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Mechanism for the substrate recognition by
a eukaryotic DNA N6-adenine
methyltransferase complex

Qi Xu 1,2,3, Ying Xie2,3 & Zhubing Shi 2,3

In eukaryotes, DNA N6-methyladenine (6mA) modification plays important
roles in various cellular functions, such as chromatin dynamics, gene expres-
sion regulation, and DNA damage response. It remains largely unknown how
eukaryotic DNA 6mA methyltransferases (MTases) recognize their substrates.
Here, we reported the structures of DNA-bound eukaryotic 6mA MTase
complexes. The MTA1 complex (MTA1c) in ciliates is composed of MTA1,
MTA9 (or MTA9-B), p1 and p2 subunits. Cryo-electron microscopy structures
of MTA1c–DNA complexes reveal that DNA lies on the surface of the
MTA1–MTA9/9-B dimer and is clamped by the p1 N-terminal region. The target
deoxyadenosine is flipped out of the DNA duplex and approaches the catalytic
center. Unmethylated and hemi-methylated DNA substrates bind MTA1c with
differential conformational dynamics. Our structural and biochemical studies
shed light on the activation and substrate recognition of MTA1c and provide a
framework for understanding the molecular mechanism of DNA 6mA mod-
ification in eukaryotes.

Epigenetic modifications of DNA regulate diverse cellular functions
across all kingdoms of life, contributing to developmental processes
and immune system regulation1. C5-methylcytosine is the most exten-
sively studied and best-characterized DNA modification type in
eukaryotes2.N6-methyladenine (6mA)modificationofDNAwas initially
discovered in bacteria in the 1950s and is widespread in prokaryotes.
Bacterial 6mA modification plays pivotal roles in the restriction-
modification system, DNA replication, DNA damage response and
transcriptional regulation3. Later, 6mA modification was found in cili-
ates and algae4–6, andmore recently, it waswidelydetected in genomes
of plants and metazoans, including mammals7–15. Despite its relatively
lower abundance in multicellular organisms compared to prokaryotes
and protists, 6mA has been implicated in the regulation of various
biological processes, including gene transcription, chromatin struc-
ture, epigenetic inheritance, DNA damage repair and cell cycle1,16–20.
Notably, mitochondrial DNA in mammalian cells exhibited a sig-
nificantly higher level of 6mA compared to nuclear genomic DNA21,22.
Elevated 6mA level at regions of stress-induced DNA double helix
destabilization antagonizes SATB1 to regulate gene expression in early

embryonic development23. In humans, changes of 6mA levels have
been found in different types of cancer cell lines and the samples of
tumor patients. For instance, gastric, liver, and triple-negative breast
cancer samples have been reported to contain decreased 6mA levels,
whereas glioblastoma stem cells and primary samples exhibit
increased 6mA levels15,24,25. Targeting the 6mA regulator suppressed
the growth of glioblastoma stem cells24. These findings underscore the
importance of 6mA modification in tumorigenesis.

In prokaryotes, numerous methyltransferases (MTases) that
mediate DNA methylation on N6-adenine have been identified. Bio-
chemical and structural studies have revealed howprokaryoticMTases
recognize DNA substrates and catalyze methyl transfer26. By contrast,
eukaryotic 6mA MTases are less well characterized. Several potential
DNA 6mA MTases have been reported, including TAMT-1 in Tetra-
hymena thermophila27, DAMT-1 and METL-9 in Caenorhabditis
elegans8,28, and N6AMT1, METTL4 and METTL3–METTL14 complex in
mammals15,22,29. TAMT-1, METL-9 and METTL4 preferentially mediate
the methylation of single-stranded DNA (ssDNA)22,27,28. The
METTL3–METTL14 complex, known for its MTase activity towards
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RNA, couldmodifyN6-adenine in ssDNA and double-stranded (dsDNA)
with unpaired regions around the target deoxyadenosine site
in vitro29,30. Recently, Muir and Landweber labs identified and char-
acterized a 6mA MTase complex, namely MTA1 complex (MTA1c), in
ciliates Oxytricha trifallax and Tetrahymena thermophila, which
exclusively acts on dsDNA31. 6mAwas first detected in Tetrahymena in
the 1970s4. 6mA occurs exclusively at ApT sites in linker DNA32–35 and
possesses an essential function in positioning nucleosomes in
Tetrahymena27. The characterized MTA1c is composed of MTA1 (also
named AMT1), MTA9 (also named AMT7, or MTA9-B/AMT6), p1 and
p2 subunits31,36, forming two distinct complexes—MTA1cMTA9 and

MTA1cMTA9-B (Fig. 1a). MTA1, MTA9 andMTA9-B belong to the MT-A70-
like MTase family, which also includes METTL3, METTL4, METTL14,
DAMT-1 and TAMT-1 proteins. MTA1 contains key elements for cata-
lysis, while MTA9 and MTA9-B are pseudo-enzymes. Both p1 and p2
possess a homeobox-like domain (HLD) with potential DNA-binding
activity. MTA1c specifically methylates dsDNA at ApT dinucleotide
sites, but not ssDNAorRNA31. 6mAreducednucleosomeoccupancy on
Oxytricha genomic DNAs in vitro, and a frameshift mutation in MTA1
resulted in 6mA reduction and sexual cycle failure31. MTA1 was inde-
pendently characterized by another group as a key factor for 6mA
deposition in Tetrahymena37. MTA1 loss influenced nucleosome
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Fig. 1 | Biochemical and structural characterization of MTA1c. a Illustration of
domain organization of Tetrahymena MTA1c components MTA1, MTA9/MTA9-B,
p1 and p2. Abbreviations: CTD, C-terminal domain; CTR, C-terminal region; HLD,
homeobox-like domain; HTH, helix-turn-helix; IR, insertion region; NH, N-terminal
helices; NTD, N-terminal domain; NTR, N-terminal region. b Km and kcat values were
calculated based on the MTase activities of MTA1cMTA9-B on two types of dsDNA in
the presence of 20μM SAM. For umDNA, the assay was performed in the presence
of 1μM MTA1cMTA9-B and 0–10 μM umDNA for 2 h at 30 °C. For hmDNA, the assay
wasperformed in thepresenceof0.125μMMTA1c and0–10μMhmDNA for0.5 h at
30 °C. Data are represented asmean± SD from independentmeasurements (n = 3).
c Kd values for MTA1cMTA9-B binding to DNA substrates were measured by

fluorescence polarization experiments. 0–2μM MTA1cMTA9-B was incubated with
1 nM 6-FAM-labeled umDNA or hmDNA. Data are represented as mean ± SD from
independentmeasurements (n = 3). dCryo-EMmap ofMTA1cMTA9-B in the apo state.
e–g Cryo-EM structures of MTA1cMTA9-B in apo (e), SAH-bound (f), and SAM-bound
(g) states. MTA1, MTA9-B, p1 and p2 are represented in a cartoon and colored
green, cyan, slate and salmon, respectively. SAH and SAM are represented in
magenta stick. h Cryo-EM structure of SAM-bound MTA1cMTA9-B with MTA1 D209A
mutation. i Cryo-EM structure of SAM-bound MTA1cMTA9. MTA9 is colored dark
cyan. j Structural comparison of MTA1c with MTA9 andMTA9-B. MTA9 andMTA9-
B are aligned and zoomed in. Source data are provided as a Source Data file.
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distribution and gene expression and caused severe growth and
developmental defects37. The structures of the MTA1c complex in the
absence of DNA substrates have been recently reported38,39. However,
the mechanism by which MTA1c interacts with and modifies DNA
substrates remains unknown.

In this study, using cryogenic electron microscopy (cryo-EM), we
have determined the structures of Tetrahymena MTA1c in complex
with both unmethylated DNA (umDNA) and hemi-methylated
(hmDNA) substrates, which are the first structures of substrate-
bound eukaryotic DNA N6-adenine MTases and those of MT-A70-like
family MTases. Both DNA substrates have extensive contacts with the
substrate-binding loop of MTA1. They are clamped by the
MTA1–MTA9/MTA9-Bheterodimer and the p1N-terminal region (NTR)
that contains anHLD,while p2HLDdoes not directly contact DNA. The
target deoxyadenosine is flipped out of the DNA duplex and inserts
into the catalytic site, poised for catalysis. We observed distinct local
conformations of MTA1c upon binding to umDNA and hmDNA, toge-
ther with biochemical analysis, offering insights into why MTA1c
exhibits a clear preference for catalyzing hmDNA substrates. Our study
thus establishes the mechanism by which MTA1c mediates DNA 6mA
modification. Structural comparison with other MTases suggests a
universal mechanism for the activation and substrate recognition of
the MT-A70-like family DNA and RNA MTases.

Results
Biochemical characterization of Tetrahymena MTA1c
To study MTA1c, we expressed Tetrahymena MTA1c components in
Escherichia coli. MTA1 andMTA9/MTA9-Bwere co-purified, and p1 and
p2 were purified separately (Supplementary Fig. 1a). Because the yield
of MTA9-B is better than that of MTA9 when coexpressed with MTA1,
our biochemical analysis focused on MTA1c containing MTA9-B. The
MTA1–MTA9-B heterodimer with p1 and p2 exhibited MTase activity
on 27 bp dsDNA containing ApT dinucleotides. In contrast,
MTA1–MTA9-B heterodimer alone or in combination with either p1 or
p2only hadbasal level activity (Supplementary Fig. 1b), consistentwith
previous findings31. Remarkably, the MTase activity of MTA1cMTA9-B

dramatically increased in the presence of N6-hemi-methyladenine
within the ApT motif (Supplementary Fig. 1b). Even the MTA1–MTA9-
B–p1 subcomplex exhibited MTase activity on hmDNA at a level
comparable to that of the intact MTA1c on umDNA (Supplementary
Fig. 1b). Neither the subcomplex nor the holocomplex of MTA1cMTA9-B

exhibited activity on DNA–RNA hybrid (Supplementary Fig. 1c).
To facilitate subsequent biochemical and structural investiga-

tions, MTA1cMTA9-B components were co-expressed and co-purified to
obtain a homogenous sample (Supplementary Fig. 1d). Co-purified
MTA1cMTA9-B displayed higher activity compared to the sample with
mixed components, suggesting the properties of components are not
optimal when expressed separately. We also measured the activity of
MTA1cMTA9 on umDNA and hmDNA. Similar to MTA1cMTA9-B, MTA1cMTA9

prefers hmDNA as a substrate (Supplementary Fig. 1e, f). We further
measured the Km and kcat of MTA1cMTA9-B for umDNA and hmDNA
substrates. The Km value for MTA1cMTA9-B towards umDNA (1.49 µM) is
slightly smaller than that of hmDNA (2.45 µM), but the kcat on hmDNA
(1.11min−1) was significantly higher than that for umDNA (0.0102min−1)
(Fig. 1b). We compared the DNA binding activities of MTA1cMTA9-B to
two DNA molecules. Consistent with the enzymatic data, the DNA
binding affinities, as shown by electrophoresis mobility shift assay
(EMSA) and fluorescence polarization results, are highly similar (Fig. 1c
and Supplementary Fig. 1g). The Kd values for MTA1cMTA9-B towards
umDNA and hmDNA are0.048 µMand0.036 µM, respectively (Fig. 1c).
Thus, factors other thanDNA-binding affinity contribute to differences
in catalytic activities of MTA1c on two types of DNA substrates.

We further applied multi-angle light scattering coupled with size
exclusion chromatography (SEC–MALS) to analyze the interaction
between MTA1cMTA9-B and two types of DNA substrates. The calculated

molecular weight (Mw) of MTA1cMTA9-B is comparable to its theoretical
Mw (Supplementary Fig. 1h and Supplementary Table 1). The addition
of 27 bp umDNA or hmDNA to MTA1cMTA9-B caused an increase of
17 kDa (Supplementary Fig. 1h and Supplementary Table 1), which is
nearly identical to the theoretical MW of the tested DNA, indicating
MTA1cMTA9-B forms a 1:1 complex with umDNA/hmDNA in vitro.

Structures of Tetrahymena MTA1c
To obtain the structures ofMTA1c in complexwith DNA substrates, we
systematically analyzed wild-type or catalytically inactive mutant
D209A of MTA1cMTA9-B in the presence of dsDNA, with or without the
methyl donor S-adenosyl methionine (SAM) or the product S-adenosyl
homocysteine (SAH).Wedetermined a series ofMTA1cMTA9-B structures
by single-particle cryo-EM analysis (Supplementary Figs. 2–6 and
Supplementary Tables 2, 3). DNA densities were observed in cryo-EM
maps only when wildtype MTA1cMTA9-B was briefly incubated with SAM
in the presence of either umDNA or hmDNA. Based on these trials, we
further determined the high-resolution structure of MTA1cMTA9 in the
presenceof hmDNAandSAM, aswell as the structure of the complex in
apo and umDNA-bound states (Supplementary Figs. 7, 8 and Supple-
mentary Table 4). The cryo-EMmaps of MTA1c alone in the absence or
presenceof the ligand SAMor SAHwere resolved at overall resolutions
ranging from 2.5 Å to 3.1 Å, and those of MTA1c in complexes with
umDNA and hmDNA in the presence of SAM were refined to overall
2.9–3.3 Å resolutions.

To build the models of MTA1c in different states, the AlphaFold2
models of MTA1, MTA9, MTA9-B, p1 and p2 were docked into cryo-EM
maps40, followed by manual building and real-space refinement
(Fig. 1d–i, Supplementary Figs. 2–8 and Supplementary Tables 2–4).
MTA1cMTA9 adopts a conformation closely resembling the previously
reported structure39. The NTRs ofMTA1 andMTA9/MTA9-B are largely
disordered except for one helix in the former and two short helices in
the latter (Fig. 1e, i). Both N-terminal helices (NH) are connected to
their MTase domains by a loop region.We observed notable structural
differences in the insertion regions (IRs) of MTA9 and MTA9-B, which
directly contact their respective NHs (Fig. 1j). Compared to MTA9,
MTA9-B possesses a shorter IR in the MTase domain, and the ordered
regionofMTA9-B IR in the structure displays a distinct fold fromMTA9
IR (Fig. 1a, j). The second and third helices inMTA9 IR are replacedwith
one short helix inMTA9-B. A helix-turn-helix (HTH)motif in themiddle
region of p1 was modeled based on the electron density, but its NTR,
which contains an HLD, and the long C-terminal region (CTR), are
invisible. p2 can be divided into three parts: the N-terminal domain
(NTD), the middle HLD and the C-terminal domain (CTD). In the
absence of DNA substrates, the folded region of MTA1c adopts a
seahorse-shaped conformation, encompassing a body formed by the
MTA1–MTA9/MTA9-Bheterodimer associatedwith p2NTD and a head
formed by MTA1 NH, p1 HTH domain and the remaining part of p2.
Mutations in the interfaces of four subunits obviously decreased or
even disrupted the MTase activity of MTA1cMTA9-B (Supplementary
Fig. 9). Interestingly, mutationsM21E/L25E and F42E of p2 NTDdid not
influence the complex formation but disrupted MTA1cMTA9-B activity,
suggesting the hydrophobic interaction between p2 NTD and MTA1 is
not crucial for the complex assembly but it can stabilize the active
conformation of MTA1 catalytic site, which is consistent with previous
finding38. The densities of SAH and SAM were observed in cryo-EM
maps (Supplementary Figs. 3–8). SAM and SAH exclusively bind to
MTA1 but notMTA9 orMTA9-B (Fig. 1f–i). SAMor SAH binding did not
induce an overall conformational change in MTA1c, albeit slight local
motions were observed.

hmDNA binding by MTA1cMTA9

Weobtained several cryo-EMmaps of DNA-boundMTA1c, inwhich the
local resolutions of DNA substrates vary. The DNA density in the cryo-
EM map of MTA1cMTA9–umDNA–SAM complex is weak, suggesting the
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dynamic interaction between them (Supplementary Figs. 7 and 10a).
However, we observed clear DNA density in the cryo-EM map of
MTA1cMTA9–hmDNA–SAM complex (Fig. 2a and Supplementary Fig. 8),
which indicates themore specific binding of hmDNA toMTA1cMTA9. We
unequivocally built the model of the central region of hmDNA in this
map (Fig. 2b). In this structure, the DNAmolecule is positioned on the
surface of the MTA1–MTA9 heterodimer and adjacent to their inter-
face (Fig. 2c). p1 NTR, which includes a DNA-binding domain HLD,
clamps the hmDNA together with the MTA1–MTA9 heterodimer.
Although p2HLDwas suggested to haveDNA-binding ability, no direct
interaction was observed between p2 HLD and hmDNA. This is con-
sistent with our EMSA results, which showed no binding between p2
and DNA (Supplementary Fig. 1i). The hmDNA is distorted and exhibits
a ~ 30° bending in the central target region (Fig. 2b). The MTA1 gate
loop 1 (β2/α2 loop, also named fence or active site loop 1) and the
interface loop, whichwe renamed the substrate-binding loopdue to its
extensive contacts with the DNA substrate, locate on the two sides of
the hmDNA duplex (Fig. 2d). The gate loop 1 of MTA1 binds to the
major grooveofhmDNA,while the substrate-binding loop contacts the
minor groove of the distorted DNA double helix, which exhibits a
much wider minor groove compared to a canonical B-form DNA
duplex (Fig. 2d).

Two base pairs around the target site of the hmDNA duplex are
disrupted, with the deoxyadenosine for methylation (dA0) in the tar-
get strand flipped out and inserted into the catalytic pocket sur-
rounded by the gate loop 1, the gate loop 2 (β6/α4 loop) and the β3-β5
strands (Fig. 2e). Within the catalytic pocket, dA0 engages with resi-
dues P210 andW212 in the DPPWmotif of the gate loop 1 and contacts
residues L214, V223, I225 and Y227 in the gate loop 1, I254 in the β3/α3
loop, and S332 andK334 from the gate loop 2. In this configuration, the
N6 atomof dA0 forms a hydrogenbondwith the catalytic residueD209
in the DPPW motif and establishes contact with the methyl group of
SAM, positioning it for a nucleophilic attack during themethyl transfer
reaction. Disruption of the dA0–dT0’ base pair is caused by the wed-
gingofH291 in the substrate-binding loopofMTA1 andQ380 in theβ5/
β6 loop ofMTA9 into the duplex (Fig. 2f).MTA1H291 packs against the
nucleotides at the − 1 and + 1 positions (dG-1 and dT1) in the target
strand of the DNA duplex via π–π–π stacking and hydrogen bonds.
This residue also directly contacts the methyl group of N6-methyl-
deoxyadenosine (mdA-1’) in the complementary strand. This specific
interaction likely stabilizes the flipped conformation and facilitates
catalysis. Furthermore, MTA9 Q380 anchors mdA-1’ and dC1’ in the
complementary strand. The base pair formed by mdA-1’ in the com-
plementary strand and dT1 in the target strand is also disrupted.
Residue R221 in the gate loop 1 ofMTA1 inserts into the hmDNAduplex
and separates mdA-1’ and dC-2’ (Fig. 2g). The guanidinium group of
R221 is enwrapped by dT1, mdA-1’ and dC-2’, involving π-π stacking,
hydrogen bond, and electrostatic interactions. The insertion of R221
and the repositioning ofmdA-1’ extrude dT0’ frombase stacking in the
hmDNA duplex (Fig. 2h). The residue H379 in the β5/β6 loop of
MTA9 stacks with dT0’, and together with the ribose of dG2, sand-
wiches the residue F293 in the substrate-binding loop ofMTA1 via lone
pair–π–π stacking.

The substrate-binding loop and the gate loops 1/2ofMTA1 and the
β5/β6 loop of MTA9 have extensive interactions with hmDNA. Besides
the residuesmentioned above, the basic residues K286 and K289 from
the substrate-binding loop of MTA1 and R381 in the β5/α5 loop of
MTA9 contact the phosphate backbone of the DNA complementary
strand via ion-pairing interactions (Fig. 2i). In addition, the basic resi-
due K280 in the β4 strand of MTA1 anchors the phosphate of the
methylation target dA0. ResidueR328 in the gate loop 2 ofMTA1 packs
with the ribose of dG-1 in the target strand. Residues R366 in the
β5 strand and K374 in the β5/β6 loop of MTA9 contact the target
strand on the other side of hmDNA. Furthermore, residues T282, N284
and Q296 from the substrate-binding loop and Q331 from the gate

loop 2 in MTA1 contribute to hydrogen bonds with the hmDNA
substrate.

To assess the significance of residues in theDNA-binding interface
of MTA1 and MTA9, we mutated these residues in MTA1 and the cor-
responding residues in MTA9-B. These mutations had varying effects
on the DNA binding ability of MTA1c in EMSA (Supplementary Fig. 11).
The mutations of positively charged residues, such as R221A, K280E,
K286A/K289E in MTA1, showed the most severely reduced DNA
binding ability. The vast majority of mutants either exhibited drasti-
cally reduced or completely lost MTase activity on hmDNA (Fig. 2j),
underscoring the vital role of these residues in hmDNA binding and
catalysis. Thesemutants also displayed a deficiency in themethylation
of umDNA (Fig. 2j), indicating MTA1c uses the same sites for umDNA
recognition and methylation. Mutation of H291 in MTA1 to phenyla-
lanine (H291F) could still support π–π–π stacking but significantly
eliminated SAH production (Fig. 2j), suggesting the hydrogen bonding
interaction contributed by H291 plays an indispensable role in main-
taining the optimal conformation for MTA1c activity on DNA
substrates.

hmDNA recognition by p1 NTR in MTA1cMTA9

In the structure of hmDNA-bound MTA1c, we observed nearly com-
plete NTR of p1 (Figs. 2a, 3a). p1 NTR contains a helical domain flanked
by theN-terminal tail (N-tail) and a linker connected to itsHTHdomain.
On the top side, theN-tail of p1 folds back to contact itsHTH (Fig. 3b). It
spans along the MTase domain of MTA1 and interacts with p2 NTD.
Two serine residues, Ser13 and Ser15, contribute to hydrogen bonds to
R358 and E371 inMTA1 (Fig. 3b). On the bottom side, theα5/α6 loop of
p1 NTR forms interaction with the β5/β6 loop of MTA9, involving the
residues D110 and N111 in p1 and E376, R378 and H379 in MTA9
(Fig. 3c). Deletion of the N-tail in p1 or mutation of corresponding
interface residues in MTA9-B abolished the MTase activity of
MTA1cMTA9-B on both hmDNA and umDNA (Fig. 3d), supporting the
interaction of p1 NTR with MTA1 and MTA9/MTA9-B are crucial for
MTA1c function.

The helical domain in the p1 NTR, which is composed of seven
helices and includes theHLD, directly recognizes hmDNA (Fig. 3e). Like
the DNA binding mode of the canonical homeobox domain, the α3
helix of the p1 HLD, which is the DNA-recognition helix, embeds into
the major groove of the hmDNA duplex (Fig. 3f). The residue M64
contacts the baseof dA-3 in the target strand, and the residuesQ61 and
R68 interacts with the phosphate backbone of dA-3–dT-5 through
hydrogen bonds and ion pairs. The residue Y63 makes contacts with
mdA-1’ and dC-2’ in the complementary strand, involving both
hydrogen bonds and hydrophobic interactions. In addition, the α2
helix of p1 HLD engages with the backbone of dC-2’–dA-4’ positions in
the complementary strand (Fig. 3f). The residues K44,W45, and K46 in
the α2 helix of the p1 HLD are involved in DNA binding. The region
following the HLD in p1 helical domain covers the surface and anchors
themajor andminor grooves of central hmDNAduplex (Fig. 3g). In this
region of p1 NTR, the residues Q73 and S74 in the short α3/α4 loop,
K101, N103 andN107 in the longα5/α6 loop, and K114, R117 and K118 in
the α6 helix contact the phosphate backbone of nucleotides dT-5, dA5
and dA6 in the target strand and mdA-1’–dT2’ in the complementary
strand of hmDNA.

To confirm DNA binding by p1 NTR, we used EMSA and fluores-
cence polarization experiments to test its interaction with hmDNA and
umDNA. p1 NTR directly binds both types of DNA with similar affinity
in vitro (Fig. 3h and Supplementary Fig. 1j). Themeasured Kd values for
p1 NTR towards umDNA and hmDNA are 0.037 µM and 0.035 µM,
respectively, which are comparable to those for the MTA1cMTA9-B

holocomplex (Figs. 1c and 3h), indicating p1 NTR plays a dominant role
in DNA binding. Based on our structural information, we mutated
residues K44 and K46 in the α2 helix, M64 and R68 in the α3 helix, and
K114 and K117 in the α6 helix of p1 NTR. All three double mutations
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reduced DNA binding to MTA1cMTA9-B and drastically attenuated
MTA1cMTA9-B activity on both hmDNA and umDNA (Fig. 3d and Sup-
plementary Fig. 11).

Differential binding of MTA1c to umDNA and hmDNA
We reconstituted the cryo-EM maps of MTA1cMTA9-B with SAM in the
presence of either umDNA or hmDNA (Supplementary Figs. 5, 6). The
local resolutions of DNA substrates in these maps are lower than that
of the MTA1cMTA9–hmDNA complex. We docked the models of
MTA1cMTA9-B subunits andDNA substrates into these two cryo-EMmaps
and manually adjusted the models based on the density, followed by
real-space refinement. Superimposition of the structures of hmDNA-
bound MTA1cMTA9 and MTA1cMTA9-B revealed that the hmDNA adopts a
similar conformation to interact with two paralog complexes (Sup-
plementary Fig. 10b, c). The overall binding modes of umDNA and
hmDNA substrates to MTA1cMTA9-B exhibit remarkable similarity
(Fig. 4a–d), indicating thatMTA1c utilizes the same structural elements

to bind umDNA and hmDNA and supporting that mutations in the
hmDNA-binding interface also disturb the activity of MTA1c on
umDNA. AlthoughMTA1cMTA9-B adopts overall similarmodes to contact
hmDNA and umDNA substrates, conformational differences between
the two complexes are observed. Notably, p1 NTR in the hmDNA-
bound MTA1cMTA9-B has a rotation accompanying DNA reconfiguration
compared to that of umDNA-bound MTA1cMTA9-B, featuring the closer
contact of theα3 helix of p1 HLDwith hmDNA (Fig. 4e, f). Compared to
the umDNA, the hmDNA is positioned closer toMTA1cMTA9-B (Fig. 4f). In
addition, the density for the p1N-tail is not observed, and the gate loop
1 of MTA1 is disordered in umDNA-bound MTA1cMTA9-B.

Besides the map mentioned above, 3D classification generated
two additional maps of the MTA1cMTA9-B–umDNA complex, represent-
ing different conformations for umDNA binding (Supplementary
Fig. 10d–f). These two structures of MTA1cMTA9-B–umDNA complex
resemble that of MTA1cMTA9–umDNA complex, in which the NTR of p1
and the gate loop 1 of MTA1 are invisible, and the umDNA has poor
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density (Supplementary Fig. 10a, e, f). Among the maps of
MTA1c–umDNA complexes, the location and orientation of umDNA
relative to MTA1c exhibit differences (Supplementary Fig. 10a, d–f).
Compared to the map of more complete MTA1c–DNA complexes
discussed above, the threemaps without p1 NTR density miss the DNA
density on the left side of MTA1–MTA9/MTA9-B (Supplementary
Fig. 10a, e, f). Together, these structural observations suggest that
umDNA binding to MTA1c is highly dynamic, and therefore most
binding events between umDNA andMTA1c are nonproductive, failing
to efficiently initiate the downstream methyl transfer reaction.

Early studies suggested that 6mA destabilizes base pairing or
stacking of dsDNA41,42. We applied a high-resolution melting experi-
ment to determine the melting temperatures (Tm) of our umDNA and
hmDNA, as well as DNA with 6mA on both strands (mDNA). The
hmDNA and mDNA exhibit significantly lower Tm values than the
umDNA (48.4 °C, 47.3 °C, and 54.3 °C for hmDNA,mDNA, and umDNA,
respectively) (Fig. 4g), supporting that the presence of 6mA destabi-
lizes DNAduplex structure. Except for the specific hmDNA recognition
by MTA1c, 6mA-induced DNA destabilization further allows MTA1c to
bind hmDNA more feasibly and thus efficiently approach the target
deoxyadenosine for methylation.

Comparison of DNA recognition by MTA1c and bacterial 6mA
DNA MTases
MTA1 and MTA9/MTA9-B are members of the MT-A70-like family of
MTases, which evolved fromDNA 6mAMTases of bacterial restriction-
modification system43. In bacteria, 6mA is typically modified by a
monomeric or homodimeric enzyme. Eukaryotes have evolved to
adopt different forms of MTases, ranging from single proteins like

METTL4 and binary METTL3–METTL14 complex to quaternary MTA1c
with functionally diversified subunits. In comparison with bacterial
6mA MTases, the fold of MTA1 and its assembly with MTA9/MTA9-B
mostly resemble those of Caulobacter crescentus cell cycle-regulated
DNA methyltransferase (CcrM) and Escherichia coli EcoP15I modifica-
tion (Mod) enzyme44,45 (Fig. 5a–c). Both CcrM and EcoP15I Mod func-
tion as a homodimer44,45. CcrM and EcoP15I Mod utilize one protomer
to recognize and clamp DNA substrate, resembling a hybrid of MTA9
and p1 of MTA1c, while the other protomer engages in the methyl
transfer reaction (Fig. 5a–c). CcrM, EcoP15IMod andMTA1c apply their
substrate-binding loops to contact DNA substrates and flip the target
deoxyadenosine. However, DNA substrates adopt different con-
formations in the three complexes. DNA is nearly parallel to the
MTA1–MTA9 interface but exhibits an obvious derivation angle when
bound to CcrM and EcoP15I Mod dimers (Fig. 5a–c), which may facil-
itate DNA recognition by restriction enzyme as observed in the
structure of EcoP15I holoenzyme44. In addition, the conformations of
their substrate-binding loops and gate loop 1 also diversify to accom-
modate changes in DNA shape.

While the conserved [D/N/S/H]PP[Y/F/W] motif is essential for
bacterial 6mAMTase activity43, thismotif inMTA1, aswell as inMETTL3
and METTL4, is exclusively DPPW (Supplementary Fig. 12a). Unlike
bacterial 6mA MTases that retain activity with NPP[Y/F/W] motif, the
D209N mutation in the DPPW motif of MTA1c abolished its activity
(Fig. 2j). In the structures of DNA-bound CcrM and EcoP15I Mod, the
tyrosine from the [D/N]PPY motif is positioned at the bottom of the
target deoxyadenosine, forming π–π stacking. However, the residue
W212 in the DPPW motif of MTA1 orients outward to contact flanking
helices, albeit the contact with the target deoxyadenosine is
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maintained (Fig. 5d–f). Instead, another hydrophobic residue, I254,
together with W212, contributes to positioning the target deox-
yadenosine in MTA1. Therefore, despite adopting an overall similar
core fold, the eukaryotic 6mA MTase MTA1c exhibits distinct features
from its prokaryotic ancestors, possibly reflecting their specific roles in
eukaryotes that require more dynamic regulation in chromatin struc-
ture and gene expression.

Structural comparison of MT-A70-like MTases
MT-A70-like family ofMTases includesMETTL3,METTL4andMETTL14
(Fig. 6a and Supplementary Fig. 12a). METTL3 and METTL14 pre-
dominantly participate in N6-methyladenosine modification of
RNA46,47, while METTL4 mediates the N6-methylation of adenosine or
2’-O-methyladenosine in U2 small nuclear RNA, besides its role in DNA
6mA modification as mentioned above22,48–52. Like MTA1 and MTA9/
MTA9-B, METTL3 and METTL14 form an active heterodimeric MTase,
in whichMETTL3 binds themethyl donor SAMand contains conserved
elements for methyl transfer, while the pseudo-enzyme

METTL14 serves as a regulatory subunit. They share a highly con-
served core with an eight-stranded β sheet flanked by several helices
(Fig. 6b–d). METTL3 andMETTL4 possess a loop corresponding to the
substrate-binding loop of MTA1, which should hold their substrates
during methylation.

Structural comparison highlights differences in the top regions
of METTL3, METTL4 and METTL14 (Fig. 6b–d). METTL3 has an
additional short β strand and an extra α helix at its C-terminus
(Fig. 6c)53–55. METTL4 features a larger structured NTR followed by a
middle domain (MID)48 (Fig. 6d). The core eight-stranded β sheet of
both METTL3 and METTL4 forms a nine-stranded β sheet with an
additional β strand either from METTL3 CTR or METTL4 MID. This β
sheet in METTL3 collaborates with the C-terminal α helix to seal the
hydrophobic pocket on its top region. The four-stranded β sheet of
METTL4MID, along with its CTR, occupies the other side of its core β
sheet. These additional structural elements of METTL3 and METTL4
appear to play a similar role as p2 of MTA1c to stabilize the SAM-
binding pocket allosterically. In addition, we identified a positively
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charged residue in the substrate-binding loops of METTL3 and
METTL4 that occupies a position analogous to H291 in MTA1, sug-
gesting a comparable role in base flipping (Supplementary Fig. 12a).

Comparing the structures ofMTA9-BandMETTL14,we found that
their NTRs possess distinct folds, but both directly contact the

substrate-binding loop in their partners MTA1 and METTL3, respec-
tively (Fig. 6b, c). Except for their NTRs, MTA9-B and METTL14 adopt
highly similar secondary structures to interact with their partners
MTA1 and METTL3. However, MTA1–MTA9 and METTL3–METTL14
have distinct substrate preferences. The former exclusively adds a
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methyl group to dsDNA, while the latter prefers ssRNA. Recently, the
METTL3–METTL14 complex was found to exhibit MTase activity on
ssDNA and dsDNA with mismatched deoxyadenosine29. Super-
imposing the crystal structure of theMETTL3–METTL14 complex onto
our cryo-EM structure of DNA-bound MTA1–MTA9-B complex
revealed that dsDNA binding to METTL3–METTL14 is hindered by a
steric clash with two interacting helices from the NTR and CTR of
METTL14 (Supplementary Fig. 13a–c). Residues inMTA9-B that contact
DNA substrate are conserved in MTA9 but not in METTL14 (Supple-
mentary Fig. 12b), suggesting this regionmight determine the types of
preferred substrates, either dsDNA or ssRNA/ssDNA. Nevertheless, we
cannot rule out the possibility of the dsDNA-binding ability of
METTL3–METTL14 complex, as substantial conformational changes in
these two helices may occur upon contact with dsDNA. METTL4 does
not require a partner for catalysis, while a long, bent α helix from its
NTR located under the bottom of the MTase domain contacts the
substrate-binding loop, indicating this helix plays a role akin to MTA9
andMETTL14 in stabilizing the loop for substrate binding as proposed
previously48 (Fig. 6d).

Both MTA1c and the METTL3–METTL14 complex possess addi-
tional substrate-recognition modules: the p1 in the former and two
CCCH zinc finger motifs of METTL3 and C-terminal RGG motifs of
METTL14 in the latter. The CCCH andRGGmotifs are indispensable for
the activity of METTL3–METTL14 complex54–56. While METTL4 cur-
rently lacks an extra identified substrate-binding region, AlphaFold2-
predicted METTL4 structures of full-length human and Arabidopsis
display a loop in its NTR containing a positively charged fragment,
suggesting a potential role in initial substrate recognition40 (Supple-
mentary Fig. 13d, e).

Therefore, despite variations in the component number and
structural features, MTA1c, the METTL3–METTL14 complex, and
METTL4 share three structural characteristics with functional similar-
ity contributing to stabilizing the MTase domain for SAM binding,
enhancing substrate recruitment by the target-recognition module
andmaintaining active conformation of the substrate-binding loop for
DNA or RNA methylation.

Discussion
6mA DNA modification recently appeals to broad interests due to its
emerging roles in the regulation of chromatin structure, gene
expression, and DNA damage repair, and its links to different
pathological conditions in eukaryotes. In this study, we biochemi-
cally and structurally characterized the eukaryotic 6mA writer
MTA1c. MTA1c exhibits inherent MTase activity towards both
umDNA and hmDNA substrates, with a strong preference for the
latter. MTA1c demonstrates comparable affinities for both types of
DNA substrates but distinct turnover rates. The optimal MTase
activity of MTA1c relies on the catalytic subunit MTA1, the catalyti-
cally inactive subunit MTA9/MTA9-B, and two additional subunits, p1
and p2. Within this complex, MTA1 and MTA9/MTA9-B provide a
basic platform for DNA methylation, where MTA9/MTA9-B positions
MTA1 substrate-binding loop, while p2 stabilizes the methyl donor
pocket and tethers the DNA-recognition module p1 to the catalytic
module MTA1–MTA9/9-B (Fig. 6e). Our structures of MTA1c in
complexes with DNA substrates manifest that the four subunits of
MTA1c corporately encompass DNA substrate and position the target
deoxyadenosine proximal to the catalytic center in MTA1. Our
mutagenesis experiments validated the importance of the interac-
tions among these four subunits and those with DNA substrates for
effective DNAmethylation. MTA1c utilizes a base flippingmechanism
for target recognition, which is universally employed by nucleic acid
processing enzymes participating in DNA/RNA modification, DNA
replication, repair and recombination, and RNA transcription57,58.
Upon DNA binding, a conserved histidine residue in the substrate-
binding loop of MTA1 wedges into the DNA duplex and enforces the

target deoxyadenosine to flip out and insert into the catalytic site. p1
NTR clamps DNA substrates in coordination with MTA1–MTA9/
MTA9-B heterodimer. Without p1 NTR, the DNA binding is dynamic
and unstable, as observed in three of four umDNA-bound MTA1c
structures. Moreover, the affinities of p1 NTR alone binding to
umDNA and hmDNA are comparable to those of MTA1c, suggesting
that themeasured similar affinity of MTA1c to umDNA and hmDNA is
mainly contributed by p1 NTR. Therefore, p1 likely participates in
recognizing DNA substrates during initial recruitment, positioning
substrates on the MTA1–MTA9/MTA9-B surface, and facilitating
substrate approaching the catalytic pocket during methyl transfer
reaction (Fig. 6e).

The cryo-EM analysis on umDNA- and hmDNA-bound MTA1c
revealed profound differences in local resolution and conformational
dynamics. Specifically, the MTA1c–hmDNA complex exhibits a well-
defined DNA-binding interface and a stable conformation. In contrast,
the MTA1c–umDNA complex shows lower local resolution and con-
formational heterogeneity. We observed specific interactions between
MTA1 residues and N6-methyladenine in the high-resolution cryo-EM
structure of MTA1cMTA9–hmDNA complex. These differences suggest
that although both substrates are similarly recruited by the p1 subunit,
the presence of themethyl group in hmDNA stabilizes the catalytically
active conformation of MTA1c. In addition, the hmDNA substrate is
more easily melted compared to umDNA in vitro, potentially
decreasing the energy barrier for the separation of two DNA strands
and the base flipping of the target deoxyadenosine, and further con-
tributing to the significantly higher activity of MTA1c to the former.
The substantially higher activity on hmDNA suggests MTA1c mainly
functions as a maintenance MTase for 6mA31,37. Recently, two MT-A70
family proteins, AMT2 and AMT5, were identified as de novo 6mA
MTases in Tetrahymena59. Further structural studies on substrate-
bound AMT2 and AMT5 will uncover the mechanism of substrate
specificity of different eukaryotic 6mA MTases.

The NTRs of MTA1 and MTA9/MTA9-B and the CTR of p1 are
unstructured regions based on 3D structure prediction by AlphaFold.
MTA1 NTR is highly enriched in charged residues, with each of
aspartic acid, glutamic acid, and lysine comprising more than 10% of
its composition. The theoretical pI of this region is 5.21, indicating it
is acidic and may negatively regulate the DNA-binding affinity and
enzymatic activity of MTA1c. A similar feature is present in p1 CTR,
which has an even lower pI of 3.45 for residues 261–360. The MTA1/
MTA9/MTA9-B NTRs and p1 CTR are unresolved in the previously
reported structures and ours. The potential regulatory roles of these
disordered regions within MTA1c subunits remain to be elucidated.
Recently, a study reported a functional discrepancy between MTA9
and MTA9-B36. MTA1cMTA9 is coupled with transcription-associated
epigenetic marks, including H2A.Z and H3K4me3, whereas
MTA1cMTA9-B associates with DNA replication to initiate maintenance
methylation36. The NTRs and IRs of MTA9 and MTA9-B are highly
diverse (Supplementary Fig. 12b). The difference between MTA9 and
MTA9-B likely underlies distinct interaction potentials with binding
partners and contributes to functional divergence between the
paralogs. Indeed, a PCNA-binding motif was identified only in MTA9-
B36. In contrast, the bromodomain-containing protein IBD2 associ-
ates with MTA9, but not with MTA9-B36.

MTA1 and MTA9 belong to the MT-A70-like family of MTases,
which are responsible for methylating adenine in DNA or RNA sub-
strates in eukaryotes. This family evolved from bacterial DNA 6mA
MTases43. MTA1c and bacterial 6mA DNAMTases adopt a differential
local conformation in the catalytic pocket to contact the target
deoxyadenosine (Fig. 5). The π–π stacking used by the [D/N/S/H]
PP[Y/F/W] motif of bacterial 6mA DNA MTases to support the target
deoxyadenosine is not present in MTA1c, suggesting a divergent
mechanism for DNA recognition and catalysis. Beyond MTA1c,
structural information of eukaryotic MT-A70-like MTases is currently
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limited to the mammalian METTL3–METTL14 complex and plant
METTL4 in the absence of nucleic acid substrate48,53–55, except the
structures of METTL4 bound to a single 2’-O-methyladenosine
nucleotide48 and its bound to a dsDNA that does not locate at the
putative substrate binding site (PDB ID: 7DPE). Compared to MTA1c,
the METTL3–METTL14 complex has fewer subunits, and METTL4
does not require an additional partner. Despite their different sub-
strate preferences, sequence and structural analysis strongly suggest
that the three MTases share several functionally similar modules to
recruit nucleic acid substrates and stabilize the SAM-binding pocket
and substrate-binding loop (Fig. 6). These modules are either
intrinsic to the active enzyme itself or contributed by its binding
partner(s). Our structural insights and biochemical characterization
support that nucleic acid recognition and substrate-binding loop
stabilization modules of MTA1c are essential for substrate access to
the catalytic center. These modules would be similarly required for
the METTL3–METTL14 complex and METTL4, albeit further struc-
tural studies are necessary to validate this hypothesis and explore the
functions of diverse nucleic acid recognition modules.

In summary, our structures of DNA-bound MTA1c offer insights
into how eukaryotic DNA 6mA MTase differentially recognizes its
substrates and how the catalysis is facilitated by various functional
modules. This work also contributes to a broader understanding of the
mechanisms of other MT-A70-like MTases, such as the
METTL3–METTL14 complex, which is known for mediating N6-adeno-
sine methylation of RNA and plays vital roles in chromatin dynamics
and gene regulation in eukaryotes47,60–62.

Methods
Protein expression and purification
TetrahymenaMTA1, MTA9-B, p1 and p2 cDNAs were codon optimized
and cloned into pET-derived vectors with an N-terminal 6×His-SUMO
dual tag followed by a human rhinovirus 3 C or TEV protease cleavage
site. MTA1 and MTA9-B were cloned into the pETDuet-1 vector with a
C-terminal StrepII tag linked to MTA1 or a C-terminal TwinStrepII tag
fused to MTA9-B, while p1 and p2 were cloned into the pET28a vector
separately or into the pRSFDuet-1 vector for coexpression with
MTA1–MTA9-B. p1 NTR (1–150) was cloned into the pET28a vector.
TetrahymenaMTA9was codon optimized and cloned into the pET-28a
vector with an N-terminal 6 ×His-SUMO dual tag followed by a human
rhinovirus 3C protease cleavage site and a C-terminal TwinStrepII tag.
We screened and choseMTA9-B for our biochemical studies due to its
higher yield when coexpressed with MTA1 in Escherichia coli. All
mutants were constructed by overlapping PCR followed by DpnI
digestion. Each protein or protein complex was expressed in
Lemo21(DE3) E. coli cells (New England BioLabs) in Luria-Bertani broth
with appropriate antibiotics and IPTG. Cells were resuspended in Lysis
Buffer TN500 (20mM Tris-HCl, pH 8.0, 500mM NaCl, 10% glycerol,
5mM 2-mercaptoethanol) supplemented with 1mM PMSF and 10mM
imidazole and then disrupted by a sonicator or a high-pressure
homogenizer (ATS AH-1500). The cell lysate was cleared by cen-
trifugation at 22,554 × g for 40min at 4 °C. The supernatant wasmixed
with Ni Sepharose 6 Fast Flow (Cytiva) for 1 h at 4 °C and then applied
to a gravity column. The resin was washed with Lysis Buffer
TN500 supplemented with 30mM imidazole, and the bound protein
samples were eluted with Buffer TN150 (20mM Tris-HCl, pH 8.0,
150mM NaCl, 10% glycerol, 5mM 2-mercaptoethanol) supplemented
with 400mM imidazole. The His-SUMO dual tag was removed by
home-made human rhinovirus 3 C protease digestion at 4 °C. The
samples were then loaded onto a Resource Q (Cytiva). For the StrepII-
tagged samples, the samples eluted from Resource Q weremixed with
Strep-Tactin XT 4Flow (IBA) for 1 h at 4 °C, and the bound protein
samples were eluted with Buffer TN150 with 50mM D-biotin. The
samples were further purified on a Superdex 200 Increase 10/300 GL

column (Cytiva) pre-equilibrated with GF Buffer HN150 (20mMHEPES
pH 7.5, 150mM NaCl, 5% glycerol and 1mM DTT) for biochemical
studies or GF Buffer HKGlu100 (20mM HEPES pH 7.5, 100mM KGlu,
0.5mM TCEP) for structural studies. Samples were detected by SDS-
polyacrylamide gel electrophoresis (SDS–PAGE) and Coomassie blue
staining. The fractions containing pure samples were collected and
concentratedwith anAmicon Centrifugal Filter Unit (MerckMillipore).
For biochemical experiments, samples were snap frozen in liquid
nitrogen and stored at − 80 °C. Freshly purified samples were used for
cryo-EM study.

DNA substrates
The following 27-nt DNA oligos were synthesized in Tsingke Bio-
technology or Genscript Biotech for biochemical and structural
experiments:

27ATrich_s: AACTTTCTTAACATCTTAACTTTAACT (numbered as
dA-13–dT13 with the target site dA0 in the MTA1cMTA9–hmDNA com-
plex structure)

27ATrich_6mA_s: AACTTTCTTAAC(m6dA)TCTTAACTTTAACT
27ATrich_a: AGTTAAAGTTAAGATGTTAAGAAAGTT
27ATrich_6mA_a: AGTTAAAGTTAAG(m6dA)TGTTAAGAAAGTT

(numbered as dA-13’–dT13’ in the MTA1cMTA9–hmDNA complex
structure)

27ATrich_Cy5.5_a: Cy5.5-AGTTAAAGTTAAGATGTTAAGAAAGTT
27ATrich_6FAM_a: 6-FAM-AGTTAAAGTTAAGATGTTAAGAAAGTT
27_RNA_a: AGUUAAAGUUAAGAUGUUAAGAAAGUU
Theseoligosweredissolved in 30mMHEPES, pH7.5, 100mMKCl.

Complementary oligos were mixed with an equal molar ratio, heated
to 95 °C for 5min, and then slowly cooled down to room temperature.
27ATrich_s and 27ATrich_a/27ATrich_Cy5.5_a/27ATrich_6FAM_a were
annealed to produce unlabeled and fluorescently labeled umDNA
substrates. 27ATrich_6mA_s and 27ATrich_a/27ATrich_Cy5.5_a/
27ATrich_6FAM_a were annealed to produce unlabeled and fluores-
cently labeled hmDNA substrates. 27ATrich_6mA_s and 27ATrich_6-
mA_awere annealed to producemDNA. 27ATrich_s and 27_RNA_awere
annealed to produce a DNA–RNA hybrid. The annealed DNA duplexes
and DNA–RNA hybrid were aliquoted and frozen at − 20 °C.

MTase activity assay
MTase-Glo Methyltransferase Assay kit (Promega) was used to mea-
sure the MTase activity of MTA1c. Typically, samples were incubated
with 10μMSAM and 10μMDNA or DNA–RNA hybrid substrate in 8μL
of MTase Buffer (20mMHEPES pH 7.5, 50mMKCl, 3mMMgCl2, 1mM
DTT, 1mM EDTA, 0.1mg/mL BSA, 5% glycerol) at 30 °C. 2μL of
5 ×MTase-GloTM were added and incubated at room temperature for
30min. Then 10μL of MTase-GloTM Detection Solution were added to
the reaction mixture and incubated at room temperature for an
additional 30min. 18μL reaction mixture was transferred to a White
Opaque 384-well Microplate (PerkinElmer). Luminescence was mea-
sured with a Spark multimode microplate reader (TECAN). The con-
centration of SAH was calculated with a standard curve. Three
replicates were performed in each experiment, and each experiment
was performed twice independently and obtained similar results. Data
analysis was carried out in Prism 10 (GraphPad).

Gel electrophoresis mobility shift assay (EMSA)
5 nM Cy5.5-labeled DNA duplexes were incubated with 2-fold serial
dilutions ofMTA1cMTA9-B (0–2μMforwildtype protein or0–0.25μMfor
wildtype protein and mutants), p2 or p1 NTR (0–2μM) on ice for
30min in EMSABuffer (20mMHEPESpH7.5, 50mMNaCl, 1mMEDTA,
1mM DTT, 0.01% IGEPAL® CA-630, 5% glycerol). Samples were sepa-
rated on 5% native PAGE in 0.5 × TBE Buffer and scanned with Odyssey
DLx Imaging System (LI-COR). The experiments were repeated twice
with similar results.
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Fluorescence polarization
1 nM 6-FAM-labeled DNA duplexes were incubated with 2-fold serial
dilutions ofMTA1cMTA9-B or p1 NTR (0–2μM) on ice for 30min in EMSA
Buffer (20mM HEPES pH 7.5, 75mM NaCl, 1mM EDTA, 1mM DTT,
0.01% IGEPAL® CA-630, 5% glycerol). Fluorescence polarization values
were measured with a Spark multimode microplate reader (TECAN).
Data was analyzed in Prism 10 (GraphPad) with the nonlinear regres-
sion model. Kd was calculated by the equation: FP = (FPmax – FPmin)
[protein]/(Kd + [protein])) + FPfree, where FP is the polarization mea-
sured at a given protein concentration, FPmin is the polarization of 6-
FAM-labeled DNA, FPmax is the maximum polarization, and [protein] is
the protein concentration.

Multi-angle light scattering coupled with size exclusion chro-
matography (SEC-MALS)
30 μM of MTA1cMTA9-B and DNA were incubated for 30min on ice in
SEC-MALS Buffer (20mM HEPES pH 7.5, 75mM NaCl, 1mM DTT).
50 μL of MTA1cMTA9-B or MTA1cMTA9-B–DNA mixture (∼ 4mg/mL) was
loaded into the TSKgel G3000SWXL column (Tosoh Bioscience) pre-
equilibrated in SEC–MALS Buffer at a flow rate of 0.5mL/min at
25 °C. The sample eluted from the TSKgel G3000SWXL column was
loaded into an in-line DAWN® system with 18 detector angles and a
658 nm laser (Wyatt Technology). Refractive index was measured
with an Optilab® refractometer (Wyatt Technology). Peak alignment
and band broadening correction between the UV, MALS, and RI
detectors were performed, and the weight average molecular weight
(Mw), the number average molecular weight (Mn) and the poly-
dispersity index (PDI) were calculated using ASTRA® 6.1 software
(Wyatt Technology).

High-resolution melting experiment
The reactionmixture for the high-resolution melting analysis contains
10 µL of 2 × EvaGreen dye (Biotium), 5 µL of 50 µM sense strand ssDNA,
and 5 µL of 50 µM antisense strand ssDNA in 30mM HEPES pH 7.5,
100mM KCl. Samples were subjected to the following melting pro-
gram on CFX384 Touch Real-Time PCR Detection System (Bio-Rad): 1)
denaturation at 95 °C for 5min, 2) slow cooling to 25 °C for 5min with
0.1 °C decrements every 1 s, and 3) continuous heating at 0.1 °C
increments every 10 s with fluorescence acquisition from 25 to 95 °C.
Three replicates were performed in each experiment. Data were ana-
lyzed with CFX Maestro Software and Prism 10 (GraphPad).

Strep pulldown experiment
StrepII-tagged MTA1 and untagged MTA9-B, p1 and p2 proteins were
mixed with 10μL Strep-Tactin 2 NUPharose Fast Flow (NUPTEC) in
Binding Buffer HN150 (20mMHEPES pH 7.5, 150mMNaCl, 1mMDTT,
0.01% IGEPAL® CA-630, 5% glycerol) at 4 °C for 1 h. The resin was
washed four times with 1mL of Binding Buffer HN150, and then the
bound proteins were eluted with 50μL of Binding Buffer
HN150 supplemented with 50mM D-biotin. Elution samples were
analyzed by 4–20% SDS-PAGE and Coomassie blue staining. The
experiments were repeated twice with similar results.

Cryo-EM specimen preparation and data processing
To prepare DNA-bound MTA1c samples, purified MTA1c with full-
length proteins was incubated with unmodified or hmDNA substrates.
1mM SAM was added to MTA1c after the incubation of MTA1c with
DNA, and themixture was incubated briefly. In the case of MTA1cMTA9-B

(D209A), DNA and 0.1mM SAM were added to MTA1cMTA9-B simulta-
neously. To prepare MTA1cMTA9-B–SAH sample, purified MTA1cMTA9-B

was incubated with 1mM SAH. After the incubation, the samples were
applied onto glow-discharged holey carbon grids (Quantifoil Au 400
mesh, R1.2/1.3). Different detergents were used as an additive to
optimize particle distribution on cryo-EM grids. After screening,
0.025–0.05% n-octyl-β-D-glucoside was added to the samples before

applying the samples to the grids. The grids were blotted for 4.5 s at
100% humidity using a Vitrobot Mark IV System (Thermo Fisher Sci-
entific) before plunging into liquid ethane. The grids were screened on
a Glacios Cryo-TEM (Thermo Fisher Scientific).

A total of 4105, 2870, 12,678 and 4910 movie stacks were col-
lected for the samples of MTA1cMTA9-B–hmDNA, MTA1cMTA9-B

(D209A)–umDNA–SAM, MTA1cMTA9-B–umDNA–SAM and MTA1cMTA9-B

–hmDNA–SAM, respectively, on Titan Krios G3i Cryo-TEM (Thermo
Fisher Scientific) operating at 300 kV equipped with a K3 Camera
(Gatan) and BioQuantum K3 Imaging Filter (Gantan Model 1967) at a
nominal magnification of 81,000 × (corresponding to 1.0773 Å/pixel)
and an accumulated dose of 50 e–/Å2. Motion correction was per-
formed with the MotionCorr2 program63. A total of 3634, 11,231 and
6718 movie stacks for the samples of MTA1cMTA9-B–SAH,
MTA1cMTA9–umDNA–SAM and MTA1cMTA9–hmDNA–SAM were col-
lected on Titan Krios G4 Cryo-TEM (Thermo Fisher Scientific) oper-
ating at 300 kV equipped with a Falcon 4i Direct Electron Detector
and Selectris X Imaging Filter at a nominal magnification of
130,000 × (corresponding to 0.92 Å/pixel) and an accumulated dose
of 50 e–/Å2. Patch motion correction was performed in CryoSPARC64.
Patch CTF estimation and the following processing steps were per-
formed in CryoSPARC64. Micrographs with better than 6 Å resolution
and relative ice thickness ranging from 1 to 1.1 were selected for
particle picking. Generally, particles were initially picked up with
Topaz using a pretrained model65. Class averages representing pro-
jections in different orientations selected from the second round of
2D classification were used as templates for Topaz model training.
Then the generated model was used to pick particles for the whole
dataset. Particles were sorted by 2D classification, and particles with
clear structural features were chosen for generating initial maps.
After several cycles of ab-initio reconstruction and heterogeneous
refinement, particles from the best class of heterogeneous refine-
ment were applied to non-uniform refinement, followed by local
refinement66. For MTA1cMTA9-B–umDNA/hmDNA–SAM samples, par-
ticles from the best class of the first round of heterogeneous
refinement were imported into RELION-467. 3D classification and
focused 3D classification on the DNA part were performed to sepa-
rate DNA-bound MTA1c particles68. These particles were transferred
back to CryoSPARC for homogenous reconstruction and non-
uniform refinement. For MTA1cMTA9–umDNA/hmDNA–SAM samples,
particles from the best class of the first round of heterogeneous
refinement were applied to focused 3D classification on the DNA part
in CryoSPARC. The particles within the 3D class that displayed clear
and complete DNA density were further applied to non-uniform
refinement. DeepEMhancer was used to sharpen maps and improve
map quality69.

Model building and refinement
AlphaFold2 predicted models were docked into the cryo-EM map of
MTA1cMTA9-B–SAH and MTA1cMTA9–SAM complexes in UCSF
Chimera40,70. The initialmodelswere iterativelymanually built inCoot71

and refined with real-space refinement in Phenix72,73. The refined
models were docked to other cryo-EM maps of MTA1c complexes,
followed by manually building in Coot and real-space refinement in
Phenix. Secondary structure, base pairing, and stacking restraints were
applied during refinement. Model validation was performed in
Molprobity74,75. Representative cryo-EM images, 2D class averages and
3Dmaps of each complex are shown in Supplementary Figs. 2–8. Data
collection and processing, model refinement and statistics are shown
in Supplementary Tables 2–4. Structural images were generated in
UCSF Chimera and ChimeraX70,76 and PyMOL (Schrodinger).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The cryo-EMmaps generated in this study have been deposited in the
Electron Microscopy Data Bank (EMDB) under the accession codes
EMD-38777, EMD-38780, EMD-38781, EMD-38782, EMD-38786, EMD-
38787, EMD-63956, EMD-63961, EMD-63963, EMD-63967, and EMD-
63970. The atomic coordinates have been deposited in theWorldwide
Protein Data Bank (wwPDB) under the accession codes 8XYL, 8XYP,
8XYQ, 8XYX, 9U92, 9U9E, 9U9K, and 9VU6. The wwPDB datasets used
for analysis in this study include 4ZCF, 5IL1, 6PBD, 7CV7, and
7DPE. Source data are provided in this paper.
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