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Abstract

DNA methylation plays a critical role in regulating gene expression, genomic stability
and cell fate commitment. Mammalian DNA methylation, which mostly occurs in the
context of CpG dinucleotide, is installed by two do novo DNA methyltransferases,
DNMT3A and DNMT3B. Oligomerization of DNMT3A and DNMT3B permits both
enzymes to co-methylate two CpG sites located on the same DNA substrates. However,
how DNMT3A- and DNMT3B-mediated co-methylation contributes to the DNA
methylation patterns remain unclear. Here we generated covalent enzyme-substrate
complexes of DNMT3A and DNMT3B, and performed bisulfite sequencing-based single
turnover methylation analysis on both complexes. Our results showed that both
DNMT3A- and DNMT3B-mediated co-methylation preferentially gives rises to a
methylation spacing of 14 base pairs, consistent with the previous structural observation
for DNMT3A in complex with regulatory protein DNMT3L and CpG DNA. This study
provides a novel method for mechanistic investigation of DNMT3A- and DNMT3B-

mediated DNA co-methylation.



Introduction

DNA methylation is an important epigenetic mechanism essential for regulating diverse
cellular processes, including transcriptional silencing of retrotransposons’=, genomic
imprinting* and X-chromosome inactivation® °. In mammals, DNA methylation mainly
occurs at the C-5 position of cytosine in the CpG dinucleotide context, accounting for
~70-80% of the CpG sites across the genome’. Establishment of DNA methylation is
mainly achieved by two de novo DNA methyltransferases, DNMT3A and DNMT3B,
during gametogenesis and postimplantation development®, which are further regulated
by DNMT3-like protein (DNMT3L)*>*. Specific methylation patterns across genome
mediate distinct DNA-templated activities, serving as a hallmark in governing cell fate
commitment. Dysregulation of DNMT3A- and DNMT3B-mediated de novo methylation
has been associated with a variety of human diseases, such as cancer and neurological
disorders™. Interestingly, genome-wide methylation analysis has identified a modest
enrichment of 8-10 base pair (bp) periodicity among the methylation sites of both
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mammalian and plant genomes . However, the underlying mechanisms remain

unclear.

To date, mechanistic understanding of the DNMT3-mediated DNA methylation has
mainly come from DNMT3A" 8 The crystal structure of DNMT3A methyltransferase
(MTase) domain in complex with the C-terminal domain of DNMT3L reveals a
heterotetrameric fold in the order of DNMT3L-DNMT3A-DNMT3A-DNMT3LY. The
presence of two active sites, separated by a distance of ~40 A, has lent support to a
DNA co-methylation model, in which DNMT3A can co-methylate two CpG sites across
the DNA double strands separated by 8-10 base pairs (bps)'®. Along the line, a
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subsequent study has developed a hairpin bisulfite analysis-based approach to evaluate
the DNMT3A-mediated CpG co-methylation®. In essence, the double-stranded DNA
substrates were first subjected to methylation by mouse DNMT3A-DNMT3L complex.
Subsequently, the methylated products were ligated with a hairpin loop at one end,
followed by bisulfite conversion and cloning analysis. This approach, through
conversion of the two opposite DNA strands into the same strand, permits the
measurement of the correlated methylation between the two CpG sites located across
the opposite strands of the same DNA substrate. Consistent with the structural
modeling analysis, the hairpin bisulfite analysis indicated that the most correlated
methylation events occur at the CpG sites on the two opposite strands, with spacing of
8-10 bp'®. These observations therefore led to the proposition that the DNMT3A-
mediated CpG co-methylation may contribute to the periodicity of CpG methylation in
mammalian genomes*® *°. On the other hand, this approach is challenged by the fact
that it could not distinguish whether the two correlated methylation events arise from co-
methylation or sequential methylation events (Fig. 1A). In fact, it has been argued that
the 10-bp periodic distribution of the WW (W= A, T) and SS (SS= G, C) dinucleotides in
nucleosomal DNA, which serves to accommodate the DNA wrapping around histone

octamers?, may dictate the periodicity of DNA methylation®?.

To gain further understanding of the DNMT3A- and DNMT3B-mediated de novo
methylation, we developed a “single-turnover” methylation assay, in which DNMT3A or
DNMTS3B is covalently linked to one target site of the substrates, thereby restricting the
dissociation of DNMT3A or DNMT3B from the substrate before the next enzymatic

attack. Our result unequivocally clarified 14 bp as the co-methylation spacing of



DNMT3A and DNMT3B, providing a basis for mechanistic understanding of DNMT3A-

and DNMT3B-mediated CpG co-methylation.
Results

Through a mechanism-based cross-linking method, we have recently reported the
crystal structures of the DNMT3A-DNMT3L tetramer covalently bound to DNA
substrates in which the target cytosine in the CpG site is replaced by Zebularine (2), a
cytosine analogue?!, providing mechanistic insight into the productive state of DNMT3A-
susbtrate complex®’. To elaborate how the oligomerization of DNMT3A and closely-
related DNMT3B affects their co-methylation of CpG sites, we have compared the two
crystal structures of the DNMT3A-DNMT3L-CpG DNA complexes from our previous
study: One involves the DNMT3A-DNMT3L tetramer bound to two 10 bp-long DNA
duplexes each containing one single central CpG/ZpG site, while the other involves the
DNMT3A-DNMT3L tetramer bound to a 25-mer self-complimentary DNA substrate
containing two CpG/ZpG sites, with the target Zebularines separated by 14 bps.
Structural comparison of the two DNMT3A-DNMT3L-DNA complexes indicates a similar
protein-DNA interface (Fig. 1B), suggesting that the substrate recognition modes of
these complexes were not affected by their different crystal packing conditions. Notably,
for the complex of the DNMT3A-DNMTS3L tetramer bound to short DNA duplexes, the
two DNA molecules do not align with each other to mimic the standard B-form
conformation; instead, they are oriented with a slightly titled angle, mimicking the
bending conformation of the longer substrate (Fig. 1B). These observations suggest
that the 14-bp spacing between the two target sites of the longer substrate may reflect
the co-methylation spacing of DNMT3A under the physiological condition.
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To clarify how DNMT3B and DNMT3A may mediate DNA co-methylation in
solution, we designed a single turnover methylation assay (Fig. 2A,B), based on the
stable DNMT3A-DNMT3L-DNA or DNMT3B-DNMT3L-DNA complex formed prior to the
methylation reaction (Fig. 2A). In essence, we first generated a covalent complex
between the DNMT3A-DNMT3L or DNMT3B-DNMT3L tetramer and an unmethylated
DNA substrate containing one single ZpG site as well as multiple CpG sites, with the
Zebularine and cytosines separated by 8-, 10-, 12-, 14- and 16-bp, respectively. Next,
the DNMT3A-DNMT3L-DNA or DNMT3B-DNMT3L-DNA complex was incubated with
cofactor S-adenosyl-L-methionine (SAM), which triggers the methylation reaction with
DNMT3A or DNMT3B staying bound to the DNA. Subsequently, DNMT3A or DNMT3B
was removed from the DNA substrate through protease digestion, the target strand of
the DNA product was amplified by PCR reaction, and the distances between the
methylcytosine and the ZpG site was measured by bisulfite sequencing analysis (Fig.
2B and Tables S1-S4). In this study, we particularly focus on the DNA strand that is
complementary to the ZpG-containing strand, given the fact that structural analysis of
the DNMT3A-DNMT3L-DNA complex indicates an opposite directionality between the
co-methylated CpG sites (Fig. 1B). In comparison with previous hairpin bisulfite
approach, this newly developed approach offers the advantage to eliminate the effect of

DNMT3A- and DNMT3B-mediated sequential methylation, if any.

Analysis of the resulting sequencing data reveals a >96% conversion rate for the
CpG site complementary to the ZpG site (Fig. S1), which not only suggests that this site
is protected from being methylated during the reaction, but also serves as an internal

control to ensure high bisulfite conversation rate. In addition, the sequencing results



indicate a ~94% conversion rate for an external control, the unmethyltated CpG DNA
that was not subjected to methylation reaction (Fig. S1), which further validates the

efficiency of bisulfite conversion.

Out of 157 and 150 sequences analyzed for the methylation products of
DNMT3A-DNMT3L and DNMT3B-DNMT3L, respectively, we were able to identify 50
and 59 single-methylated sequences, respectively (Tables S1-S3). Among these, 47 of
DNMT3A-DNMT3L-treated and 55 of DNMT3B-DNMT3L-treated sequences yield a
methylation spacing of 14 bps (Fig. 2C,D and Tables S2-S3). In addition, we performed
the single-turnover methylation assay for DNMT3A-DNMT3L on the DNA substrate in
which the Zebularine within the sole ZpG site and the cytosines within the CpG sites are
separated by 9-, 11-, 13-, 15- and 17-bp, respectively. Under the same reaction
condition, 12 out 36 analyzed sequences were identified as single-methylated
sequences (Tables S1 and S4). However, analysis of these sequences failed to reveal
any of the CpG spacing from this substrate as dominant methylation event (Fig. 2E and
Table S4). Together, these data suggest that two target sites with 14 bp spacing most
likely represent the most favorable co-methylation substrate of DNMT3. One caveat of
this study is that the DNMT3A- and DNMT3B-mediated DNA co-methylation was
examined in the context of the catalytic domains, instead of full-length enzymes, which
may lead to different co-methylation behaviors. It is also worth noting that, the minor
population of methylation events, with methylation spacing other than 14 bp (Fig. 2C-E),
likely reflect the fact that this covalent complex of the DNMT3A-DNMT3L or DNMT3B-

DNMT3L tetramer with ZpG DNA remains reversible?®, leading to partial complex



dissociation and association during the enzymatic reaction, and therefore a possible

enzymatic action that was not restricted by the original covalent complex.
Discussion

The previously proposed DNA co-methylation spacing model of the DNMT3A-DNMT3L
tetramer highlights the importance of DNMT3A oligomerization in defining DNA
methylation patterns'® *°. This model fits with genome-wide methylation analysis, which
has indicated a 10-bp of methylation periodicity of mammalian genomes™® 2% 25
However, how such oligomerization of DNMT3A or DNMT3B contributes to the
correlation of two neighboring methylation events remains controversial®®. This study,
through single-turnover methylation assay, demonstrates 14 bp as the most favorable

co-methylation spacing of DNMT3A and DNMT3B, consistent with the structural

observation for the DNMT3A-DNMT3L-DNA complexes.

The apparent discrepancy between the 14-bp co-methylation spacing determined
here and the previous observation of 8-10 bp spacing likely arises from the distinct
enzymatic behaviors captured by these studies. In particular, 14-bp co-methylation
spacing arises from a scenario in which the two active sites of the DNMT3A or DNMT3B
dimer undergo the productive catalysis simultaneously (Fig. 3A). Structurally, the co-
methylation event observed in this study is accompanied by significant bending of DNA
substrates, which might not be energetically favorable in solution when compared with
the sequential methylation events along the substrate with the standard B-form
conformation. On the other hand, the 8-10 bp methylation spacing may arise from an

energetically distinct scenario (Fig. 3B): It is likely that the DNMT3A or DNMT3B dimer



presents one of the monomers to methylate one CpG site first, with the other monomer
binds to the DNA in a non-productive manner; upon the completion of the first
methylation event, the DNMT3A or DNMT3B dimer presents the second monomer to
attack another CpG site that is in close proximity. During this transition, DNMT3A/3B
and DNA substrate may undergo a conformational adjustment without being fully
dissociated. This latter scenario also permits the conformation of the DNA substrate to
stay in a B-form conformation, which is energetically more favorable. A detailed

characterization of these enzymatic behaviors awaits further investigation.

How the 14-bp spacing mechanism described here may contribute to the DNA
methylation patterns in cells, in particular in the context of the chromatin environment,
remains to be elucidated. Nevertheless, it is apparent that the unique architecture of
DNMTS3A oligomer provides a basis for correlative methylation of two cytosines within a
relatively short distance in general, through either co-methylation or a sequential

enzymatic action.
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Figure Legends

Figure 1. Co-methylation model of DNMT3A- and DNMT3B. (A) Schematic model of
co-methylation vs sequential methylation. (B) Structural overlay of the DNMT3A-
DNMTS3L tetramer bound to two short DNA duplexes containing single CpG site (PDB
6F57) and the DNMT3A-DNMT3L tetramer bound to one long DNA substrate containing

two CpG sites (PDB 5YX2). Both structures suggest co-methylation spacing of 14-bp.

Figure 2. Schematic view of single-turnover methylation assay for measurement
of co-methylation spacing. (A) Schematics for generation of the covalent complex of
DNMT3A and DNMT3B with Zebularine-containing DNA. (B) Workflow for the single-
turnover methylation assay. The Zebularine and unmodified cytosine are denoted as “Z”
and “C”, respectively. The target strand contains a 5' overhang for the purpose of
strand-specific PCR amplification. (C) The relative abundance of indicated even-
numbered CpG co-methylation spacing mediated by the DNMT3A-DNMT3L complex.
The average and standard deviation were derived from analysis of three independent
batches of sequencing data (See Table S2). (D) The relative abundance of indicated
even-numbered CpG co-methylation spacing mediated by the DNMT3B-DNMT3L
complex. The average and standard deviation were derived from analysis of three

independent batches of sequencing data (See Table S3). (E) The relative abundance of
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indicated odd-numbered CpG co-methylation spacing mediated by the DNMT3A-
DNMTS3L complex. The average and standard deviation were derived from analysis of

two independent batches of sequencing data (See Table S4).

Figure 3. Model for DNMT3A- and DNMT3B-mediated DNA co-methylation. (A) The
14-bp co-methylation spacing arises from the two concurrent methylation events of
DNMT3A and DNMT3B. The CpG sites are denoted by letters ‘C’ and ‘G’. The DNMT3A
or DNMT3B monomers are represented by oval spheres. The flipped ‘C’ represents the
insertion of target cytosine into the active site of each monomer, corresponding to a
productive methylation state. (B) DNMT3A/3B may catalyze the methylation of one CpG
site first, and then transit into the catalytic state for methylating the next CpG site. At
each catalytic stage, only one monomer undergoes productive methylation, while the
other monomer adopts a non-productive state, which does not involve base flipping of
target cytosine. During the transition of the methylation events, the DNMT3A/3B dimer

may remain associated with the DNA substrate.

Methods

Protein expression and purification. The MTase domains of human DNMT3A or

DNMT3B (DNMT3A MTase: residues 562—-853; DNMT3B MTase: residues 628-912) or

was co-expressed with residues 178-386 of human DNMT3L on a modified pRSFDuet-

1 vector (Novagen), which contains a hexahistidine (Hisg) and SUMO tag preceding the

DNMT3B or DNMT3A sequence. The expression and purification of the DNMT3A-
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DNMT3L or DNMT3B-DNMT3L complex was as previously described®. In essence, the
protein complexes were expressed using the Escherichia coli BL21 DE3 (RIL) cell
strains and purified using a Ni**-NTA column, followed by removal of the Hisg-SUMO
tag through Ubiquitin-like-specific protease 1 (ULP1) cleavage, ion exchange
chromatography on a Heparin HP column (GE Healthcare) and size-exclusion
chromatography on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare). The
final protein samples were concentrated in a buffer containing 20 mM Tris-HCI (pH 8.0),
100 mM NacCl, 0.1% B-mercaptoethanol and 5% glycerol, and stored in -80°C before

use.

Preparation of covalent complexes

To prepare the covalent complex of the DNMT3A-DNMT3L or DNMT3B-DNMT3L
tetramer with ZpG-containing DNA for methylation assay, the DNMT3A-DNMT3L or
DNMT3B-DNMT3L tetramer was mixed with a 37-mer/68-mer hybrid DNA duplex
(DNASPacingly (Upper strand: 5"
GCATGZGTTCTAACGCGCGCGCGTGAAGGAAGGAAGG-3'; Lower strand: 5™
GGTGGTGGTGGTGATCCTTCCTTCCTTCACGCGCGCGCGTTAGAACGCATGCGTG
GAGATGGAGGAGG-3"; Z: Zebularine) or a 38-mer/69-mer hybrid DNA duplex

(DNASPa©Ing2) (Upper strand: 5'- GCATGXGTTCTAA
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GCGCGCGCGCGTGAAGGAAGGAAGG-3, Lower strand: 5'-
GGTGGTGGTGGTGATCCTTCCTTCCTTCACGCGCGCGCGCTTAGAACGCATGCGT
GGAGATGGAGGAGG-3'; Z: Zebularine) in a 2:1 molar ration and incubated under the
condition of 20 mM Tris-HCI (pH 8), 20% glycerol, and 40 mM DTT at room
temperature. The 5'-overhang sequences in both DNA substrates serve as templates for
strand-specific PCR amplification as well as internal control for bisulfite conversion.
Subsequently, the DNMT3A/3B-DNMT3L-DNASP*"! o  DNMT3A/3B-DNMT3L-
DNASPN92  covalent complexes were purified sequentially through ion exchange
chromatography on a HiTrap Q XL column (GE Healthcare) and size-exclusion

chromatography on a HiLoad 16/600 Superdex 200 pg column.

Single-turnover methylation assay. For the enzymatic assays, the DNMT3A/3B-
DNMT3L-DNASP! or DNMT3A/3B-DNMT3L-DNASP® 2 covalent complexes were
adjusted to 1 uM and reacted in a buffer containing 32 yM AdoMet, 50 mM Tris-HCI, pH
8.0, 0.05% B-mercaptoethanol, 5% glycerol and 200 yg/mL BSA. The reaction was
performed at 37T for 1h. The reaction products wer e digested with protease K at 42T
for 2h, purified by agarose gel electrophoresis using GeneJET gel extraction kit
(Thermo Scientific). 100 ng of purified DNA was subjected to bisulfite conversion using

an EZ DNA Methylation Gold Kit (Zymo Research), followed by PCR amplification using
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primers: 5-CCACCACCACCACTA-3 and 5-GGAGGAGGTAGAGGTG-3'. The PCR

products were cloned into pCR4-TOPO vector (Invitrogen) for sequencing analysis.
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Highlights

» Formation of covalent complexes between DNMT3A/3B and DNA

 The method performs enzymatic assays with covalent complexes of DNMT3A/3B
» Accurate measurement of single turnover methylation event was developed

»  DNMTS3A/3B co-methylates CpG DNA with preferred 14-bp spacing



