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ABSTRACT

DNMT3A/3L heterotetramers contain two active cen-
ters binding CpG sites at 12 bp distance, how-
ever their interaction with DNA not containing this
feature is unclear. Using randomized substrates,
we observed preferential co-methylation of CpG
sites with 6, 9 and 12 bp spacing by DNMT3A
and DNMT3A/3L. Co-methylation was favored by AT
bases between the 12 bp spaced CpG sites consis-
tent with their increased bending flexibility. SFM anal-
yses of DNMT3A/3L complexes bound to CpG sites
with 12 bp spacing revealed either single heterote-
tramers inducing 40° DNA bending as observed in
the X-ray structure, or two heterotetramers bound
side-by-side to the DNA yielding 80° bending. SFM
data of DNMT3A/3L bound to CpG sites spaced by
6 and 9 bp revealed binding of two heterotetramers
and 100° DNA bending. Modeling showed that for
6 bp distance between CpG sites, two DNMT3A/3L
heterotetramers could bind side-by-side on the DNA
similarly as for 12 bp distance, but with each CpG
bound by a different heterotetramer. For 9 bp spac-
ing our model invokes a tetramer swap of the bound
DNA. These additional DNA interaction modes ex-
plain how DNMT3A and DNMT3A/3L overcome their
structural preference for CpG sites with 12 bp spac-
ing during the methylation of natural DNA.
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INTRODUCTION

DNA methylation plays essential roles in gene regulation
and chromatin biology (reviews: 1-3). The DNA methyl-
transferase paralogs DNMT3A and DNMT3B were dis-
covered in 1999 (4). Both enzymes catalyze the methyla-
tion of cytosine residues in DNA with a preference for
CpG sites (reviews: 5,6) and set up DNA methylation pat-
terns during gametogenesis and post-implantation develop-
ment (reviews: 7,8). DNMT3A is essential for the devel-
opment of mammals (review: 7,8), but it also has impor-
tant roles in carcinogenesis (reviews: 9,10). The catalytically
inactive DNMT3-like protein (DNMT3L) has an impor-
tant regulatory role in this process by acting as a stimula-
tor of DNMT3A (review: 6). One important role of both of
these proteins is the setting of imprints in the mammalian
germline (11-13). The catalytically active C-terminal do-
main of DNMT3A (14) in complex with the C-terminal do-
main of DNMT3L forms a linear heterotetrameric com-
plex with the two DNMT3A subunits in the center and
the DNMTS3L at the edges (3L-3A-3A-3L) (15). The cen-
tral DNMT3A subunit interface in this heterotetramer is
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based on the symmetric interaction of two arginine and
aspartate residues and therefore designated RD interface
(15). This region forms the DNA binding site of the com-
plex such that each DNMT3A subunit can methylate with
its active site one CpG site if these sites are placed at an
appropriate distance. Based on the structural constraints
these methylation events occur on opposite DNA strands.
The DNMTS3L subunits at the edges of the heterotetrameric
complex can be replaced by two additional subunits of
DNMT3A (16) yielding a DNMT3A homotetramer as the
smallest catalytically active form of DNMT3A that con-
tains two central DNMT3A subunits in the same arrange-
ment as the DNMT3A/3L complex. Homotetramer for-
mation of DNMT3A2 and DNMT3A catalytic domain
and heterotetramer formation of the DNMT3A catalytic
domain/DNMT3L C-terminal domain complex has been
observed by analytical ultracentrifugation and size exclu-
sion chromatography as well (16-18). However, larger mul-
timers of DNMT3A catalytic domain and DNMT3A2 can
also form in the absence of DNMT3L (17-19). DNMT3L
does not contain an RD interface and thus prevents the for-
mation of larger protein multimers than the heterotetramer
(17,19). DNMT3A and DNMT3A/3L bind to DNA in a
cooperative manner (16,20) and previous scanning force mi-
croscopy (SFM) imaging studies showed that both protein
complexes multimerize on DNA at higher protein concen-
trations forming large protein-DNA fibers (17,20). SFM
studies also showed different DNA interaction properties
of DNMT3A and DNMT3A/3L. While larger complexes
containing only DNMT3A were able to interact with two
separate DNA molecules forming different irregular struc-
tures, this was not observed for DNMT3A /3L (17).

The catalytic cycle of DNMTs is initiated by the rota-
tion of the target cytosine out of the DNA helix, followed
by the attack of an active site cysteine residue on the C6-
position of the target base leading to the transient forma-
tion of a covalent enzyme-DNA complex, which is resolved
during later steps of the reaction (review: 6). Replacement
of the target cytosine in DNA by Zebularine (Z) still al-
lows covalent complex formation and methyl group trans-
fer, but blocks further the steps of the reaction leading to a
stable enzyme-DNA complex (21). Systematic analyses re-
vealed that one DNMT3A /3L tetramer forms a tight com-
plex with a 25mer DNA substrate containing two ZpG
sites on different DNA strands at a distance of 12 bp be-
tween the CpG sites (corresponding to 14 bp between the
Z-residues). This complex could be crystallized and the re-
sulting structure revealed both target Z-residues flipped out
of the DNA helix and placed in the active center of the two
DNMTS3A subunits (22). In addition, a structure was solved
for DNMT3A/3L tetramer with two short 11mer DNA
substrates each containing one ZpG site bound to one of the
two DNMT3A subunits (22). The DNMT3A/3L tetramer
in both structures did not undergo larger conformational
changes when compared with a DNA-free structure solved
earlier (15). While the short DNA molecules bound to one
DNMT3A subunit were unbent, the long DNA interact-
ing with both DNMT3A subunits showed an approximately
40° bending centered in the middle between the two ZpG
sites. Subsequent kinetic studies showed that the interac-
tion of the DNMT3A/3L complex with both Z-residues is
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strongly preferred for a spacing of 12 bp between these sites
(23).

These structural and binding studies have significantly
contributed to the understanding of DNMT3A-DNA in-
teractions. However, previous SFM studies were carried
out with DNA that was lacking specific target sites of
DNMT3A, and the two-site binding experiments and crys-
tallization studies mentioned above involved trapping of co-
valent complexes with ZpG sites, which could lead to a shift
of conformational equilibria. Moreover, recent work has
shown that the activity of DNMTs is strongly dependent
on the sequences flanking the CpG sites (24-27) suggesting
that sequence preferences could influence the bending nec-
essary for the interaction of DNMT3A with two CpG sites.
Here, we focused on the catalytic domain of DNMT3A and
the complex formed by the catalytic domain of DNMT3A
together with the C-terminal domain of DNMT3L and
study their interaction with DNA containing pairs of CpG
sites at different distances.

Using a next generation sequencing (NGS) coupled
Deep-Enzymology approach, we investigated the prefer-
ences for DNMT3A and DNMT3A/3L catalyzed co-
methylation of CpG sites at different distances under cat-
alytic conditions and determined sequence effects on the
efficiency of co-methylation. Unexpectedly, our data in-
dicated several distinct modes of co-methylation of CpG
sites by DNMT3A and DNMT3A/3L, which were associ-
ated with characteristic distances between the CpG sites of
mainly 6, 9 and 12 bp. We then applied SFM imaging to
characterize DNMT3A/3L complexes with DNA contain-
ing two CpGs at these distances. As a single molecule tech-
nique, SFM provides a powerful approach for conforma-
tional analyses of protein-DNA complexes formed at differ-
ent DNA target sites and at unspecific sites (reviews: 28,29).
The high, molecular resolution of SFM allows the distinc-
tion between (and separate analysis of) protein complexes
bound at specific sites (here paired CpG sites with 6, 9 and
12 bp spacing), which are incorporated in the DNA sub-
strates comprising about 400 bp at defined positions (here
at 50% of the DNA length), and complexes bound else-
where on the DNA. To further enhance the power of SFM
for studies of protein-DNA interactions, we have previously
developed an automated analysis that provides DNA bend
angles at protein peak positions on the DNA in an ex-
perimenter independent and high throughput fashion (30).
Here, we have further expanded this tool to detect the pro-
tein binding positions on the DNA correlated with the indi-
vidual DNA bending angles at each of the peaks. Our stud-
ies revealed interesting differences between DNMT3A /3L
complexes for the different DNA substrates. SFM imaging
of DNMT3A/3L bound to substrates with two CpG sites
at 12 bp spacing indeed revealed DNA bending consistent
with the crystal structure (22). SFM data with substrates
containing pairs of CpG sites at distances of 6 or 9 bp re-
vealed distinct novel higher order complex arrangements
for DNMT3A/3L tetramers. For 6 bp spacing between
CpG sites, two DNMT3A /3L heterotetramers bound to the
DNA side-by-side, while in case of pairs of DNMT3A/3L
heterotetramers bound to CpG sites with 9 bp spacing, only
one DNMT3A subunit of each heterotetramers contacts
the DNA leading to a tetramer swap of the bound DNA.
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Importantly, these novel DNA interaction modes provide
an explanation for why DNMT3A and DNMT3A/3L can
function as global de novo DNA methylation devices in vivo
without generating an obvious pattern of preferentially co-
methylated CpG sites at a distance of 12 bp in cellular DNA.

MATERIALS AND METHODS
Protein expression and purification

The catalytic domain of murine DNMT3A (residues 608-
908 of O88508) and C-terminal domain of DNMT3L
(residues 207-421 of AAHS83147) were overexpressed in
BL21 Codon plus (DE3)-RIL Escherichia coli cells (Strata-
gene) and purified as described (17,31). The catalytic do-
mains of human and murine DNMT3A are identical in
amino acid sequence, the amino acid sequence identity
between the C-terminal domains of the murine and hu-
man orthologs of DNMT3L is 74%. The purity of the
protein preparations was estimated to be >95% based on
Coomassie stained SDS gels (Supplemental Figure S1A).
The concentrations of the proteins were determined by UV
spectrophotometry and confirmed by densitometric analy-
sis of Coomassie stained SDS—polyacrylamide gels. Com-
plexes of DNMT3A catalytic domain with the C-terminal
domain of DNMT3L were formed by equimolar mixing of
both proteins and incubation for at least 30 min. Complex
formation was confirmed by radioactive methylation kinet-
ics using a 30mer oligonucleoide substrate with one CpG
sites as described (32), where the activity of DNMT3A is
stimulated about 5-10-fold in the presence of DNMT3L
(32).

Methylation of substrate libraries

Single-stranded DNA oligonucleotides used for genera-
tion of double stranded substrates with two CpG sites
at different distances were obtained from IDT (Supple-
mental table S1). Sixteen single-stranded oligonucleotides
were pooled in equimolar amounts and the second strand
synthesis was conducted by a primer extension reac-
tion using one universal primer. The obtained mix of
double-stranded DNA oligonucleotides (107 nM) (Sup-
plemental Figure S1B) was methylated by DNMT3A cat-
alytic domain and DNMT3A catalytic domain mixed with
DNMT3L C-terminal domain, and incubated for 60 min at
37°C in the presence of 0.8 mM S-adenosyl-L-methionine
(Sigma) in reaction buffer (20 mM HEPES pH 7.5, 1
mM EDTA, 50 mM KCl, 0.05 mg/ml bovine serum albu-
min). For DNMT?3A, concentrations of 0.25, 0.5, 1 and
2 wM were used, for DNMT3A/3L 0.125 and 0.25 wM.
In addition, a no-enzyme control was processed iden-
tically as all other samples. The methylation reactions
were stopped by shock freezing in liquid nitrogen, then
treated with proteinase K (NEB) for 2 h at 42°C, and
purified by PCR cleanup kit (Macherey-Nagel). After-
wards, the DNA was digested with Bsal-HFv2 (NEB) and
a hairpin (pPGAGAAGGGATGTGGATACACATCCCT)
was ligated onto the cut end using T4 DNA ligase (NEB).
DNA was bisulfite-converted using EZ DNA Methylation-
Lightning kit (ZYMO RESEARCH) according to the man-
ufacturer protocol and eluted with 10 wl ddH,O.

NGS library generation

Libraries for Illumina Next Generation Sequencing (NGS)
were produced with a two-step PCR approach (Supple-
mental Figure S1C). In the first PCR, 2 ul of bisulfite-
converted DNA were amplified with the HotStarTaq DNA
Polymerase (QIAGEN) and primers containing internal
barcodes using following conditions: 15 min at 95°C, 10 cy-
cles of 30 s at 94°C, 30 s at 50°C, 1 min and 30 s at 72°C,
and final 5 min at 72°C; using a mixture containing 1 x PCR
Buffer, 1 x Q-Solution (QIAGEN), 0.2 mM dNTPs, 0.05
U/wl HotStarTaq DNA Polymerase, 0.4 uM forward and
0.4 wM reverse primers in a total volume of 20 pl. In the sec-
ond PCR, 1 ul of obtained products were amplified by Phu-
sion HF Polymerase (Thermo) with another set of primers
to introduce adapters and indices needed for NGS (30 s at
98°C, 10 cycles of 10 s at 98°C, 40 s at 72°C, and finally 5 min
at 72°C). PCRII was carried out in 1x Phusion HF Buffer,
0.2 mM dNTPs, 0.02 U/l Phusion HF DNA Polymerase,
0.4 wM forward and 0.4 WM reverse primers in a total vol-
ume of 20 pl. Obtained libraries were pooled in equimolar
amounts, purified by PCR cleanup kit (Macherey-Nagel)
and sequenced in the Max Planck Genome Centre Cologne.

Bioinformatic analysis

Bioinformatic analysis of obtained NGS data was
conducted with a local Galaxy server (33) and with
home written scripts. Briefly, fastq files were ana-
lyzed by FastQC (Galaxy Version 0.72+galaxyl, https:
/Iwww.bioinformatics.babraham.ac.uk/projects/fastqc/),
the 3’ ends of the reads with a quality lower than 20 were
trimmed using Trim Galore! (Galaxy Version 0.4.3.1,
https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/), and reads containing both full-length sense
and antisense strands were selected. Next, the samples were
split with respect to the different experimental conditions
using the internal barcodes. Afterwards, the insert DNA
sequence was extracted and using the information of both
strands of the bisulfite-converted substrate, the original
DNA sequence and methylation state of both CpG sites
was reconstituted. The sequences were sorted according to
the distances between the CpG sites and DNA methylation
was analyzed on both sense and anti-sense strands. Finally,
the co-occurrence of methylation on sense and anti-sense
strands as well as the average base composition in the
middle of co-methylated substrates was extracted.

Structural modelling

Structural modelling was done in Chimera 1.4 (34) using
the DNMT3A/3L complexes 6F57 and 6BRR (22). Higher
order complexes binding one molecule of DNA at differ-
ent distances were generated by placing two tetrameric com-
plexes in the desired geometry and manually overlapping an
appropriate number of base pairs of two complexes to place
the adjacent CpG sites in the desired distance.

Design and generation of the SFM substrate

Three different substrates containing CpG sites at distances
of 6 (substrate D6), 9 (substrate D9) and 12 bp (substrate
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D12) within a central CpG free sequence were designed
for SFM experiments (Supplemental Figure S2A and S2B).
The D6, D9 and D12 substrates had lengths of 406, 409
and 412 bp, respectively, with the dual CpG sites located
at 50% of their overall lengths. Outside of the central CpG
free region that surrounds the designed CpG double sites
(total length 102 bp), the substrates contained 20 CpG sites
with variable spacing. Combined analyses of binding prop-
erties to these parts of the DNA substrates (between DNA
ends and 40% of DNA length), which includes binding to
non-specific sites (non-CpG sites), single CpG sites, and two
CpG sites with various spacing will be referred to here as
binding to ‘average DNA’. The substrates were produced
by primer extension to generate the double stranded oli-
gos harboring CpG site pairs in a CpG free regions. In the
second step, this inner unit was TOPO TA cloned into the
pCR2.1 TOPO vector (Agilent). Using this vector as tem-
plate, the final SFM substrates were amplified by PCR using
primer sets, which are complementary to the vector back-
bone. The substrates were cleaned up according to the pro-
tocol of the PCR cleanup kit (Macherey-Nagel) (Supple-
mental Figures S2C).

SFM experiments

Preformed DNMT3A /3L complexes (100 nM) were incu-
bated in SFM buffer containing 25 mM HEPES pH 7.5,
25 mM sodium acetate and 10 mM magnesium acetate at
ambient temperature for 20 min with DNA substrates (4
nM). A volume of 20 ul of the incubations was deposited
onto freshly cleaved mica (Grade V5, SPI Supplies). For
control experiments, samples with DNA substrates without
DNMT3A/3L (Supplemental Figure S3) were also imaged.
The samples were allowed to spread evenly on the mica
surface for 1 min and were then rinsed gently with ultra-
pure water and dried under a stream of nitrogen. Imaging
was conducted in air using a Molecular Force Probe (MFP)
3D-Bio SFM (Asylum Research, Oxford Instruments) and
AC240TSA silicon probes (Olympus, nominal end diameter
< 10 nm) with spring constants of ~2 N/m and resonance
frequencies of ~70 kHz in tapping mode. Image sizes of 2
pm x 2 pm, 4 pm x 4 pm and 8 pm x 8§ wm were collected
with a pixel resolution of ~1.95 nm at a scan speed of 2.5
pmy/s. All experiments were performed in triplicate.

Data analysis of the SFM experiments

SFM micrographs were plane-fitted and flattened to third
order using MFP software on Igor Pro interactive software
environment and were exported in Tiff format. DNA bend
angles and protein binding positions on DNA were ob-
tained using an extended version of our automated, high-
throughput open source MatLab tool (available at Open
Science Framework at https://osf.io/76e9s/). The detailed
procedure involving image pre-processing, DNA skele-
tonization, protein localization, and DNA bend angle mea-
surement has been previously described (30). In addition,
we extended the MatLab script for SFM data analysis to
allow the automated localization of protein positions on
the DNA based on DNA skeletonization, a height cut-off
to determine protein peak positions, and distances mea-
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sured from protein peak centers to DNA ends (see also Sup-
plemental text S1, detailed instructions can also be found
at https://osf.i0/76e9s/). Only DNA substrates of the cor-
rect length were included in the analyses to vouchsafe cor-
rect positioning of CpG target sites at 50% DNA length
(see Supplemental text S1). The resulting position distribu-
tions of DNMT3A/3L on the DNA fragments were plot-
ted using Origin Pro (OriginLab). Because we cannot distin-
guish the two (unlabeled) DNA ends in our substrates, posi-
tion distributions are displayed between DNA ends (0% of
DNA length) and the center of the DNA (50% of the DNA
length). To estimate binding specificities for dual CpG tar-
get sites, the DNA was subdivided in 20 segments each com-
prising 5% of DNA length (2.5% on either side from the
center position). The number of binding events observed in
each segment was compared with the number expected for
no binding preferences (equal probability of binding to all
DNA sites, Nexp = Niotal/20).

The volumes of the protein peaks on the DNA were mea-
sured using the density slice option in ImageSXM software
(S. Barrett, University of Liverpool). Volume distributions
were plotted and Gaussian fitted using Origin Pro (Origin-
Lab Corporation, Northampton, USA). The volumes of
the complexes were derived from the centers of the Gaus-
sians. SFM volumes (V) can be translated into approximate
molecular weights (MW) of protein complexes using our
previously reported SFM volume calibration: MW = (V +
5.9)/1.2 (35), which can serve as a crude size estimate for
DNA bound complexes as well (36). Lengths and heights
of protein peaks at the 50% positions on the DNA sub-
strate with volumes consistent with two DNMT3A /3L het-
erotetramers were measured manually with Image J (https:
/limagej.nih.gov/ij/) and Image SXM software, respectively.

RESULTS

Analysis of co-methylation frequencies of CpGs at different
distances

We used a Deep-Enzymology approach to investigate the
activity of DNMT3A and DNMT3A /3L complexes on dif-
ferent DNA substrates. These analyses revealed detailed
mechanistic information regarding the concerted activity of
both active DNMT?3A subunits forming the RD interface in
these complexes. In Deep-Enzymology approaches, single
molecule DNA methylation kinetics are conducted on sub-
strates containing partially randomized sequences to obtain
novel insights into the influence of the substrate sequence on
enzyme activity (25-27,37). In the current study, a library of
DNA molecules containing pairs of CpG sites with differ-
ent spacings was prepared and used for kinetic experiments
with DNMT3A or DNMT3A/3L (Figure 1A). To provide
a neutral sequence context and be able to later investigate
the influence of the DNA sequence on co-methylation of
CpG sites at different distances, we embedded the two CpG
sites in a context of 23 randomized bases (Supplemental ta-
ble S1). Using partially randomized oligonucleotides with
the corresponding sequences, a mixed library pool of double
stranded DNA was prepared, which was then methylated by
DNMT3A or DNMT3A/3L. Afterwards, the methylation
of both DNA strands was simultaneously detected by hair-
pin bisulfite conversion followed by deep NGS sequencing.
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Illumina sequencing yielded high NGS read coverages for
each individual substrate (Supplemental table S2). Methy-
lation reactions were conducted at different enzyme con-
centrations using DNMT3A (0.25, 0.5, 1 and 2 pM) or
DNMT3A/3L (0.125 and 0.25 wM) and overall methyla-
tion levels were observed to increase accordingly from 1%
to 11.6% and they reflected the known enhancement of the
activity of DNMT3A by addition of DNMT3L (32) (Fig-
ure 1B). Control reactions were conducted without addi-
tion of enzyme and analyzed through the same pipeline.
The obtained results revealed very low apparent methyla-
tion levels of 0.16%, which represent background from in-
complete bisulfite conversion. These results document high
conversion rates in the bisulfite analysis and correct data
analysis.

We then determined the fraction of co-methylation events
of CpG sites at spacings of 2 to 15 bp in these data (Sup-
plemental table S3). For this, three types of co-methylation
were distinguished (Figure 1C): (i) co-methylation of site
1 in the upper (‘M’) and site 2 in the lower (‘W’) DNA
strand (MW co-methylation), (ii) co-methylation of site 1
in the lower and site 2 in the upper DNA strand (WM
co-methylation), and iii) co-methylation of site 1 and 2
in the same DNA strand (MM co-methylation). Of note,
co-methylation in the MW and WM mode is structurally
and mechanistically distinct. In the conformation seen in

the crystal structure, the tetrameric DNMT3A /3L complex
would be able to introduce MW co-methylation at CpG
sites in about 12 bp distance (22,23), but it could not gen-
erate WM or MM co-methylation. Co-methylation profiles
were determined at different enzyme concentrations and af-
ter normalizing to the average values of the individual ex-
periments, the relative co-methylation levels observed in the
different experiments could be averaged with small error
bars. MM and WW co-methylation are symmetrically re-
lated and refer to the same process once occurring on the
upper and once on the lower DNA strand. Therefore, MM
and WW co-methylation data were mixed and they are pre-
sented here as ‘MM’ co-methylation. For all types of co-
methylation, a peak of occurrence was observed at distances
of 2 bp (Figures 2, 3 and Supplemental Figure S4). For
MW co-methylation (Figure 2), our data revealed two ad-
ditional peaks for CpG distances of 9 bp and 12 bp in case
of DNMT3A. For DNMT3A/3L, the peak at 12 bp was
further enhanced while the peaks at 2 and 9 bp were less
pronounced. Regarding WM co-methylation (Figure 3), a
second maximum at 5-6 bp was evident for DNMT3A/3L.
For MM co-methylation, apart from the enrichment at 2 bp,
no strong preferences for CpG spacings were observed with
DNMT3A or DNMT3A/3L (Supplemental Figure S4). All
these peaks were reproducibly detected in all underlying in-
dependent methylation experiments, which were conducted
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methylation of CpG sites in variable distances observed with DNMT3A/3L. The left panel shows the two independent data sets, the right panel shows
averages and SEM obtained after normalization of the data sets to their average values.

at different enzyme concentrations (Figures 2, 3 and Sup-
plemental Figure S4).

Base enrichment in the center of 12 base pair MW co-
methylation

While abundant co-methylation at short distances, which
is declining with increasing distance, can be explained by
short-range movements of DNMT3A or DNMT3A/3L on
the DNA (as described in the discussion section), enhanced
co-methylation peaks at distances of 6, 9 or 12 bp require a
different mechanism. To investigate the underlying mecha-
nism for preferential MW co-methylation by DNMT3A or
DNMT3A/3L, we first analyzed the effects of the sequence
between two CpG sites separated by 12 bp (as in the crystal
structure) on the efficiency of this type of co-methylation.
The crystal structure indicates that DNA bending is neces-
sary for the MW co-methylation of CpG sites at 12 bp dis-
tances, which is known to depend on the nucleotide com-
position of the DNA sequence (review: 38). Therefore, we
were interested to find out if the DNA sequences of sub-
strates with co-methylation of CpG sites in 12 bp distance

differ. We focused on the region in the midpoint between the
two CpG sites (position 5-8), which is at the center of the
bending. As shown in Figure 4, clear sequence preferences
were detected with a strong and highly significant enrich-
ment of T in the upper DNA strand both for DNMT3A and
DNMT3A/3L indicating a stimulation of co-methylation
by the presence of an A-tract in the lower strand at the cen-
ter of bending. At the same time, a strong depletion of G
in the upper DNA strand was observed. As a control, we
also extracted the NNNCGNNN flanking sequences of the
subset of methylated CpGs, and compared them with pub-
lished data revealing very high similarity between these two
independent studies as expected (Supplemental Figure S5).

SFM analysis of DNMT3A /3L DNA complexes

Next, we characterized the interaction of DNMT3A/3L
with pairs of CpG sites at different distances using sin-
gle molecule imaging by scanning force microscopy (SFM).
These studies were carried out with DNMT3A /3L, because
the known complex structure provides a reliable starting
point for modelling of higher order complexes and interpre-
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Figure 3. Frequencies of WM co-methylation of CpG sites in variable distances observed with DNMT3A and DNMT3A/3L. (A) Scheme of WM co-
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data sets, the right panel shows averages and SEM obtained after normalization of the data sets to their average values. (C) Frequencies of WM co-
methylation of CpG sites in variable distances observed with DNMT3A/3L. The left panel shows the two independent data sets, the right panel shows
averages and SEM obtained after normalization of the data sets to their average values.

tation of the data. For these experiments, DNA substrates
of ~400 bp length were generated that contained one pair of
CpG sites with spacings of 6, 9 or 12 bp (substrates D6, D9
and D12, respectively) in their center (at 50% of the DNA
length). This allowed us to identify complexes bound specif-
ically at the double-CpG target site based on their position
on the DNA (Supplemental Figure S2). The intervening
sequence was designed based on the base preferences ob-
served in the methylated sequences (see above), but avoid-
ing repetitive and palindromic sequences and strong biases.
The 12 bp distance corresponds to the available structural
data (22) and the preferences of MW co-methylation of
DNMT3A and DNMT3A/3L at this distance. The distance
of 9 bp corresponds to the strong preference of DNMT3A
(and weaker preference of DNMT3A/3L) for MW co-
methylation at this distance. Finally, the 6 bp distance cor-
responds to the WM co-methylation peak observed with
DNMT3A/3L. Protein concentrations were kept low, in or-
der to avoid the formation of fully occupied protein-DNA
fibers as observed previously (16,17,20). For SFM data
analysis, we developed an automated MatLab tool that pro-

vides the lengths of the DNA in the images. DNA length dis-
tributions of protein-DNA complexes as well as unbound
DNAs are shown for the three substrates D6, D9 and D12
in Supplemental Figure S6. The software then locates the
binding positions of protein complexes on the DNA and
measures DNA bending in the individual complexes (see
Methods and Supplemental text S1). Labeling of the pro-
tein peaks on the DNA by the procedure also enables us to
specifically measure the size (volume, length and height) for
each of the DNA bound complexes. DNMT3A/3L com-
plexes were thus investigated with respect to their distribu-
tion on the DNA, complex volumes and dimensions, and
their DNA bend angle.

Our SFM data revealed strong preferences of
DNMT3A/3L for binding to double CpG sites with
spacings of 9 and 12 bp (D9 and D12 substrates, re-
spectively), indicating high affinities for these CpG pairs
(Figure 5). For the D12 substrate, 43% of all binding
events occurred at the central CpG sites, translating into a
high preference (ratio of observed over expected number
of events, obs/exp = 8.6). Although the enhancement of
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binding to the central CpG sites was lower for the D9 sub-
strate (maximum obs/exp ratio of 3.5 at the 50% position),
the peak in binding events was considerably broader for
this substrate resulting in overall 52% of all binding events
located in the region from 40% to 50% DNA length. In
both cases (D9 and D12), a second local maximum was
observed at 25-30% of the DNA length at the place of the
transition of CpG free to average DNA. Importantly, this
position is well separated from the specific sites at 50% of
DNA length in our DNA substrates. For the D6 substrate,
the peak at 25-30% DNA length was comparable in size
to the binding peak at the central region (with the two
CpG sites separated by 6 bp), indicative of only moderate
affinity for the dual CpG sites with 6 bp spacing (maximum
obs/exp = 3.1 at 50% DNA length, 16% of all binding
events).

To investigate the stoichiometry of protein complexes
bound at pairs of CpG sites with spacings of 6, 9 or 12
bp, we determined their volumes in the SFM images (Fig-
ure 6A). Interestingly, volumes at CpG sites with 6 and
9 bp distance indicated the predominant presence of two
DNMT3A /3L heterotetramers (volumes of ~200 nm?, cor-
responding to ~200 kDa), while DNMT3A /3L complexes
at 12 bp spacings showed a bimodal distribution of volumes
corresponding to a single heterotetramer (slightly larger
than 100 nm’, corresponding to ~100 kDa) and volumes
corresponding to two heterotetramers bound at the central
double CpG sites. As a reference, we also measured the vol-
umes of DNMT3A/3L on DNA between DNA ends and
40% of the DNA length (average DNA, Figure 6A, left
panel). These volumes indicated that mostly single heterote-
tramers of DNMT3A/3L are bound to these DNA regions.

To further characterize the different types of complexes,
we analyzed the bending introduced into the DNA by
DNMT3A /3L bound at the center of the D6, D9 and D12
substrates and at average DNA (Figure 6B). For the 12 bp
CpG spacing, we observed two species of complexes char-
acterized by DNA bending angles of ~40° and ~80°. Sep-
arate volume distributions for these two different species
for CpGs with 12 bp spacing (Figure 6C) revealed that the
40° bent species corresponds to a single heterotetramer of
DNMT3A/3L (~100 nm?), while the more strongly bent
species corresponds to two DNMT3A /3L tetramers bound
(~200 nm?). DNA bend angles of 40° in the complexes are
consistent with bending in the crystal structure of a single
heterotetramer of DNMT3A /3L bound to two ZpG sites at
12 bp distance (22), while we attribute the larger complexes
with 80° bending to two heterotetramers binding to the
DNA side-by-side, each causing a bend of approximately
40° (see also below). At average DNA sites, DNMT3A/3L
introduced a broad DNA bend angle distribution with max-
imum also at ~40°. Importantly, the free D6, D9 and D12
substrates did not display bending at the central position
(Supplemental Figure S3B). The SFM data thus show that
DNMT3A/3L complexes actively introduce bending into
the DNA.

Analysis of the bending angle distribution of
DNMT3A/3L complexes bound at the central posi-
tion of the D6 and D9 substrates revealed that the 6 and
9 bp spacing of CpG sites resulted in complexes with
stronger DNA bending by ~100°. Further analysis focused

on the most abundant large volume complexes (~200 nm?,
corresponding to two DNMT3A/3L heterotetramers) at
CpGs with 6 and 9 bp spacing revealed heights of ~0.5 and
~1.1 nm, respectively (Figure 7). Measurements of the
length of the complexes on the DNA showed ~20 and
~10 nm for complexes bound to CpG sites with 6 and 9
bp spacing, respectively (Figure 7). These results indicate
that complexes bound to the D6 substrate have a relatively
flat and extended shape, while the complexes bound to
CpGs at 9 bp distance appear to be more ‘knotty’ and
compacted. As a control, we also measured lengths and
heights of DNA complexes of DNMT3A /3L with volumes
of ~100 nm? corresponding to a single heterotetramer
(Supplemental Figure S7). Consistently, these all showed
lengths of ~8 nm (only slightly shorter than the D9 dimer)
and heights of ~0.5 nm (comparable to the D6 dimer).

Structural interpretation of the different co-methylation
modes

The preference for MW co-methylation at a distance of
12 bp (Figure 8A) as observed in our methylation assays
and for binding of a single DNMT3A/3L heterotetramer
to the D12 substrate in our SFM data is in perfect agree-
ment with the co-crystal structure of DNMT3A /3L bound
to ZpG-DNA (22) as well as with additional biochemical
data (23). Methylation at slightly larger or smaller distances
(e.g. 11 or 13 bp) may be achieved by minor conforma-
tional changes. However, on the basis of the structural anal-
yses and very low conformational flexibility observed in the
various different DNMT3A /3L structures (15,22,39), it ap-
pears highly unlikely, that a single tetramer could prefer co-
methylation of CpG sites at a distance of 9 bp, as observed
for DNMT3A and to a lesser degree also for DNMT3A/3L.
To understand our results regarding MW and WM co-
methylation preferences in the kinetic experiments and the
structural and stoichiometric properties of DNMT3A/3L
bound to MW CpG sites at different spacings determined
by SFM, we modelled different types of orientations for two
heterotetrameric DNMT3A /3L complexes bound to CpG
sites with different spacings (Figure 8).

To rationalize MW co-methylation at shorter distances,
we considered the DNMT3A /3L structure with two short
CpG containing DNA substrates, each bound separately
to one DNMT3A subunit in a heterotetrameric complex
(6F57) (22). These DNA molecules can be fused generating
one DNA with two CpG sites each of which interact with
one DNMT?3A subunit of the two adjacent DNMT3A/3L
tetramers leading to a tetramer swap of the DNA at the RD
interfaces (Figure 8B). Modelling showed that the tetramers
can approach each other to as close as 8-9 bp between the
CpG sites without major steric clashes leading to relatively
compact structures. This model was strongly supported by
the SFM experiments showing that complexes at CpGs with
9 bp spacing had volumes corresponding to two tetramers,
and that they have a condensed shape with short complex
length and large height. However, in this model the centrally
bound DNA does not show bending, while strong bend-
ing is clearly observed in our SFM images. However, both
of the DNMT3A/3L tetramers in the model still contain
one additional DNMT3A subunit, which is not involved in



Nucleic Acids Research, 2021, Vol. 49, No. 14 8303

A average DNA D9 D12

25

20

015
(52

<25
)

1
10

Non-specific protein peaks,
n= 647
8 &8 38 8
50% position peaks on D6
o
50% position peaks on D9,
n=1
o w3 8 8 &
50% position peaks on D12,
n=192
o o 3 & 8

0 | H Iia) o 0l
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
B Volumes (nm®) Volumes(nm®) Volumes(nm®) Volumes(nm?)

_ 140 25 50 35

20
015
el

E10

Non-specific protein peaks.
=647 .
o 8 8 8 8 8 8
50% position peaks on D6,
1
o
50% position peaks on D9,
n= 184
3 8 8 3
50% position peaks on D12,
n=192
o 3 o 8 % 8

HHH

L 0+ 0 0
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 0140 160 180 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
DNA bend angle (°) DNA bend angle (°) DNA bend angle (°) DNA bend angle (°)
C Small bend / Large bend
(=)

angles angles

50% position peaks, n= 103

o o 3 & 8 B
50% position peaks, n=

o o 3 = 8

100 200 300 400 500 100 200 300, " 400 500
Volumes (nm?) Volumes (nm?)

Figure 6. Characterization of DNMT3A/3L complexes with CpG containing DNA substrates by SFM imaging. (A) Protein complex volumes and (B)
DNA bending angles in the complexes situated at 50% of DNA length on substrates containing a pair of CpG sites separated by 6 bp (D6 substrate), 9
bp (D9 substrate), and 12 bp (D12 substrate). Average DNA refers to complexes formed at other sites (between DNA ends and 40% DNA length). (C)
Separate volume distributions for species with moderate (~40°, left) and strong DNA bending (~80°, right) for the D12 substrate.

A B
D9
. - :

Figure 7. Characterization of large volume DNMT3A /3L complexes with CpG containing DNA substrates by SFM imaging. (A) SFM images of repre-
sentative large volume DNMT3A /3L complexes bound to the D6 and D9 substrates in 3D (top) and top view (bottom). Image areas are ~130 x 130 nm?.
The scale bar at the right indicates the heights in the 3D images in units of nm. Complex volumes are 206 nm> (D6) and 217 nm? (D9), both consistent
with two heterotetramers. The heights of these complexes are 0.69 nm and 1.18 nm and their lengths on the DNA are 18.9 and 9.4 nm for D6 and D9,
respectively. (B) Heights (left) and lengths (right) of large volume DNMT3A /3L complexes bound at CpG sites separated by 6 bp (D6 substrate) and 9 bp
(D9 substrate). The Gaussian fit centers indicate average heights of complexes on CpG pairs of ~0.6 nm for D6 and ~1.1 nm for D9. Average lengths of
complexes on D6 and D9 are ~20 and 10 nm, respectively. The distributions of heights and lengths of single heterotetramers (based on volumes) bound
to the different DNA substrates are shown in Supplemental Figure S7.

(o]
o
s

8 8 & %

50% position peaks, n= 133
s 88 8 8

50% position peaks, n= 133
° 3 8 & 8
] m

D
o
L

D

10

0 R
00 02 04 06 08 10 12 14 16 0 10 20 30 40 50
Height (nm) Length (nm)

the central interaction with the two CpG sites. These free in the DNA. Modelling was based on the DNMT3A/3L
DNMT?3A subunits could bind to the flanks of the DNA structures bound to a long DNA containing two CpG
molecule, potentially leading to DNA bending and further sites at 12 bp distance (6BRR) (22). By connecting the
compaction of the complex as described in more detail in bound DNAs of two DNMT3A/3L tetramers, both com-
the discussion section. plexes can be arranged side-by-side (Figure 8C). Modelling

WM co-methylation can be explained by two adjacent shows that adjacent tetramers can approach each other up
DNMT?3A tetramers each interacting with one CpG site to distances of 7 bp between the CpG sites without steric
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Figure 8. Schematic pictures, structural snapshots and models explaining MW and WM co-methylation at difference distances. (A) MW co-methylation at
12 bp distance is in agreement with the crystal structure of DNMT3A /3L (6BRR) (22). The two DNMT3A subunits in the heterotetramer are colored blue,
DNMT3L is colored cyan, DNA orange and AdoHcy is shown in yellow. (B) MW co-methylation at shorter distances can be explained, if two adjacent
tetramers interact with the DNA with only one DNMT3A subunit leading to a tetramer swap of the DNA. The model was generated by using two structures
of DNMT3A/3L complexes with two short DNA substrates each bound to one DNMT3A subunit (6F57) (22). The DNA molecules of both tetramers
were fused leaving a distance of 9 bp between the CpG sites. (C) WM co-methylation can be explained by two adjacent DNMT3A tetramers interacting
with the DNA side-by-side. The model was generated by using two DNMT3A /3L structures with long DNA substrates bound to both DNMT3A subunits
(6BRR (22)). The DNA molecules were aligned leaving a distance of 7 bp between the CpG sites.

clashes, suggesting that slightly shorter distances will be
possible with some conformational adjustments. In fact, a
closer approach up to 5 or 6 bp would allow the two com-
plexes to form an extensive interface, in agreement with
the previous observation that DNMT3A binds coopera-
tively to DNA (16,17,20). In further agreement with pre-
vious data, one part of the putative interface between the
tetramers is formed by the loop (R831-K855) which was
previously shown to be essential for the multimerization of
DNMT3A on DNA (20) (Supplemental Figure S8). The
resulting dimers of DNMT3A/3L heterotetrameric com-
plexes generate an elongated shape following the DNA in
a moderately extended conformation. This interpretation
is supported by the SFM results indicating large volumes

of these complexes corresponding to two DNMT3A/3L
tetramers, as well as long complex lengths, low heights, and
strong DNA bending.

DISCUSSION

The smallest catalytically active unit of DNMT3A is
a homotetramer of DNMT3A or a heterotetramer of
DNMT3A and DNMT3L, in which the two centrally
placed DNMT3A subunits can interact with two CpG sites
spaced 12 bp apart and methylate them on opposite DNA
strands (22). This observation immediately leads to the
question of why this enzyme with an in-built preference
for interaction with CpG sites 12 bp apart can more or



less equally methylate natural DNA, which contains iso-
lated CpG sites and pairs of CpG sites randomly spaced
from one another. To approach this challenging question,
in this study we investigated co-methylation by DNMT3A
and DNMT3A/3L of CpG sites at different distances from
each other. As it has been shown that flanking sequences
have a strong impact on the activity of DNMTs (25-27,37),
we embedded the two CpG sites with variable spacing in a
random flanking sequence context to avoid potential bias of
results caused by fixed sequence substrates. Co-methylation
of CpG sites can be classified into three different types, ei-
ther co-methylation of two CpG sites within the same DNA
strand (MM co-methylation) or in different DNA strands
(MW and WM co-methylation). MW co-methylation tar-
gets site 1 in the upper and site 2 in the lower DNA strand,
while WM co-methylates site 1 in the lower and site 2 in the
upper DNA strand (see schematic in Figure 1C). Of note,
the latter two modes of co-methylation in opposite DNA
strands are not symmetry related (they can be compared
to diastereomers in chemical structures). Hence, distinct
DNMT3A complex arrangements are required for their
generation.

For all three types of co-methylation, distinct and highly
reproducible patterns of over- and underrepresentation in
defined distances were observed. We first investigated, if a
simple model assuming independent methylation at both
CpG sites could explain these data. In this scenario, the
probability of co-methylation is identical at all distances, be-
cause the two methylation events are not connected to one
another. However, statistical analysis of the observed levels
of co-methylation in different distances is not in agreement
with this model (Supplemental Figures S9 and S10).

Next, we considered if diffusion of the DNMT3A com-
plexes along the DNA can explain our findings. For MM
co-methylation, we observed a distinct preference for CpGs
separated by very short distances, which decreased with
larger distances. This result can be explained by sliding of
the enzyme complex along the DNA after one turnover
followed by a second turnover by the same complex or
even subunit. Interestingly, preferences of MW and WM
co-methylation at short distances were also detected, which
cannot be explained by DNA sliding, because in these cases
the second methylation event occurs on the opposite DNA
strand. This observation is most readily explained by rapid
dissociation/re-association cycles of DNMT3A on DNA, a
process also called ‘hopping’. To explain co-methylation in
opposite DNA strands, it is plausible to assume that dur-
ing the hopping process the CpG site changes from one of
the central DNMT?3A subunits to the other, which would
automatically lead to a switch of the DNA strand that is
methylated. One-dimensional diffusion on DNA by sliding
and hopping processes is well-established and regularly in-
volved in target site location of DNA binding proteins after
initial unspecific binding (reviews: 40,41). Being diffusional
processes, both are most efficient at short distances and ex-
pected to decline continuously roughly with the square of
the distance. Hence, peaks of co-methylation appearing at
larger distances cannot be explained by these mechanisms.

For the MW and WM types of co-methylation, we ob-
served peaks of occurrences at distances of 6, 9 and 12
bp. To more closely understand the mechanisms behind
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these distinct preferences in methylation pattern, we inves-
tigated the distribution of DNMT3A /3L complexes bound
to DNA substrates with pairs of CpG sites in these distances
by single molecule SFM imaging. Our co-methylation ac-
tivity and SFM studies clearly showed a high preference of
DNMT3A and DNMT3A/3L for binding to and MW co-
methylation of CpG sites separated by 12 bp (Figures 2 and
5), which is fully consistent with the crystal structure and
previous biochemical data (22,23). Comparison of the dis-
tance preference of DNMT3A with DNMT3A/3L shows
that the preference for MW co-methylation is more strin-
gent in the case of DNMT3A/3L. Such enhanced adapt-
ability of DNMT3A versus DNMT3A/3L to target site
distances may be related to the fact that in DNMT3A
tetramers the DNMT3L subunits, which do not interact
with DNA, are replaced by additional DNMT3A subunits
that provide additional options for DNA interaction, in
particular in the context of larger multimers (17). In pre-
vious hairpin bisulfite studies with a repetitive (CGA)q se-
quence, three major peaks of DNMT3A catalyzed methy-
lation were observed in the upper and lower DNA strands
revealing several MW co-methylation events at distances
of 7 bp (16,20). However, due to the repetitive structure
of this substrate, the same data also correspond to MW
co-methylation at distances of 13 bp, which coincides with
the second most preferred distance in the current data for
DNMT3A/3L. In this context, it needs to be considered,
that in the previous studies only distance steps by multiples
of 3 bp could be analyzed (7, 10 or 13 bp) such that the pre-
ferred distance of 12 bp was not available.

In addition to the preferential MW co-methylation of
CpGs with 12 bp distance, our data unexpectedly revealed
preferences of 8-9 bp for MW co-methylation and 5-6 bp
for WM co-methylation. Consistent with these findings, our
SFM data showed strong peaks of protein occupancy at
central positions of D12 as well as D9 substrates (where
the paired CpG sites are located), indicating a strong pref-
erence for binding to two CpG sites with 12 bp and 9 bp
distances. With the D6 substrate (containing a central pair
of CpG sites with 6 bp spacing), the peak at 50% DNA
length was also present, though reduced, consistent with a
lower preference for binding to CpG pairs with 6 bp spac-
ing. Strikingly, in all three substrates an additional peak
of protein occupancy was observed at about 25-30% of the
DNA length. This region corresponds to the transition from
the central (102 bp) CpG free region of all SFM substrates
that surrounds the central pair of CpG sites to the rest
of the DNA sequence, which contains CpG sites in aver-
age density and distances. This observation is consistent
with DNMT3A/3L sliding and hopping along the DNA
in search of CpG target sites after initial unspecific bind-
ing. If a DNMT3A/3L complex binds to the CpG free re-
gion of the substrate it has two options: Either it reaches
the double CpG site at the center of the DNA fragment or
it moves outwards. When it does not find the central CpG
sites, the first option to bind a CpG will be at the transition
of the CpG free region and normal DNA at ~25-30% of
the DNA length, explaining why protein complexes would
be enriched in this region. In addition, two pairs of CpG
sites in a distance of 13 bp at 23% and 28% of the length of
the substrate could contribute to this peak.
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Structural characterization of DNMT3A /3L complexes
at the central CpG sites in DNA substrates by single
molecule SFM further revealed interesting differences for
CpG spacings of 6, 9 and 12 bp (Figure 6). SFM vol-
ume analyses showed interaction of a single DNMT3A/3L
tetramer with the D12 substrate and bend angle measure-
ments revealed DNA bending by approximately 40° in these
complexes, as also seen in the crystal structure (Figure 8A)
(22). Notably, DNMT3A/3L complexes with single CpG
sites and non-specific DNA (average DNA) also showed
similar bending by ~40°. This suggests that the protein
complex dictates bending in the DNA through the protein-
DNA interface. DNA bending as an energetic test for the
presence of their target sites based on altered DNA flexi-
bility is a commonly applied strategy by proteins (reviews:
42,43). It has been described in particular for DNA repair
enzymes, whose target sites typically introduce distortion or
destabilization of DNA (30,36,44,45). The importance of
DNA bending in the context of recognition of CpG sites has
also been demonstrated (46). To analyze the connection of
DNA bending, co-methylation of CpG sites, and DNA se-
quence, we determined the distribution of nucleotides at the
center of bending between substrates with 12 bp distance
between the CpG sites and observed that a high AT/GC
ratio and presence of A-tracts increase MW co-methylation
by DNMT3A and DNMT3A/3L (Figure 4). This result
can be rationalized, because DNA bending is supported
by a high AT/GC ratio and A-tracts are known to induce
intrinsic bending (review: 38). Moreover, the DNMT3A-
DNA structure shows a minor groove compression in this
region, which can be supported by the absence of guano-
sine, because of its N2-amino group pointing into the minor
groove.

The SFM data also revealed a second class of complexes
bound to the D12 substrate, which showed volumes about
twice the volume of a single tetramer and DNA bending of
approximately 80° (Figure 6C). Previous work has shown
that DNMT3A /3L binds cooperatively to DNA (16,17,20).
Hence, the probability of a second DNMT3A /3L complex
binding next to the first one is high (Supplemental Fig-
ure S11). Therefore, the large volume/large bending com-
plexes presumably correspond to two tetramers bound to
the DNA in a side-by-side arrangement. In this model, the
individual DNA bending angles would be expected to be
additive after spotting of the DNA on the mica surface, ex-
actly as observed here.

Our SFM data of DNMT3A/3L complexes bound
at CpG pairs with 6 and 9 bp spacings revealed large
volumes indicating preferential binding of pairs of two
DNMT3A/3L heterotetramers at these double CpG sites.
Modelling showed that the WM co-methylation in a
distance of 6 bp can be explained by two adjacent
DNMT3A tetramers, in which each DNMT3A subunit in-
teracts with the DNA. The resulting side-by-side dimer of
DNMT3A /3L tetramers has an elongated shape following
the DNA in a moderately extended conformation. This in-
terpretation is also consistent with the SFM data that in-
dicate long and low complex geometries on the DNA and
strong DNA bending by ~100° in these complexes. Note
that this side-by-side model is similar to the model pro-
posed for the large volume complexes formed on the D12

substrate, which also show strong (additive) bending. How-
ever, the pattern of CpG site interaction is different in each
case (Figure 8C and Supplemental Figure S11). In the case
of two tetramers bound to the D12 substrate, one tetramer
interacts with both CpG sites, which are optimally spaced
within the tetramer. The second tetramer interacts non-
specifically with the DNA. In the case of the two tetramers
bound on the D6 substrate, modelling suggests that each
tetramer binds to one CpG site with one of its DNMT3A
subunits, and to non-specific DNA with the second one. In
this model, a loop (R831-K855) that was previously iden-
tified to be involved in the multimerization of DNMT3A
on DNA (20) is placed at the interface of DNMT3A sub-
units of adjacent heterotetramers. This suggests direct inter-
actions between the two tetramers. The concomitant con-
formational rearrangements may further lead to the en-
hanced DNA bending of ~100° (slightly stronger bending
than the sum from the two individual tetramers) and fur-
ther supports the differences between D12 and D6 dimers
of DNMT3A/3L tetramers.

To understand the mechanism of co-methylation of two
CpG sites in 9 bp distances by dimers of DNMT3A/3L
tetramers, we developed a structural model, in which two
DNMT3A/3L tetramers bind to the DNA with only one
DNMT3A subunit of each tetramer (Figure 8B). By this
unique way, two CpG sites could approach either other up
to 9 bp distance in a geometry consistent with MW co-
methylation. This results in a tetramer swap of the bound
DNA and very compact complexes in agreement with SFM
analyses, which consistently showed very compact complex
features with large height and short length for this type
of complexes. In addition, these complexes induced strong
DNA bending by ~100° although the two DNA molecules
used for the modeling of the central DNA with two CpG
sites in 9 bp distance could, in principle, be connected with-
out bending (Figure 8B). However, both DNMT3A/3L
tetramers contain one additional DNMT3A subunit that is
not involved in the interaction with the central DNA con-
taining the pair of CpG sites. These orphan subunits could
bind to the free DNA flanks, potentially forming loops.
These additional DNA interactions likely occur asymmet-
rically in the sense that either the left or the right DNA
flank will fold back and form additional interactions with
the unbound DNMT3A subunits (dotted lines in Figure
8B), with the concomitant structural adjustments prevent-
ing subsequent interaction with the second flank. This pro-
cess could explain the strong DNA bending of these com-
plexes observed in the SFM images, as well as the high
level of compaction of these structures. Of note, the sec-
ondary DNA interaction proposed here would lead to a
shift of the center of the complex (by several tens of base
pairs), which could explain the significantly broader posi-
tional distribution of complexes formed at the CpG dou-
ble site in the D9 substrate (~10% SD instead of ~2% for
D12 and D6). The observation in our kinetic studies that
the 9 bp MW co-methylation peak was much more pro-
nounced with DNMT3A than DNMT3A/3L is also sup-
ported in the framework of secondary DNA interactions of
the complex, because in DNMT3A complexes additional
DNMT?3A subunits are replacing DNMT3L at the edges
and these are available for DNA interactions (which is not



the case for DNMT3L). These additional options for DNA
interaction may further stabilize this arrangement and lead
to stronger preferences for MW co-methylation of CpG
sites with this spacing. However, although the secondary
DNA interaction model of the D9 complexes is plausible
and in agreement with all biochemical and structural data
and it has high explanatory power, further details of these
structures need to be experimentally established in future
work.

In conclusion, our combined kinetic and SFM study
revealed novel dimeric arrangements of DNMT3A or
DNMT3A/3L tetramers on the DNA in a side-by-side and
tetramer-swap mode. This variability in complex quater-
nary structures leads to a high adaptability in the inter-
actions of DNMT3A and DNMT3A /3L with DNA, with
preferential co-methylation not only of CpG sites at dis-
tances of ~12-13 bp, but also at ~2-3, ~5-6 or ~8-9 bp.
These additional modes of DNA interactions explain how
DNMT3A and DNMT3A/3L can overcome their in-built
structural preference for interaction with CpG sites with 12
bp spacing. Thereby, DNMT?3 enzymes can introduce DNA
methylation into natural DNA without obvious preferences
for CpG sites in a 12 bp spacing and without leaving a 12
bp co-methylation footprint in cellular DNA methylation
patterns. The resulting flexibility in target site selection is
highly important in vivo for global de novo DNA methyla-
tion and essential roles of DNMT3A and DNMT3A/3L in
the generation of imprints and in development (4,12,13).
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