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ABSTRACT

MettL3-MettL14 methyltransferase complex has been
studied widely for its role in RNA adenine methyla-
tion. This complex is also recruited to UV- and X-ray
exposed DNA damaged sites, and its methyltrans-
fer activity is required for subsequent DNA repair,
though in theory this could result from RNA methyla-
tion of short transcripts made at the site of damage.
We report here that MettL3-MettL14 is active in vitro
on double-stranded DNA containing a cyclopyrimi-
dine dimer — a major lesion of UV radiation-induced
products — or an abasic site or mismatches. Fur-
thermore, N6-methyladenine (N6mA) decreases mis-
incorporation of 8-oxo-guanine (8-oxoG) opposite to
N6mA by repair DNA polymerases. When 8-oxoG
is nevertheless incorporated opposite N6mA, the
methylation inhibits N6mA excision from the tem-
plate (correct) strand by the adenine DNA glycosy-
lase (MYH), implying that the methylation decreases
inappropriate misrepair. Finally, we observed that the
N6mA reader domain of YTHDC1, which is also re-
cruited to sites of DNA damage, binds N6mA that
is located across from a single-base gap between
two canonical DNA helices. This YTHDC1 complex
with a gapped duplex is structurally similar to DNA
complexes with FEN1 and GEN1 - two members of
the nuclease family that act in nucleotide excision
repair, mismatch repair and homologous recombina-
tion, and which incise distinct non-B DNA structures.

Together, the parts of our study provide a plausible
mechanism for N6mA writer and reader proteins act-
ing directly on lesion-containing DNA, and suggest
in vivo experiments to test the mechanisms involving
methylation of adenine.

INTRODUCTION

Genomic DNA is continually subject to damage from in-
sults that range from UV irradiation or (aging-associated)
oxidative stress, to interactions with environmental mu-
tagens and cancer chemotherapeutic drugs (1). Interest-
ingly, upon UV irradiation of human sarcoma U20S cells
pretreated with bromodeoxyuridine, the MettL.3-MettL14
RNA methyltransferase complex (termed MettL.3-14 here-
after) is recruited within 2 min to the damaged sites,
and MettL3 catalytic activity is required for subsequent
DNA repair (2). Further, repair-associated DNA poly-
merase k requires the catalytic activity of MettL3 for its
immediate localization to sites of DNA damage (2). In
another study (also in human sarcoma U20S cells), ir-
radiation with X-rays or treatment with chemicals that
induce double-strand breaks (DSBs) leads to colocaliza-
tion of MettL3 with the phosphorylated histone variant
vyH2A. X (3).

MettL3-14 methyltransferase complex has been stud-
ied widely for its role in generating N6-methyladenine
(N6mA) in RNA (4-6), at the degenerate consensus se-
quence RRACH (R = purine and H = not G) (7). Because
the functional role of RNA modifications may be both
site specific and RNA-species specific, an RNA-associated
DNA repair mechanism has been suggested (2,3), but the
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involvement of (RNA) methylation has not been demon-
strated directly in the steps along the pathways of either
nucleotide excision repair (NER) or DSB repair (which is
complex in somatic mammalian cells (8)).

In addition to its enrichment at the 3’ end of protein-
coding genes, consistent with its involvement in mRNA
adenine methylation, MettL3 also localizes to the tran-
scriptional start sites of active genes (through association
with transcription factor CEBP{) (9). Moreover, MettL3-
14, its methylated RNA products, or the N6mA reader
protein YTHDCI1 are associated with chromatin having
histone modification marks that varied case-by-case, in-
cluding H3 lysine 4 trimethylation (H3K4me3) (10), bi-
valent H3K4me3 and acetylated H3K27 (6), dimethy-
lated H3K9 (H3K9me2) (11) or trimethylated H3K9
(H3K9me3) (12,13), or trimethylated histone H3 lysine 36
(H3K36me3) (14). Significantly, in relation to our study,
MettL3 (alone among known DNA or RNA modifying
enzymes) was identified as a direct DNA binder in a re-
cent large-scale profiling of protein-DNA interactions, and
this DNA binding was enhanced on DNA containing
S-methylcytosine (15).

More recently, MettL3-catalysed N6mA modification of
RNA has been suggested to regulate the fate of endogenous
retroviruses (ERVs) in mouse embryonic stem cells, either
by associating with heterochromatin during transcription
(12,13), or via post-transcriptionally clearing reactive ERV-
derived RNA species by recruiting YTHDF to the 5 un-
translated regions (16). It is worth noting the conclusion of
Chelmicki et al. in partial disagreement with other studies
(12,13), that N6mA modified RNA does not strongly colo-
calize with chromatin modifications (H3K4me3, H3K9me3
and H3K27ac), but rather affects ERV mRNA abundance
by accelerating its clearance (16), in agreement with its ma-
jor effect on mRNA lifetimes (17). Thus, ERVs are silenced
during early embryogenesis not only by DNA cytosine
methylation (18), and histone lysine methylation (19,20),
but also by RNA adenine methylation. However the initia-
tor(s) of this process of epigenetic modifications, which is
essential to protecting genome integrity (21), remain largely
unknown.

While detected immunochemically as early as 1983 (22),
N6mA in mammalian DNA was reported again only in
2016 (23). It was found in embryonic stem cell DNA,
with the N6mA enriched in H2A.X deposition regions,
where H2A . X is a histone variant typically associated with
DNA DSBs. NomA DNA modification is also elevated in
glioblastoma (a disease partially associated with the cumu-
lative effects of high-dose exposure to ionizing radiation,
or to chemical carcinogens), but not in normal adult tis-
sues or mammalian cells (24). Recently, the same group that
reported the initial discovery in 2016, found that N6mA
levels in DNA increase during the development of mouse
trophoblast stem cells (which eventually give rise to the
placenta). They found the N6mA specifically at regions of
stress-induced DNA double helix destabilization (25) — lo-
cations of non-B DNA structures (26).

We note that the existence of No6mA in mammalian DNA
is currently a controversial issue (27-29). There is debate
over whether the low level of DNA N6mA can be accu-

rately detected (without RNA contamination and/or bac-
terial DNA contamination) using ultrasensitive mass spec-
trometry, or whether the measurements are being made un-
der the right physiological conditions, at the right times, and
in the right tissues and genomic locations (30,31).

The following basic considerations prompted us to ask
whether human MettL3-14 also possesses methyl trans-
fer activity on adenines in DNA. First, MettL3-14 is re-
cruited rapidly to sites of DNA damage (2). Second, many
nucleic acid-modifying enzymes are able to modify both
DNA and RNA (reviewed in (32) and references therein),
such as members of the AlkB family (33), Apobec fam-
ily (34) and Tet dioxygenases (35,36). Third, we have pre-
viously reported that MettlL.3-14 displays in vitro methyl-
transfer activity on short synthetic oligonucleotides of
single-strand (ss)DNA, with more than tenfold greater cat-
alytic efficiency than for ssSRNA under the same condi-
tions (37). In addition, MettL3-14 is active on double-
stranded (ds)DNA containing mismatched pairs, though it
is inactive on normal Watson-Crick fully-base-paired ds-
DNA (37). Fourth, the NER and DSB repair pathways
involve many intermediate non-B DNA conformations. A
set of coordinated NER enzymes recognize a wide range
of DNA lesions (including UV radiation-induced prod-
ucts), unwind the DNA and excise a ~25-30 nucleotide
segment of the damaged strand, spanning the site of le-
sion, and generating a transient ssDNA region before gap-
filling synthesis by DNA polymerase(s) and subsequent
ligation (38).

Based on these four observations, we asked whether
MettL3-14 is active in vitro on lesion-containing dsDNA.
We also addressed the impact of such DNA methylation
on repair by the adenine DNA glycosylase, and the im-
pact on repair of N6mA binding by the reader domain of
YTHDCI.

MATERIALS AND METHODS
Protein expression and purification

The recombinant proteins used in this study were character-
ized previously in our laboratories. These include MettL3-
14 (37), MYH (39) and YTHDCI (residues 345-509) (40).

SAM-dependent methylation assays of MettL.3-14

Methylation assays of MettL3-14 on ssDNA or dsDNA
oligonucleotides, containing a cyclothymine dimer, abasic
sites, mismatches, or controls of fully-paired duplexes, pro-
ceeded using a constant set of conditions. Reactions were
carried out in a 50 pl mixture containing 0.2 pM MettL3-
14, 5 wM substrate (ds) oligos, 20 .M SAM in 50 mM
HEPES pH 7.5, 5 mM NaCl and 1 mM DTT (reaction
buffer). Reactions were conducted at 22°C for 1-4 min,
and 10 pl aliquots of reaction sample were quenched by
adding 2.5 pl of trifluoroacetic acid (TFA) to a final con-
centration of 0.1% (v/v). A 5-ul aliquot of reaction sam-
ple was transferred into a low-volume 384-well plate. The
methylation reaction by-product SAH was measured using
the Promega bioluminescence assay (MTase-Glo™) (41), in



which the SAH is converted into ATP in a two-step reac-
tion, and the ATP is then detected through a luciferase re-
action. The luminescence signal was measured by a Synergy
4 multimode microplate reader (BioTek).

The reactions for kinetic parameter determination were
conducted under steady state conditions, with 50 nM
MettL3-14 and 20 puM SAM in a 20 wl mixture of reac-
tion buffer. Reactions were conducted at 22 °C for 10 min
for dsDNA or 5 min for ssDNA. The dependence of the
product formation per enzyme molecule on substrate con-
centration was fitted with the Michaelis-Menten equation
using GraphPad Prism 8. The standard deviation associ-
ated with the second order substrate specificity constants,
keat and Ky, were calculated using an error of propagation
equation.

The oligonucleotides used in assays were synthesized
by Integrated DNA Technologies or BioSynthesis (cy-
clothymine dimer). Double-stranded oligos containing a
cyclothymine dimer were generated by annealing with the
complementary strand in approximately equimolar ratio (or
slightly more TT strand) in 20 mM Tris—HCI pH 7.8 and 100
mM NaCl. All oligonucleotides were visualized on a 15%
acrylamide gel (1x Tris—borate—-EDTA (TBE), 0.05% am-
monium persulfate (APS) and 0.1% tetramethylethylenedi-
amine (TEMED)), with samples loaded in a mixture with
GelRed Nucleic Acid Stain (Biotium) and 10% glycerol.
The native gel was run in 1x TBE buffer at 150V for 50
min. A BIO-RAD ChemiDoc MP Imaging system was used
to scan the gel.

DNA adenine glycosylase (MYH) assay

FAM-labeled 32 nt-DNA molecules (40 nM) were incu-
bated in reaction buffer of 20 mM Tris, pH 8.0, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM Tris (2-
carboxyethyl) phosphine (TCEP) and 0.1 mg/ml bovine
serum albumin (BSA) at room temperature for 10 min. Ad-
dition of 200 nM DNA glycosylase (MYH) started the re-
action. The reactions were incubated at room temperature
for indicated time (up to 60 min) and quenched by addi-
tion of 0.1 M NaOH heating at 95°C for 10 min. Samples
were mixed with 2x loading buffer (98% formamide, ] mM
EDTA and trace amount of bromophenol blue and xylene
cyanole), and then heated at 95°C for 10 min and cooled on
ice. A 5-pl sample was loaded onto a 10 cm x 10 cm dena-
turing PAGE gel containing 15% acrylamide, 7 M urea and
24% formamide in 1x TBE. The gel was run at 1X TBE
buffer at 200 V for 35 min. A BIO-RAD ChemiDoc MP
Imaging system was used to scan the gel. The intensities of
the FAM-labeled product DNA were quantified and fitted
via nonlinear regression: [Product] = Py (1—e~ '), where
Poax is the product plateau level, k (min~!) is the observed
rate constant and 7 is the reaction time.

GST-pulldown assay

The protein fragments used are YTHDC1 residues 345-509
of UniProtKB/Swiss-Prot Q96MU7, YTHDC2 residues
1268-1430 of Q9HO6S0, YTHDFI1 residues 370-559 of
Q9BYJ9 and YTHDF?2 residues 391-579 of Q9Y5A9 and
YTHDF3 residues 400-585 of Q7Z739. The YTH frag-
ments as GST-tagged fusion in a pGEX-4T1 vector were
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synthesized by Biomatik. Each plasmid was transformed
into BL21-CodonPlus cells for expression.

GST recombinant YTH domains were purified using glu-
tathione sepharose beads (GE Healthcare). Biotinylated-
methylated (N6mA) ssDNA, biotinylated-unmodified
ssDNA, and untagged complementary short ssDNA
oligonucleotides were synthesized through Integrated
DNA Technologies. Biotinylated-ssDNA oligonucleotides,
either methylated or unmodified, were annealed to the
complementary short ssDNA oligonucleotide at a 1:3 ratio
(10 mM Tris—HCI pH 7.5, 50 mM NaCl, 1 mM EDTA,;
95°C for 5 min) to form dsDNA oligonucleotides. Pull-
down assays were performed by pre-conjugating 5 g of
biotinylated-oligonucleotides, either sSDNA or dsDNA, to
25 pl of streptavidin agarose beads (Millipore) in binding
buffer (20 mM Tris—HCI at pH 7.4, 200 mM KCI, 0.2 mM
EDTA, 0.05% NP40) for 2 h at 4°C. Pre-conjugated beads
were then incubated with 2 pg of GST-YTH domains in
500 pl of binding buffer for 2 h at 4°C. Pulldowns were
washed three times with binding buffer and then beads
were boiled in 30 wl of protein loading buffer. Pulldown
samples were run on SDS-PAGE and Western blot analysis
was conducted using GST antibody.

Crystallography

An Art Robbins Gryphon Crystallization Robot was used
to set up screens of the sitting drop at ~19°C via vapor dif-
fusion method. The YTH domain YTHDCI at a concen-
tration of 12 mg/ml (~0.6 mM) was incubated with DNA
in a 1:2 molar ratio on ice for one hour. The 13-mer self-
annealed oligonucleotide containing a central N6mA (5'-
CAG-CTG-N6mA-GTC-GAC-3') was dissolved in 10 mM
Tris pH 7.5 and 50 mM NaCl to a 4 mM stock concen-
tration. Crystals that grew in 10% (v/v) 2-propanol, 26%
polyethylene glycol (PEG) 400, and 0.1 M sodium citrate
tribasic dihydrate pH 5.0 gave rise to space group P212;2;,
whereas crystals that grew in 30% (v/v) 2-propanol, 0.1 M
sodium citrate tribasic dihydrate and 0.1M sodium cacody-
late pH 4.6 gave rise to space group P3,21 (Table 1).

Single crystals were flash frozen in liquid nitrogen by
equilibrating in a cryoprotectant buffer containing the crys-
tallization solution and 20% (v/v) ethylene glycol. X-ray
diffraction data were collected at the SER-CAT beamline
22ID of the Advanced Photon Source at Argonne Na-
tional Laboratory at wavelength of 1.0 A. Crystallographic
datasets were processed with HKL2000 (42). Molecular
replacement was performed with the PHENIX PHASER
module (43) by using the known structure of the human
YTHDC1 YTH domain (PDB ID 4R3H) as a search
model. Structure refinement was performed with PHENIX
Refine (44), with 5% randomly chosen reflections for the
validation by the R-free value. COOT (45) was used for the
manual building of the structure and corrections between
refinement rounds. DNA structures were built into differ-
ence electron densities during the first several rounds of re-
finement for the two complex structures. Structure quality
was analyzed during PHENIX refinements and finally vali-
dated by the PDB validation server (46). Molecular graphics
were generated by using PyMol (Schrodinger, LLC).
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Table 1. Summary of X-ray data collection and refinement statistics (*)

Complex YTH domain of YTHDC1
DNA 5'-CAGCTGAGTCGAC-3' (A= N6mA)
PDB code 7L4X 7L4Y
Date collected 2020-09-23 2020-09-23
Space group . P3521 P21212
Cell dimensions (A) 56.74, 56.74, 108.96 45.97, 66.38, 77.61
B,y (). 90, 90, 120 90, 90, 90
Resolution (A) 33.90-1.79 39.55-1.79
(1.85-1.79) (1.85-1.79)
 Rmerge 0.096 (0.934) 0.094 (0.794)
Rpim 0.024 (0.537) 0.027 (0.382)
CCyp, CC (0.508, 0.821) (0.738, 0.922)
b <I/ol> 17.52.7) 21.6 (1.2)
Completeness (%) 99.8 (98.9) 86.5(38.3)
Redundancy 17.5(7.4) 11.1(3.3)
Observed reflections 344,531 222,842
Unique reflections 19,738 (1934) 20,038 (872)
Refinement
Resolution (A) 1.79 1.79
No. reflections 19,701 19,974
°Ruork / I Riree 0.182/0.223 0.202 / 0.235
No. atoms
Protein 1312 1306
DNA 265 530
Solvent 111 92
B Factors (Az)
Protein 42.1 36.8
DNA 54.3 46.8
Solvent 47.7 40.3
R.m.s. deviations
Bond lengths (A) 0.010 0.003
Bond angles (°) 1.0 0.6

*Values in parenthesis correspond to highest resolution shell.

4 Rmerge = X1 -1 /X I, where I is the observed intensity and is the averaged
intensity from multiple observations.

b<I/oT> = averaged ratio of the intensity (I) to the error of the intensity
(al).

Ryork = X |Fops — Feal / T |Fopsl, where Fops and F,) are the observed
and calculated structure factors, respectively.

94 Riree Was calculated using a randomly chosen subset (5%) of the reflec-
tions not used in refinement.

RESULTS

Mettl.3-14 adenine methyltransferase complex is active on
dsDNA containing cyclopyrimidine dimers

Because Mettl.3-14 is recruited to damaged sites within 2
min of UV irradiation (2), it is possible that methylation oc-
curs before NER excision, and we asked whether MettL3-
14 is active on dsDNA containing a cyclopyrimidine dimer
(CPD), one of the major UV radiation-induced photoprod-
ucts (47). We synthesized a 28-bp DNA molecule, with a
CPD flanked by at least eleven base pairs on either side, to
assure the formation of one complete helical turn of dSSDNA
(Figure 1A). The complementary strand contains variations
of the MettL3-14 target sequence (RRACH), as defined
with RNA and DNA substrates (7,37). In addition, we in-
cluded two controls: a dsSDNA-containing five consecutive
mismatched pairs (positive), and a fully paired duplex (neg-
ative). We first confirmed that MettL3-14 complex methy-
lates the 28-nt ssDNA substrates about equally (Figure 1B
and C). Lower but significant activity was observed on the
28-bp dsDNA-containing a CPD, as well as on the mis-
matched duplex, but MettL3-14 was completely inactive on

the fully paired duplex (as expected). The level of activity on
dsDNA containing a CPD was not affected by additional
mismatched bases (comparing oligos 2, 3 and 4 to oligo 1),
or by the excess of CPD-strand containing no recognition
sequence—added to assure that the target strand is fully an-
nealed (Figure 1D). The CPD may be sufficient to open a
bubble in the dSDNA and expose the target A in a single-
stranded region (Figure 1E) (48-50).

Under steady-state kinetic conditions, MettL3-14 methy-
lates the 28-nt ssSDNA with ke = 2.8 min~! and K, =
3.2 pM (Figure 1F). On the same DNA, but annealed
with the complementary strand containing a CPD across
from the RRACH motif, the MettL3-14 methylation rate
is just ~3-fold slower (ke = 0.9 min~') with ~5-fold
stronger binding affinity (K, = 0.6-0.7 uM) (Figure 1G).
In other words, MettL3-14 shows ~1.5x higher catalytic
efficiency of methylation on damaged dsDNA than on ss-
DNA (comparing keai /K value of ~1.4 min~!uM~! for ds-
DNA and 0.9 min~'pM~! for ssDNA) (Figure 1H). Again,
we note that Mettl.3-14 is essentially inactive on fully-base
paired (undamaged) dsDNA. Thus damage- or mispairing-
induced bubbles in dsSDNA substantially enhance adenine
methylation at those sites.

MettL3-14 complex is active on dsDNA containing CPD
hotspots

We next considered whether MettL.3-14 can act on promot-
ers containing CPD hotspots—associated with UV-exposed
cancer risks—basing our analysis on previous results from
others. Two groups used a CPD-seq method (51) to map
the distribution of UV-induced CPD lesions across the
human genome, where DNA was harvested immediately
following UV-irradiation (and thus before DNA repair),
and CPD sites were specifically cleaved and could be tar-
geted by ligation. These studies found that CPD lesions
are elevated at transcription factor binding sites, partic-
ularly at E26 transformation-specific (ETS) binding sites
(52,53). There are two major CPD peaks associated with
active ETS binding sites (TTCCG): the first is within the
ETS binding sequence and forms between the two inter-
nal consecutive pyrimidine bases TC (TTCCG) and CC
(TTCCG), while the second is between two bases imme-
diately 5’ of the TTCCG element if both bases happen to
be pyrimidines (TCTTCCG). This enrichment of CPD le-
sions correlates with elevated mutation rates, primarily C-
to-T, that drive recurrent mutagenesis in melanomas. One
example is the highly mutated ETS binding sites in the pro-
moter of RPLI3A (ribosomal protein L13A), where the re-
current C-to-T mutations of TCTTCCG are seen in this
most-frequently mutated ETS element in the melanoma
dataset of the International Cancer Genome Consortium
(54). We note that between the thymine and cytosine that
form a CPD, it is a C-to-T transition that primarily oc-
curs in UV-induced mutations, and there is essentially lit-
tle to no mutation involving the thymine. This is consistent
with the observations that mutation is not enhanced in the
first two pyrimidines in the ETS site (TTCCG), and that
the most common mutational signatures of UV irradiation
are TCG—TTG and TCC—TTC (55). Interestingly, two
highly recurrent, cancer specific C-to-T mutations in the TC
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Figure 1. MettL3-14 is active on CPD-containing dsDNA. (A) DNA oligos used in this experiment. The target consensus sequences of MettL3-14 are
underlined (RRACH; where R = puRine, and H = not G). (B, C) Under the same laboratory conditions, MettL.3-14 is active on ssDNA, dsDNA containing
CPD or mismatches, but is inactive on a fully paired duplex (control). (D) A 15% native gel showing RRACH-containing ssDNA and dsDNA with a
complementary CPD-containing strand (which contains no recognition sequence). Note that an excess of CPD-strand was used in annealing with oligos #3
and #4. (E) The DNA structures containing a CPD bound to T4 endonuclease V (PDB 1VAS) or a 6-4 photoproduct bound to Rad4-Rad23 (PDB 6CFI).
(F) MettL3-14 activity on ssDNA (oligo #1). (G) MettL3-14 activity on dsDNA (oligo #3 or #1 paired with the CPD strand), with varying concentrations
of substrate DNA. (H) Summary of kinetic parameters of MettL3-14. Increased ssDNA size from 14-nt to 28-nt resulted in slightly increased kcqt (1.4%)
and ~2.4x enhanced binding affinity (Ky, value from 7.7 to 3.2 wM). Data represent the mean + SD of two independent determinations, with duplicates

assayed for each of the two determinations.

dinucleotides in the promoter of TERT (telomerase reverse
transcriptase) (56-61), created an identical 11-bp sequence
[5'-CCCCT(C—T)CCGGG-3"] that contains an ETS bind-
ing site (TTCCG). Similar creation of a new ETS binding
site within this promoter is also associated with thyroid car-
cinoma (62), glioblastoma (63), meningioma (64), and hep-
atocellular carcinoma (65). While these other cancers are
unlikely to result directly from UV exposure, we note that it
is possible to generate CPDs without the direct contribution
of UV radiation (66-68).

Based on the preceding, we first asked whether the CPD-
containing promoter sequence of RPLI3A is a substrate
of MettL.3-14. The mutation hotspot of RPLI3A contains
six pyrimidines (TCTTCC), and the complimentary strand
contains six purines, which partially matches the degenerate
MettL3-14 substrate sequence RRACH (GGAAGA) (Fig-
ure 2A). We previously showed that MettL.3-14 has measur-
able but low activity on a short ssDNA containing GGAGT
in place of GGACT (37). First, we thus repeated the ex-

periment on ssDNA containing the purine strand of the
RPLI3A4 promoter sequence (GAAGA) and its G-to-C sub-
stitution (GAACA) to match the RRACH consensus (Fig-
ure 2B). This showed that GAAGA (oligo #2; kops = 0.15
min~!) yields ~5x lower activity than the GAACA (oligo
#3; kops = 0.8 min~'), and further ~2x lower activity than
the GGACA (oligo #1; kobs = 1.5 min~!). We note that
oligo #1 has an additional GGACC sequence located at the
3’ end. The methylation activity on GAAGA is enzyme con-
centration dependent, as the activity increases with the en-
zyme concentration (Figure 2C).

Second, as expected, we confirmed that MettL3-14 is in-
active on fully-paired dsDNA representing this promoter
(annealed oligos 1+2 in Figure 2D), even though the pyrim-
idine strand (oligo #1) has the highest activity on its single-
stranded form (Figure 2E). However, MettL3-14 has weak
but measurable activity on dSDNA containing just one mis-
match (C:C) immediately 3’ to the target adenine (annealed
oligos 1+3 in Figure 2D and E).
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Figure 2. MettL3-14is active on GGAGA sequence. (A) DNA oligos used in this experiment. The sequence is taken from the recurrent C-to-T mutations in
the promoter of RPLI3A. “Not available” refers to commercial phosphoramidites of TpC dimer for use in DNA synthesis. (B) Under the same laboratory
conditions, MettL.3-14 is active on ssDNA containing GGACA (#1), GAACA (#3) and GGAGA (#2). (C) Methylation activity on ssDNA containing
GGAGA (#2) increases as enzyme MettL3-14 concentration increases. (D) A 15% native gel showing ssDNA and dsDNA containing mismatches as defined
in panel A. (E) MettL3-14 has weak activity on dsDNA containing one mismatch immediately next to the target adenine. (F) Comparison of MettL3-14
activity on ssDNA containing GGACA (oligos #1, #4 and #5) or GAAGA (#2). (G) A 15% native gel showing ssDNA and dsDNA containing mismatches.
Note that excess ssDNA oligo #2 was used in annealing with oligo #4. (H, I) MettL3-14 is active on mismatched dsDNA containing GGAGA.

Third, we looked more carefully at duplexes containing
mismatches, in part because there are no commercially-
available phosphoramidites of TpC dimer for use in DNA
synthesis (per Biosynthesis); and due to a prolonged delay in
DNA synthesis, during COVID-19 pandemic, of substitut-
ing the two TC dimers with TT dimers in the RPLI3A pro-
moter sequence. Accordingly, we designed mismatched oli-
gos either in the places of two TC dimers (oligo #4 in Figure
2A) or five consecutive mismatches covering the MettL.3-14
substrate site (GAAGA) (oligo #5 in Figure 2A). We rea-
soned that the methylation activities on dSDNA containing
either one CPD or five mismatches are comparable (Figure
1C), as the mismatches may facilitate strand separation in
the dsSDNA and could be used to mimic the two TC dimers
in the promoter of RPL13A. We first confirmed that ssDNA
of oligos #4, #5 and #1 have equivalent activity (all three
contain GGACA) (Figure 2F). The dsDNA generated by
annealing oligos #4 or #5 respectively to oligo #2 resulted
in four or five mismatches covering the GAAGA site (Fig-
ure 2A). Because the ssDNA of oligos #4 and #5 (GGACA)
each yield higher activity than oligo #2 (GAAGA), we used
excess of oligo 2 in the annealing procedure to assure that
the oligo #4 is fully annealed (Figure 2G). The level of ac-
tivity of MettL3-14 on dsDNA containing the four or five
mismatches are approximately the same (dsDNA 4+2 and
5+2 in Figure 2H), and the activity is similar to that of ss-
DNA containing GAAGA (Figure 2I).

Together, these results indicate that the GAAGA se-
quence, opposite to the two TC dimers in TCTTC muta-
tion hotspots, could be methylated by MettL3-14 in vitro

in the context of damage, though the methylation activity
was weaker when the adenine was followed by a guanine
(ApQ) than by a cytosine (ApC). Furthermore, if the dam-
aged site is accessible and the enzyme-mediated strand sepa-
ration (Figure 1E and ref. (69)) is large enough, the adenine
residues in the purine-rich sequence could all be methylated
(GGAAGAAT) if the sequence preference for AC (in the
RRACH consensus) is relaxed.

Mettl.3-14 complex is active on dsDNA containing an A
across from an abasic site

In addition to CPD, abasic sites (missing a nucleobase but
with the sugar-phosphate backbone intact) are another fre-
quent DNA lesion—formed as a result of DNA damage
and a key intermediate during the base excision repair. Aba-
sic sites can lead to mutations and strand breaks (reviewed
in (70) and references therein). In the genome of (human-
derived) HeLa cells, some abasic sites persist long enough to
be detected at single-base resolution, even in the presence of
apurinic/apyrimidinic endonuclease 1 (APEI) (71), which
is the main endonuclease to initiate repair at abasic sites in
mammalian cells (72). Here, we asked whether dsDNA con-
taining an abasic site opposite to adenine is a substrate of
MettL3-14. We designed duplexes with one or two abasic
sites opposite to AA or GA (Figure 3A and B). MettL3-
14 has comparable activity on abasic-containing dsDNA to
that of mismatches and CPD-containing oligos (Figure 3C—
E).
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Figure 3. MettL3-14 is active on dsDNA containing abasic (AP) sites. (A) DNA oligos used in this experiment (X = AP site). (B) A 15% native gel showing
AP-containing ssDNA and dsDNA with a complementary strand containing either GAACT (oligos #2 and #3) or GGACT (oligo #4). (C) Under the
same laboratory conditions, MettL3-14 is active on dsSDNA containing CPD or AP sites. Oligos #1, #2 and #3 are paired with GAACT. (D) MettL3-14
is active on dsDNA containing mismatches, but is inactive on a fully paired duplex (control). Oligos #4, #5, m1 and m3 are paired with GGACT. (E)
Activities of MettL3-14 at 4 min for different substrates. Data represent the mean + SD of two independent determinations, with duplicates assayed for
each of the two determinations. (F) Summary of activities of MettL3-14 on damaged dsDNA examined in this study.

To summarize our analyses, we compared MettL3-14
methylation activities on all dSDNA substrates examined in
this study (Figure 3F). The apparent k,ps values are rela-
tively similar (0.7-0.9 min~!) on damaged dsDNA, whether
the damage involves CPDs, abasic sites, or mismatches cen-
tered on the target adenine. If the mismatch moves away
from the target adenine, but is still within the 5-nt recog-
nition sequence, the activity is reduced by ~3x (compar-
ing GAACA versus GAACT with underlined base in mis-
match). Similarly, the activity is reduced by ~5x, but mea-
surable, with substitution of guanine in the place of cytosine
(comparing GAAGA versus GAACA).

DNA adenine methylation inhibits base excision of adenine
by MutY glycosylase homolog

After removing a short stretch of ssDNA containing a le-
sion, repair-associated DNA synthesis requires DNA poly-

merases for gap-filling synthesis. DNA polymerases, includ-
ing error-prone polymerases, are important for NER re-
pair synthesis in human cells (73). As noted above, between
the thymine and cytosine residues forming CPD lesions,
thymine is not typically mutated, and instead there are pre-
dominantly C-to-T substitutions. The underlying mecha-
nism of elevated C-to-T mutation densities, at the CPD le-
sions of ETS-related promoter, is currently unknown. Mao
et al. and Elliott et al. ruled out inhibited NER repair ac-
tivity due to ETS1 binding as a major cause of elevated
somatic mutation rates (52,53). One potential possibility is
that some low-fidelity DNA polymerases (pol m and pol v)
are more prone to dT misincorporation opposite template
G, and thus promote C-to-T hypermutation in somatic cells
(74-76).

Similarly some DNA polymerases have a higher ten-
dency to misincorporate free 8-0xo-dGTP, from the de-
oxynucleotide triphosphate pool (77), into DNA opposite
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template adenosines, using Hoogsteen pairing (78-81). It
was suggested that NémA in mammalian DNA can reduce
misincorporation of §-0xoG opposite to A by DNA poly-
merases (82). However, once incorporated into DNA, there
is no known repair activity that removes 8-0xoG opposite
to template A. The mammalian mismatch repair system has
been proposed to provide an independent supplementary
layer of protection, via an OGG1-like glycosylase activity,
by excising 8-0xoG opposite to C following incorporation
from the dNTP pool (83). In Saccharomyces cerevisiae the
mismatch repair complex, via a MutY-like glycosylase ac-
tivity, removes A paired with 8-oxoG (84). This is a double-
edged sword, however. Mammalian MutY glycosylase ho-
molog (MYH) does correctly repair 8-0xoG:A pairs result-
ing from misincorporation of A across from 8-0xoG (85).
However in the reverse case of misincorporation of 8-oxoG
across from the (correct) A, this A removal ‘locks in” a T-
to-G transversion (Figure 4A), as shown with E. coli MutY
(86). Clearly, the mispairing of 8-oxoG with A poses an un-
acceptable mutation risk.

We examined the effect of N6mA on mammalian MYH.
We measured the base excision activity of MYH using 32-
bp DNA oligos, each containing one of the following single
mismatches: 8-0x0G:A, G:A, 8-0x0G:N6mA or G:N6mA
(Figure 4B). As expected, MYH cleaves the adenine oppo-
site 8-0xoG with an apparent kops = 2.8 min~! under single-
turnover conditions (Figure 4C). MYH also excises A from
G:A mispairs (87), though with an ~30-fold lower catalytic
rate (kops < 0.1 min~!). Adenine methylation changes this
substantially. To begin with, no MYH activity at all was de-
tectable on G:N6mA. When the excision reaction is nearly
complete for a 8-0xoxG:A mispair, at 2-min reaction time,
the reaction on §-0xoG:N6mA is barely measurable (Fig-
ure 4D). Put another way, the A excision activity on 8-
0xo0G:N6mA is more than 70X slower than on 8-0x0G:A
(kobs < 0.04 min~1).

In summary, the relative MYH excision rates were 8-
oxo0G:A (1X) > G:A (reduced ~30X) >> 8-0x0G:N6mA
(reduced >70X) >>>> G:N6mA (unmeasurable). This
suggests that, if 8-0xoG does pair with template N6mA in
dsDNA, the methylation interferes with repair and is thus
promutagenic. However, this effect is countered by the re-
duced pairing of §8-oxoG with N6mA (compared to un-
methylated A) by DNA polymerases (82,88). To compare
these competing effects to 8-0xoG:A pairs, 8-0xoG:N6mA
pairs are ~70X less likely to be repaired (this study), but
~10X less likely to form in the first place (82).

YTH domain of YTHDC1 binds N6-methyladenine located
across from a single base gap between two canonical DNA
helices

Homologous recombination-mediated repair involves sev-
eral distinct pathways that generate intermediates with ss-
DNA regions, non-B DNA D-loop structures, or four-way
Holliday junctions ((8) and references therein). Thus con-
sideration of a role for N6mA in modulating mutation rates
could depend on whether N6mA is recognized in these
altered structural contexts. YTH domain-containing pro-
teins have been studied extensively for their ability to bind
N6mA-containing RNA in mammalian cells (89). Interest-

ingly, YTHDCI is recruited to DNA DSBs (3), and binds
to ssDNA containing N6mA in vitro (40). Under the same
conditions, the YTH domain of YTHDCI1 binds N6mA in
a DNA context with an affinity stronger by a factor of five
than such binding in an RNA context (40). A recent study in
human sarcoma U20S cells suggests that a MettL3-N6mA-
YTHDCI1 pathway modulates homologous recombination-
mediated repair (3) which, as noted above, involves non-
B DNA conformations. In previous studies, we have not
observed binding of the YTH domain of YTHDCI to
fully-paired (ds)DNA or to fully-paired RNA/DNA hybrid
oligos that included N6mA on one strand (40). Here we
demonstrate that the YTH domain of YTHDCI recognizes
N6mA located across from a single base gap and linking two
perpendicular DNA helices.

We designed a 13-nt oligonucleotide with the cen-
tral N6omA flanked by six nucleotides on either side.
The oligonucleotide is self-annealed, forming an extended
gapped duplex, with single N6émA nucleotides on one
strand connecting two six-bp DNA duplexes (Figure 5A).
We co-crystallized the YTH domain of YTHDCI, com-
plexed with the N6émA-containing DNA, in the two space
groups of P2,2;2; and P3,21 (Figure 5B-C). In the space
group P2,2,2,, only half of the N6émA sites are bound by
YTH, whereas in P3,21, every N6mA is bound. The two
DNA-bound YTH complexes, though in different space
groups, are highly similar, with a root-mean-square devia-
tion of 0.185 A over 137 pairs of residues. Comparing the
DNA components within the space group P2,2,2;, with
and without YTH binding, the NémA stacks against the
5" side of guanine in the absence of YTH (Figure 5D),
whereas this NomA moves away from the 5 G (Figure
SE) and is inserted into the aromatic binding pocket of the
YTH domain when present (Figure 5F), as was observed for
complexes with ssSRNA and ssDNA (40,90). The N6mA-
binding pocket is highly conserved among vertebrate YTH
family orthologs, including the sidechain (Trp428) that con-
tacts the N6mA methyl group (40).

Structural superimposition of YTH-dsDNA, onto YTH-
ssRNA and YTH-ssDNA, revealed that the conserved in-
teractions involve the nucleotides immediately 3’ to the tar-
get NomA ( = A; Figure 5G). The 3’ AGT of dsDNA is
superimposable with the corresponding ACU of the RNA
and ACT of ssDNA. In all three instances the three phos-
phate groups 3’ to the target N6mA (labeled as P1, P2 and
P3 in Figure 5H) are bound at the basic surface track of
YTH (Figure 5I).

There are also three interactions unique to the dsDNA
recognition. First, Leu380 and Pro381 provide van der
Waals contacts to the G:C base pair immediately 5 to
N6mA (Figure 5J), from which Leu380 would replace the
N6mA that stacks with the 5 G in the unbound state (see
Figure 5D). We note that these interactions are not base
specific—other than the target NomA itself there are no
base-specific interactions (Figure 5F). The second dsDNA-
specific interactions involve Argd75 and Ser435, which con-
tact phosphates on opposite strands (Figure 5K). Argd75
H-bonds with three phosphates, two 5 and one 3’ to the tar-
get N6mA. Third, and finally, two lysine residues, Lys437
and Lys469, probably participate in interactions (respec-
tively) with the phosphate groups at the two ends of the non-
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Figure 4. N6mA inhibits base excision of adenine by MYH glycosylase. (A) A model for how NémA could reduce the rate of T-to-G mutation by reducing
misincorporation of 8-0xoG opposite to Ade. Adenine methylation could occur either before or after excision, in the lesion-containing dsDNA (marked
with the red X) or in the transiently-generated ssDNA gap (~25-30 nt; the red bracket). DNA synthesis would be largely accurate because T is preferentially
inserted opposite A (bold green arrow). However, reactive oxygen species can lead to the formation of 8-0xo-dGTP in the ANTP pool and, in the event
that 8-0xo-dGTP is incorporated into DNA during synthesis, it may be mispaired opposite adenine (Ade) (red arrow). In the latter event, mismatch repair
(MMR) most likely excises incorporated 8-oxo0-2'-deoxyguanosine (8-0xoG) from newly synthesized daughter DNA (dashed line) or base excision of the
(correct) Ade by the MYH DNA adenine glycosylase, and can result in a T-to-G transversion mutation (orange boxes). Recruitment of YTHDCI protects
No6mA-containing DNA. (B) The glycosylase activity of MYH as a function of time on dsDNA substrates containing all four mismatch combinations of
XY (X =8-0x0G or G, and Y = A or N6émA). The oligonucleotide was labeled with FAM on the bottom (Y) strand. The products of the reactions were
separated on a denaturing polyacrylamide gel, and the FAM-labeled strand was excited by UV and photographed. (C) The intensities of the FAM-labeled
DNA were quantified and fitted via nonlinear regression. (D, inset) The products made within the first 2 min. The adenine excision is nearly completed for
the 8-0x0G:A mispair, while the reaction involving 8-0xoG:N6mA is barely measurable.

target strand (currently not included in the DNA synthesis)
(Figure 5L).

These dsDNA-specific interactions are shared by both ds-
DNA oligos, which are held by multiple points of attach-
ment to both strands, constraining their relative orientation
in the YTH-dsDNA complex. Finally, the conformations of
the two nucleotides 5’ to N6mA, that were observed in RNA
(90), cannot be accommodated in dsDNA as they would be
incompatible with the duplex (Figure SM).

In the YTHDCI1-dsDNA structure, eight residues were
found to contact the flipped-out N6mA base (blue in Fig-
ure 6A), and 15 more residues made other DNA contacts
(red in Figure 6A). We note that some of these dsDNA-
contacting residues are conserved, not only among verte-
brate YTHDCI orthologs, but also among YTHDF1-3 or-
thologs (40). Of the N6émA-contacting set, only N363 is
unique to YTHDCI1; N367 is also present in YTHDC?2,
while the other six are present in all five proteins, though
S378/T379 is substituted conservatively by CS in the three
YTHDF proteins.

For the 15 other DNA-interacting residues, six are unique
to YTHDCI1 (L380, E405, M434, M438, K472 and G474),
two are shared only with YTHDC2 (P381, L439) (Fig-
ure 6A), and four are universally shared (K361, N466,
K469, R475). The dsDNA-specific contacts Leu380 and
Pro381 (LP) are not conserved, and are substituted by TP
in YTHDC2 or TE in YTHDF1-3 (Figure 6A). Ser435
and Lys437 are located in a loop region of varying length.
Ser435 is an Asn in most vertebrate YTHDCI1 orthologs

[see Supplementary Table S2 in (40)], and the (S/N)AK in
YTHDCI is absent in YTHDC2, but could be replaced
by the spatially-equivalent residues SQDK in YTHDF1-
3 (Figure 6A). This conservation raises the possibility
that other members of the YTH family might bind some
forms of dsDNA as well, even though YTHDCI and
DC2 are unrelated to each other and only distantly re-
lated to YTHDF1-3, based on amino acid sequence, size,
and overall domain organization (89). Interestingly, a GST-
pulldown experiment indicated all five YTH domains are
capable of binding ssDNA containing N6émA. Four of
them, all except for YTHDC2, also bind nicked dsDNA
(Figure 6B). YTHDC2 has a number of residues that are
unique among this set of proteins (yellow highlighting in
Figure 6A), and its uniqueness in not binding the nicked
DNA substrate is reminiscent of its difference from the
other four YTH domains in binding certain RNA adenine
modifications (91).

While the 6-bp duplex on each side of N6mA adopts
a B-form helix, the axes of the two duplexes bound to
one YTH domain are virtually perpendicular to one an-
other (Figure 7A). To our surprise, the YTH-bound DNA
molecule—from two adjacent duplexes at a ~90° angle—is
strikingly similar to both the nicked DNA produced by
cleavage of a four-way Holliday junction by the resolving
nuclease GENI1 from C. thermophilum (Figure 7B) (92),
and to dsDNA nicked by human FEN1 Flap endonucle-
ase (Figure 7C) (93). Both FEN1 and GENI1 are members
of the nuclease family acting in nucleotide excision repair,
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Figure 5. Structure of YTH domain of YTHDCI bound to dsDNA containing a gap. (A) DNA oligo designed for co-crystallization with YTH. (B, C) The
YTH-dsDNA complexes crystallized in two different space groups. (D) The unbound N6mA stacks with 5’ Gua. (E) The YTH-bound N6mA is no longer
stacked with the 5 DNA base. (F) YTH domain contains a hydrophobic pocket for binding NémA. (G) Superimposition of YTH domain of YTHDC]1 in
complex with RNA, ssDNA and dsDNA. For simplicity, only the target strand is shown (colored in green); i.e. the dsDNA strand containing the N6mA.
Base pair (bp) positions are numbered as 1-5. (H) Three phosphate groups 3’ to N6mA (P1, P2 and P3) have conserved interactions with YTH. (I) YTH
domain contains a basic surface (circled with a dashed line) next to the N6mA-binding. (J) Leu380-Pro381 dipeptide forms stacking interaction with G:C
base pair at bp position 2. (K) Argd75 bridges among three phosphate groups of the target strand, and Ser435 interacts with the phosphate group between
bp positions 1 and 2 of the non-target strand. (L) A potential interaction with 3’ phosphate group of nucleotide at position 4 of the non-target strand by
Lys469, which is fully conserved in all three YTH families (40). (M) Superimposition of YTH-bound RNA strand (in grey) and dsDNA (in color) at bp

positions 1 and 2.

mismatch repair and homologous recombination; and in-
cise structurally distinct bubbles, ends or Holliday junctions
(94). Thus YTH (at least) recognizes N6mA specifically in
a structural context associated with mutation repair.

DISCUSSION
A role for NomA in DNA damage repair

The writer and reader of N6mA, MettL3-14 and YTHDC1
respectively, both have been enriched at the damaged
sites and implicated in modulating nucleotide-excision re-
pair and homologous recombination-mediated repair (2,3).
Using in vitro biochemical approaches, we show that
MettL3-14 and YTHDCI1 are active on ssDNA and lesion-
containing dsDNA. This led to the hypothesis that damage-
induced generation of N6mA in DNA reduces misincorpo-
ration of 8-0xoG opposite to Ade that, if not repaired in
time, would yield T-to-G mutations (Figure 4A), which is
rare in the case of mutation resulting from thymine involved
in CPD formation.

UV damage results in bulky DNA adducts; these adducts
are mostly CPD and 6,4-photoproducts, opposite to the
complementary ApA, ApG or GpA dinucleotides. Recog-
nition of this damage by xeroderma pigmentosum C pro-

tein (95) leads to subsequent excision and removal of
a segment of ssSDNA that contains the lesion, resulting
in single-stranded regions in the genome. Rapid recruit-
ment of MettL3-14 to the damaged sites could mean that
adenine methylation occurs either before excision or in
the transiently-generated ssDNA, followed by the recruit-
ment of YTHDC1 to N6mA-containing DNA (Figure 4A).
The specificity of YTHDCI affinity for nicked, as well as
N6mA-containing, DNA is illustrated by our observation
that family member YTHDC2 has lost the former but re-
tains the latter (Figure 6B). The YTHDCI1 might protect
against, for example, demethylation by ALKBHI1, which
(like MettL3-14) also acts on damaged or unpaired DNA
(96). The undamaged, adenine-methylated ssDNA template
would assist the error-prone DNA polymerases in syn-
thesizing the short complementary sequence by substan-
tially reducing the misincorporation of 8-0xoG opposite to
N6mA (82). When 8-0x0oG nevertheless is misincorporated
opposite N6mA, the methylation inhibits removal, by either
MY H or the mismatch repair system, of the N6mA from the
(presumptively correct) template strand (Figure 4B).

For comparison, E. coli uses N6mA to identify the
parental DNA strand during mismatch repair (97), though
in that case the N6mA directs from which strand a segment
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Figure 6. Five human YTH domain proteins. (A) Sequence comparison of five YTH domains. As described in the panel, residues of YTHDCTI that interact
with N6mA or other DNA elements are numbered and highlighted, along with matches at equivalent positions in the other proteins. The number of relevant
positions that match those in YTHDCI are indicated, and include as ‘matching’ a lysine in the three Y THDF proteins that is one position over from K437.
(B) DNA oligos used in the GST pulldown experiment, with underlined A either methylated (N6mA) or unmodified. All five YTH domains are capable
of binding ssDNA containing N6émA. Four of them, all except for YTHDC?2, also bind nicked dsDNA containing N6mA.
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YTHDC1
(PDB 7L4X)

GEN1

(PDB 5CO8)

FEN1
(PDB 3QAl)

Figure 7. Similar DNA conformations seen in DNA complexes with YTH (A), GEN1 (B), and FEN1 (C). Two nearly perpendicularly-arranged DNA
duplexes are linked by a gap nucleotide (i.e. one continuous strand in green, and one strand in cyan with a missing nucleotide or backbone cleavage).

should be removed and replaced. In the model proposed
here, the N6mA is not only a signal to recruit proteins, but
is an intrinsically protective modification at potential muta-
tion hotspots. In light of our in vitro observations, further in
vivo experiments to monitor the consequence of DNA ade-
nine methylation during the DNA repair processes might
provide a trackable biological system to follow the estab-
lishment, recognition and erasure of N6mA in DNA.
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