this oncogenic function is linked to numerous 
different cancer types10–14. However, the lack of structural and mecha-
nistic information on human METTL1–WDR4 remains a major obstacle  
to elucidating the m7G46 modification process and development of  
methyltransferase (MTase) inhibitors as possible new anticancer  
drugs.

m7G46 modification occurs in a large subset of tRNAs that contain 
the ‘RAGGU’ motif within the variable loop10,11,23. In vitro MTase assays 
showed the importance of the D-arm and T-arm for m7G modification 
by the yeast Trm8–Trm82 complex (which are orthologues of METTL1 
and WDR4, respectively)24. A model for tRNA recognition was previously 
generated by computationally docking a tRNA structure into a structure 
of Trm8–Trm82 (ref. 9). The model implicated tRNA interaction with the 
positively charged surface of Trm8 without contact with Trm82 and is 
based on only a partial structure of the yeast complex that lacks regions 
required for m7G catalysis. It therefore remains unknown how the m7G 
MTase complex specifically engages and modifies tRNA substrates.

Phosphorylation of METTL1 (S27) by protein kinase B (also known 
as AKT) can inactivate MTase activity by an unknown mechanism18. 
Notably, S27 is located within the N terminus of METTL1, for which no 
structural information is available and is predicted to be largely dis-
ordered9. Nevertheless, the flexible METTL1 N terminus is conserved, 
implying essential functions.

Here we report structures of the human METTL1–WDR4 heterodimer, 
and in complex with tRNA substrates, tRNAValTAC and tRNAPheGAA. 
The different tRNAs show a similar binding mode to METTL1–WDR4, 
in which the structural rearrangement of both the MTase complex and 
the tRNA are visualized. Combined with functional assays, we uncover 
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the molecular mechanism for m7G46 modification by METTL1–WDR4. 
We identify an essential role for the METTL1 N terminus (residues 1–33), 
which, although anticipated to be unstructured, has a key role in the 
formation of the MTase catalytic pocket. We furthermore uncover 
how S27 phosphorylation in the N-terminal domain of METTL1 inhibits 
MTase activity via a steric interference mechanism in the active site. 
Our findings uncover the molecular mechanism of tRNA substrate 
recognition by METTL1–WDR4, highlight the unanticipated role of 
the N-terminal region of METTL1 in tRNA modification and explain 
the phospho-mediated regulation of MTase activity.

Structures of METTL1–WDR4–tRNA
To visualize how human METTL1–WDR4 binds to tRNA, we pursued 
cryo-electron microscopy (cryo-EM) studies of the METTL1–WDR4–
tRNAPhe and METTL1–WDR4–tRNAVal complexes (Extended Data 
Fig. 1a–c). Monodisperse ternary complex samples were obtained 
using size-exclusion chromatography and examined using native 
polyacrylamide gel electrophoresis (PAGE) before cryo-EM screening 

and data collection (Extended Data Fig. 1d,e). Reconstructions of the 
METTL1–WDR4–tRNAPhe complex with S-adenosylhomocysteine (SAH) 
were refined to 3.3 Å (Fig. 1a and Extended Data Fig. 2a) and the METTL1–
WDR4–tRNAVal complex to 3.6 Å (Extended Data Fig. 2b). Although both 
maps are anisotropic and to some extent challenging to accurately 
interpret in regions such as the distal part of WDR4 and tRNA (Extended 
Data Fig. 2c–h), model building in these regions was guided by a crystal 
structure obtained for the METTL1–WDR4 binary complex (Fig. 1b–d), 
AlphaFold2 predictions and published tRNA structures25,26. In both 
ternary complexes, the overall structures resemble a sail-boat-like 
arrangement with METTL1 and WDR4 as the stern and bow, respec-
tively, and the tRNA as the sail that sits on top of METTL1–WDR4 and 
tilts sideways (Fig. 1b,c and Extended Data Fig. 3a–d).

METTL1, like other members of the class I MTase family, shared 
the highly conserved Rossmann-like fold, comprising a seven-strand 
β-sheet flanked by six α-helices (Fig. 1b and Extended Data Fig. 4). WDR4 
adopts a β-propeller structure with seven blades (B1–B7) (Extended 
Data Fig. 5a,b). The B2–B5 region of WDR4, which is in proximity to 
METTL1, is highly conserved (Extended Data Fig. 5c).
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Fig. 1 | METTL1–WDR4 provides a platform for specific tRNA loading.  
a,b, Cryo-EM density map of the METTL1–WDR4–tRNAPhe complex (a) and the 
corresponding atomic model (b). The sharpened map is shown. METTL1 is in 
coloured in green, WDR4 in light purple and tRNAPhe in yellow. tRNA domains 
are coloured according to Extended Data Fig. 1a. G46 is highlighted in red.  
The missing regions are shown as dashed lines. c, Sail-boat model of the 
METTL1–WDR4–tRNAPhe ternary complex in side view (left) and front view 
(right). d, X-ray crystal structure of the full-length METTL1–WDR4 binary 

complex. METTL1 (green) and WDR4 (light purple) are shown in cartoon 
representation. Secondary structural elements of α-helix (α) and β-sheet 
(β) are numbered. The missing regions are shown as dashed lines.  e, Structural 
comparison between the METTL1–WDR4–tRNAPhe complex (pink) and the 
METTL1–WDR4 binary complex (cyan). The two structures are superimposed 
on WDR4 proteins. Magnified view of METTL1 (residues 164–173) shows the αC 
helix that is formed upon tRNA binding.
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tRNA loading by METTL1–WDR4
To investigate whether tRNA binding causes structural rearrangements 
of METTL1–WDR4, we determined the crystal structure of the human 
METTL1–WDR4 binary complex to a resolution of 3.1 Å (Fig. 1d). In the 
crystal structure, the entire β-propeller of WDR4 and the following 
α-helix (residues 319–348) were modelled, but residues 26–33 from the 
N-terminal of METTL1 were not visible. Although the overall assembly of 
METTL1 and WDR4 was similar without tRNA, a superposition on WDR4 
showed substantial changes in METTL1 upon tRNA binding (Fig. 1e and 
Extended Data Fig. 6a). Four helices of METTL1 (α1, α2, α5 and α6) are 
shifted towards the tRNA. A loop (residues 164–173) connecting α1 and 
the core of the Rossmann fold of METTL1 forms a 310 helix (hereafter 
referred to as the αC helix), which is inserted into the groove of the 
tRNA elbow region. Despite being highly conserved among eukaryotes 
(Extended Data Fig. 4), the residues 164–173 represent either a loop 
or are disordered in all known METTL1 structures (Protein Data Bank 
(PDB) 3CKK, 7PL1, 2VDU and 2VDV). When superimposing the METTL1 
structures in its tRNA-free and tRNA-bound states, the αC loop is the 
only region that undergoes structural rearrangement, suggesting that 
the αC helix of METTL1 facilitates tRNA recognition (Extended Data 
Fig. 6b and discussed later).

About 28% of the particles from the METTL1–WDR4–tRNAPhe dataset 
represent the binary complex and were used to reconstruct a cryo-EM 
map with a resolution of 3.5 Å (Extended Data Fig. 6c). Although the 
overall structure of the cryo-EM binary complex is similar to the crystal 
structure (Extended Data Fig. 6d), local resolution of the αC region was 
low and we were unable to model the αC region confidently (Extended 
Data Fig. 6e,f).

The non-catalytic subunit WDR4 is required for MTase activity8. To 
explore the mechanistic basis for this requirement, we further analysed 
the interface between METTL1 and WDR4 in the binary structure, and 
found that B4 of WDR4 contributes most interactions between the two 
proteins (Extended Data Fig. 7a). Salt bridges (between METTL1 K143 and 
WDR4 D166, and between METTL1 D261 and WDR4 H178), and hydrogen 
bonds (METTL1 Y37 and WDR4 E167, METTL1 N147 and WDR4 K168, and  
METTL1 K40 with the backbone of WDR4 L185) form the interface 
between METTL1 and WDR4. METTL1 K143, WDR4 D166 and WDR4 E167 
are conserved among different species (Extended Data Figs. 4 and 5b). 
Single alanine substitutions of some of these conserved residues abol-
ished MTase activity (Extended Data Fig. 7b). In Mettl1-knockout (KO) 
or Wdr4-KO cell lines (R1/E mouse embryonic stem cells), the METTL1 
K143A, WDR4 D166A and WDR4 E167A variants could not rescue m7G 
tRNA modification (Extended Data Fig. 7c,d). Thus, the interactions 
between METTL1 and B4 of WDR4 are necessary for MTase activity.

WDR4 acts as a scaffold for tRNA binding
We found that B4 of WDR4 not only mediates the interaction with 
METTL1 but is also, together with B3, involved in tRNA binding 
(Fig. 2a,b). Positively charged residues are located on the top of B3 
and B4, and are prone to form salt bridges with the phosphates of the 
T-arm of tRNA. Alanine substitutions of these residues showed varying 
effects with little effect on MTase activity of R103A, R104A and K122A, 
reduced activity with K83A, and no activity was observed for R165A or 
the R103;R104A double mutant (Fig. 2c).

Mutation of R170, located in B4 of WDR4, is a mutation linked to 
primordial dwarfism accompanied by distinct facial dysmorphism, 
brain malformation and severe encephalopathy with seizures15,17. The 
presumed corresponding residue (K223) in yeast Trm82 (WDR4) forms 
a salt bridge with E204 of Trm8 (METTL1) (Extended Data Fig. 7e). On 
the basis of the Trm8–Trm82 structure, it was proposed that R170 vari-
ants disrupt the interaction of WDR4 with METTL1 (ref. 15). We find that, 
in human, the R170 of WDR4 probably does not interact with METTL1 
but rather mediates intramolecular WDR4 interactions (Fig. 2b and 

Extended Data Fig. 7e,f). These comparisons were performed using the 
crystal structure of the METTL1–WDR4 binary complex as the relevant 
region is better resolved. The side chain of R170 forms hydrogen bonds 
with the main chain of G143 and P177, which are located in B3 and B4, 
respectively. Right alongside R170, the H144 of WDR4 B3 interacts with 
D164 and T162 of B4. On the basis of The Cancer Genome Atlas data, 
the H144P mutation occurs in lung cancer, yet the mechanism and 
effect on the activity of the MTase complex are unknown. The in vitro 
MTase assay showed that R170Q and H144P variants totally abolished 
the MTase activity of METTL1, and the R170L variant decreased activity 
by one-third (Fig. 2d). Therefore, these patient-derived mutation sites 
are involved in B3–B4 stabilization and are crucial for MTase activity.

To further verify the role of WDR4, we also tested the effects of indi-
vidual amino acid substitutions of WDR4 in cells (Fig. 2e and Extended 
Data Fig. 7g). The level of m7G was almost undetectable in rescue experi-
ments using R170L, R170Q and H144P WDR4 variants in Wdr4-KO cells. 
Similarly, charge reversal (mutated to E) of R165 and R103;R104 was 
also incapable of rescuing the levels of m7G when introduced into 
WDR4-deficient cells. Together, we identify that WDR4 acts as a scaffold 
to interact with METTL1 and support tRNA binding. Importantly, muta-
tions that impair the rigidity of the scaffold decrease MTase activity.

tRNA bending by METTL1–WDR4
The tRNA G46 is buried in the variable loop (Fig. 1b and Extended Data 
Fig. 1a) and needs to be flipped into the catalytic site for modification by 
METTL1, which could be induced by tRNA bending9,27. 3D variability anal-
ysis performed with cryoSPARC28 suggested that the tRNAPhe underwent 
bending (Supplementary Video 1), and we therefore clustered particles 
based on the principal components in the 3D variability analysis and 
selected two distinct clusters from METTL1–WDR4–tRNAPhe for recon-
structions (Extended Data Fig. 2a). Superposition of models that were 
rigid body fit to the maps of the two states (named state A, pre-bending; 
and state B, bending) showed that, although the position of most of the 
tRNAPhe remained unchanged relative to the MTase, the anticodon arm 
was bent towards METTL1 and accompanied with local unwinding of 
the variable loop (Fig. 2f and Extended Data Fig. 2h). METTL1 is closer 
to the tRNA in state B than in state A. As a result, the variable loop is 
positioned closer to the catalytic pocket of METTL1 and is partially 
unwound, which probably facilitates base flipping of tRNA G46.

METTL1 recognizes tRNA via two helices
Owing to the induced fit, side-chain densities for the METTL1 αC and α6 
helices are absent from the experimental density but the atoms in the 
main chain can be traced with high confidence (Extended Data Fig. 2g). 
These two helices contain multiple conserved and positively charged 
residues (Fig. 2g,h and Extended Data Fig. 4). METTL1 H165, K167, 
R168 and K170 of αC are close to the T-arm and variable loop junction  
(T–V joint), and the K243 and R246 of α6 helix are close to the anti-
codon arm and variable loop junction (A–V joint). MTase activity was 
decreased by alanine-substituted mutations of H165, K170 and K167 in 
αC (Fig. 2i). Single mutation of METTL1 K243 and R246 in α6 slightly 
decreased MTase activity, but the double mutation decreased the acti-
vity by half. In vivo, the METTL1 αC and α6 variants (K243A;R246A, H165, 
K167A and K170A) were unable to rescue the level of m7G (Fig. 2j and 
Extended Data Fig. 7h). These results support a model in which METTL1 
binds to the tRNA variable loop through two helices but requires WDR4 
as a ‘scaffold’ (Fig. 2k). B4 of WDR4 serves as an important bridge 
between WDR4 and METTL1.

Role of the N terminus in METTL1 activity
The N-terminal region (residues 1–33) of METTL1 is predicted to be dis-
ordered, consistent with the lack of electron density in crystal structures 
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of the human METTL1 (PDB 3CKK and 7OGJ), the yeast orthologue 
(PDB 7VDC and 2VDU) and our crystal structure of the METTL1–WDR4 
binary complex (Extended Data Fig. 8a). However, the high degree 
of amino acid sequence conservation (residues 16–50) and the pres-
ence of a regulatory phosphorylation site (S27) that inhibits METTL1 
activity18 point towards an important role of the N terminus (Extended  
Data Fig. 4). We therefore analysed the AlphaFold25 predicted struc-
ture of a METTL1–WDR4 dimer (Fig. 3a and Extended Data Fig. 8b), 
which, consistent with our structures, has residues 34–54 attached 
to the surface of METTL1 and extending towards the catalytic pocket 
(Figs. 1b,d and 3a,b). Residues 16–33 (AlphaFold) thread through the 
catalytic pocket of METTL1, with residues 28–32 turning and enter-
ing the catalytic pocket where H26 and S27 are buried. In our ternary 
cryo-EM structures, the weak density for residues 26–33 can be traced 

and agrees well with the predictions from AlphaFold (Fig. 3a,b and 
Extended Data Fig. 2g), indicating that the 26–27 segment contrib-
utes to the catalytic pocket. Residues 21–25 were predicted to exit and 
contact one end of the METTL1 α2 helix, which might act as an anchor 
for residues 16–20 (Extended Data Fig. 8c). When superposing the 
predicted METTL1 structure onto the ternary complex structure, the 
16–20 segment is positioned between the α2 helix and tRNA, which 
potentially interacts with tRNA (Extended Data Fig. 8d).

To investigate whether the N terminus binds to the METTL1 core, 
we utilized nuclear magnetic resonance (NMR). We expressed the 
isotope-labelled 1–75 segment of METTL1 and confirmed that it is 
largely disordered, except for the 45–55 segment that exhibits sec-
ondary structure (Extended Data Fig. 8e). We then used NMR titra-
tion experiments to map the interaction of the METTL1 core onto its 
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Fig. 2 | tRNA recognition by METTL1 and WDR4. a, WDR4 binds to the T-arm of 
tRNAPhe. Positively charged residues on B3 and B4 are modelled based on the 
crystal structure. Nucleotides 53–57 of the tRNA are indicated.  b, Interactions 
between WDR4 B3 (dark teal) and B4 (light purple) in the crystal structure of 
METTL1–WDR4. The interactions of disease-related sites, R170 and H144, are 
highlighted by dashed lines. c,d, Relative MTase activity of the indicated 
mutations in a (c) and b (d). Two technical replicates were performed. Mut, 
catalytic dead mutant (L160A;D163A); WT, wild type. e, In vivo rescue experiment 
with WDR4 carrying the patient-derived mutations and tRNA-binding site 
mutations. n = 2, biologically independent samples. For protein expression,  
see Extended Data Fig. 7e. For gel source data, see Supplementary Fig. 1. EV, 
empty vector; WD KO, Wdr4 knockout. f, Superposition of different states  
of the METTL1–WDR4–tRNAPhe complex in two views. The two structures are 
superimposed on METTL1 proteins. G46 and the catalytic pocket are highlighted 

in red, and the tRNA variable loop in cyan. g,h, Helices αC and α6 of METTL1 
recognize tRNA. Magnified view of the αC helix interacts with the T–V joint (h) 
and the α6 helix with the A–V joint (g). The variable loop is coloured in cyan, and 
the αC and α6 helices in salmon. The T–V and A–V joints are the joint regions of 
variable loop with the T-arm and anticodon arm, respectively. Nucleotides  
44–51 of the tRNA are indicated. Positively charged residues on αC and α6 helices 
are modelled based on the crystal structure. i, Relative MTase activity of METTL1 
(ML1)–WDR4 complexes expressed with indicated mutations. Two technical 
replicates were performed. j, In vivo rescue experiment with METTL1 variants 
relative to i. n = 2, biologically independent samples. For protein expression, see 
Extended Data Fig. 7f. For gel source data, see Supplementary Fig. 1. k, Scaffold 
model of METTL1 (green), tRNAPhe (colour coded relative to Fig. 1b) and WDR4 
(light purple; B3 and B4 are labelled).
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N terminus. Notably, we observed two interacting segments: residues 
35–55 that interact with higher affinity (this corresponds to the seg-
ment seen in our binary complex structure and the element possessing 
secondary structure) and residues 18–27 that interact with an apparent 
lower affinity (Fig. 3c, wild type, black). These results confirm that 
residues 18–27 associate with the METTL1 core.

To probe the functional importance of the N terminus, we per-
formed truncation and mutagenesis studies on the N terminus and 
the α2 helix of METTL1 in vitro. Truncation studies show that dele-
tion of residues 1–15 of METTL1 has little effect on MTase activity, 
but deletion of residues 1–20 or more leads to an inactive enzyme 
(Fig. 3d). The single alanine substitution of K18 of METTL1 substan-
tially decreased MTase activity. In the time-resolved Förster resonance 
energy transfer (TR-FRET) competitive binding assay, the binding affin-
ity of METTL1(Δ1–20 amino acids)–WDR4 and METTL1(Δ1–36 amino 
acids)–WDR4 truncations to tRNA was slightly lower than full-length 
METTL1–WDR4 (Extended Data Fig. 8f). These results are consistent 
with our proposed role of residues 16–20 in MTase activity and possible 
contact with the anticodon branch of tRNA. Single alanine substitution 

of K111 and D118 (α2) showed moderate effect on the methylation acti-
vity of METTL1, but R109A (α2) totally abolished the activity (Fig. 3e). 
Furthermore, NMR experiments showed that the R109A;K111A muta-
tion in the α2 helix decreased its association with residues 24–27 in 
the N-terminal region of METTL1 (Fig. 3c, R109A/K111A, red). We also 
validated these results with in vivo experiments (Fig. 3f and Extended 
Data Fig. 8g). The METTL1 R109A and K18A (N terminus) mutants were 
unable rescue the level of m7G in Mettl1-KO mouse embryonic stem cell 
lines, whereas K111A could partially rescue m7G tRNA modification. 
METTL1(Δ1–15 amino acids) completely restored m7G tRNA modifica-
tion, whereas METTL1(Δ1–20 amino acids) did not rescue m7G tRNA 
modification. Therefore, residues 16–27, as a highly conserved part of 
the METTL1 catalytic pocket, are essential for METTL1 activity.

Phosphorylation regulation of METTL1
Human METTL1 is inactivated by AKT-mediated S27 phosphorylation18. 
This phosphorylation site is located at the bottom of the U-shaped  
N terminus, which is buried in the catalytic pocket (Fig. 3a,b). In vivo, 
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Fig. 3 | The essential roles of the METTL1 N terminus. a, AlphaFold prediction 
of METTL1–WDR4. The METTL1 N-terminal (residues 1–54) is in cartoon 
representation (magenta) and annotated residues are highlighted. Residues 
366–412 of WDR4 are hidden for better view. The IDDT is shown in Extended 
Data Fig. 8b. b, The METTL1 N terminus (magenta) inserts into the catalytic 
pocket (red) in the METTL1–WDR4–tRNAPhe cryo-EM structure. Proteins are 
shown in surface representation. The location of residue 26 is highlighted.  
c, NMR peak intensity ratios plotted against the METTL1 1–75 sequence. Ratios 
are calculated as I/I0 corresponding to the 15N–1H-HSQC spectra of METTL1 1–75 
in the presence of 10 molar equivalent of full-length WT METTL1 (black) or 
R109A/K111A METTL1 (red) divided by those of METTL1 1–75. d,e, Relative 
MTase activity of METTL1–WDR4 complexes expressed with indicated 
truncations or mutations. Two technical replicates were performed. f, In vivo 
rescue experiment with METTL1 variants. n = 2, biologically independent 

samples. For protein expression, see Extended Data Fig. 8g. For gel source  
data, see Supplementary Fig. 2. g, The catalytic pocket of METTL1 in METTL1–
WDR4–tRNAPhe. Relative residues are shown in stick representations. G46 is 
highlighted in red. h, Relative MTase activity of METTL1–WDR4 complexes 
expressed with the indicated METTL1 mutants. Two technical replicates were 
performed. i,j, Steric hindrance model of S27 phosphorylation. Side chains are 
modelled based on AlphaFold prediction. The side chain of S27 points to R109 
(i). Substitution of S27 for its phosphorylated analogue leads to a steric clash 
with R109 ( j). k, NMR peak intensity ratios plotted against the METTL1 1–75 
sequence. Ratios are calculated as I/I0 corresponding to the 15N–1H-HSQC 
spectra of WT METTL1 1–75 (black) or S27D METTL1 1–75 (orange) in the 
presence of 10 molar equivalent of full-length WT METTL1 divided by those  
of the corresponding METTL1 1–75.
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overexpression of S27D (to mimic S27 phosphorylation) METTL1 
could not rescue m7G levels (Extended Data Fig. 8h). In the METTL1–
WDR4–tRNAPhe structure, SAH was stabilized in the conserved 
S-adenosylmethionine (SAM)-binding pocket. The sulfur atom of 
SAH, where the methyl group should be in a SAM molecule, points 
into the catalytic pocket. A cluster of charged residues, D163, E240 
and R109, is presented in the METTL1 catalytic pocket that is probably 
involved in the catalytic process (Fig. 3g and Extended Data Fig. 8i). 
S27 is in proximity to this cluster but does not directly interact with 
any of these residues. To understand the molecular mechanism by 
which S27 phosphorylation in the N-terminal region of METTL1 controls 
its catalytic activity, we made a series of amino acid substitutions to 
identify the determinants (charge and size) of METTL1 inactivation by 
phospho-S27 (Fig. 3h). Removing the hydroxyl group from the serine 
(S27A) showed comparable activity with the wild type. Side chains with 
similar lengths (S mutated to C or I) were tolerated, whereas negatively 
charged and phospho-mimetic (S27D), longer, and positively charged 
(S27K) and bulky aromatic (S27W) side chains, all inactivated METTL1. 
In our current model, METTL1 H26–S27 are in close proximity to the side  
chain of R109 on the α2 helix (Fig. 3i). Modelling shows that the phos-
phate group of phosphorylated S27 would clash with either the side 
chain of R109 (Fig. 3j) or the backbone of A21 on the D-arm of the tRNA 
(depending on the side-chain conformation). Therefore, we hypoth-
esized that S27 phosphorylation induces steric hindrance, which 
results in the destabilization of the network of interactions among 
the N terminus, active site and the α2 helix. We tested this hypothesis 
by performing NMR assays with the S27D mutant of the N terminus, and 
indeed observed a specifically reduced interaction with residues 24–27 

of METTL1 (Fig. 3k). The steric effect and possible rotamer conforma-
tions of phosphorylated S27 might place its phosphate group closer to 
the D-arm of tRNA (Fig. 3j). The introduction of the negative charge by 
phosphorylation might repel the tRNA and cause further local shifting 
of the N-terminal residues, to disrupt the catalytic centre and inhibit 
MTase activity dramatically.

To get molecular insight into the methylation mechanism of METTL1–
WDR4, we modelled G46 alone in the catalytic pocket of METTL1 to allow 
for an SN2-type nucleophilic reaction (Extended Data Fig. 8j). The N7 
atom of G46 (attacking nucleophile) is co-linear with the S–CH3 group 
of SAM (donor). Charged residues D163 and R109 potentially orient the 
target guanine proximal to the donor, whereas residues E240 and H26 
can potentially interact with the G46 or neighbouring bases to facilitate 
the methyl transfer. In vitro assays showed that the MTase activity is 
not sensitive to lower pH buffer (pH less than 6.0) but is completely 
abolished by the H26A mutant. This suggests that H26 does not pro-
mote reaction chemistry as a proton shuttle in catalysis but is instead 
involved in the reaction process possibly by stabilizing a neighbouring 
base with its aromatic ring (Extended Data Fig. 8k,l). Together, these 
findings are highly consistent with a steric hindrance model to explain 
phosphorylation-mediated regulation of METTL1 activity, in which 
phosphorylated S27 locally disrupts the catalytic centre including 
METTL1 N-terminal residues 24–27 to prevent G46 methylation.

Discussion
We present structures of the human METTL1–WDR4 heterodimer and 
in complex with tRNAs to provide molecular insights into substrate 
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recognition, modification and catalytic regulation by the m7G MTase 
complex. METTL1 and WDR4 form a heterodimer to provide a bind-
ing surface for their substrates. We reveal that METTL1 is the primary 
platform for tRNA binding and WDR4 serves as a supporting scaffold. 
The tRNA loading process involves the reconfiguration of METTL1 
(Fig. 4a,b). Furthermore, we provide evidence that two α-helices 
cooperate with the METTL1 N-terminal region to recognize and 
facilitate bending of the tRNA for methylation (Fig. 4c). Finally, we 
identify the METTL1 N terminus as an essential feature of the catalytic 
pocket, and present a steric hinderance and charge-mediated model to 
explain regulation of MTase activity by METTL1 S27 phosphorylation  
(Fig. 4a,d).

A growing list of recent studies highlights the importance of METTL1–
WDR4 oncogenic activity in many different cancer types, suggesting 
that inhibition of this MTase complex represents a promising new can-
cer therapeutic strategy. The mechanistic insights presented here will 
facilitate the design and development of anticancer drugs targeting 
METTL1–WDR4.
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Methods

Cloning, protein expression and purification
The codon-optimized (Escherichia coli expression) full-length human 
METTL1 and WDR4 genes were synthesized from GENEWIZ and sub-
cloned into a pETDuet-1 vector containing a His6 tag at the N-terminal 
of WDR4. Mutated and truncated constructions were generated using 
Q5 site-directed mutagenesis kit (E0554S, NEB) or HiFi DNA assem-
bly master mix (E2621S, NEB). The METTL1 and WDR4 proteins were 
co-expressed in E. coli Rosetta (DE3) cells (Sigma) that were induced 
with 0.5 mM isopropyl-1-thio-β-d-galactopyranoside (IPTG) at optical 
density at 600 nm (OD600) = 0.6 at 16 °C overnight. Cells were harvested 
and sonicated in buffer containing 50 mM Tris-HCl, pH 8.0, 200 mM 
NaCl, 5% glycerol, 5 mM β-mercaptoethanol and 1 mM PMSF. The 
lysate was cleared by centrifugation and incubated with Ni Sepharose  
(Qiagen). The bound protein was eluted with buffer containing 200 mM 
imidazole and was further purified by combined Q column and heparin 
column (GE healthcare), and polished by size-exclusion chromatogra-
phy (Superdex 200 Increase 10/300, GE Healthcare) in a buffer contain-
ing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and 1 mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP). Finally, the METTL1–WDR4 complex 
was concentrated to about 10 mg ml−1 for EM and crystallization use.

In vitro methylation assay
The tRNA probe (human tRNAValTAC) was synthesized (Horizon) as  
the following sequence: 5′-GGUUCCAUAGUGUAGCGGUUAUCAC 
GUCUGCUUUACACGCAGAAGgUCCUGGGUUCGAGCCCCAGUGGAAC 
CA-3′ (Extended Data Fig. 1b). The RNA probe was annealed at 95 °C 
for 5 min before reactions. The METTL1–WDR4 complex (wild type 
or variants) were purified by Ni-affinity chromatography. Optimized 
concentrations of the tRNA probe (100 nM) and METTL1–WDR4 (10 nM, 
wild type or variants) were applied to the reactions and followed the 
same protocol of a previous study10. In the MTase assay, testing the 
effects of buffer pH, the Tris buffer (pH 7.4) was substituted with sodium 
phosphate buffer (pH 5.6, 5.8, 6.0 and 7.4). Scintillation signals were 
measured using the Tri-Carb 2910 TR instrument (Perkin Elmer).

Size-exclusion co-migration assay
The METTL1–WDR4 complex was incubated with tRNAPhe (R4018, 
Sigma) and SAH, or with tRNAVal (synthetic RNA, Horizon) and SAM 
at room temperature for 1 h. The molar ratio of protein, tRNA and 
compound was 1:1.4:1.5. Incubated ternary complex samples, the 
METTL1–WDR4 binary complex and tRNA were applied to a Superdex 
200 Increase 10/300 (GE Healthcare) separately. Peak fractions were 
analysed by native PAGE and stained with EB and G250 to visualize the 
tRNA and protein complex, respectively.

TR-FRET assay
The purified full-length METTL1–WDR4 complex was labelled with 
BODIPY (D2184, Thermo Fisher) as described previously29. tRNAVal was 
labelled with biotin by 5′ EndTag DNA/RNA Labeling Kit (MB-9001, 
Vector) according to the vendor’s procedures.

In the competitive assay, dilution of unlabelled apo METTL1, 
full-length or truncated METTL1–WDR4 was added to assay mix with 
final concentrations of 2 nM Tb-strep, 10 nM tRNA–biotin, 40.5 nM 
BODIPY–METTL1–WDR4, 121.5 nM SAM and 100 nM nonspecific RNA 
in a buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and 1 mM 
TCEP. TR-FRET assays were performed in 384-well microplates (4514, 
Corning) with a final assay volume of 15 µl. Before TR-FRET measure-
ments were conducted, the reactions were incubated for 15 min. After 
excitation of terbium fluorescence at 337 nm, emissions at 490 nm 
(terbium) and 520 nm (BODIPY) were recorded with a 70-µs delay 
over 130 µs to reduce background fluorescence, and the reaction was 
followed over more than 20 or more than 100-s cycles of each data 
point using a PHERAstar microplate reader (BMG Labtech Model FS). 

The TR-FRET signal of each data point was extracted by calculating 
the 520:490 nm ratio. Statistical calculations were performed using 
Prism 8.0.2.

Crystallization, data collection and structure determination
The recombinant METTL1–WDR4 complex was incubated with three-
fold molar excess of SAM and further purified by Superdex 200 Increase 
10/300 column (GE Healthcare). The sample was concentrated to 
10 mg ml−1 for crystallization. Crystals of the METTL1–WDR4 complex 
were obtained by mixing 75 nl complex solution and 75 nl of reservoir 
solution using an NT8 (Formulatrix), and were grown by the sitting 
drop vapour diffusion method at 20 °C. Crystals of the METTL1–WDR4 
complex were grown from 2 M (NH4)2SO4, 0.2 M K–Na tartrate, 0.1 M Na3 
citrate pH 6.5 for 3 weeks. All crystals were cryo-protected using  
corresponding reservoir buffers supplemented with 20% ethylene 
glycol and flash frozen in liquid nitrogen. All diffraction datasets were 
collected at APS Chicago on beamlines 24-ID-C and 24ID-E at 100K. Data 
were indexed and integrated using RAPS pipeline from APS Chicago30. 
A 3.1 Å resolution dataset was collected at a wavelength of 0.97918 Å. 
The phases of the METTL1–WDR4 structure was solved by molecular 
replacement using the program Phenix31. The METTL1 (PDB 3CKK) 
and WDR4 (originating from chain D of the Trm8–Trm82 complex; 
PDB 2VDU) were used as separate search models. The model was 
adjusted using Coot, and structure refinement was performed using 
Phenix and autoBUSTER (version 2.10.4). The Ramachandran plot shows 
that 93.89% of residues are in favoured regions, with the remaining in 
allowed regions. In the final coordinate file of 7U20, residues 34–56 and 
75–265 of METTL1, and residues 0–44 (residue 0 is from the protein tag) 
and 60–348 of WDR4 are modelled. All statistics of data processing and 
structure refinement of the METTL1–WDR4 complex are summarized 
in Extended Data Table 1. The structure figures were prepared using 
PyMOL, and model quality was assessed with MOLPROBITY (version 
4.2)32. Structural biology app lications used in this project were com-
piled and configured by SBGrid33.

EM sample preparation and data collection
The METTL1–WDR4–tRNAPhe complex was reconstituted by incubating 
METTL1–WDR4, tRNAPhe (R4018, Sigma) and SAH at the molar ratio of 
1:1.2:1.5 at room temperature for 1 h. The ternary complex was further 
purified on a Superdex 200 Increase 10/300 column (GE Healthcare) in 
buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and 1 mM TCEP. 
Samples used for EM were measured for a final absorbance of 0.2–1.0 
using a Nanodrop spectrophotometer. The METTL1–WDR4–tRNAVal 
complex was reconstituted by incubating METTL1–WDR4, annealled 
tRNAVal (synthetic RNA, Horizon) and SAM, in the same conditions as 
above. Both samples were checked for morphology and homogeneity 
using negative-staining EM. For each ternary complex, 2.5 µl sample 
(absorbance at 280 nm = 0.05) was placed on a glow-discharged carbon 
film copper grid (CF-400CU, Electron Microscopy Sciences). After a 
60-s incubation, the grid was stained in 2% uranyl formate for 30 s, air 
dried and imaged on a Tecnai G2 Spirit BioTWIN microscope at Harvard 
Medical School Electron Microscopy Facility.

A 3-µl drop of the METTL1–WDR4–tRNA complex was applied to 
glow-discharged Quantifoil R1.2/1.3 400 mesh copper grids (Electron 
Microscopy Sciences). The grids were blotted for 4 s in 100% humidity 
at 4 °C and plunge-frozen using the FEI Vitrobot Mark IV. Cryo-EM data 
collection of the METTL1–WDR4–tRNAPhe complex was performed 
on a 300 keV Titan Krios microscope (FEI) with a K3 direct electron 
detector (Gatan) using Latitude-S (Gatan Microscopy Suites software 
package MODEL 700.LS.731) at the National Cancer Institute’s National 
Cryo-EM Facility. For the initial dataset, 5,990 videos were collected in 
counting mode, with 40 frames per video, 3.6-s exposure time, 60 e− Å−2 
accumulated dose and 1.08 Å pixel size. For the final dataset, 10,415 
videos were collected in counting mode, with 40 frames per video, 
3.4-s exposure time, 50 e− Å−2 accumulated dose and 1.08 Å pixel size.

http://doi.org/10.2210/pdb3CKK/pdb
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Cryo-EM data collection of the METTL1–WDR4–tRNAVal complex was 
performed on a 300 keV Titan Krios microscope (FEI) with a K3 direct 
electron detector (Gatan) using SerialEM (version 3.8.5) at the Harvard 
Center for Cryo-Electron Microscopy (HC2EM). Videos (n = 5,095) were 
collected in counting mode, with 50 frames per video, 1.5-s exposure 
time, 51.8 e− Å−2 accumulated dose and 0.825 Å pixel size.

Cryo-EM data processing and model building
For initial dataset for METTL1–WDR4–tRNAPhe, videos were motion- 
corrected using MotionCor2 (ref. 34). Patch contrast transfer function 
estimation was performed using cryoSPARC28. Particles were initially 
picked using blob picker in cryoSPARC and subjected to 2D classifica-
tion. Selected classes representing the ternary complex only accounted 
for approximately 3% of the total particles and are used for ab initio 
3D reconstruction to generate a reference model. For the final dataset 
for METTL1–WDR4–tRNAPhe, 10,415 videos were collected. Motion cor-
rection and contrast transfer function estimation were performed in 
the same way as in the initial dataset. Supervised particle picking was 
carried out using the trained model from dataset I in Topaz35. After 2D 
classification, 634,274 particles were selected for ab initio 3D recon-
struction followed by 3D classification (heterogeneous refinement). 
Of the particles, 28% were the binary complex without the tRNA and 
were used to reconstruct a 3.5 Å cryo-EM map. Two 3D classes of the 
METTL1–WDR4–tRNAPhe ternary complex (51% of the particles) were 
selected for another round of 2D classification to remove bad particles. 
After Bayesian polishing (Relion)36 and non-uniform 3D refinement 
(cryoSPARC)37, the map resolution of the METTL1–WDR4–tRNAPhe 
ternary complex reached 3.3 Å. For METTL1–WDR4–tRNAVal, 5,094 
videos were collected. The image processing procedures were the 
same as for the METTL1–WDR4–tRNAPhe dataset, with the exception 
that no binary complex class was found after 3D classification. Of the 
particles, 31% were selected for Bayesian polishing and non-uniform 
3D refinement, yielding a map with a resolution of 3.6 Å. 3D variability 
analysis of METTL1–WDR4–tRNAPhe were carried out in cryoSPARC38 
based on the non-uniform refinement, with the low-pass filter set at 
5 Å and the number of modes set to 3 (Extended Data Fig. 2a). Each 
of the three components from 3D variability analysis represent a 
certain motion that contribute to the data variability. A video of 
component 1 that represents the tRNA melting was generated (Sup-
plementary Video 1). Particles were clustered into four groups based 
on the principle components and all four groups were subjected to 
3D refinement (Extended Data Fig. 2a). The cryo-EM map of METTL1–
WDR4–tRNAPhe is auto-sharpened by NU-refinement in CryoSPARC 
with a B-factor of −125.3. The sharpening B-factor for the cryo-EM map 
of METTL1–WDR4–tRNAVal is −147.8. In both METTL1–WDR4–tRNAPhe 
and METTL1–WDR4–tRNAVal maps, we observed some degree of vari-
ations in local and directional resolutions, which could be explained 
by flexibility and preferred orientations39 (Extended Data Fig. 2c–h). 
Consequently, ambiguous densities are present in a few regions of the 
sharpened maps. To overcome these limitations, DeepEMhancer was 
used to post-process the cryo-EM maps of METTL1–WDR4–tRNAPhe 
and METTL1–WDR4–tRNAVal to facilitate model building40. The ini-
tial model of METTL1–WDR4 was generated by rigid body fitting of 
the METTL1–WDR4 crystal structure model into the cryo-EM maps 
using ChimeraX41. The N-terminal region (residues 26–33) of METTL1 
was modelled based on AlphaFold prediction in agreement with weak 
density and refined restrained to the conformation of the prediction. 
The tRNAPhe was modelled using a yeast tRNAPhe (PDB 1EHZ). tRNAVal 
was homology modelled using a rabbit tRNAVal (PDB 3JAG, chain 2). 
Inspection, model building and manual adjustments were carried out 
in Coot42. Real-space refinements were performed using Phenix31. The 
crystal structures and AlphaFold-predicted METTL1 N-terminal region 
(residues 1–33) were used as reference model restraints in Phenix refine-
ments. For the final coordinate file of 8CTH (METTL1–WDR4–tRNAPhe), 
residues 26–54 and 76–262 of METTL1, residues 6–28, 36–43, 62–233 

and 244–318 of WDR4, nucleotides 1–74 of tRNAPhe and cofactor SAH 
are modelled. For the final coordinate file of 8CTI (METTL1–WDR4–
tRNAVal), residues 34–54, 77–125 and 131–262 of METTL1, residues 13–28, 
62–233 and 244–318 of WDR4, and nucleotides 1–16 and 18–71 of tRNAVal 
are modelled. All statistics of data processing and structure refinement 
of cryo-EM structures are summarized in Extended Data Table 1. All 
representations of densities and structural models were generated 
using Chimera, ChimeraX and PyMOL Mole cular Graphics System, 
version 2.0 Schrödinger, LLC.

Rescue experiments
Mouse Mettl1-KO R1/E embryonic stem cells from a previous study23 
were used for METTL1 rescue experiments. In the case of WDR4 rescue 
experiments, new Wdr4 KO were generated from mouse R1/E embryonic 
stem cells (a gift from L. Wu, SCRC-1036, American Type Culture Collec-
tion) following our previous protocol23 and verified by immunoblotting 
or PCR genotyping. All cells were frequently checked by their morpho-
logical features and functions. No other authentication was performed. 
All cell lines were tested to be mycoplasma-negative. KO cell lines were 
cultured in serum/LIF medium (DMEM (Gibco) with 1,000 u ml−1 mouse 
LIF (Gemini), 15% stem cell FBS (Gemini), 1× sodium pyruvate (Gibco), 
1× NEAA (Gibco), 1× l-glutamine (Gibco), 50 µM 2-mercaptoethanol 
(Thermo Fisher) and 1% penicillin–streptomycin (Gibco)) in a 5% CO2 
cell culture incubator at 37 °C. Cells were cultured in a feeder-free condi-
tion in gelatin-coated dishes (0.1% gelatin solution for 30 min at 37 °C) 
to enhance cell attachment. For rescue experiments, cells were first 
washed with PBS twice and then trypsinized (0.1% trypsin in PBS) at 
37 °C for 3 min. Cells were then resuspended in serum/LIF medium and 
counted. Then, the METTL1, WDR4 or empty vector plasmids (10 µg) 
were transfected into mouse embryonic stem cells (approximately 
4 × 106 cells) using the reverse transfection method with Lipofectamine 
2000 (20 µl; Invitrogen). Cell media were replaced daily and cells were 
collected 48 h post-transfection and split into two for RNA and protein 
isolation, respectively.

Northwestern blot and western blot
For northwestern blot, 10 µg total RNA samples were mixed with 2× TBE  
loading buffer (Bio-Rad) and incubated at 95 °C for 5 min. The sam-
ples were then loaded into 15% TBE–urea (Bio-Rad) gels to separate 
the RNAs by molecular weight. Next, the RNAs were transferred onto 
a positive charged nylon membrane and crosslinked with UV. Next, 
membranes were immunoblotted with mouse monoclonal anti-m7G 
(clone 4141-13, 1:1,000; RN017M, MBL International) and detected using  
the enhanced chemiluminescence (ECL) method. For loading control, 
the membrane was then blotted with radioactive labelled probes against 
U6 small nuclear RNA. Blotted membranes were exposed to autoradi-
ography films. For western blotting, cell pellets were resuspended in 
passive lysis buffer (Promega), supplemented with protease inhibitors  
(complete, Roche). Protein concentrations were assessed by Bradford 
assay (5000006, Bio-Rad) and an equal amount of protein was loaded per 
lane. Before loading, the samples were supplemented with SDS–PAGE 
sample buffer and β-mercaptoethanol was added to each sample. Of 
protein, 10–40 µg was separated on SDS–PAGE gels (4–20%), and blotted  
onto nitrocelullose membranes (Thermo Fisher). Membranes were 
then immunoblotted with the following antibodies: β-actin (1:10,000; 
ab8229, Abcam), METTL1 (1:2000; 14994-1, Proteintech) and WDR4 
(clone EPR11052, 1:2,000; ab169526, Abcam). Membranes were imaged 
using the Odyssey Imaging System, Image Studio (Li-Cor, version 5.2.5).

AlphaFold prediction
Full-length sequences of human METTL1 and WDR4 were input into 
AlphaFold 2.2 with Amber refinement25. To assess the position of 
WDR4 relative to METTL1, AlphaFold was run in the ptm mode, and 
the expected position error between the two proteins was extracted. 
An expected error of less than 5 Å was used as the criterion to determine 
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interaction. Low-confidence regions (plDDT < 70), including the glycine 
linker, were removed to obtain the final model.

NMR spectroscopy
NMR experiments were conducted on Avance III Bruker (version 3.4) 
spectrometers operating at 600 and 800 MHz, equipped with three-
channel 1H, 13C, 15N cryogenically cooled probes. If not stated otherwise, 
the experimental temperature was set to 15 ˚C. Data were processed 
using NmrPipe43 and analysed using CCPNmr Analysis44. A sample 
of 420 mM 15N13C-labelled METTL1 1–75 was prepared in 50 mM NaPi 
pH = 6.0, 100 NaCl, 1 mM TCEP and 5% v/v 2H2O for backbone assign-
ments. The assignment routine used regular HSQC, HNCA, HN(CO)CA, 
HNCO, HN(CA)CO, HN(CA)CB and CBCA(CO)NH experiments. All 3D 
experiments were set up with 10% non-uniform sampling using Pois-
son gap sampling45 and reconstructed using the hmsIST protocol46. Of 
non-proline residues, 91% were assigned. Chemical shift assignments 
have been deposited in the Biological Magnetic Resonance Data Bank 
under accession number 51362. Secondary structure predictions were 
obtained from the Talos-N algorithm47 and proved that most of the 
construct is disordered, except for the 46–55 segment, which exhib-
its 40–70% secondary structure (in line with the presence of a short 
β-strand in some crystal structures). Assignments were readily trans-
ferred to the S27D mutant. Given the impossibility to express a trun-
cated construct of METTL1 for direct interaction studies, we utilized 
a competition assay in which 15N-labelled METTL1 1–75 competes off 
the N terminus of unlabelled METTL1. Samples of 23, 46 and 92 mM 
METTL1 1–75 were measured with and without 230 mM of unlabelled 
full-length METTL1, corresponding to 0, 2.5, 5 and 10 molar equivalents. 
A SOFAST-HMQC experiment with a recycle delay of 0.2 s was used for 
accelerated sampling. Titration experiments showed line broadening 
of a subset of peaks, which indicates a slow-exchange binding mode 
on the NMR timescale. Owing to the nature of the assay and the use of 
SOFAST, measurement of peak intensities is not quantitative; however, 
this allows mapping of the interaction onto the 1–75 fragment. To vali-
date our NMR results in physiological conditions, we reproduced our 
competition assay at pH 7.4 and at both 15 °C and 25 °C. Eight peaks 
disappeared from the spectrum due to a faster exchange rate of amide 
protons with water, including residues 26–28. This impaired our abil-
ity to assess binding in a semi-quantitative way; however, evidence of 
binding of the 18–27 segment is present. pH does not seem to impact 
binding affinity, and higher temperature seems to weaken the affinity 
but by a small percentage.

Statistics and reproducibility
For the rescue experiment, the m7G level and protein expression level 
of all samples were checked by northwestern blot and western blot, 
respectively. Blots are representative of two biological independent 
experiments. For the analysis of protein complexes using SDS–PAGE 
and native PAGE, each experiment was repeated independently at least 
two times with similar results.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.
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Extended Data Fig. 1 | Sample preparation and quality check. (a–b) tRNA 
candidates for ternary complex reconstitution. Schematic representations  
of yeast tRNAPhe and human tRNAVal. Yeast tRNAPhe is a matured tRNAPhe 
purified from yeast (Sigma) (a). Human tRNAVal is an annealed single strand 
RNA oligos synthesized based on human tRNAVal-TAC sequence (Horizon) (b). 
(c) Chromatography traces and SDS-PAGE analysis of purified METTL1- 
WDR4 complex (absorption at 280nm and 254nm). For gel source data,  
see Supplementary Fig. 3. (d) Gel filtration profiles of free tRNAPhe (blue), 

METTL1-WDR4 binary complex (green), METTL1-WDR4-tRNAPhe ternary 
complex (purple) and METTL1-WDR4-tRNAVal ternary complex (yellow) 
(absorption at 280nm are shown). (e) Identification of the reconstituted 
METTL1-WDR4-tRNAPhe ternary complex. Sample in the main peak of the 
reconstitution chromatography trace is analyzed by native PAGE. tRNA and 
protein are virtualized by EB and G250 staining separately. For gel source data, 
see Supplementary Fig. 4.
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Extended Data Fig. 2 | Cryo-EM workflows and the quality of reconstructed 
cryo-EM maps. (a–b) Workflow of 3D reconstruction of METTL1-WDR4- 
tRNAPhe dataset (a) and the METTL1-WDR4-tRNAVal dataset (b). (c–d) Fourier 
shell correlation (FSC) curves (upper panel) and orientation distributions 
(lower panel) of 3D reconstructed METTL1-WDR4-tRNAPheand METTL1-WDR4- 
tRNAVal cryo-EM maps. See also Extended Data Table 1. (e) Histogram of 
directional FSC curves of METTL1-WDR4-tRNAPhe dataset (upper panel) and the 

METTL1-WDR4-tRNAVal dataset (lower panel). (f) Local resolutions of METTL1- 
WDR4-tRNAPhe (upper panel) and METTL1-WDR4-tRNAVal (lower panel) cryo-EM 
maps. (g) Representative segments of sharpened cryo-EM map fitted with  
the model. (h) State A and State B models of METTL1-WDR4-tRNAPhe fit in 
sharpened cryo-EM maps. The variable loop of tRNA fitted with sharpened 
(top) and unsharpened (bottom) maps from 3D variability analysis are shown  
in parallel with the whole model.



Extended Data Fig. 3 | Similar binding mode of METTL1-WDR4 to tRNAPhe 
and tRNAVal. (a) Cryo-EM density maps of METTL1-WDR4-tRNAVal complex and 
the corresponding atomic model. The unsharpened (left), sharpened (middle) 
and DeepEMhancer processed (right) density maps are shown. (b) Overall 
structural superposition of METTL1-WDR4-tRNAVal (slate) and METTL1-WDR4- 
tRNAPhe (white). (c) Electrostatic potential of METTL1 and WDR4 in ternary 
complex (tRNAPhe). Red, negative; blue, positive. Figure was generated using 

PyMOL. tRNA domains are colored according to Extended Data Fig. 1a.  
(d) Tilted loading of tRNAPhe onto the METTL1-WDR4 complex. Overall 
structure of METTL1-WDR4-tRNAPhe complex from the WDR4 side. The angle 
between the short axis of METTL1-WDR4 and the aminoacyl-branch axis of 
tRNA is about 130 degrees. The angle is measured utilizing residue 213 (WDR4), 
residue 163 (WDR4) and base 73 of tRNA using PyMOL.
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Extended Data Fig. 4 | Sequence alignment of METTL1 proteins. The human 
METTL1 protein sequence was aligned with its respective homologs. The 
secondary structure diagram for human METTL1 is shown on the top. Conserved 
residues are shaded in yellow, whereas essentially invariant residues are shown 

in red. The conserved N-terminal region, aC and a6 helix are underlined. K143 
(key residue that interacts with WDR4) is highlighted with a blue star on the 
bottom. The alignment is performed with the Clustal Omega multiple sequence 
alignment program (EMBL-EBI) and visualized by ESPript 3.0 server.



Extended Data Fig. 5 | Domain organization and sequence alignment of 
WDR4 proteins. (a) Schematic representation of full-length WDR4 domains 
based on sequence, secondary structure prediction and experimental 
structures. WD, WD family repeat domain and are numbered with B1–B7.  
(b) Sequence alignment of WDR4 proteins. The secondary structure diagram 
(black, based on experimental structure; pale green, based on AlphaFold 
prediction) for human WDR4 is shown on the top. Conserved residues are 
shaded in yellow, whereas essentially invariant residues are shown in red. B3 

and B4 are underlined in green and blue, respectively. Key residues are 
highlighted with stars on the bottom. Orange stars, residues involved in tRNA 
(T-arm) binding; magenta stars, patient related mutagenesis sites; blue stars, 
METTL1 interaction sites. The alignment is performed with the Clustal Omega 
multiple sequence alignment program (EMBL-EBI) and visualized by ESPript 
3.0 server. (c) Structure of METTL1-WDR4-tRNAPhe ternary complex with top 
view (only METTL1 and WDR4 are shown). The conserved region of B2–B5 
(WDR4) is highlighted in red.
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Extended Data Fig. 6 | The conformational change of METTL1-WDR4 upon 
tRNA binding. (a)Structure comparison between METTL1-WDR4-tRNAPhe and 
METTL1-WDR4. The structures are superposed on WDR4 protein. The tRNA in 
the ternary complex is not shown for a better view. METTL1-WDR4-tRNAPhe, 
pink; METTL1-WDR4, Cyan. The α1, α2, α5 and α6 helices shift toward WDR4 
and tRNA side. Structural changes of the residues 164–173 fragment of METTL1 
are highlighted with a dash line box. (b) Superposition of tRNA-free (cyan)  
and tRNA bound (pink) states of METTL1. The structures are superposed on 
METTL1 protein and only only METTL1 are shown. The loop (residues 164–173) 

connecting α1 and the core fold of METTL1 forms the αC helix upon tRNA 
binding. (c) Binary complex model from METTL1-WDR4-tRNAPhe cryo-EM 
dataset fit in sharpened (top) and unsharpened (bottom) cryo-EM maps.  
(d) Structure comparison between EM_Binary (teal) and crystal METTL1-WDR4 
(gray). The METTL1 protein is superimposed. (e) Local resolution of binary 
complex map. The αC loop of METTL1 region is highlighted with dashed line 
circle. (f)The αC loop of METTL1 (EM_Binary) fit in sharpened (top) and 
unsharpened (bottom) cryo-EM maps.



Extended Data Fig. 7 | Essential residues of METTL1-WDR4 for MTase 
activity and tRNA recognition. (a) Magnified view of METTL1-WDR4 interface 
in the crystal binary complex structure. The interactions of key residues are 
shown in dashed lines. K143 (METTL1) forms a salt bridge with D166 (WDR4); 
hydrogen bonds are formed between Y37 (METTL1) and E167 (WDR4), N147 
(METTL1), and K168 (WDR4), K40 (METTL1) and mainchain of L185 (WDR4).  
(b) Relative methyltransferase activity of METTL1-WDR4 complexes expressed 
with indicated mutations. WT, wild type; Mut, catalytic dead double mutant 
(L160A;D163A). Two technical replicates were performed. (c–d) In vivo rescue 
experiment with METTL1 or WDR4 carrying indicated mutations in Wdr4 (KO) 
cell lines (c) or Mettl1 (KO) cell lines (d). n = 2, biologically independent samples. 

Expression of WT and variants METTL1 or WDR4 is checked by western blot 
(lower panel). For gel source data, see Supplementary Fig. 5-6. (e) Structure 
comparison between METTL1-WDR4 crystal structure (PDB 7U20, METTL1, 
splitpea; WDR4, light blue) and Trm8-Trm82 (PDB 2VDU, orange). The WDR4 
protein is superimposed. (f) Distance measurement between METTL1 E183 
(OE2) and WDR4 R170 (NH1) in the crystal binary complex structure. 2Fo-Fc 
map is shown (1.2 σ). Figures were generated in Coot. (g, h) Western blot 
detection of overexpressed METTL1 or WDR4 in rescue experiments relative  
to Fig 2e, j. n = 2, biologically independent samples. For gel source data, see 
Supplementary Fig. 7.
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Extended Data Fig. 8 | The METTL1 N-terminus plays important roles in 
catalytic regulation. (a) Superimposed METTL1 N-terminus of available 
structures. The first visible residues of human METTL1 are labeled. (b) The 
IDDT value of the predicted METTL1-WDR4 structure. (c) The interactions 
between the N-terminal and α2 helix in AlphaFold prediction. (d) AlphaFold 
predicted METTL1 is superposed onto METTL1-WDR4-tRNAPhe. The predicted 
residues 16–21 insert into the space between METTL1 and tRNA. (e) Residue- 
specific secondary structure propensities derived from 1HN, 15N, 13C’, 13Cα and 
13Cβ chemical shifts assignments. α-helix (red), coil/unstructured (grey), 
β-strand (green). (f) Competitive TR-FRET binding assay of labeled full-length 
METTL1-WDR4 with unlabeled proteins. The determined IC50 is listed.  
Two technical replicates were performed. (g) Western blot detection of 
overexpressed METTL1 or WDR4 relative to Fig. 3f. n = 2, biologically 
independent samples. For gel source data, see Supplementary Fig. 7. (h) In vivo 

rescue experiment with indicated mutations in Mettl11 (KO) cell lines (left). 
Expression of protein is checked by western blot (right). For gel source data, 
see Supplementary Fig. 8. (i) Key components of the G46 binding cavity fit in 
sharpened METTL1-WDR4-tRNAPhe cryo-EM map (mesh). Key residues and 
cofactor SAH are shown in stick. ( j) Docking model of G46 flipping into the 
catalytic pocket with SAM bound. The transferred methyl group is indicated by 
arrow. Relevant elements are adjusted manually to make 180° angle and 2 Å 
between the guanine-N7 and S-CH3. The potential interactions between 
METTL1 and the base of G46 are highlighted with dashed lines. (k) Schematic 
diagram of the docking model depicting potential interactions (dashed lines) 
between G46 and SAM in the METTL1 active site prior to methyl transfer. (l-m) 
Relative methyltransferase activity of METTL1-WDR4 with buffer pH ranging 
from 5.6 to 8.33 (l) and indicated mutation (m). Two technical replicates were 
performed.



Extended Data Table 1 | X-ray and cryo-EM data collection and refinement statistics

*Values in parentheses are for highest-resolution shell.
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