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Summary

Chemical modifications of RNA have key roles in many biological processest—3. N7-
methylguanosine (m’G) is required for integrity and stability of a large subset of transfer RNAs
(tRNAs)*~’. METTL1-WDR4 complex is the methyltransferase (MTase) that modifies G46 in the
variable loop of certain tRNAs and its dysregulation drives tumorigenesis in numerous cancer
types®14. WDR4 mutations cause human developmental phenotypes including microcephaly®-17,
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How METTL1-WDR4 modifies tRNA substrates and is regulated remains elusive!8. Through
structural, biochemical, and cellular studies of human METTL1-WDR4 we show that WDR4
serves as a scaffold for METTL1 and the tRNA T-arm. Upon tRNA binding, the a.C region

of METTLL transforms into a helix, which together with the a6 helix secures both ends of

the tRNA variable loop. Unexpectedly, we find that the predicted disordered N-terminal region

of METTLL is part of the catalytic pocket and essential for MTase activity. Furthermore, we

reveal that Serine27 phosphorylation in the METTL1 N-terminal region inhibits MTase activity
by locally disrupting the catalytic center. 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 MTase activity.

Introduction

Recent “epitranscriptome’ studies reveal critical roles of RNA modifications in various
molecular, cellular, and developmental processes2. Several childhood developmental
disorders are caused by mutations in genes encoding RNA-modifying enzymes, and
dysregulation of certain RNA modifications is oncogenic31920, tRNAs are the most highly
modified class of RNAs that influences tRNA maturation, stability, and function®21.22,

Of these, N7-methylguanosine (m’G) at position G46 in the variable loop is a prevalent
modification in a large subset of tRNAs. m’G46 interacts with C13-G22 in the D-loop to
stabilize tRNA tertiary structure®. Impaired m’G46 is associated with rapid tRNA decay
(RTD) and altered expression®’. m’G46 is catalyzed by Methyltransferase 1 (METTL1)
and its essential cofactor WD Repeat-Containing Protein 4 (WDR4)8°. The METTL1-
WDR4 complex is required for normal mRNA translation and mouse embryonic stem

cell (ESC) proliferation and differentiation?3. Mutations in W/DR4 are associated with
developmental defects including primordial dwarfism, microcephaly, and Galloway-Mowat
syndrome (GAMOS)>-17 Dysregulated METTL1-WDR4 drives tumorigenesis and this
oncogenic function is linked to numerous different cancer typesi9-14. However, the lack of
structural and mechanistic information on human METTL1-WDR4 remains a major obstacle
to elucidating the m’G46 modification process and development of MTase inhibitors as
possible new anti-cancer drugs.

m’G46 modification occurs in a large subset of tRNAs that contain the ‘RAGGU’ motif
within the variable-loop%:11:23, /n vitro MTase assays showed the importance of the D-arm
and T-arm for m’G modification by the yeast Trm8-Trm82 complex (orthologs of METTL1
and WDR4, respectively)?4. A model for tRNA recognition was previously generated by
computationally docking a tRNA structure into a structure of Trm8-Trm822. 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
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required for m’G catalysis. It therefore remains unknown how the m’G MTase complex
specifically engages and modifies tRNA substrates.

Phosphorylation of METTLL1 (Ser27) by protein kinase B (AKT) can inactivate MTase
activity by an unknown mechanism18. Notably, Ser27 is located within the N-terminus of
METTLZ, for which no structural information is available and is predicted to be largely
disordered®. 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, tRNAVAITAC and tRNAPPEGAA. 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

the molecular mechanism for m’G46 modification by METTL1-WDR4. We identify an
essential role of the METTL1 N-terminus (residues 1-33) that while anticipated to be
unstructured, plays a key role in formation of the MTase catalytic pocket. Strikingly,

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 METTLL1 in tRNA modification,
and explain the phospho-mediated regulation of MTase activity.

Structures of METTL1-WDR4-tRNA

To visualize how human METTL1-WDR4 binds tRNA, we pursued cryo-EM studies

of the METTL1-WDRA4-tRNAP" and METTL1-WDR4-tRNAVa complexes (Extended
Data Fig. 1a—c). Monodisperse ternary complex samples were obtained using SEC and
examined using native PAGE before cryo-EM screening and data collection (Extended
Data Fig. 1d, e). Reconstructions of the METTL1-WDRA4-tRNAPhe complex with S-
adenosylhomocysteine (SAH) were refined to 3.3 A (Fig. 1a, Extended Data Fig. 2a) and
the METTL1-WDRA4-tRNAVa complex to 3.6 A (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-WDRA4 binary complex
(Fig. 1b—d), AlphaFold 2 predictions, and published tRNA structures?>2. In both ternary
complexes, the overall structures resemble a sail boat like arrangement with METTL1 and
WDR4 as the stern and bow, respectively, and the tRNA as the sail that sits on top of
METTL1-WDR4 and tilts sideways (Fig. 1b, ¢, Extended Data Fig. 3a—d).

METTLZL, like other members of the Class | MTase family, shared the highly conserved
Rossmann-like fold, comprising a seven-strand B-sheet flanked by six a-helices (Fig. 1b,
Extended Data Fig. 4). WDR4 adopts a p-propeller structure with seven blades (B1-B7)
(Extended Data Fig. 5a, b). The B2-B5 region of WDR4, which are in proximity to
METTLL, are highly conserved (Extended Data Fig. 5¢).
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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 A (Fig. 1d). In the crystal structure, the entire p-propeller of WDR4 and the
following a-helix (residues 319-348) were modeled, but residues 26-33 from the N-terminal
of METTLL1 were not visible. Although the overall assembly of METTL1 and WDR4 was
similar without tRNA, a superposition on WDR4 showed significant changes in METTL1
upon tRNA binding (Fig. le, Extended Data Fig. 6a). Four helices of METTL1 (al, a2,
a5, and a.6) are shifted towards the tRNA. A loop (residues 164-173) connecting a1 and
the core of the Rossmann fold of METTL1 forms a 31¢ helix (hereafter referred to as aC
helix), which is inserted into the groove of the tRNA elbow region. Interestingly, despite
being highly conserved amongst eukaryotes (Extended Data Fig. 4), the residues 164-173
represent either a loop or are disordered in all known METTL1 structures (PDB: 3ckk,

7pl1, 2vdu and 2vdv). When superimposing the METTLL structures in its tRNA-free and
tRNA-bound states, the a.C loop is the only region that undergoes structural rearrangement,
suggesting that the a.C helix of METTL1 facilitates tRNA recognition (Extended Data Fig.
6b and discussed later).

Interestingly, about 28% of the particles from the METTL1-WDR4-tRNAP"€ dataset
represent the binary complex and were used to reconstruct a cryo-EM map with a resolution
of 3.5 A (Extended Data Fig. 6¢). Although the overall structure of the cryo-EM binary
complex is similar to the crystal structure (Extended Data Fig. 6d), local resolution of the
aC region was low and we were unable to model aC region confidently (Extended Data Fig.
6e, ).

The non-catalytic subunit WDR4 is required for MTase activity8. To explore the mechanistic
basis for this requirement, we further analyzed 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, 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
WDRA4 L185) form the interface between METTL1 and WDR4. METTL1 K143, WDR4
D166, and WDR4 E167 are conserved among different species (Extended Data Fig. 4,

5b). Single alanine substitutions of some of these conserved residues abolished MTase
activity (Extended Data Fig. 7b). In METTL1 or WDR4 KO cell lines (R1/E mESCs), the
METTL1 K143A, WDR4 D166A, and WDR4 E167A variants could not rescue m’G 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 B4 of WDR4 not only mediates the interaction with METTLL1 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
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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 seizures1®17. The presumed corresponding residue (K223) in yeast
Trm82 (WDR4), forms a salt bridge with E204 of Trm8 (METTL1) (Extended Data Fig.
7e). Based on the Trm8-Trm82 structure, it was proposed that R170 variants disrupt the
interaction of WDR4 with METTL11®. Interestingly, we find that in human, the R170 of
human WDRA4 likely does not interact with METTL1 but rather mediates intramolecular
WDR4 interactions (Fig. 2b, Extended Data Fig. 7e, f). These comparisons were performed
using the crystal structure of the METTL1-WDR4 binary complex since the relevant region
is better resolved. The sidechain of R170 forms hydrogen bonds with the mainchain 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. Based on TCGA data, the H144P mutation
occurs in lung cancer yet the mechanism and effect on the activity of the MTase complex

is unknown. /n vitro MTase assay showed R170Q and H144P variants totally abolished

the MTase activity of METTLL, and the R170L decreased activity by a 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 individual amino acid
substitutions of WDRA4 in cells (Fig. 2e, Extended Data Fig. 7g). The m’G level was

almost undetectable in rescue experiments using WDR4 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 m’G levels when introduced into WDR4-deficient
cells. Altogether, we identify that WDR4 acts as a scaffold to interact with METTL1

and support tRNA binding. Importantly, mutations 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, Extended Data Fig. 1a), and

needs to be flipped into the catalytic site for modification by METTLZ1, which could be
induced by tRNA bending®2”. Three dimensional (3D) variability analysis performed with
cryoSPARC?8 suggested that the tRNAPN underwent bending (Video 1), and we therefore
clustered particles based on the principal components in the 3D variability analysis and
selected two distinct clusters from METTL1-WDRA4-tRNAPNe for reconstructions (Extended
Data Fig. 2a). Superposition of models that were rigid body fit to the maps of the two states
(named state A, pre-bending; state B, bending) showed that while the position of most of
the tRNAPNe remained unchanged relative to the MTase, the anticodon-arm was bent towards
METTLL1 and accompanied with local unwinding of the variable loop (Fig. 2f, Extended
Data Fig. 2h). METTLL 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 METTLL1 and is partially
unwound, which likely facilitates base flipping of tRNA G46.
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METTL1 recognizes tRNA via two helices

Due to the induced fit, sidechain densities for the METTL1 a.C and a6 helices are absent
from the experimental density but the mainchain atoms can be traced with high confidence
(Extended Data Fig. 2g). These two helices contain multiple conserved and positively
charged residues (Fig. 2g, h, Extended Data Fig. 4). METTL1 H165, K167, R168, and K170
of aC are close to the T-arm and variable-loop junction (T-V joint), and the K243 and R246
of a6 helix are close to the Anticodon-arm and Variable-loop junction (A-V joint). MTase
activity was decreased by alanine-substituted mutations of H165, K170, and K167 in aC
(Fig. 2i). Single mutation of METTL1 K243 and R246 in a6 slightly decreased MTase
activity but the double mutation decreased the activity by half. /n vivo, the METTL1 aC
and a6 variants (K243A/R246A, H165, K167A, and K170A) were unable to rescue the m’G
level (Fig. 2j, 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 N-terminus in METTLL1 activity

The N-terminal region (residues 1-33) of METTLL1 is predicted to be disordered, consistent
with the lack of electron density in crystal structures of the human METTL1 (PDB: 3ckk,
709j), the yeast ortholog (PDB: 2vdc, 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 presence of a regulatory phosphorylation site
(S27) that inhibits METTL1 activity!8 point towards an important role of the N-terminus
(Extended Data Fig. 4). We therefore analyzed the AlphaFold2> predicted structure of

a METTL1-WDR4 dimer (Fig. 3a, 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 (Fig. 1b, d, 3a, b). Residues 16-33 (AlphaFold) thread through the
catalytic pocket of METTL1, with residues 28-32 turning and entering 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, Extended Data Fig. 2g) indicating that the 26-27 segment contributes to the catalytic
pocket. Interestingly, residues 21-25 were predicted to exit and contact one end of METTL1
a2 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 a2 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 isotope-labeled 1-75 segment of METTL1 and
confirmed that it is largely disordered, except for the 45-55 segment that exhibits secondary
structure (Extended Data Fig. 8e). We then used NMR titration experiments to map the
interaction of the METTL1 core onto its N-terminus. Notably, we observed two interacting
segments: residues 35-55 that interact with higher affinity (this corresponds to the segment
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, WT, black). These
results confirm that residues 18-27 associate with the METTL1 core.
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To probe the functional importance of the N-terminus, we performed truncation and
mutagenesis studies on the N-terminus and a.2 helix of METTL1 /n vitro. Truncation
studies show that deletion 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 significantly decreased MTase activity. In the
TR-FRET competitive binding assay, the binding affinity of METTL1(A1-20aa)-WDR4
and METTL1(A1-36aa)-WDRA4 truncations to tRNA was slightly lower than the full-length
METTL1-WDR4 (Extended Data Fig. 8f). These results are consistent with our proposed
role of residues 16-20 in MTase activiy and possible contact with the anticodon branch

of tRNA. Single alanine substitution of K111 and D118 (a.2) showed moderate effect on
the methylation activity of METTL1, but R109A (a.2) totally abolished the activity (Fig.
3e). Furthermore, NMR experiments showed that R109A/K111A mutation in the a2 helix
decreased its association with residues 24-27 in the N-terminal region of METTL1 (Fig.

3¢, R109A/K 111A, red). We also validated these results with /n vivo experiments (Fig. 3f,
Extended Data Fig. 8g). The METTL1 R109A and K18A (N-terminus) mutants were unable
rescue the m’G level in METTL1 KO mESC cell lines, while K111A could partially rescue
m’G tRNA modification. The METTL1(A1-15aa) completely restored m’G, whereas the
METTL1(A1-20aa) did not rescue. Therefore, the residues16-27, as a highly conserved part
of the METTL1 catalytic pocket, are essential for METTL1 activity.

Phosphorylation regulation of METTL1

Human METTL1 is inactivated by protein kinase B (AKT)-mediated S27 phosphorylation?8.
This phosphorylation site is located at the bottom of the U-shaped N-terminus, which is
buried in the catalytic pocket (Fig. 3a, b). /n vivo, overexpression of S27D (mimic S27
phosphorylation) METTL1 could not rescue m’G levels (Extended Data Fig. 8h). In the
METTL1-WDRA4-tRNAP"e structure, SAH was stabilized in the conserved 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

are presented in the METTLL1 catalytic pocket that are likely involved in the catalytic
process (Fig. 3g, Extended Data Fig. 8i). Interestingly, 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 METTLL1 controls its
catalytic activity, we made a series of amino acid substitutions to identify the determinants
(charge and size) of METTL1 inactivation by phospho-serine 27 (Fig. 3h). Removing the
hydroxyl group from the serine (S27A) showed comparable activity with the wild type.
Sidechains with similar lengths (S mutated to C or I) were tolerated, while negatively
charged and phospho-mimetic (S27D), longer, and positively charged (S27K), and bulky
aromatic (S27W) side chains, all inactivated METTLZ1. In our current model, METTL1 H26-
S27 are in close proximity to the sidechain of R109 on the a2 helix (Fig. 3i). Modelling
shows that the phosphate group of phosphorylated S27 would clash with either the side
chain of R109 (Fig. 3j) or backbone of A21 on the D-arm of the tRNA (depending on

the sidechain conformation). Therefore, we hypothesized that S27 phosphorylation induces
steric hindrance which results in the destabilization of the network of interactions between
the N-terminus, active site, and a2 helix. We tested this hypothesis by performing NMR
assays with S27D mutant of the N-terminus, and indeed observed a specifically reduced
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interaction with residues 24-27 of METTL1 (Fig. 3k). The steric effect and possible rotamer
conformations 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
center and inhibit MTase activity dramatically.

To get molecular insight into the methylation mechanism of METTL1-WDR4, we modeled
G46 alone in the catalytic pocket of METTLL to allow for an SN,-type nucleophilic reaction
(Extended Data Fig. 8j). The N7 atom of G46 (attacking nucleophile) is co-linear with the
S-CHg3 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 neighboring bases to facilitate the methyl transfer. Interestingly, /n vitro assays
showed the MTase activity is not sensitive to lower pH buffer (pH< 6.0) but is completely
abolished by the H26 A mutant. This suggests that H26 does not promote reaction chemistry
as a proton shuttle in catalysis but is instead involved in the reaction process possibly by
stabilizing a neighboring base with its aromatic ring (Extended Data Fig. 8k, I). Taken
together, these findings are highly consistent with a steric hindrance model to explain
phosphorylation-mediated regulation of METTL1 activity, whereby phosphorylated S27
locally disrupts the catalytic center including METTL1 N-terminal residues 24-27 to prevent
G46 methylation.

Discussion

Methods

We present structures of the human METTL1-WDR4 heterodimer, and in complex with
tRNAs to provide molecular insights into substrate recognition, modification, and catalytic
regulation by the m’G MTase complex. METTL1 and WDR4 form a heterodimer to provide
a binding surface for their substrates. We reveal that METTLL 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 a-helices cooperate with the METTL1 N-terminal region to recognize and facilitate
bending of the tRNA for methylation (Fig. 4c). Lastly, 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 highlight the importance of METTL1-WDR4 oncogenic
activity in many different cancer types, suggesting that inhibition of this MTase complex
represents a promising new cancer therapeutic strategy. The mechanistic insights presented
here will facilitate the design and development of anti-cancer drugs targeting METTL1-
WDRA4.

Cloning, protein expression and purification

The codon optimized (E. coli expression) full-length human METTL1and WDR4 genes
were synthesized from GENEWIZ and subcloned into pETDuet-1 vector containing a
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Hisg tag at N-terminal of WDR4. Mutated and truncated constructions were generated

using Q5 site-directed mutagenesis kit (E0554S, NEB) or HiFi DNA assembly master mix
(E2621S, NEB). The METTL1 and WDR4 proteins were co-expressed in £. coli Rosetta
(DE3) (Sigma) cells that were induced with 0.5 mM isopropyl-1-thio-b-D-galactopyranoside
(IPTG) at ODggg = 0.6 at 16 °C overnight. Cells were harvested and sonicated in buffer
containing 50 mM Tris-HCI, pH 8.0, 200 mM NaCl, 5% glycerol, 5 mM mercaptoethanol
(B-ME) 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 chromatography (Superdex 200 Increase 10/300,
GE Healthcare) in a buffer containing 50 mM Tris-HCI, pH 8.0, 150 mM NaCl and 1mM
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP). Finally, METTL1-WDR4 complex
was concentrated to about 10 mg/ml for EM and crystallization use.

In Vitro Methylation Assay

The tRNA probe (Human_tRNAVAITAC) was synthesized (Horizon) as the sequence of 5’-
GGUUCCAUAGUGUAGCGGUUAUCACGUCUGCUUUACACGCAGAAGQUCCUGGG
UUCGAGCCCCAGUGGAACCA-3’ (Extended Data Fig.1b). The RNA probe was
annealed at 95°C for 5min before reactions. METTL1-WDR4 complex (wild type or
variants) were purified by Ni affinity chromatography. Optimized concentration of tRNA
probe (100 nM) and METTL1-WDR4 (10 nM, wild type or variants) were applied to the
reactions and followed the same protocol of previous study1?. 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

METTL1-WDR4 complex were incubated with the tRNAP"® (R4018, Sigma) and SAH, or
with tRNAVal (synthetic RNA, Horizon) and SAM at room temperature for 1h, respectively.
The molar ratio of protein, tRNA and compound is 1:1.4:1.5. Incubated ternary complex
samples, METTL1-WDR4 binary complex and tRNA were applied to a Superdex 200
Increase 10/300 (GE Healthcare) separately. Peak fractions were analyzed 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 were labeled with BODIPY (D2184,
ThermoFisher) as described previously2®. tRNAVa! was labeled with biotin by 5’ EndTag™
DNA/RNA Labeling Kit (MB-9001, VECTOR) according to the vendor’s procedures.

In the competitive assay, dilution of unlabeled apo METTL1, full-length or truncated
METTL1-WDR4 complex were added to assay mix with final concentrations of 2 nM
Th-strep, 10 nM tRNA-Biotin, 40.5nM BODIPY-METTL1-WDR4, 121.5nM SAM and 100
nM non-specific RNA in a buffer containing 50 mM Tris-HCI, pH 8.0, 150 mM NaCl and
1mM TCEP. TR-FRET assays were performed in 384-well microplates (Corning, 4514) with
15 pL final assay volume. Before TR-FRET measurements were conducted, the reactions
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were incubated for 15min. After excitation of terbium fluorescence at 337 nm, emission at
490 nm (Terbium) and 520 nm (BODIPY) were recorded with a 70 ps delay over 130 ps

to reduce background fluorescence and the reaction was followed over >20 or >100 second
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 for crystallization. Crystals of 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 vapor diffusion method

at 20 °C. Crystals of METTL1-WDR4 complex were grown from 2 M (NH,4)»,S04, 0.2M
K Na Tartrate, 0.1 M Nag Citrate pH 6.5 for three weeks. All crystals were cryo-protected
using corresponding reservoir buffers supplemented with 20% ethylene glycol and flash
frozen in liquid nitrogen. All diffraction data sets were collected at the APS Chicago on
beamlines 24-1D-C and 241D-E at 100K. Data were indexed and integrated using RAPS
pipeline from APS Chicago3°. A 3.1 A resolution dataset was collected at a wavelength of
0.97918 A. The phases of METTL1-WDR4 structure was solved by molecular replacement
using the program Phenix3!. The METTL1 (PDB code 3ckk) and WDR4 (originating from
chain D of Trm8-Trm82 complex, PDB code 2vdu) were used as separate search models.
The model was adjusted using Coot and structure refinement was performed using in
Phenix and autoBUSTER (version 2.10.4). The Ramachandran plot shows that 93.89% of
residues are in favored 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 protein tag) and 60-348 of WDR4 are modeled. All statistics of data processing and
structure refinement of 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 applications used in this project were
compiled and configured by SBGrid33.

EM sample preparation and data collection

The METTL1-WDRA4-tRNAPM 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 1h. The ternary complex was further purified on a Superdex 200 Increase 10/300
column (GE Healthcare) in buffer containing 50 mM Tris-HCI, pH 8.0, 150 mM NaCl and
1mM TCEP. Samples used for electron microscopy were measured for final absorbance of
0.2-1.0 using a Nanodrop spectrophotometer. The METTL1-WDR4-tRNAVa complex was
reconstituted by incubating METTL1-WDR4, annealed tRNAV2! (synthetic RNA, Horizon)
and SAM, in the same conditions as above. Both samples were checked for morphology and
homogeneity using negative-staining electron microscopy. For each ternary complex, 2.5 pl
sample (A280=0.05) was placed on a glow-discharged carbon film copper grid (CF-400CU,
Electron Microscopy Sciences). After a 60 seconds incubation, the grid was stained in 2%
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uranyl formate for 30 seconds, air dried, and imaged on a Techai G2 Spirit BioTWIN
microscope at Harvard Medical School Electron Microscopy Facility.

A 3 ul 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 1V. Cryo-EM data collection of METTL1-WDRA4-tRNAP"® 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, 5990 movies
were collected in counting mode, with 40 frames per movie, 3.6 s exposure time, 60 e /A2
accumulated dose, and 1.08 A pixel size. For the final dataset, 10,415 movies were collected
in counting mode, with 40 frames per movie, 3.4 s exposure time, 50 e /A2 accumulated
dose, and 1.08 A pixel size.

Cryo-EM data collection of METTL1-WDR4-tRNAVa 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). 5095 movies
were collected in counting mode, with 50 frames per movie, 1.5 s exposure time, 51.8 e /A2
accumulated dose, and 0.825 A pixel size.

Cryo-EM data processing and model building

For METTL1-WDRA4-tRNAP"® initial dataset, movies were motion-corrected using
MotionCor234, Patch contrast transfer function (CTF) estimation was performed using
cryoSPARC?8, Particles were initially picked using blob picker in cryoSPARC and subjected
to 2D classification. Selected classes representing the ternary complex only accounted

for ~3% of the total particles, and are used for ab-initio 3D reconstruction to generate

a reference model. For METTL1-WDR4-tRNAPPe final dataset, 10,415 movies were
collected. Motion correction and CTF estimation were performed in the same way as in
initial dataset. Supervised particle picking was carried out using the trained model from
dataset | in Topaz3®. After 2D classification, 634,274 particles were selected for ab-initio
3D reconstruction followed by 3D classification (heterogeneous refinement). 28% of the
particles were binary complex without the tRNA and were used to reconstruct a 3.5 A
cryo-EM map. Two 3D classes of METTL1-WDR4-tRNAPe ternary complex (51% of the
particles) were selected for another round of 2D classification to remove bad particles.
After Bayesian polishing (Relion)3¢ and non-uniform 3D refinement (cryoSPARC)3, the
map resolution of METTL1-WDR4-tRNAP"® ternary complex reached 3.3 A. For METTL1-
WDRA4-tRNAVA| 5094 movies were collected. The image processing procedures were the
same as for METTL1-WDRA4-tRNAPe dataset, with the exception that no binary complex
class was found after 3D classification. 31% of the particles were selected for Bayesian
polishing and non-uniform 3D refinement, yielded a map with a resolution of 3.6 A. 3D
variability analysis of METTL1-WDR4-tRNAPN€ were carried out in cryoSPARC38 based
on the non-uniform refinement with the low-pass filter set at 5 A and 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 the component
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1 that represents the tRNA melting was generated (Video 1). Particles were clustered into 4
groups based on the principle components and all 4 groups were subjected to 3D refinement
(Extended Data Fig. 2a). The cryo-EM map of METTL1-WDR4-tRNAPe 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-tRNAV4 is -147.8. In both METTL1-WDR4-
tRNAP® and METTL1-WDR4-tRNAV2 maps, we observed some degree of variations in
local and directional resolutions, which could be explained by flexibility and preferred
orientations3? (Extended Data Fig. 2c—h). Consequently, ambiguous densities are present

in a few regions of the sharpened maps. To overcome these limitations, DeepEMhancer
were used to post-process the cryo-EM maps of METTL1-WDR4-tRNAP"€ and METTL1-
WDRA4-tRNAVA! to facilitate model building?C. The initial model of METTL1-WDR4

was generated by rigid body fitting of the METTL1-WDR4 crystal structure model

into the cryo-EM maps using ChimeraX*L. The N-terminal region (residues 26-33) of
METTLL1 are modeled based on AlphaFold prediction in agreement with weak density

and refined restrained to the conformation of the prediction. The tRNAPhe was modeled
using a yeast tRNAP® (PDB: 1EHZ). The tRNAY2! was homology modeled using a rabbit
tRNAVal (PDB: 3JAG, chain 2). Inspection, model building, and manual adjustments were
carried out in Coot#2, Real-space refinements were performed using Phenix3L. The crystal
structures and AlphaFold predict METTL1 N-terminal region (residues 1-33) were used

as reference model restraints in Phenix refinements. For the final coordinate file of 8CTH
(METTL1-WDRA4-tRNAPe), residues 26-54 and 76-262 of METTL1, residues 6-28, 36-43,
62-233 and 244-318 of WDRA4, nucleotides 1-74 of tRNA (Phe) and cofactor SAH are
modeled. For the final coordinate file of 8CTI (METTL1-WDR4-tRNAVa), residues 34-54,
77-125 and 131-262 of METTLL, residues 13-28, 62-233 and 244-318 of WDR4, and
nucleotides 1-16 and 18-71 of tRNA (Val) are modeled. All statistics of data processing and
structure refinement of cryo-EM structures are summarized in Extended Data Table 2. All
representations of densities and structural models were generated using Chimera, ChimeraxX
and PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC.

Rescue experiments

Mouse METTL1 KO R1/E ESCs from previous study?3 were used for METTL1 rescue
experiments. In the case of WDR4 rescue experiments, new WDR4 KO were generated from
mouse R1/E ESCs (gift from Dr. Lizi Wu, ATCC, SCRC-1036) following our previous
protocol?3. KO cell lines were cultured in Serum/LIF medium [DMEM (Gibco) with
1000u/ml mLIF (Gemini), 15% stem cell FBS (Gemini),1X Sodium Pyruvate (Gibco), 1X
NEAA (Gibco), 1X L- glutamine (Gibco), 50uM 2-mercaptoethanol (ThermoFisher) and
1% Penicillin-Streptomycin (Gibco)] in a 5% CO, cell culture incubator at 37°C. Cells
were cultured in feeder free condition in gelatin coated dishes (0.1% gelatin solution for 30
minutes 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 minutes. Cells
were then resuspended in Serum/LIF medium and counted. Then the METTL1, WDR4 or
empty vector plasmids (10ug) were transfected into mESCs (~4 x108 cells) using the reverse
transfection method with Lipofectamine 2000 (Invitrogen, 20 uL). Cell media was replaced
daily and cells were collected 48 hours post transfection and split into two for RNA and
protein isolation respectively.
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Northwestern Blot and Western Blot

For Northwestern blot, 10 pg total RNA samples were mixed with 2X TBE loading

buffer (Bio-Rad) and incubated at 95°C for 5 min. The samples were then loaded into

15% TBE-UREA (Bio-Rad) gels to separate the RNAs by molecular weight. Next, the
RNASs were transferred onto a positive charged nylon membrane and crosslinked with UV.
Next, membranes were immunoblotted with mouse monoclonal anti 7-methylguanosine
(m’G) (Clone 4141-13, MBL International, RN017M, 1:1000) and detected using the
ECL method. For loading control the membrane was then blotted with radioactive labeled
probes against U6 snRNA. Botted membranes were exposed to autoradiography films.

For western blotting, cell pellets were resuspended in passive lysis buffer (Promega),
supplemented protease inhibitors (cOmplete, Roche). Protein concentrations were assessed
by Bradford assay (5000006, Bio-Rad) and an equal amount of protein was loaded per
lane. Prior to loading, the samples were supplemented with SDS-PAGE sample buffer and
B-mercaptoethanol was added to each sample. 10-40 pg of protein was separated on SDS-
PAGE gels (4-20%), and blotted onto nitrocelullose membranes (Thermofisher). Membranes
were then immunoblotted with the following antibodies: p -Actin (Abcam, ab8229, 1:
10000), METTL1 (Proteintech, 14994-1, 1: 2000), and WDR4 (Clone EPR11052, Abcam,
ab169526, 1: 2000). 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 to AlphaFold 2.2 with
Amber refinement25. To assess the position of WDR4 relative to METTL1, AlphaFold

was run in the pfm mode, and the expected position error between the two proteins was
extracted. An expected error of <5 A was used as the criterion to determine interaction. Low
confidence regions (pIDDT < 70) including the glycine linker were removed to obtain the
final model.

NMR spectroscopy

NMR experiments were conducted on Avance |11 Bruker (version 3.4) spectrometers
operating at 600 and 800 MHz, equipped with three-channel H, 13C, 15N cryogenically
cooled probes. If not stated otherwise, experimental temperature was set to 15 °C. Data

were processed using NmrPipe*3 and analyzed using CCPNmr Analysis**. A sample of

420 mM 15N13C-labeled METTL1 1-75 was prepared in 50 mM NaPi pH=6.0, 100 NaCl,
1mM TCEP and 5 % v/v 2H,0 for backbone assignments. The assignment routine employed
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
Poisson-Gap sampling*® and reconstructed using the hmsIST protocol“6. 91% of non-proline
residues were assigned. Chemical shift assignments have been deposited in the BMRB
under accession number 51362. Secondary structure predictions were obtained from the
Talos-N algorithm?” and proved that most of the construct is disordered, except for the
46-55 segment which exhibits 40-70% secondary structure (in line with the presence of a
short beta-strand in some crystal structures). Assignments were readily transferred to the
S27D mutant. Given the impossibility to express a truncated construct of METTL1 for direct
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interaction studies, we utilized a competition assay in which 1°N-labeled METTL1 1-75
competes off the N-terminus of unlabeled METTL1. Samples of 23, 46 and 92 mM 1-75
were measured with and without 230 mM of unlabeled FL-METTLZ1, corresponding to 0,
2.5, 5 and 10 molar equivalents. SOFAST-HMQC experiment with a recycle delay of 0.2

s were 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.
Due 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
validate our NMR results in physiological conditions, we reproduced our competition assay
at pH=7.4 and both 15 and 25 °C. 8 peaks disappeared from the spectrum due to faster
exchange rate of amide protons with water, including residues 26-28. This impaired our
ability to assess binding in 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 a small percentage.

Statistics and reproducibility

For the rescue experiment, the m’G level and protein expression level of all samples was
checked by northwestern blot and western blot, respectively. Blots are representative of two
biological independent experiments. For the analysis of protein complex using SDS-PAGE
and native PAGE, at least two times each experiment was repeated independently with
similar results.
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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 tRNAPMe and human tRNAV!. Yeast tRNAP"€ is a matured tRNAP purified from
yeast (Sigma) (a). Human tRNAV2! is an annealed single strand RNA oligos synthesized
based on human tRNAVa-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 tRNAPM (blue), METTL1-WDR4 binary complex (green), METTL1-WDR4-
tRNAPNe ternary complex (purple) and METTL1-WDR4-tRNAV! ternary complex (yellow)
(absorption at 280nm are shown). (€) Identification of the reconstituted METTL1-WDR4-
tRNAPP® 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 wor kflows and the quality of reconstructed cryo-EM maps.
(a-b) Workflow of 3D reconstruction of METTL1-WDRA4-tRNAP"® dataset (a) and the

METTL1-WDR4-tRNAV dataset (b). (c-d) Fourier shell correlation (FSC) curves (upper
panel) and orientation distributions (lower panel) of 3D reconstructed METTL1-WDR4-
tRNAPMand METTL1-WDR4-tRNAVY2! cryo-EM maps. See also Extended Data Table 1.
(e) Histogram of directional FSC curves of METTL1-WDR4-tRNAPNe dataset (upper panel)
and the METTL1-WDR4-tRNAV2l dataset (lower panel). (f) Local resolutions of METTL1-
WDRA4-tRNAPPe (upper panel) and METTL1-WDR4-tRNAVa! (lower panel) cryo-EM maps.
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(9) Representative segments of sharpened cryo-EM map fitted with the model. (h) State

A and State B models of METTL1-WDRA4-tRNAPMe 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.

a Unsharpened map Sharpened map EMhancer map

Aminoacyl

Arm Stem

mm METTL1-WDR4-tRNAY
mm METTL1-WDR4-tRNAPhe

Extended Data Fig. 3|. Similar binding mode of METTL 1-WDR4 to tRNAP® and tRNA VA,
(a) Cryo-EM density maps of METTL1-WDR4-tRNAY2! 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-
tRNAVA! (slate) and METTL1-WDR4-tRNAPNe (white). (c) Electrostatic potential of
METTL1 and WDR4 in ternary complex (tRNAPM€). Red, negative; blue, positive. Figure
was generated using PyMOL. tRNA domains are colored according to Extended Data Fig.
1a. (d) Tilted loading of tRNAPe onto the METTL1-WDR4 complex. Overall structure of
METTL1-WDRA4-tRNAP 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 METTL 1 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.
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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 WDRA4 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
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blue, respectively. Key residues are highlighted with stars on the bottom. Orange stars,
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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-tRNAPe ternary complex with top view (only METTL1 and
WDR4 are shown). The conserved region of B2-B5 (WDR4) is highlighted in red.

164-173 aa

METTL1
B METTL1-WDR4 (Crystal_Binary) Em METTL1 (Crystal_Binary)
N METTL1-WDR4 (EM_Ternary_Phe) Hl METTL1 (EM_Ternary_Phe)

Sharpened map

METT';?Z‘:D;'LE}‘Ema—B'"a’V) mm METTL1-WDR4 (EM_Binary)
P p mm METTL1-WDR4 (Crystal_Binary)

METTL1 oC loop

Unsharpened map

METTL1 aC loop
Chain A 164-173

METTL1-WDR4 (EM_Binary)
Unsharpened map

Extended Data Fig. 6 |. The conformational change of METTL 1-WDR4 upon tRNA binding.
(a)Structure comparison between METTL1-WDR4-tRNAP"® and METTL1-WDRA4. 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
al, a2, a5 and a6 helices significantly 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 METTLL1 protein and only only METTL1 are shown. The loop
(residues 164-173) connecting a1l and the core fold of METTL1 forms the a.C helix upon
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tRNA binding. (c) Binary complex model from METTL1-WDR4-tRNAP"€ 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. (€) Local resolution of binary complex map. The aC loop of METTLL1 region
is highlighted with dashed line circle. (f)The a.C loop of METTL1 (EM_Binary) fit in
sharpened (top) and unsharpened (bottom) cryo-EM maps.
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Extended Data Fig. 7 |. Essential residues of METTL 1-WDR4 for M Tase 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 (METTLL), 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) /n7 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. (€) 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 o). 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 METTL 1 N-terminus playsimportant rolesin catalytic regulation.
(a) Superimposed METTL1 N-terminus of available structures. The first visible residues

of human METTLL are labeled. (b) The IDDT value of the predicted METTL1-WDR4
structure. (c) The interactions between the N-terminal and a2 helix in AlphaFold prediction.
(d) AlphaFold predicted METTL1 is superposed onto METTL1-WDR4-tRNAP"e, The
predicted residues 16-21 insert into the space between METTL1 and tRNA. (€) Residue-
specific secondary structure propensities derived from Hy, 1°N, 13C’, 13Ca and 13Cg
chemical shifts assignments. a.-helix (red), coil/unstructured (grey), p-strand (green). (f)
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Competitive TR-FRET binding assay of labeled full-length METTL1-WDR4 with unlabeled
proteins. The determined ICxg is listed. Two technical replicates were performed. (g)
Western blot detection of overexpressed METTL1 or WDRA4 relative to Fig. 3f. n=2,
biologically independent samples. For gel source data, see Supplementary Fig. 7. (h) /n vivo
rescue experiment with indicated mutations in METTL1 (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 A
between the guanine-N7 and S-CHs. 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. (I-m) Relative methyltransferase activity of METTL1-WDR4
with buffer pH ranging from 5.6 to 8.33 () and indicated mutation (m). Two technical
replicates were performed.

Extended Data Table 1.

X-ray data collection and refinement statistics

METTL1-WDR4
PDB ID 7U20

Data collection
Space group C222,
Cell dimensions

a b c(A) 124.41, 194.57, 86.35

a, By () 90.00, 90.00, 90.00
Resolution (&) 47.87-3.09 (3.31-3.09) *
CCyp 0.983 (0.320)
1ol 5.1(0.9)
Completeness (%) 99.0 (97.5)
Redundancy 4.6 (4.7)
Refinement
Resolution (A) 47.87-3.10
No. reflections 18971
Ruork ! Riree 0.2215/0.2708
No. atoms

Protein 4327

Ligand/ion 15

Water 12
B-factors

Protein 75.04

Ligand/ion 95.02

Water 55.40

R.m.s. deviations
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METTL1-WDR4
PDB ID 7U20
Bond lengths (A) 0.002
Bond angles (°) 0.435
Crystal 1 name Crystal 2 name

Data collection
Space group
Cell dimensions
a b cA)
a,B, v (%)
Resolution (A)
Roym OF Rinerge
Ilal
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Ruork ! Riree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water

R.m.s deviations

Bond lengths (A)

Bond angles (°)

##(high res shell) *
##(high res shell)
##(high res shell)
##(high res shell)
##(high res shell)

Native Crystal 1 Crystal 2
name name

Data collection
Space group common # common #
Cell dimensions

a b, c(A) common # common #

a, B,y (°) common # common #

Peak Inflection Remote Peak Inflection Remote

Wavelength # # # # # #
Resolution (A) # # # # # #
Reym OF Rinerge # # # # # #
/ol # # # # # #
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Native Crystal 1 Crystal 2
name name
Completeness (%) # # # # # #
Redundancy # # # # #
Refinement
Resolution (A) common # common #

No. reflections

Ruork ! Riree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s deviations
Bond lengths (A)
Bond angles (°)

Values in parentheses are for highest-resolution shell.
*

Number of xtals for each structure should be noted in footnote. *Values in parentheses are for highest-resolution shell.
*

Number of xtals for each structure should be noted in footnote. *Values in parentheses are for highest-resolution shell.

Extended Data Table 2.

Cryo-EM data collection, refinement and validation statistics

METTL1-WDR4-tRNAPhe.SAH ~ METTL 1-WDRA4-tRNAVa

(EMDB-26990) (EMDB-26991)
(PDB 8CTH) (PDB 8CTl)
Data collection and processing
Magnification 81,000 81,000
Voltage (kV) 300 300
Electron exposure (e-/A2) 50.0 51.8
Defocus range (um) -1.0t0-2.0 0.8t0-2.2
Pixel size (A) 1.08 0.825
Symmetry imposed C1 C1
Initial particle images (no.) 634,274 383,185
Final particle images (no.) 266,099 115,797
Map resolution (A) 33 3.6
FSC threshold 0.143 0.143
Refinement
Initial model used (PDB code) 1EHZ 3JAG
Model resolution (A) 3.2/3.7 3.5/4.1
FSC threshold 0.143/0.5 0.143/0.5
Map sharpening B factor (A2) 125.3 147.8

Model composition
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METTL1-WDR4-tRNAP'®-SAH  METTL1-WDR4-tRNAVa

(EMDB-26990) (EMDB-26991)
(PDB 8CTH) (PDB 8CTI)
Non-hydrogen atoms 5,544 5,297
Protein residues 495 473
Nucleotide 74 71
Ligands 1 0
R.m.s. deviations
Bond lengths (A) 0.003 0.011
Bond angles (°) 0.541 0.793
Validation
MolProbity score 1.80 1.76
Clashscore 11.80 11.62
Poor rotamers (%) 0.00 0.49
Ramachandran plot
Favored (%) 96.68 96.95
Allowed (%) 3.32 3.05
Disallowed (%) 0.00 0.00

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Anticodon

Residues
164173

METTL1

B METTL1-WDR4
Bl METTL1-WDR4-tRNAPh

Fig. 1|. METTL 1-WDR4 provides a platform for specific tRNA loading
(a-b) Cryo-EM density map of METTL1-WDR4-tRNAP"® complex and corresponding

atomic model. The sharpened map is shown. METTL, splitpea; WDR4, light blue;
tRNAPe, yellow; tRNA domains are colored according to Extended Data Fig. 1a. The

G46 is highlighted in red. (c) Sail boat model of METTL1-WDR4-tRNAP€ ternary complex
in side view (left) and front view (right). (d) X-ray crystal structure of full-length METTL1-
WDRA4 binary complex. METTL1 (splitpea) and WDR4 (light blue) are shown in cartoon
representation. Secondary structure elements are numbered. (€) Structural comparison
between METTL1-WDRA4-tRNAP complex (pink) and METTL1-WDR4 binary complex

Nature. Author manuscript; available in PMC 2024 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lietal.

(cyan). The two structures are superimposed on WDR4 proteins. Magnified view of
METTLL1 (residues 164-173) shows the a.C helix that is formed upon tRNA binding.
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Relative MTase activity
Relative MTase activity
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Fig. 2|. tRNA recognition by METTL 1 and WDR4
(a) WDRA4 binds the T-arm of tRNAPMe, Positively charged residues on B3 and B4 are

modeled based on crystal structure. (b) Interactions between WDR4 B3 (dark teal) and

B4 (light blue) in the crystal structure of METTL1-WDRA4. The interactions of disease-
related sites, R170 and H144, are highlighted. (c-d) Relative methyltransferase activity

of indicated mutations in (a) and (b). WT, wild type; Mut, catalytic dead mutant (L160A/
D163A). Two technical replicates were performed. (€) /n7 vivo rescue experiment with
WDRA4 carrying the patient-derived mutations and tRNA-binding sites mutations. WD KO,
WDR4 knockout; EV, empty vector. n=2, biologically independent samples. For protein
expression, see Extended Data Fig. 7e. For gel source data, see Supplementary Fig. 1. (f)
Superposition of different states (state A, wheat; state B, pale green) of METTL1-WDR4-
tRNAPe complex in two views. The two structures are superposed on METTLL1 proteins.
G46 and catalytic pocket are highlighted in red; tRNA variable loop, cyan. (g-h) Helices
aC and a6 of METTLL1 recognize tRNA. Magnified view of aC helix interacts with T-V
joint (g) and a6 helix with A-V joint (h). Variable loop, cyan; helices aC and a6, salmon;
T-V joint and A-V joint, joint region of variable loop with T-arm and anticodon-arm,
respectively. Positively charged residues on helices a.C and a6 are modeled based on crystal
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structure. (i) Relative methyltransferase activity of METTL1-WDR4 complexes expressed
with indicated mutations. Two technical replicates were performed. (j) /n vivorescue
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), tRNAPe (color coded relative to Fig. 1b),
WDR4 (light blue, B3 and B4 are labeled).
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Fig. 3|. The essential rolesof METTL 1 N-terminus.
(a) The 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
METTL1-WDR4-tRNAPe cryo-EM structure. Proteins are shown in surface representation.
Location of residue 26 is highlighted. (¢) NMR peak intensity ratios plotted against
METTL1 1-75 sequence. Ratios are calculated as I/1g corresponding to the 1°N-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-€) Relative methyltransferase activity of METTL1-WDR4 complexes expressed with
indicated truncations or mutations. Two technical replicates were performed. (f) /n 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-WDRA4-tRNAPe, Relative residues
are shown in stick representations. G46 is highlighted in red. (h) Relative methyltransferase
activity of METTL1-WDR4 complexes expressed with indicated METTL1 mutants. Two
technical replicates were performed. (i,j) Steric hindrance model of S27 phosphorylation.
Sidechains are modeled based on AlphaFold prediction. The sidechain of S27 points to R109
(i). Substitution of S27 for its phosphorylated analog leads to a steric clash with R109 (j).
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(k) NMR peak intensity ratios plotted against METTL1 1-75 sequence. Ratios are calculated
as I/l corresponding to the 1°N-tH-HSQC spectra of WT METTL1 1-75 (black) or S27D
METTLL 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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") METTL1 N-ter tail
METTL1 N-ter threads Formation of aC helix
through the catalytic pocket METTL1 shifts toward tRNA .
* Phosphorylated N-ter tail
METTL1 tRNA &Sy
phosphorylation modification e METTLA
WDR4
d
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J
Ser27 phosphorylation MTase recognizes the tRNA
induces steric hindrance G46 gets modified via tRNA bending

Fig. 4|. Model of human METTL 1-WDRA4 in substrate recognition, modification and catalytic
regulation.
(a) The cartoon representation of METTL1-WDR4 complex with the U-shaped METTL1

N-terminus that contributes to the catalytic pocket. (b) The tRNA loads to METTL1-
WDR4 platform with specific binding mode. Upon the tRNA binding, residues 164-173

of METTL1 form the a.C helix, and METTLL1 shifts toward the tRNA. (c) The METTL1-
WDRA4 recognizes tRNA with essential features including the N-terminal tail, helices a.C
and a6 of METTL1 and B3-B4 of WDRA4. The tRNA undergoes bending to facilitate G46
flipping into the catalytic pocket to be modified. (d) The N-terminal region (residues 24-27)
of METTL shift away when S27 is phosphorylated. Phosphorylated S27 and N-terminus are
highlighted with red star and blue dashed lines, respectively.
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