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Abstract

The complex of methyltransferase-like proteins 3 and 14 (METTL3-14) is the major enzyme
that deposits Ns—methyladenosine (m%A) modifications on mRNA in humans. METTL3-14
plays key roles in various biological processes through its methyltransferase (MTase) activity.
However, little is known about its substrate recognition and methyl transfer mechanism from
its cofactor and methyl donor S-adenosylmethionine (SAM). Here, we study the MTase
mechanism of METTL3-14 by a combined experimental and multiscale simulation approach
using bisubstrate analogues (BAs), conjugates of a SAM-like moiety connected to the Nb-atom
of adenosine. Molecular dynamics simulations based on crystal structures of METTL3-14 with
BAs suggest that the Y406 side chain of METTL3 is involved in the recruitment of adenosine
and release of m8A. A crystal structure with a bisubstrate analogue representing the
transition state of methyl transfer shows a direct involvement of the METTL3 side chains
E481 and K513 in adenosine binding which is supported by mutational analysis. Quantum
mechanics/molecular mechanics (QM/MM) free energy calculations indicate that methyl
transfer occurs without prior deprotonation of adenosine-N®. Furthermore, the QM/MM
calculations provide further support for the role of electrostatic contributions of E481 and
K513 to catalysis. The multidisciplinary approach used here sheds light on the (co)substrate
binding mechanism, catalytic step, and (co)product release catalysed by METTL3, and
suggests that the latter step is rate-limiting. The atomistic information on the substrate
binding and methyl transfer reaction of METTL3 can be useful for understanding the
mechanisms of other RNA MTases and for the design of transition state analogues as their
inhibitors.

One sentence summary

A combined structural, biochemical, and computational approach reveals two distinct
binding conformations of adenosine, the transition state of methyl transfer, and the catalytic
mechanism of the human m®A RNA methyltransferase METTL3-14.
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eLife assessment

This important study combines experimental and computational data to address
crucial aspects of RNA methylation by a vital RNA methyltransferase (MTase). The
authors have provided compelling, strong evidence, utilizing well-established
techniques, to elucidate aspects of the methyl transfer mechanism of
methyltransferase-like protein 3 (METTL3), which is a part of the METTL3-14 complex.
This work will be of broad interest to biochemists, biophysicists, and cell biologists
alike.

Introduction

METTL3-14 is the main human mRNA m®A MTase

There are more than 170 RNA modifications forming the epitranscriptome...-=.
methyladenosine (m5A) is the most frequent internal modification of messenger RNA (mRNA)
within the consensus sequence GGACU that is enriched near stop codons and in 3’ untranslated
regions..z..@ffﬂ mbA affects most aspects of RNA regulation, i.e., alternative polyadenylation .........
splicing®%, nuclear export’."”. stabllity ......... 2, and translation initiation.3%-2%. 2 The complex of
methyltransferase-like protein 3 (METTL3) and METTL14 (abbreviated as METTL3-14 in the

following) is the main mBA-RNA methyltransferase (MTase).) 0%,

The METTL3-14 heterodimer is involved in a wide variety of diseases including type 2
diabetes!'Z, viral infections'2%Z, and several types of cancer.'>"2 METTL3-mediated m°A
deposition is directly involved in the development of acute myeloid leukaemia (AML) by
promoting the translation of genes involved in cell growth, differentiation, and apoptosis. 4 %12,
It has been demonstrated that inhibition of the METTL3 catalytic function is sufficient to induce
apoptosis and differentiation in AML cells and in a mouse model of the disease but not in normal
non-leukaemic haematopoietic cells 1021755 2 While it has been well established that METTL3-14
dysregulation is related to cancer development, the role of METTL3-14 varies in different cancer
types, i.e., it can act as oncogene or tumour suppressor..l.?.@. Despite growing knowledge of the
diverse pathways involving METTL3-14, the mechanism of how m®A regulates gene expression
remains poorly understood. Little is known about the recognition of specific RNA transcripts, the
binding and release of the adenosine substrate, and the methyl transfer mechanism catalysed by
METTL3. Furthermore, inhibiting the MTase function of METTL3-14 is a promising therapeutic
strategy for several diseases.'”%:12% Hence, understanding the mechanism of this complex would

be helpful to develop new therapies.

METTL3-14 is the catalytic complex that transfers the methyl group from S-adenosylmethionine
(SAM) to the substrate adenosine (Figure 12 ).25. 075000 © METTL3 comprises a low-complexity
region at the N- terminus a zinc finger respon31ble for substrate binding, and the catalytic MTase

active SAM binding site and adopts a Rossmann fold that is characteristic of Class I SAM-dependent
MTases (Figure 1B(). METTL14 has an MTase domain, too, however, with a redundant active site
of h1therto unknown function, and so-called RGG repeats at its C-terminus essential for RNA
binding.2>%. & METTL14 plays a structural role for complex stabilization and RNA-binding. It forms
a positively charged groove at the interface with METTL3 which is predicted to be the RNA binding
site.

Ivan Corbeski et al., 2024 eLife. https://doi.org/10.7554/eLife.92537.2 2 of 44


https://doi.org/10.7554/eLife.92537.2

A METTL3 { ZnF [ MTase domain |
1 259 369 580
M ETTL1 4 —| NHM “ MTase domain ICTMI RGG |
1 116 165 378402 457
B e

METTL3-METTL14
-5 KTEE m+5 kT

s'adenoig;aﬁthi°"ine Putative RNA-binding groove

Figure 1.

METTL3-14 domain architecture and structure.

(A) Domain architecture of METTL3 and METTL14. ZnF = zinc finger, NHM = N-terminal a-helical motif, CTM = C-terminal motif,
RGG = arginine-glycine-glycine motif. (B) Crystal structure of the MTase domains of METTL3-14. Ribbon representations (left)
are coloured as in panel (A). Surface renderings (right) are coloured according to the electrostatic potential. SAM and the
putative RNA binding site are indicated.
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MD simulations for mechanistic studies of RNA MTases
Thus far, and to the best of our knowledge, no computational study of the conformational
landscape or catalytic mechanism of eukaryotic RNA MTases has been reported. Molecular

dynamics (MD) studies have mainly focused on protein MTases, and MTases from bacteria.=>.

28C2 In the latter, dynamic cross correlation analysis, a technique usually applied for the study of

allosteric processes,.z...?.@. showed that MTase conformational changes can influence the orientation

of the substrate.28%. In the former, Chen et al. explored the conformational landscape of SETDS, a

histone MTase.22%". The study showed how slow conformational motions and conformational

states of the MTase are relevant to catalysis.

Among RNA MTases, research has focused on viral enzymes. One example is the MD simulation

enabled a detailed analysis of their interaction and understanding of the effects of MTase
inhibitors as antiviral drugs. Another study focused on the mechanisms of the SARS-CoV-2 MTase

study provides a comprehensive understanding of the dynamic, thermodynamic, and allosteric
processes of MTase complex formation and function.

Bisubstrate analogues as structural tools

to investigate the mechanisms of MTases

Only a few structures of RNA-bound MTases are currently available due to the intrinsic instability
of RNA and RNA-enzyme complexes and resulting difficulties in obtaining their structures. Of the
known m8A RNA MTases, only METTL16, a SAM homeostasis factor, has been crystallized in
complex with substrate RNA.23% The lack of more such structures results in poorly understood
RNA recognition and methyl transfer mechanisms. In contrast, structures are available for many
MTases in complex with either the cosubstrate SAM or the coproduct S-adenosylhomocysteine
(SAH), allowing for a well-understood cofactor binding within this protein family. Cofactor binding
guided the initial design of bisubstrate analogues (BAs) as chemical tools to study the catalytic
mechanisms of m6A-MTases (Figure 22 Eat)

BAs aim to mimic the transition state in which both the substrate nucleoside and the cosubstrate
SAM are bound in the catalytic pocket of the enzyme while the methyl group is transferred from

ribonucleotide(-like) fragment (Figure 2B (3).22.»22 . The only structural information on these
molecules is their binding mode in the bacterial m®A RNA MTase RimJ.3%5%:37%. There, in the
mononucleoside containing compounds BA2 and BA4, the substrate adenosine is positioned in the
presumed substrate binding pocket of RIm], and for the cofactor moiety, the methionine chain is
bound like SAM. However, the structural studies resulted in a (co)substrate conformation that is
not always biologically relevant, as the adenosine of the SAM analogue was rotated out of the
canonical SAM binding pocket caused by n-stacking with the substrate adenine ring..%.‘.‘...q"..
Therefore, the binding modes revealed therein are diverse and not always suitable for mechanistic
studies. In a subsequent study, using a dinucleotide containing BA (GA* in Figure 2B @), the SAM
moiety had the correct orientation.3”%. Furthermore, the Nb-atom of adenosine was positioned,
through the alkyl chain of the linker, at 3 A distance from the carbon corresponding to the Ce-atom
of the methionine moiety in the cosubstrate SAM. Such a distance, in two non-linked moieties,
would allow for an SN2 methyl transfer from SAM to the N®-atom of adenosine. 2% We therefore
hypothesized that targeting human RNA MTases, in particular METTL3, with BAs might lead to

structures that provide a suitable basis for understanding their MTase mechanism.

In the present study, we use a multidisciplinary approach to study the substrate binding, m®A
methylation reaction, and release of m8A product in the human RNA MTase METTL3-14. To shed
light on its catalytic mechanism we combine crystal structures of METTL3-14-bisubstrate analogue
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Figure 2.

Bisubstrate analogues as transition

state mimics for METTL3.

(A) METTL3-catalysed transfer of the methyl group of SAM to the N®-atom of A in a GGACU-motif containing mMRNA and the
production of mPA and SAH. The inset shows the design principle of bisubstrate analogues (BAs) as transition state
analogues. The point of linkage in the BA is indicated with a double arrow (red) between the N®-atom of adenosine and 5'N of
the SAM analogue. (B) Chemical structures of the BAs used in this study. Substrate adenosine = black; SAM analogue = blue,
linker = red. Compound names are as previously published: BA1/2/3/4/6, ref. 34Z. Compound 12, ref. 36%.; GA¥, ref. 372,
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complexes with in vitro experiments, multiscale atomistic simulations, namely classical molecular
dynamics (MD) and quantum mechanics/molecular mechanics (QM/MM) free energy calculations.
Crystal structures show the binding mode of the substrate adenosine in two different
conformations, representing an encounter complex of RNA binding and the transition state of
catalysis, respectively. These structures are validated through mutational analysis. Classical MD
simulations are used to investigate the binding of the substrates SAM and adenosine and
dissociation of the products SAH and mbA. QM/MM free energy calculations reveal the details of
the methylation reaction. Taken together, we elucidate the reaction catalysed by METTL3-14 at
atomic level of detail. This knowledge will help in the further investigation of other MTases and
the optimization of chemical probes that target their function.

Results and Discussion

Bisubstrate analogues bind in the METTL3 active site

We evaluated a series of bisubstrate analogues (BAs) as catalytic inhibitors and investigated the
structural similarity between their binding mode in METTL3-14 and the putative RNA substrate
and SAM cosubstrate during methyl transfer (see Figure 2B ). First, we measured the inhibitory
activity of the BAs on METTL3-14 enzymatic activity (Table 12 and Supplementary Figure S1).
For this, we used our in-house developed reader-based enzymatic assay that quantifies the N°-

assay detects mfa using the natural mPA-reader YTHDC1. The m8A-RNA and -reader are
fluorescently labeled such that their proximity during binding causes Forster resonance energy
transfer (FRET). The BAs that inhibit METTL3 reduce the m®A level, and thus decrease the FRET
signal, in a dose-dependent manner. The low micromolar inhibitory activity of the most potent
BAs motivated us to conduct a structural investigation on their binding mode to METTL3-14. We
conducted crystallization trials and obtained crystal structures of four of the BAs (BA1, BA2, BA4
and BA6) by soaking them into METTL3-14 crystals (see Table 1% and Supplementary Table S1).

All the crystallized BAs bind in the METTL3 active site (Figure 3A(%). BA1 and BAS, that are
missing the methionine part of the SAM analogue or have a polar urea group in the linker,
respectively, have the highest ICs, values of the crystallized compounds in the enzymatic assay
(see Table 1@). Furthermore, in their crystal structures with METTL3, they reveal divergent
interactions of their SAM-like moiety compared to SAM (Supplementary Figure S2). For BA2 and
BA4, however, the interaction of their SAM-like moiety is the same as for SAM (Figure 3B-FZ and
Supplementary Figure $3). Both ligands bind with their SAM moiety in the active site lined with
METTL3 hydrophobic residues and form polar contacts to conserved residues, namely D395, R536,
H538, and N539 via the methionine part and D377, 1378, F534, N549, and Q550 via the adenosine
moiety of 5’N-SAM. These structures therefore validate their further analysis for the interpretation
of the catalytic mechanism of METTLS3.

Adenosine has two distinct binding

conformations in the METTL3 active site

In the METTL3-BA2 and -BA4 structures, the SAM moiety is superimposable with the METTL3-
bound conformation of SAM, and adenosine is bound in the presumed catalytic site (Figure 4A®).
Adenosine, based on BA2 and BA4, is involved in an intricate network of interactions with side
chains of METTL3 (Figure 4B(®).

The classical m8A MTase catalytic 32> DPPW3%8 motif (D/N-PP-Y/F/W) of METTLS3 in its flexible
active site loop 1 (ASL1, METTL3 residues 395-410) participates to the binding of adenosine. D395
forms a salt bridge to SAM and its mutation to alanine was previously shown to abolish METTL3
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Bisubstrate analogue ICso [uM]P + SD PDB ID¢ Resolution® [A]
name?
BA1 346 + 66 8PW9 2.3
BA2 9+1 8PW8 2.3
BA3 21+£2 NA NA
BA4 18+3 SPWA 2.1
BA6 =< 500 8PWB 2.5
Compound 12 = 500 NA NA
GA* 32+3 NA NA
NA = Not available
a. Compound names as previously published: BA1/2/3/4/6, ref. 3*; Compound 12, ref. 3%; GA*, ref. 3.
b. ICso = Half maximal inhibitory concentration from the enzymatic assay; for comparison, ICso of SAH is 0.51 uM.*!
c. Data for the METTL3-14-BA complex structures deposited to the Protein Data Bank (PDB).

Table 1.

BAs for METTL3-14 characterized in this study.
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Figure 3.

Crystal structures of METTL3-14 show that BAs bind in the METTL3 active site.

(A) Superposition of the crystal structures of METTL3-14 bound to SAM and the four BAs. METTL3 backbone is shown as
ribbon, side chains involved in polar interactions with SAM or intramolecularly are shown as sticks, waters as red spheres.
SAM (cyan) is shown as sticks and indicated, and BAs are shown as transparent sticks (BA1 = yellow, BA2 = magenta, BA4 =
salmon, BA6 = palegreen) Black dashes indicate polar contacts between METTL3 and SAM in the crystal structure. (B) Outline

SAM in the crystal structure, residues forming the binding pocket environment are shown in grey. (C) Structure of METTL3-
BA2. Figure composition as in (A). BA2 is coloured magenta, its SAM and adenosine moieties are indicated. The green dashes
indicate a hydrogen bond that does not form with BA2, but is likely to have favourable geometry to form between D395 and
adenosine-N° (i.e., the NH, group) of the natural RNA substrate. (D) Outline of METTL3/BA2 interactions from a LigPlot+
analysis, as in (B). The SAM analogue and adenosine parts of the BA are indicated. Black lightnings highlight residues in

METTL3 involved in hydrophobic contacts with the adenosine moiety of the BA. (E) Structure of METTL3-BA4. Figure

composition as in (D). BA4 is coloured salmon, its SAM and adenosine moieties are indicated. Note that BA4 is missing the
ribose of the substrate adenosine moiety due to lack of electron density in the crystal structure probably due to flexibility of
this group. (F) Outline of METTL3/BA4 interactions from a LigPlot+ analysis, as in (D). The missing ribose of the substrate

adenosine moiety in the crystal structure is indicated with a lighter colour.
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Crystal structures of METTL3-14 with BA2 and BA4 reveal two distinct adenosine binding modes.

(A) Superposition of the structures of SAM (cyan), BA2 (magenta) and BA4 (salmon) bound to METTL3. The ligands and their
moieties are indicated. METTL3 in light/dark grey for BA2/BA4, backbone is shown as ribbon with side chains involved in the
interactions with the adenosine moiety of the BAs shown as sticks. Waters are shown as red spheres. Black dashes indicate
polar contacts common to BA2/BA4. Magenta/salmon dashes indicate hydrogen bonds unique to BA2/BA4. The green dashes
indicate a hydrogen bond that does not form with BA2, but is likely to have favourable geometry to form between D395 and
adenosine-N® (i.e., the NH, group) of the natural RNA substrate. Note that there is no electron density for the side chain of
Y406 in the complex with BA2 and for the ribose of the adenosine moiety in the complex with BA4 which is most likely due to
flexibility of these groups. (B) Ligplot+ analysis showing key interactions between METTL3, adenosine, and SAM based on the
BA2 and BA4 structures. Dashed lines indicate polar contacts as in (A) Small magenta/salmon lightnings highlight residues in
METTL3 involved in hydrophobic contacts with the adenosine moiety in the BA2/BA4 conformation. (€C) Mutational analysis of
the enzymatic activity of METTL3 active site residues involved in adenosine binding. (D) The melting temperature (T,,) and its
shift (AT, in red) for METTL3 WT and mutants with DMSO as control (light grey bars) or in the presence of SAH (dark grey
bars) measured using differential scanning fluorimetry. The error bars represent standard deviation from triplicate
measurements.
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activity and SAM binding, confirming its involvement in cosubstrate binding.gg..cf‘y..‘.%?.g’).. The
METTL3-BA2 structure reveals that there can also be a hydrogen bond formed between D395 and
the N8-atom of adenosine in the case of the non-alkylated RNA substrate (Figure 4B ). P396 in the
395pppw398 motif, through its carbonyl group, forms a hydrogen bond to the N-atom of
adenosine. In addition, P397 from the 39> DPPW3%8 motif makes hydrophobic contacts with SAM.
The BA2 structure further shows that adenosine is stabilized by additional hydrogen bonds from
its N7- and 02’-atoms to the METTL3 side chains of E481 and K513, respectively. While W398 from
the 395DPPW398 motif is not directly involved in adenosine binding, its backbone carbonyl group
forms a water-bridged hydrogen bond with the Y406 side chain in the BA4 structure. The latter is
involved in hydrophobic interactions with adenosine in the BA4 structure whereas it remains
flexible in the BA2-bound METTLS structure (see Figure 4A ).

Taken together, adenosine swaps conformation from solvent exposed in the METTL3-BA4
structure to buried in the METTL3-BA2 structure where it forms hydrogen bonds with residues in
the active site loop 2 (ASL2, METTL3 residues 507-515). Each moiety of the BAs is involved in
hydrophobic interactions with METTL3 residues, and both adenines (of SAM and adenosine) form
hydrogen bonds to conserved residues in METTL3. Alanine mutation of D395, Y406, E481, and
K513, which are involved in adenosine binding as seen in the BA2 and BA4 structures, almost
completely abolishes the METTL3 catalytic activity (Figure 4C@). Importantly, these residues are
highly conserved in METTL3 (Supplementary Figure S4). The loss of activity of the Y406, E481,
and K513 mutants originates mainly from abolished binding capability to adenosine and not SAM,
because they can still bind SAH, as seen from a thermal shift assay (Figure 4D (). Upon binding
SAH, the thermal shift for the Y406, E481, and K513 mutants is similar as for the WT which
suggests that their side chains are not involved in binding SAM/SAH but rather the RNA substrate.
In contrast, mutation of D395 impairs SAH binding, which is consistent with the involvement of

Molecular dynamics simulations reveal

BA2 as the stable adenosine binding pose

Because of the different conformations of METTL3 and adenosine in the BA2 and BA4 structures,
we went on to characterize the enzyme dynamics in the presence of adenosine. We carried out
multiple MD simulations of the METTL3-14 heterodimer in complex with (co)substrates and
(co)products. Apo trajectories were generated in a previous study..‘.@.@. The MD simulations were
started from the crystal structures of the complex with bisubstrate analogues BA2 and BA4
described above. Based on the position of each BA, the (co)substrates SAM and adenosine
monophosphate (AMP) or the (co)products SAH and m®AMP were positioned in the protein,
aligning them to their respective moiety of the BA. The interaction of each ligand to the protein,
and of intramolecular polar contacts, was monitored throughout the trajectories. The dissociation
time for each of the substrates and products was analysed and modelled by fitting a single
exponential to the fraction of bound ligands (Table 2 using block averaging and
Supplementary Figure S5 considering all trajectories). The SAM and SAH cofactors remained
bound in all but one of the sampled trajectories and thus fitting was not possible. The
experimentally determined k¢ rates of SAM and SAH are 8x10™ 5™l and 2x10™ 51, respectively,
which corresponds to mean lifetimes of more than 20 min and 83 minutes, respectively.f‘.‘..‘._.—f')..
Hence, we would not expect to observe dissociations of SAM or SAH in our 500 ns MD simulations.

Simulations that were started with AMP or m8AMP in the conformation of BA4 showed immediate
dissociation of these ligands (see Table 2% and Supplementary Figures S6 and $7). This could
mean that this conformation represents a short-lived intermediate during substrate binding or
product release. Possibly, it represents an encounter complex between the METTL3-SAM holo
complex and RNA substrate. This could be promoted through electrostatic steering of the
negatively charged RNA backbone by the positively charged sulfonium ion of SAM.

Ivan Corbeski et al., 2024 eLife. https://doi.org/10.7554/eLife.92537.2 10 of 44


https://doi.org/10.7554/eLife.92537.2

Initial Fit Substrates Products
structure
SAM  AMP SAH m®AMP

BA2 A >>500 426+ 196 >> 500 12.87 £ 0.02

B 579 + 386 12.70 £ 4.95

0.9+£0.1) (1.1£0.1)
BA4 A >>500 O >> 500 0
Table 2.

Kinetic parameters of ligand dissociation. Mean lifetime (t) in ns of the analysed
(co)substrates or (co)products as calculated from fitting of a single exponential
(A) or an exponential with a multiplicative factor (in parentheses) (B).
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The simulations started from the BA2 conformation show that the AMP and m®AMP ligands
dissociated in several of the analysed MD simulation runs (Supplementary Figures S8 and S9).
Binding of AMP is more stable, while the methylated product dissociates more quickly (see Table
2(2). This difference originates, at least in part, from the long-range monopole-monopole
electrostatic interaction between the positively charged SAM and the negatively charged AMP.
After the methyl transfer reaction, SAH is neutral which does not favour interaction with méAMP
resulting in its quicker dissociation.

One caveat is that we simulate only a mononucleotide, resulting in much quicker dissociation of
both the substrate AMP and product m®AMP than would be expected for the longer, canonical
RNA substrate/product. To the best of our knowledge, there are no published affinities of AMP and
mSAMP for METTL3-14 binding. Based on the mean lifetimes determined from the MD
simulations, and assuming diffusion-limited association rates of 10° M'ls'l, the dissociation
constants of AMP and m8AMP are ~2 and ~78 mM, respectively. In contrast to these low affinities,
the long GGACU motif-containing mRNA can interact with the binding groove at the METTL3-14
interface with dissociation constants in the nanomolar range, resulting in a more stable
complex.f‘.?g’?. Nevertheless, our model is useful as it emphasizes the differences in binding affinity
due to the different electrostatic interactions between the SAM-AMP and SAH-m®AMP pairs.
Besides the structural stability of the BA2-like pose of AMP, the MD simulations also suggest that
AMP can transiently populate a binding mode similar to BA4 (Supplementary Figure $10). This
further supports that BA4 could represent an intermediate binding conformation of adenosine.

A polar interaction network stabilizes the

BA2 conformation of adenosine in METTL3

The crystal structure of the complex with BA2 reveals a string of ionic interactions which involves
charged side chains of METTL3 and the amino and carboxyl groups of the SAM analogue. The
string consists of seven charged groups (four of which are positive): R536" - SAM COO™ - SAM NH;"
-D395 - K513" — E481 - K459" (see Figure 4A,B(%). We decided to monitor these salt bridges and
the following monopole-dipole interactions in the MD simulations: D395 — AMP-N%, K513* - AMP-
N7, and E481" - AMP-2’OH (see Supplementary Figures S6 to $9). In the BA2 conformation, the
polar interactions between AMP and the charged side chains D395 and K513 are stronger than the
interaction between E481 and the 2’ hydroxyl group of the ribose (see Supplementary Figure S8,
black traces). For SAM, the interaction between its positively charged amine and D395 is more
stable than the one between its negatively charged carboxy with R536 which can adopt different
conformations (see Supplementary Figure S8, blue traces). The intramolecular salt bridges are
also stable throughout the sampling (see Supplementary Figure S8, grey traces). The salt bridge
D395 - K513" seems to be the most stable, while E481" - K459 seems to change frequently
between direct and water-separated contacts. In METTL3 apo trajectories, the D395 — K513 salt
bridge is not present in the initial structure but is formed during the course of the simulation
(Supplementary Figure S11). The bond between E481 and K513 is stable but separated by water
when SAM and AMP are bound. This contrasts with the METTL3 apo simulations, where this bond
forms transiently. The simulations with the products reveal similar interactions except for the
faster dissociation of m®AMP (see Table 2(# and Supplementary Figure $9). Another difference is
the weaker interaction between SAH and D395 which fluctuates more than with SAM. The
intramolecular interactions are also observed for the simulations initiated from the BA4
conformation of adenosine (see Supplementary Figures S6 and S7). These MD results validate the
mechanistic interpretation of the BA-bound METTL3-14 crystal structures, and give a dynamic
view of the behaviour of the complex before (substrate bound) and after (product bound) the
methyl transfer reaction.
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The flexibility of METTL3 Y406 supports

the recruitment of adenosine

In structures of METTL3-14 in the apo state or bound to SAH or SAM, METTL3 residue Y406 is
203-2204

conformations of Y406 seen in our crystal structures with BA2 and BA4 support the latter and
suggest an involvement of the Y406 side chain in RNA nucleotide binding, probably as a first step
of RNA recognition (see Figure 4A (2). Indeed, mutation of Y406 to alanine (in this and a previous

study) or a cysteine (in a previous study) abolishes MTase activity (see Figure 4C @)212.22

The flexibility of Y406 in the MD simulations was analysed by monitoring the distance between its
hydroxyl oxygen atom and the backbone carbonyl oxygen of METTL3 residue W398. There is a
water-bridged polar interaction between these two oxygen atoms in the BA4 crystal structure (see
Figure 3E®). In the MD simulations, Y406 transitions multiple times (on the ys time scale) from
orientations far away from the W398 carbonyl oxygen (distance of ~15 A) to shorter distances of
~6 A (Figure 5A (). This corresponds to a transition from the extended ASL1, with Y406 pointing
outside the pocket, to a conformation compatible with the water-bridged hydrogen bond observed
in the crystal structure with BA4. Figure 5B 2 shows a superposition of frames of a BA2 substrate
MD trajectory illustrating this behaviour. We observe that the adenine ring system of AMP can be
involved in a -1t interaction with Y406 for several ns before exiting the pocket, and is then
captured again later by it, but is not brought back into the pocket (Supplementary Movie S1). The
full binding mechanism thus probably requires the rest of the substrate RNA, though the role of
Y406 emerges already from the present simulations with the mononucleotide. The different
conformations of Y406 reflect different steps in the binding and catalysis reaction. In the METTL3
SAM-bound state, the Y406 side chain is flexible. To bind RNA effectively, Y406 needs to stabilize
through the water-bridged polar interaction with the backbone of W398. The substrate adenosine
can then bind through selection of this conformation. Additionally, Y406 plays a role in positioning
the adenosine molecule at the catalytic site.

SAM binding primes the METTL3

active site for adenosine recognition

Given the high concentration of SAM in the cell (60 to 160 pM in the rat liver), the cosubstrate SAM
is expected to bind before the RNA substrate. 2% SAM binding results in large conformational
changes of several side chains in the METTL3 active site (Figure 6 (7). In the apo state, the K513
side chain points away from the putative RNA binding site and is involved in intramolecular polar
contacts with the side chains of Y518, E532, and, via a water molecule, D395, that probably help to
stabilize the apo protein (Figure 6A 2). SAM binding disrupts the water-mediated hydrogen bond
between K513 and D395. This leads to a conformational change in the K513 side chain which then
points in the direction of the RNA binding site where it can form a direct salt bridge with D395. In
that conformation, the K513 side chain can also readily form a hydrogen bond to the adenosine-N’
of an RNA substrate as seen in the BA2 structure (Figure 6B 2). Furthermore, the side chain of
H512, which is part of the SAM binding pocket environment, also undergoes a conformational
change upon SAM binding (see Figure 6A(2). In the apo state, the H512 side chain points inwards
and thus blocks the adenosine binding site. However, once SAM is bound, the H512 side chain is
attracted to form a m-i interaction with H538 whose side chain rotates from the apo state to
interact with SAM in the holo state. This conformational change of the H512 side chain makes
space for adenosine to bind as seen in the BA2 structure (see Figure 6B 2). MD simulations show
that the side chains of both H512 and K513 are flexible in the apo state, but undergo stabilization
upon SAM and adenosine binding (Supplementary Figures S8, S11, and S12). Together, the
conformational switches of the H512 and K513 side chains upon SAM binding can be seen as
priming METTL3 for adenosine binding.
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Flexibility of Y406 is evidenced by MD simulations.

(A) Distance time series of five 500-ns MD trajectories started from the BA2 conformation with substrates (top), products
(middle), or apo METTL3-14 (bottom). The distance between the Y406 side chain and the backbone O of W398 (grey trace)
reports on the orientation of Y406 and the flexibility of the loop. The data points are coloured black if AMP/mP®AMP is bound,
and grey if not. Bound AMP is defined by a distance of less than 6 A between N® of adenosine and Cy of D395. (B) The
conformations of the flexible METTL3 backbone (ribbon) and Y406 side chain (sticks) are shown at different timepoints
between 0-300 ns of the simulation with SAM and AMP, the Y406 side chain is coloured from red/start to blue/end. SAM and
AMP are shown as sticks at the start of the simulation.
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SAM binding primes the METTL3 active site for adenosine binding.

(A) Structural overlay of the METTL3 apo (grey) and SAM bound holo state (cyan). Black/cyan dashes indicate intramolecular
polar contacts in apo/holo METTL3. Residues are shown as sticks and labelled. SAM and METTL3 residues in the holo state are
shown as transparent sticks. Waters are shown as red spheres. (B) Structural overlay of the METTL3 apo (grey) and BA2
bound state (magenta). Black dashes indicate intramolecular polar contacts in apo METTL3, magenta dashes indicate polar
contacts in BA2 bound METTL3. Residues are shown as sticks and labelled. BA2 is shown in magenta as sticks, its SAM and
adenosine moieties are indicated. METTL3 residues in the apo state are shown as transparent sticks. Waters are shown as red
spheres.
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BA2 represents a transition state

analogue of the METTL3 catalysed reaction

We compared the structure of METTL3-BA2 with the structures of RNA MTases METTL4 and
METTL16 bound to their substrates (Figure 7). When the SAM moiety of BA2 is superimposed
with SAM bound to METTL4 and METTL16, the adenosine moiety of BA2 is situated in a very
similar position as the substrates of the other MTases (Figure 7A2). In METTL4 and METTL16, the
Nb-atom of their substrate adenosine is positioned at a distance of 2.8 and 2.1 A from the methyl
group of SAM, respectively (Figure 7B,C ). The angle formed between SAM-5’S — Ce — adenosine-
N6 in the substrate-cosubstrate pairs of METTL4 and METTL16 is 162.5° and 175.4°, respectively. In
BA2, the adenosine-N°® is situated, through the alkyl chain of the linker, at 1.9 A away from the
carbon corresponding to the Ce-atom of the methionine moiety in the SAM cofactor (Figure 7D(@).
The 1.9 A distance in the crystal structure with BA2 is similar to the corresponding distance in
METTL4 and METTL16, which, in two non-linked moieties, would allow for an SN2 transfer of the
methyl group of a METTL3-bound SAM to the N6-atom of an adenosine substrate. Strikingly, the
angle formed by the SAM-5’S — Ce — adenosine-N® in METTL3 is 160.9° which is similar to the other
MTases, and very close to the optimal 180° for an SN2 reaction in which the adenosine-N® attacks
the SAM-Ce and SAH becomes the leaving group. Hence, the adenosine of BA2 is in a suitable
orientation for methyl transfer and BA2 represents a transition state mimic for METTL3. This is
useful atomistic information for setting up QM/MM free energy calculations to study the catalytic
reaction (see below).

The METTL3 catalytic pocket supports direct

methyl transfer without prior deprotonation
47254

We carried out hybrid quantum mechanical/molecular mechanical (QM/MM-". 2050 ) free energy
simulations to establish the catalytic mechanism of RNA methylation by the METTL3-14
complex..%g.g‘?.’..s..s...‘._.—7')..’.5997.. The crystal structure with the bisubstrate analogue BA2 (see Figure 3C2)

was used as the starting point for the QM/MM simulations (Figure 8(%).

In the simplest mechanism (Figure 8A(%), the methyl cation in the SAM cofactor is transferred
directly to the N6 position of the adenosine substrate, prior to the deprotonation of NGHZ, which
has a very high pK, of ~17.27% Indeed, DFTB3/MM free energy simulations show that this
mechanism is energetically favourable (by about ~4 kcal/mol) with a barrier of 15-16 kcal/mol
(Figure 8B(2 and Supplementary Figure $13 and S14). The catalytic turnover of METTL3-14 as
measured by an enzymatic RNA methylation assay is 0.2-0.6 min'! at ambient temperature which
implies a barrier of ~20 kcal/mol.>7. -60C2 Hence, the methyl transfer is not the rate-limiting step.
Taken together, the QM/MM and MD simulations suggest that the dissociation of the coproduct

SAH and product RNA is likely the rate-limiting step.

Compared to the model reaction in solution computed using a continuum solvation model (Table
3[@), the reaction in the enzyme is substantially more exoergic, suggesting that the enzyme
environment stabilizes the product of the methyl transfer reaction. Inspection of the active site
structure based on DFTB3/MM simulations suggests that such stabilization primarily comes from
the hydrogen-bonding interactions between the adenosine N® group and nearby polar groups, in
particular the side chain of D395 and the backbone carbonyl of P396 (Figure 8C(®).

This catalytic mechanism is similar to N6-adenine DNA methyl transferase M-Taq], in which the
adenosine N® group is hydrogen-bonded to an Asn side chain and backbone carbonyl of a Pro in
the protein..@l..@".. In the absence of any catalytic base, it was proposed that the methyl transfer
occurs first, leading to an mGNH2+ group well stabilized by hydrogen bonding interactions with the

Asn side chain and Pro backbone carbonyl. The mechanism was supported by QM/MM free energy

suggested that when the active site Asn was replaced by an Asp, a mechanism in which
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Figure 7.

The crystal structure of the complex of METTL3-14 with the
bisubstrate analogue BA2 represents the transition state of catalysis.

(A) Overlap of the crystal structure of the complex of METTL3-14 (grey) with BA2 (magenta) to the complex with SAM (cyan)
and the substrate-cosubstrate pairs of METTL4 (green) and METTL16 (orange). The overlap was generated by aligning SAM
from each (co)substrate pair to the SAM of METTL3. (B-D) Measurements of distances and angles between the adenosine-N®
and SAM-CHj3 groups in the respective (co)substrate pairs shown in (A). (B) The METTL4 (co)substrate pair was generated by
aligning the structure of METTL4-AM to METTL4-SAM. (C) The METTL16 (co)substrate pair was generated by aligning the
structure of METTL16-MAT2A 3'UTR hairpin 1 to METTL16-SAH. SAM was then generated from SAH using the Chem3D
software. (D) The METTL3 overlay was generated by aligning the structure of METTL3-BA2 to METTL3-SAM. The distance was
measured between the N8 of BA2 and Ce of SAM, the angle was measured between the N® of BA2, Ce of SAM, and 5'S of SAM.
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Figure 8.

Methyl transfer catalysed by METTL3 without prior deprotonation of
adenosine is energetically favourable based on DFTB3/MM simulations.

(A) Proposed mechanism of the methyl transfer reaction catalysed by METTL3. (B) Potential of mean force (PMF) along the
antisymmetric stretch coordinate that describes the methyl transfer between the N® in adenosine and the SAM sulphur atom
computed using multiple walker metadynamics simulations. The solid curve represents the PMF averaged over three
independent runs, and the shaded area represents the standard error of the mean of the three replicas. (C) Snapshots of the
active site for the reactant (left panel), transition state (middle panel), and product windows (right panel). Key distances (in A)
involving the reactive groups and the nearby ion-pair (D395-K513) and P396 backbone carbonyl are shown. METTL3 backbone
is shown in grey ribbon representation with side chains shown as sticks and labelled. SAM/adenosine and SAH/mG(NH2+)-
adenosine are shown as sticks and labelled in the reactant and product window, respectively, together with the transferred
methyl group. The methylium group (CHs,) is indicated in the transition state window.
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Reaction® Different computational models
B3LYP- | ®B97X | B3LYP- | ®B97X | DFTB3/30 | B3LYP- | ®B97XD
D3 D D3 D B D3
aug-cc-pVDZ aug-cc-pVTZ CPCM¢, aug-cc-pVTZ
SAM + Ade 53 5.0 7.3 6.9 2.5 10.2 9.6
— SAH +
Ade-CHj3
SAM + dp- -129.1 -130.6 -128.1 -129.8 -140.5 -37.7 -38.9
Ade —» SAH +
dp-Ade-CHj3
Difference -134.5 -135.6 -135.4 -136.8 -143.0 -47.9 -48.5

a. Different density functional theory methods (B3LYP-D3, ®B97XD) and basis set combinations (aug-cc-pVDZ
and aug-cc-pVTZ), along with a semi-empirical quantum mechanical method, DFTB3/30B, are used to
evaluate the intrinsic energetics for model methyl transfer reactions. The comparison also helps validate the
more approximate DFTB3/30B method, which is used in QM/MM free energy simulations.

b. dp-Ade indicates a deprotonated adenosine at the N°® position. SAM and SAH are modelled by replacing the
adenosine and amino moieties by ethyl groups.

c. A dielectric constant of 78.4 is used for the conductor-like polarizable continuum model (CPCM) to estimate
the reaction energetics in solution. All other results are based on gas phase calculations.

Table 3.

Reaction energetics (in kcal/mol) computed for model methyl transfer
reactions that involve SAM and adenosine using different levels of theory.?
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deprotonation of the adenine N6 group by the Asp preceded the methyl transfer from SAM also
had a comparable free energy barrier. Due to the involvement of the proton transfer, the
corresponding transition state exhibited rather different charge distributions from that in the WT
M-Taql. DNA N®-methyltransferases in the o/ groups feature an Asp in the active site, while those

results suggest that transition states with distinct charge dlstrlbutlons are involved in different
groups of enzymes (i.e., o/ vs. y), giving rise to the opportunity of designing transition state

. P . . pr 7
analogues as inhibitors unique to specific classes of methyl transferases.®2%.

This raises the question whether methyl transfer in METTL3-14 may also occur following
deprotonation of the adenosine N®H,. The structural features of the METTL3-14 active site do not
support this mechanism. The N® position has a very high PK, of ~17, and thus its deprotonation
requires a particularly strong base, which is absent in the active site of METTL3-14. For example,
while there is a carboxylate nearby (D395), it forms a salt-bridge with K513, and therefore is
expected to feature a too low pK, value to deprotonate the adenosine NGHZ These considerations
are congruent with the observation that the computed DFTB3/MM free energy profﬂe without N ©
deprotonation is possible within the reported experimental kinetics

The difference in the methylation energetics of adenosine in different protonation states shown in
Table 3 is consistent with the pK, difference of adenosine before and after methylation. Thus,
the large difference suggests that N® becomes much more acidic following methylation, which is
consistent with literature estimates of the pK, values of Nb-protonated adenosine derivatives in
the range of -3 to -10.562 Close inspection of the active site structure in the product state of
DFTB3/MM simulations reveals that the proton release may occur readily through water wires that
connect the N® position to the protein-solvent interface (Figure 9 ). Therefore, favourable salt-
bridges in the active site (e.g., D395-K513) do not have to break to allow the proton release
following methylation of the substrate.

Finally, we note that the recently solved crystal structures of METTL4, which belongs to a subclade
of MT-A70 family members of MTases, showed an active site very similar to that of METTL3..7% A
nearby ion-pair (D233-K364) is engaged in a hydrogen-bonding network involving both the
substrate and SAM. Therefore, we expect that the catalytic mechanism discussed here applies also
to METTL4 and potentially other MT-A70 family members of MTases.

Complete atomistic model of METTL3 binding

site plasticity and methyl transfer mechanism

The complementarity of the methodologies and the congruence of the experimental data and
simulation results allow us to construct a model of the METTL3 catalytic reaction (Figure 102).
This model shows that in the apo state (Figure 10 2, State 0), the side chain of K513 is involved in
intramolecular interactions that stabilize the protein. SAM binding displaces the K513 side chain
and brings it in the right conformation where it can form a hydrogen bond to the N” of the
adenosine substrate (Figure 102, State 1). Space for adenosine to bind is further conditioned by
the conformational change of the H512 side chain which blocks the catalytic site in the apo state,
but is drawn to interact with H538 in the SAM-bound state. The proper recognition of adenosine is
conditioned by the interaction with the aromatic side chain of Y406 to which the adenosine
substrate can bind and stabilize the ASL1 loop through interaction in the BA4 conformation
(Figure 102, State 2). The Y406 side chain acts as gatekeeper and swaps out to allow the
adenosine to flip and slip into the catalytic site where it is stabilized through hydrogen bonds to
E481 and K513 in the BA2 conformation (Figure 102, State 3). The bond between K513 and
adenosine is especially stable in the MD simulations started from the binding mode of BA2.
Hydrogen bonds with the D395 side chain and P396 backbone enhance the nucleophilicity of the
adenosine-N® and trigger the SN2 reaction with the electrophilic methyl group (Figure 102, State
4). The deprotonation of mGNHz+ following the methyl transfer may proceed along multiple water-
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Deprotonation of m5NH2+ may occur readily through water wires
that connect the N° position to the protein-solvent interface.

Shown is a snapshot of the product state from DFTB3/MM simulations illustrating that the deprotonation of N® following the
methyl transfer may proceed along multiple water-mediated pathways that lead to the protein/solvent interface. METTL3
backbone is shown in grey ribbon representation with side chains shown as sticks and labelled, water molecules are shown
as spheres. SAH and mG(NH2+)-adenosine are shown as sticks and labelled together with the transferred methyl group.
Hydrogen bonds are indicated with dotted lines. The movement of protons through water channels is indicated with arrows.
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mediated pathways that lead to the protein-solvent-interface (Figure 10%, State 5). The méa
product can then flip and slip back into the BA4 conformation (Figure 102, State 6) before the
flexibility of the ASL1 loop then facilitates its release (Figure 102, State 7).

Conclusions

We have conducted a combined experimental and computational study of METTL3-14 to
characterize the methyl transfer reaction from SAM to the N° of adenosine in RNA. Crystal
structures of METTL3-14 complexed with bisubstrate analogues were solved and allowed us to
carry out classical MD simulations and QM/MM free-energy calculations. The encounter complex
between the METTL3-SAM holo complex and RNA is promoted by electrostatic steering of the
negatively charged RNA backbone by a surface groove of positively charged electrostatic potential
centred around the sulfonium ion of SAM. The crystal structures together with mutational analysis
and MD simulations have revealed a key role of Y406 in recruiting the adenosine of the RNA
substrate into a catalytically competent position and orientation. The proper recognition of
adenosine is conditioned by interaction with the aromatic side chain of Y406 positioned in the
flexible active site loop of METTL3. The side chain of Y406 recruits the RNA-adenosine,
accommodates it into the catalytic site, and facilitates release after methyl transfer. The adenosine
ring forms hydrogen bonds to the side chains of E481 and K513 in the catalytic site. Alanine
mutants of these newly identified adenosine binding residues show abolished MTase activity
compared to the wild-type METTL3-14. Importantly, these mutants are still folded and able to bind
the SAH cofactor. This confirms their contribution to RNA-substrate binding, as shown also by the
stability of their hydrogen bonds to adenosine in the MD simulations. Hydrogen bonds with the
D395 side chain and P396 backbone enhance the nucleophilicity of the adenosine-N® and trigger
the SN2 reaction with the electrophilic methyl group of SAM. The QM/MM calculations provide
evidence that the transfer of the methyl group from SAM to adenosine proceeds without previous
deprotonation of the adenosine-N®, Furthermore, the height of the QM/MM free-energy barrier
indicates that the methyl transfer step is not rate-determining. MD simulations suggest that the
release of the coproduct SAH is the rate-limiting step.

In conclusion, the present study provides evidence that bisubstrate analogues and multiscale
atomistic simulations can be used to decipher RNA recognition by human RNA MTases. The
multidisciplinary strategy described here can be used for other m®A MTases to probe their active
site by adapting the RNA sequence of the BA to the RNA substrate of the MTase of interest.

Materials and Methods

Chemical synthesis of bisubstrate analogues
350

The synthesis of the bisubstrate analogues was as previously described: BA1/2/3/4/6, ref. =2 s
Compound 12, ref. ..3..‘?..'.—.—’.‘)..; GA¥, ref. 373,

METTL3-14 expression, purification, and site-directed mutagenesis
For determining the half maximal inhibitory concentration (IC5,) with the full-length complex and
for crystallization studies with the truncated complex METTL3MTP:METTL14M™P containing just
the methyltransferase domains (MTD) of METTL3 (residues 354-580) METTL14 (residues 107-395),
the recombinant complex constructs were expressed using the baculovirus/Sf9 insect cell

N o e . . 7
expression system and purified as described previously.22%.
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Figure 10.

The experimental and computational data elucidate the individual steps of
substrate binding, product release, and methyl transfer catalysed by METTL3.

Schematic illustration of the individual steps making up the (co)substrate binding, methyl transfer, and (co)product release
mechanism of METTL3; dashed grey and black lines indicate polar contacts that are intramolecular in METTL3 (including
water mediated (waters shown as red spheres)) and intermolecular to the substrate adenosine, respectively. The ASL1 loop
containing Y406 is either flexible (grey colour) or stabilized by the interaction with the substrate adenosine (black colour).
Step 1: binding of SAM and flexibility of Y406 (supporting evidence from crystal structures and MD simulations of apo and
SAM bound states); Step 2: substrate recognition (crystal structure of the complex with BA4); Step 3: flip and slip of the
substrate adenosine into the catalytic site (crystal structure of the complex with BA2); Steps 4 and 5: methyl transfer and
deprotonation of m®NH,* through water channels (movement of protons indicated by arrows) (QM/MM free energy
calculations); Steps 6 and 7: slip and flip of the product m®A out of the catalytic site and subsequent dissociation from
METTL3; Step 8: SAH release to re-establish the apo state (MD simulations).
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For mutational analysis, alanine mutants were generated in the baculovirus vector pFastBacDual-
Strepll-GFP-TEV-METTL3-His-TEV-METTL14 using the QuikChange site-directed mutagenesis
protocol and confirmed by sequencing. Recombinant baculoviruses were generated using the Bac-
to-Bac system. For protein expression, suspension cultures of Sf9 cells in Sf-90 II SFM medium
(Thermo Fisher) were infected at a density of 2x10% ml1™1. Cells were harvested 72 hours post
infection, resuspended in Buffer A (50 mM Tris-HCI pH 8.0, 500 mM NaCl) supplemented with
Protease Inhibitor Cocktail (Roche Diagnostics GmbH, Germany), phenylmethylsulfonyl fluoride
(PMSF), Salt Active Nuclease (Merck), and lysed by sonication. The protein complex was purified
by Ni-affinity chromatography on a 5 mL HisTrap HP column (Cytiva) equilibrated and washed
with Buffer A and eluted with 250 mM imidazole. Proteins were further purified by Strep-tag
purification using a 5 mL StrepTrap XT column (Cytiva) equilibrated and washed with buffer A
and eluted with 50 mM biotin. The affinity tags were removed by digestion with TEV protease
overnight at 4°C, followed by further purification by size exclusion chromatography using a
Superdex 200 Increase 10/300 GL column (Cytiva) in 20 mM Tris-Cl, pH 8.0, and 200 mM KCl. The
proteins were concentrated, flash-frozen in liquid nitrogen, and stored at -80°C until further use.

Protein crystallization

The SAH (S-adenosyl-l-homocysteine)-bound holo protein crystals of METTL3M™P:METTL14MTP
were obtained as previously described.==.=. The bisubstrate analogues (BAs) were dissolved in
DMSO at concentrations of 100 mM. Complex structures were solved by soaking BAs into holo
protein crystals and replacing the bound SAH in the METTL3 catalytic pocket. First, 1 uL of the BA
dissolved in DMSO was left overnight to evaporate the solvent at room temperature. The next day,
1 uL of mother liquor containing 30% PEG-3350 and 200 mM Mg-acetate was added on top of the
dried compound stamp. One holo crystal was then transferred into the mother liquor over the
target compound stamp. After 16 h of incubation at 22°C, the crystals were harvested and flash-
frozen in liquid nitrogen.

Data collection and structure solution

Diffraction data were collected at the PXIII beamline at the Swiss Light Source (SLS) of the Paul
Scherrer Institute (PSI, Villigen, Switzerland). Data were processed using XDS.28% The crystal
structures were solved by molecular replacement by employing the 5L6D structure as the search
model in the Phaser program (Phenix package). = Crystallographic models were constructed
through iterative cycles of manual model building with COOT and refinement with

. . A 7
Phenix.refine.”9 2732

Reader-based TR-FRET assay

The inhibitory potencies of the bisubstrate analogues (BAs) for METTL3 were quantified by a
homogeneous time resolved fluorescence (HTRF)-based enzyme assay as previously described 4%,
Briefly, the level of m®A in an RNA substrate after the reaction catalysed by METTL3-14 was
quantified by measuring specific binding to the m®A reader domain of YTHDC1 (residues 345-509)
by HTRF. BAs that inhibit METTL3 decrease the m®A level and thus reduce the HTRF signal. Dose
response curves of titrations with the BAs were plotted in OriginLab 2018 and fitted with
nonlinear regression “log(inhibitor) vs. normalized response with variable slope” from which ICg
values were determined.

For the mutational analysis, the HTRF assay was used with some modifications. In the reaction
step, METTL3-14 (wildtype or mutant) (40 nM final concentration) methylates the 5'-biotinylated
sSRNA (5'-AAGAACCGGACUAAGCU-3' (Microsynth)) (200 nM final concentration). The co-substrate
SAM (Cisbio, 62SAHZLD) (450 nM final concentration) was added as the last component and thus
initiated the methylation reaction. The final reaction volume was 15 pL in 20 mM Tris-HCL, pH 7.5,
0.01% (w/v) bovine serum albumin (BSA). The reaction was let to incubate for 1 hour at room
temperature (RT) and then stopped by addition of 5 uL detection buffer (50 mM HEPES, pH 7.5, 150
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mM Nacl, 200 mM KEF, 0.05% (w/v) BSA, 25 nM GST-tagged m®A reader YTHDC1(345-509), 3 nM
XL665-conjugated streptavidin (Cisbio, 610SAXLB), 1x anti-GST Eu*-labelled antibody (from 400x
stock (Cisbio, 61GSTKLB))). Capture of the m®A-modified RNA by the mbA reader and the
biotinylated RNA by Streptavidin was allowed to proceed for 3 hours at RT and in the dark before
the HTRF signal was measured using a Tecan Spark plate reader (Tecan). The plate reader
recorded with a delay of 100 ps the emission at 620 and 665 nm after the excitation of the HTRF
donor with UV light at 320 nm. The emission signal was read over an integration time of 400 ps.
The AF (((ratiogmpie -ratiOpackground) / Fatiopackground) * 100) used as background the reaction
without SAM as an internal control.

Differential scanning fluorimetry (thermal shift assay, TSA)
Experiments were conducted as previously described with some modifications.'6%. Briefly,
METTL3-14 (wildtype or mutants) at a final concentration of 0.5 pM was mixed with SAH at a final
concentrations of 500 uM in a final volume of 20 yL in a buffer consisting of 20 mM Tris-Cl, pH 8.0,
and 200 mM KCl. DMSO concentration was kept at 1 % (v/v). SYPRO Orange was added at a final
dilution of 1 : 1000 (v/v) as a fluorescence probe (ex/em 465/590 nm). Differential scanning
fluorimetry was performed on a LightCycler® 480 Instrument II (Roche Diagnostics, Indianapolis,
IN). The temperature was raised in steps of 3.6°C per minute from 20°C to 85°C and fluorescence
readings were taken at each interval. The T, values were determined as the transition midpoints
of the individual samples. The AT,,, values were calculated as the difference between the transition
midpoints of the individual samples and the reference wells containing the protein and DMSO
only from the same plate. Samples were measured in triplicates.

Molecular Dynamics simulations

The crystal structures of the METTL3-14 heterodimer in complex with the BA2 and BA4 ligands
were used as starting conformation for simulating the heterodimer with its substrates SAM and
AMP and products SAH and mP8AMP. The addition of the phosphate to adenosine and m®-adenosine
aims to mimic one element of the substrate RNA chain. The ligands were aligned to their
respective moiety of the BA, keeping the original coordinates for present atoms, and
reconstructing the missing parts. The missing segments of the METTL3-14 crystal structures were
reconstructed using the SWISSMODEL web server with the structures as templates. The simulated
construct spans residues L354 to L580 of METTL3 and S104 to L289 of METTL14. All MD
simulations were performed with GROMACS 2021.5 using the CHARMM36m July 2021 force field.
The models were solvated in a 9 nm box and equilibrated with Na* and Cl" ions to a concentration
of 150 mM. Energy minimization was applied and a canonical equilibration under all-atom
positional restraints was performed for 5 ns to reach 300 K. A further canonical equilibration was
performed for 10 ns with the Ca atoms of the proteins, the adenine moiety of SAM/SAH and of
AMP/m®AMP under positional restraints. These partial restraints were set to allow a relaxation of
the side chains around the ligands. Sixteen independent runs of canonical MD simulations were
then started for each of the systems, sampling 500 ns per run.

The existence and behaviour of salt bridges observed in the crystals were monitored throughout
the runs. Furthermore, the stability of the binding was calculated by defining a binding pocket for
the BA2 and the BA4 conformations. The distance between residues was calculated and contacts
were defined as a distance smaller than 5 A. For each of the simulation groups, the binding pocket
was determined as the residues with a mean contact presence higher than the 90 percentiles of
mean contacts. A dissociation event was defined as the mean of the ligand to pocket distances
surpassing a threshold of 10 A. The dissociation rates were predicted using exponential fitting,
modelled as a single exponential. A single exponential with a multiplicative factor was used to
check the quality of the fitting, with a preexponential factor close to 1 indicative of a good fit. No
fitting was done for SAM/SAH as they remained bound in almost every single trajectory. The rates
were calculated by fitting the dissociation time of two blocks of the trajectories at a time. The 16
choose 8 (12870) possible combinations were considered, and the mean of all the values was
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reported as the dissociation rate in Table 2(%. The standard deviation was used as error. The
unbinding rates using all the trajectories without block averaging are shown in Supplementary
Figure S5.

QM model calculations

To understand the intrinsic energetics of the methyl transfer reaction, we conducted QM
calculations of an infinitely separated model substrate (adenosine) and a truncated model for the
cofactor SAM in which the adenosine and amino moieties were replaced by ethyl groups. The N°
position of the model substrate was taken to be either protonated (-NH,) or deprotonated.
Calculations were performed in the gas phase using two different density functional theory (DFT)
basis sets (aug-cc-pVDZ and aug—cc—pVTZ).Zg.‘?"..‘?l.@. Calculations were also conducted at the
DFTB3/30B level for calibration as the same QM method is used in subsequent QM/MM free energy
simulations. To probe the effect of solvation on the methyl transfer energetics, single point
calculations were carried out with the conductor-like polarizable continuum model
(cPcM®2.83) using the gas-phase optimized structures at both B3LYP-D3 and wB97XD levels.

DFT calculations using B3LYP-D3 and wB97XD were conducted using the Gaussian16 software®4™,

and DFTB3%2%. calculations were carried out using the CHARMM program.§..6..'?’.7..

QM/MM free energy simulations

We employed QM/MM free energy simulations to probe the mechanism of adenosine NE-
methylation catalysed by the METTL3-14 complex. As illustrated in Figure 3C (2, the crystal
structure (at 2.3 A resolution) of the complex with a transition state analogue (the bisubstrate
analogue BA2) suggests a rather straightforward mechanism through which the methyl group is
transferred from SAM to the adenosine N° position. The deprotonation of N8 by a nearby base in
principle may occur either before or after the methyl transfer, but QM/MM calculations strongly
suggest that deprotonation occurs after the methyl transfer.

In the QM/MM simulations, the bisubstrate analogue was first converted to a SAM non-covalently
bonded to the adenosine: the nitrogen Ngg atom in the crystal structure was replaced by a sulphur
atom and the extra carbon atom was deleted. The O5*-PA bond was cut off and a hydrogen atom
was patched to the location. The QM region included the cofactor SAM, the model substrate
adenosine (Ade), the carbonyl groups of A394, D395, P396, and P397 without the backbone
carbonyl group, and the side chain of K513. Link atoms were added between C and C, of A394 and

P397, and between Cp and C, of K513 to saturate the valence of the QM boundary atoms using the
87

calculations using model compounds (see Table 3@) indicate that the DFTB3/30B method
describes the energetics of the methyl transfer reaction rather well in comparison to DFT
calculations with a large basis set. The MM region was described with the CHARMM36 force field

. »
for proteins.22%.

203

In the generalized solvent boundary potential (GSBP?! ) framework, the inner region
contained atoms within a 27 A-radius sphere centred at the N6 in Ade. Newtonian equations of
motion were solved for atoms within 25 A. Protein atoms in the buffer region (25-27 A) were
harmonically restrained with force constants determined from the crystallographic B factors and
Langevin equations of motion were solved with a bath temperature of 300 K232 The remaining

portion of the system in the outer region was frozen. All water molecules were subject to a weak

GEO restraints were added on adenosine to make sure it was well-bounded during the
simulations. Electrostatic interactions among inner region atoms were treated with extended
electrostatics and a group-based cut-off scheme.?%% The static field due to the outer region atoms

was evaluated with the linearized Poisson-Boltzmann (PB) equations using a focusing scheme,
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which employed a coarse grid of 1.2 A and a fine grid of 0.4 A.22.2. The reaction field matrix was
evaluated using spherical harmonics up to the 20th order. In the PB calculations, dielectric
constants of the protein and water were set to 1 and 80, respectively, and the salt concentration
was set to zero.

To probe the energetics of the methyl transfer reaction catalysed by the METTL3-14 complex, well-

. . . . 7 7 . .
tempered multiple-walker metadynamics simulations?®.-275%. were carried out using the

transfer process between the N6 in adenosine and the SAM sulphur-methyl group was chosen as
the collective variable (CV), i.e., § = r(CE-SD) - r(CE-N6). The corresponding C-S distance and C-N
distance are also monitored but no bias potential was added. SHAKE was applied to all bonds

involving hydrogen and used to avoid undesired proton transfer reactions.)%0%

The first two metadynamic runs were not well-tempered for the efficiency of sampling. In the
subsequent well-tempered runs, the bias factor was set to be 35. A new Gaussian biasing potential
was added every 0.2 ps with an initial height of 0.3 kJ/mol and a width of 0.05. Twenty-four
walkers with different initial velocities were used per simulation in parallel while sharing hill
history among all walkers every 1 ps. Each walker was run for 250 ps for a total of 6 ns of
sampling, and convergence was evaluated by comparing the PMF as a function of the number of
Gaussians added.
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Reviewer #1 (Public Review):

Summary:

This important study nicely integrates a breadth of experimental and computational data to
address fundamental aspects of RNA methylation by an important for biology and health RNA
methyltransferases (MTases).

Strengths: The authors offer compelling and strong evidence, based on carefully performed
with appropriate and well-established techniques to shed light on aspects of the methyl
transfer mechanism of the methyltransferase-like protein 3 (METTL3), which is part of the
methyltransferase-like proteins 3 & 14 (METTL3-14) complex.

There are no weaknesses that we identified in the revised version.

https://doi.org/10.7554/eLife.92537.2.sa2
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Reviewer #2 (Public Review):

Summary:

Caflisch and coworkers investigate the methyltransferase activity of the complex of
methyltransferase-like proteins 3 and 14 (METTL3-14). To obtain an high resolution
description of the complete catalytic cycle they have carefully designed a combination of
experiments and simulations. Starting from the identification of bisubstrate analogues (BAs)
as binder to stabilise a putative transition state of the reaction they have determined multiple
crystal structures and validated relevant interactions by mutagenesis and enzymatic assays.

Using the resolved structure and classical MD simulations they obtained a kinetic picture of
the binding and release of the substrates. Of note, they accumulate very good statistics on
these processes using 16 simulation replicates over a time scale of 500 ns. To compare the
time scale of the release of the products with that of the catalytic step they performed state-
of-the-art QM/MM free energy calculations (testing multiple levels of theory) and obtain a
free energy barrier that indicates how the release of the product is slower than the catalytic
step.

Strengths:

All the work proceeds through clear hypothesis testing based on a combination of literature
and new results. Eventually, this allows them to present in Figure 10 a detailed step-by-step
description of the catalytic cycle. The work is very well crafted and executed.

https://doi.org/10.7554/eLife.92537.2.sa1

Reviewer #3 (Public Review):

Summary:

The manuscript by Coberski et al describes a combined experimental and computational
study aimed to shed light on the catalytic mechanism in a methyltransferase that transfers a
methyl group from S-adenosylmethionine (SAM) to a substrate adenosine to form N6-
methyladenosine (m6A).

Strengths:

The authors determine crystal structures in complex with so-called bi-substrate analogs that
can bridge across the SAM and adenosine binding sites and mimic a transition state or
intermediate of the methyl-transfer reaction. The crystal structures suggest dynamical
motions of the substrate(s) that are examined further using classical MD simulations. The
authors then use QM/MM calculations to study the methyl-transfer process. Together with
biochemical assays of ligand/substrate binding and enzyme turnover, the authors use this
information to suggest what the key steps are in the catalytic cycle. The manuscript is in most
places easy to read.

Weaknesses:
After revising the manuscript, there are few weaknesses beyond those listed in the paper.

https://doi.org/10.7554/eLife.92537.2.sa0

Author Response

The following is the authors’ response to the original reviews.
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Public Reviews:
Reviewer #1 (Public Review):
Summary:

This important study nicely integrates a breadth of experimental and computational
data to address fundamental aspects of RNA methylation by an important for biology
and health RNA methyltransferases (MTases).

Strengths:

The authors offer compelling and strong evidence, based on carefully performed work
with appropriate and well-established techniques to shed light on aspects of the methyl
transfer mechanism of the methyltransferase-like protein 3 (METTL3), which is part of the
methyltransferase-like proteins 3 & 14 (METTL3-14) complex.

Weaknesses:

The significance of this foundational work is somewhat diminished mostly due to mostly
efficient communication of certain aspects of this work. Parts of the manuscript are
somewhat uneven and don't quite mesh well with one another. The manuscript could be
enhanced by careful revision and significant textual and figure edits. Examples of
recommended edits that would improve clarity and allow accessibility to a broader
audience are highlighted in some detail below.

We thank the reviewer for the positive evaluation of our work. We have followed the
suggestions and modified the text and figures as detailed further in our answers to the
specific recommendations.

Reviewer #2 (Public Review):
Summary:

Caflisch and coworkers investigate the methyltransferase activity of the complex of
methyltransferaselike proteins 3 and 14 (METTL3-14). To obtain a high-resolution
description of the complete catalytic cycle they have carefully designed a combination of
experiments and simulations. Starting from the identification of bisubstrate analogues
(BAs) as binders to stabilise a putative transition state of the reaction, they have
determined multiple crystal structures and validated relevant interactions by
mutagenesis and enzymatic assays.

Using the resolved structure and classical MD simulations they obtained a kinetic picture
of the binding and release of the substrates. Of note, they accumulated very good
statistics on these processes using 16 simulation replicates over a time scale of 500 ns. To
compare the time scale of the release of the products with that of the catalytic step they
performed state-of-the-art QM/MM free energy calculations (testing multiple levels of
theory) and obtained a free energy barrier that indicates how the release of the product
is slower than the catalytic step.

Strengths:

All the work proceeds through clear hypothesis testing based on a combination of
literature and new results. Eventually, this allows them to present in Figure 10 a detailed
step-by-step description of the catalytic cycle. The work is very well crafted and executed.

We thank the reviewer for the positive evaluation of our work.
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Weaknesses:

To fulfill its potential of guiding similar studies for other systems as well as to allow
researchers to dig into their vast work, the authors should share the results of their
simulations (trajectories, key structures, input files, protocols, and analysis) using
repositories like Zenodo, the plumed-nest, figshare or alike.

The reviewer is right. We have uploaded the simulation materials to Zenodo: the MD
simulation data (trajectories, pdb files, parameter files), and the PLUMED file that was used
for the DFTB3/MM metadynamics simulations. We provide the link in the “Data availability”
section.

Reviewer #3 (Public Review):
Summary:

The manuscript by Coberski et al describes a combined experimental and computational
study aimed to shed light on the catalytic mechanism in a methyltransferase that
transfers a methyl group from Sadenosylmethionine (SAM) to a substrate adenosine to
form N6-methyladenosine (m6A).

Strengths:

The authors determine crystal structures in complex with so-called bi-substrate analogs
that can bridge across the SAM and adenosine binding sites and mimic a transition state
or intermediate of the methyltransfer reaction. The crystal structures suggest dynamical
motions of the substrate(s) that are examined further using classical MD simulations. The
authors then use QM/MM calculations to study the methyl-transfer process. Together
with biochemical assays of ligand/substrate binding and enzyme turnover, the authors
use this information to suggest what the key steps are in the catalytic cycle. The
manuscript is in most places easy to read.

We thank the reviewer for the positive evaluation of our work.

Weaknesses:

My main suggestion for the authors is that they show better how their conclusions are
supported by the data. This includes how the electron density maps for example support
the key interactions and water molecules in the active site and a better error analysis of
the computational analyses.

We thank the reviewer for the comments and suggestions. We have followed the suggestions
and added error analysis of the computational results as well as additional figures (in the
supplementary information) that illustrate key interactions and water molecules in the active
site supported by the electron density.

Reviewer #1 (Recommendations For The Authors):

e The phrasing of the second sentence in the introduction is difficult to read. I am
not sure it is necessary to define the DRACH motif if you are also giving the exact
consensus sequence unless providing more context for other instances of the
DRACH motif. Referring to this motif instead as "consensus sequence GGACU?
may be more effective.

The reviewer is right. We corrected the sentence accordingly.
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e In the second paragraph of the introduction, a further short description of how
METTL3-14 is "involved" in diseases would be appreciated.

We thank the reviewer for the comment. We made that clearer by including “by promoting
the translation of genes involved in cell growth, differentiation, and apoptosis” together with
a reference.

‘ o s there any evidence that inhibiting METTL3-14 doesn't negatively impact healthy
cells?

We thank the reviewer for the question. Yes, there is such evidence and we added to the
sentence “but not in normal non-leukaemic haemopoietic cells” together with a reference to
make this point clearer.

e Bringing up the MACOM complex in the third paragraph of the introduction is
perhaps not necessary unless further discussing the MACOM complex later.

The reviewer is right. We removed the mention of the MACOM complex.

e Figure 1B: Color coding is difficult to distinguish on a screen and print out. More
contrasting colors would be helpful.

We thank the reviewer for the suggestion. We removed the transparency from the protein
cartoon representation that was the reason for the low contrast.

o The level of detail in the "MD simulations for mechanistic studies of RNA MTases"
is not advised. Would strongly encourage condensing this section to improve
clarity and accessibility to a larger audience.

The reviewer is right. We removed non-essential parts of this paragraph.

e Confirming the role of the hydroxyl in Y406 would be better supported by a Y406 -
> F406 mutant because the A406 mutant could bind differently due to a loss of pi-
stacking interactions.

The purpose of the Y406A mutant was to eliminate the interaction of the aromatic sidechain
with adenosine as seen from the structure with BA4. Since there is no involvement of the
Y406-OH group with adenosine, mutating to F did not seem sufficient. Furthermore, by
mutating Y406 to alanine, we also eliminate the possibility for a water-mediated hydrogen
bond to the W398 backbone. Hence, with the alanine mutant we achieve the strongest
possible effect on the enzymatic activity while the integrity of the active site is maintained as
seen from the thermal shift assay.

e For Figure 4D, can the authors justify why SAH was used as a metric for SAM
binding instead of using SAM directly? Additionally, referring to the RNA as
"ligand" instead of "RNA" in the Figure caption is more confusing than simply
calling it RNA.

We thank the reviewer for the comment. With the TSA, we wanted to show that with the
adenosine binding mutants, the integrity of the METTL3 active site is still intact. It was shown
that SAH is bound with higher affinity than SAM by METTL3 (DOI:
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10.1016/j.celrep.2019.02.100). Since the magnitude of the thermal shift depends also on the
affinity, we chose the higher-affinity binder SAH. There is no RNA per se shown in this figure.
“Ligands” in the figure caption (A) refers to the three bound molecules that are shown and
mentioned in the previous sentence: SAM, BA2, and BA4. “Ligand” in the figure caption (D)
refers to “SAH” that was used in the experiment described and mentioned just after, but is
now removed.

e Figure 5D is very difficult to interpret. Removing the ribbons representing Y406
movement may make it easier to see. Color coding the Supplementary Movie 1 to
match would be also helpful.

The reviewer is right. We have changed the figure to make the different conformations of
METTL3 and its Y406 sidechain clearer. However, we left the coloring of the different
conformations as the colors are connected to different time points of the simulation.
Following the suggestion of the reviewer we changed the coloring of SAM and AMP to match
that of the supplementary movie.

e Figure 10 is overwhelming as is. Removing the grey area around the binding sites
and toning down the color of the substrate binding sites would help with visibility.
The size of the chemical structures and illustrations is currently too small to easily
be made out. A full page-sized figure may be beneficial for this figure.

We agree with the reviewer and have changed the figure to make each reaction step clearer
and better recognizable.

Minor >edits

e Change "Despite the growing knowledge on the diverse pathways" to "Despite
growing knowledge of the diverse pathways involving METTL3-14".

We corrected the sentence.
| e Perhaps use "redundant active site" instead of "degenerate active site".
We changed the word as suggested.

e Consider moving "The METTL3 MTase domain has the catalytically active SAM
binding site and adopts a Rossmann fold that is characteristic of Class I SAM-
dependent MTases" to before "METTL14 also has an MTase domain, however, with
a degenerate active site of hitherto unknown function, and so-called RGG repeats
at its C-terminus essential for RNA binding" to keep information about METTL3
together.

We shifted the part of the text as suggested.

e "Molecular dynamics studies have mainly focused on protein and bacterial
MTases"? Does this mean bacterial MTases that methylate proteins?

We thank the reviewer for the comment. This means bacterial MTases in general. The
example that we mention is of a bacterial MTase that methylates a chemical precursor. We
changed the sentence slightly to make that clearer.

Ivan Corbeski et al., 2024 eLife. https://doi.org/10.7554/eLife.92537.2 40 of 44


https://doi.org/10.7554/eLife.92537.2

e °
9 eLife
e In "Bisubstrate analogues bind in the METTL3 active site", please consider the
following:
e Change "and to investigate" to "and investigated".
o Briefly describe the enzymatic assay in the main text.

e Either more clearly defining "least potent” or change to "have the highest IC50
values".

We made all the suggested changes to improve the description of the assay and its outcomes.

e In Figure 3, remove some of the amino acid labels from panels A, C, and E for
clarity, especially since panels B, D, and F more clearly demonstrate the
interactions.

We removed amino acids that were not involved in polar contacts and adapted the figure
caption accordingly.

e In panels 3D, 3F, and 4B, the lightning bolts are too small to make out as
lightning bolts. An asterisk or other symbol may be easier to distinguish.

We made the lightnings more than double the size to make them better recognizable.

e In Figure 4C, no units are provided on the y-axis. Additionally, I do not believe the
arrows indicating "Loss of activity" are necessary.

These are arbitrary units as it is a ratio which is explained in the materials and methods
section. We removed the arrows following the suggestion of the reviewer.

o While demonstrating mutants with no activity still retain SAM binding is
suggestive of the mutant impacting RNA binding, this would still be better
supported with RNA binding studies. Electrophoretic mobility shift assays would
be sufficient if Tm studies are time-consuming. While these experiments could be
informative, we also acknowledge that they may be outside the scope of this
current report.

We thank the reviewer for suggesting these experiments and acknowledging that they would
be outside of the scope of the current study. Such RNA binding experiments can turn out to be
very time consuming, both in TSA and EMSA. The reason is mainly this: The RNA substrate
must be chosen such that it binds sufficiently strong to the WT to cause an effect (thermal
shift or electrophoretic mobility shift), but also to observe a clear difference in binding
between WT and mutant proteins. Since many more residues of METTL3 and METTL14
contribite to RNA binding, the effects of individual mutants on affinity might be too small to
be confidently detected in TSA or EMSA. In particular, we only identified the substrate
adenosine binding residues, and mutating them and hence preventing adenosine binding
alone, might not have a big effect on overall RNA binding affinity. The enzymatic assay that
we used, on the other hand, is more sensitive since the detection is fluorescence based and
quantifies the conversion of A to m6A in an RNA substrate, and more factors than just affinity
play a role for enzymatic activity, such as correct orientation and stability of the adenosine in
the active site and stabilization of the transision state.
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e A written narrative to accompany Supplementary Movie 1 would make it much
more accessible to those unfamiliar with modeling and simulations.

We thank the reviewer for the comment. We expanded the caption to the movie with a
narrative describing different events at different time points in the movie.

e Table 3 could be made clearer to those without MD experience by
defining/indicating the top row as different computational models.

The reviewer is right. We have added a footnote to Table 3 to clearly indicate the different
density functional theory and semi-empirical density functional tight binding method used in
this study. We also added another line in the table.

e In the conclusion, the authors state "the height of the QM/MM free-energy barrier
indicates that the methyl transfer step is not rate-determining.” How does this
compare to experimental data? Additional kinetic assays to demonstrate this
experimentally would go a long way in convincing the reader of this conclusion.

We thank the reviewer for the question. Kinetic assays have been performed for METTL3-14
and we mention and reference them in the text. We believe that further kinetic experiments
would be outside of the scope of this study. Furthermore, the METTL3 mutants that we made
show no activity in our enzymatic assay and hence kinetic studies would be probably
impossible to do with them.

As we show from QM/MM and describe in the text, the methyl cation in the SAM cofactor is
transferred directly to the N6 position of the adenosine substrate. DFTB3/MM free energy
simulations show that this mechanism has an energetic barrier of 15-16 kcal/mol. The
turnover as published based on an enzymatic assay is 0.2-0.6 min-1 at ambient temperature
which implies a barrier of ~20 kcal/mol. This value is higher than that determined for the
methyl transfer alone as determined by QM/MM. Hence, in the overall mechanism, there
must be a step that is slower than the methy transfer and hence we conclude that the methyl
transfer is not the rate-limiting step.

Reviewer #3 (Recommendations For The Authors):
I only have a few comments about the work.

(1) It would be good if the authors could show more of the data that is used as the basis
for their conclusions. For example, IC50 values are presented (Table 1) without error
estimates or an indication of the quality of the data that is used to estimate the data.

We thank the reviewer for the suggestion. We included errors of the IC50 values and show
the dose response curved from the enzymatic assay with the BAs as inhibitors in a new
Supplementary Figure S1.

(2) More substantially, it would be good to have a more detailed analysis of the crystal
structures in terms of the properties that are mentioned/analysed. While the structures
are relatively good (2.1 A2.54), it is not clear to the reader how this data supports the
interactions that are proposed. For example, the authors pinpoint a number of hydrogen
bonding interactions and water molecules in the complexes. They might consider
showing support for some of these in the electron density maps. Similarly, it would be
good to show the densities that support the substantial differences of the Ade in the BA2
and BA4 complexes. These might be supplementary files. I note also that the structures
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are not yet released or available for analysis [which of course is a valid choice but also
means that I cannot inspect the maps myself].

We have added supplementary figures supporting the conformations of the BAs and their
interactions with METTL3 with electron density, for BA1 and BA6 in Supplementary Figure
S2, and for BA2 and BA4 in a new Supplementary Figure S3.

(3) It would be useful with an error analysis of the off-rates estimated from the MD
simulations and a discussion of the accuracy of these estimates. Even the slower
dissociation events seem quite fast. What are the rough affinities of these molecules and
how fast would the binding need to be to be compatible with the affinity and estimated
off-rates?

We expanded upon this in the results paragraph concerning the MD simulations. The
affinities of METTL3-14 binding to AMP or m6AMP can be expected to be very low, with Kd
values in the millimolar range. We have not measured these Kd values, nor have we found
any published data, but we have conducted thermal shift assays with A and m6A and did not
observe any significant thermal shifts in the melting temperature of METTL3-14 at high
micromolar concentrations of these compounds, indicative of a very low binding affinity. This
is to be expected because METTL3-14 should not methylate adenosines unspecifically but
rather in the GGACU motif of substrate mRNA.

(4) The authors use QM/MM simulations with metadynamics to estimate the energy
profile of the methyl transfer reaction. They find a barrier of ca. 15 kcal/mol and suggest
this to be compatible with the enzymatic turnover rate of ca. 0.3/min. Here it would be
good with a clearer description of the possible sources of error and assumptions in
making these statements. First, what is the error on the estimated energy profile from
the metadynamics? The authors mention the analysis of progression of the PMF as a
function of time, but that is in itself not a strong test for convergence (the PMF may stay
constant if there is little sampling). What does the time series of the CV look like? Second,
it seems as if the authors are assuming a large pre-exponential factor (1019/s ?). Is that
correct, and how sure are they of this value? Finally, when linking the barrier of the
methyl-transfer reaction to the overall turnover rate it sounds like they assume that other
parts of the reaction do not affect the turnover rate. Is that correctly understood, and
what is the evidence for that? It sounds like the authors are saying that step 5 in the cycle
(Figure 10) is limiting.

We thank the reviewer for the questions. Accordingly, we have carried out additional
simulations and statistical error analyses.

(i) We have carried out two additional sets of multi-walker metadynamics simulations with
the same setup as the original calculation, except for using different initial random seeds.
Using the three independent sets of metadynamics simulations, we can better estimate the
statistical uncertainty for the computed potential of mean force (PMF). We have updated the
PMF in Fig. 8b, in which the solid curve represents the result averaged over three
independent runs, and the shaded area represents the standard error of the mean of the
three replicas. The figure caption of Fig. 8b is revised accordingly.

(ii) To further illustrate the convergence behavior of the metadynamics simulations, we have
included the following supplementary files: (1). Potentials of mean force computed with
different numbers of deposited Gaussians are compared. (2). As suggested by the reviewer,
we show the time series of the collective variable (CV) sampled by the 24 independent
walkers during one set of metadynamics simulations. These results clearly indicate that the
CV exhibits diffusive behaviors between the reactant and product regions, further supporting
the adequate sampling and convergence of our metadynamics simulations.
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(iii) Regarding the issue of pre-factor used in the rate estimate, we have indeed used the
common approximation of kT/h as in the regular transition state theory. Many studies in the
literature support the use of this expression for very localized chemical reactions in enzymes.
We have included several representative references along this line: (1) M. Garcia-Viloca, J.
Gao, M. Karplus, D. G. Truhlar, How enzymes work: Analysis by modern rate theory and
computer simulations, Science, 303, 186-195 (2004) (2) D. R. Glowacki, J. N. Harvey, A. J.
Mulholland, Taking Ockham’s razor to enzyme dynamics and catalysis, Nat. Chem. 4, 169-176
(2012)

(iv) Regarding the nature of the rate-limiting event, please see our response to reviewer 1.

(5) The authors should ideally make the input files for their simulations available and
deposit the plumed files in for example plumed-nest (as indicated in their reference 100).

We agree with the reviewer. Accordingly, we have uploaded the PLUMED file that we have
used for the DFTB3/MM metadynamics simulations (plumed.dat) together with the MD
simulation trajectories to Zenodo.

Minor

(1) Many of the details in Figure 10 are very small and difficult to read without zooming
in. Consider whether some parts could be made larger.

The reviewer is right. We have changed the figure to make each reaction step clearer and
better recognizable.

In conclusion, we would like to thank you for the very efficient handling of our
manuscript, and the reviewers for the useful comments and suggestions. We think that
the manuscript has improved and it should be accepted in its revised form at elLife.
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