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Abstract

The PWWP domain of DNMT3 DNA methyltransferases binds to histone H3 tails containing methylated K36,
and this activity is important for heterochromatic targeting. Here, we show that the PWWP domain of mouse
DNMT3A binds to H3K36me2 and H3K36me3 with a slight preference for H3K36me2. PWWP domains have
also been reported to bind to DNA, and the close proximity of H3K36 and nucleosomal DNA suggests
a combined binding to H3K36me2/3 and DNA. We show here that the DNMT3A PWWP domain binds to
DNA with a weak preference for AT-rich sequences and that the designed charge reversal R362E mutation
disrupts DNA binding. The K295E mutation, as well as K295I recently identified in paraganglioma, a rare
neuroendocrine neoplasm, disrupts both DNA and H3K36me2/3 binding, which is in agreement with the
proximity of K295 to residues involved in K36me2/3 methyllysine binding. Nucleosome pulldown experiments
show that DNA binding and H3K36me2/3 binding are important for the interaction of the DNMT3A PWWP
domain with nucleosomes. Localization studies of transiently transfected fluorescently-tagged wild-type and
PWWP-mutated full-length DNMT3A indicate that both interactions contribute to the subnuclear localization of
DNMT3A in mouse cells. In summary, our data demonstrate that the combined binding of the DNMT3A
PWWP domain to the H3 tail containing K36me2/3 and to the nucleosomal or linker DNA is important for its
chromatin interaction and subnuclear targeting of DNMT3A in living cells.

© 2019 Elsevier Ltd. All rights reserved.

with the PWWP domain of DNMT3B showed that it
folds into an N-terminal 5-stranded antiparallel f-
barrel with a C-terminal bundle of 5 a-helices docked

Introduction
The N-terminal parts of the DNMT3A and

DNMT3B DNA methyltransferases are necessary
for the targeting of these enzymes to chromatin and
for the regulation of their activity [1,2]. They contain
an unstructured part, followed by a PWWP domain
and an ADD domain. PWWP domains comprise
about 100—130 amino acid residues and have been
identified in 22 human proteins listed in the Human
Protein Reference Database (HPRD) [3]. The
domain name was coined based on a PWWP
amino acid motif which is conserved in many
PWWP domain sequences. Initially, PWWP
domains have been described as potential protein/
protein interaction domains [4]. Structural analysis
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onto it [5]. Different publications demonstrated
nonspecific DNA binding of the DNMT3B [5,6] and
DNMTS3A [7] PWWP domains.

The PWWP domains of DNMT3A and DNMT3B
were shown to be required for chromatin targeting
and heterochromatic localization of both enzymes
[6,8]. In 2010, it was discovered that the PWWP
domain of DNMT3A binds to the N-terminal tail of
histone H3 containing H3K36me3 [9]. Trimethylly-
sine binding was mapped to an aromatic cage similar
as observed in other trimethyllysine-binding proteins
[9]. Exchange of the D329 residue next to this
aromatic pocket by alanine in the mouse DNMT3A
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PWWP domain led to the loss of H3K36me3 binding.
Follow-up studies with modified histone peptide
arrays revealed additional binding activity for
H3K36me2 [10—12], but the relative affinities for
both methylation states of K36 have not been
evaluated so far in quantitative terms. The structure
of the DNMT3B PWWP domain bound to an H3
peptide containing H3K36me3 was solved in 2016
[13] and confirmed the binding pocket previously
identified in the biochemical studies [9]. The aro-
matic cage residues in human DNMT3A are F303,
W306, and W330; the mouse D329 residue corre-
sponds to D333 in human DNMT3A. The importance
of the H3K36me2/3 binding for DNMT3A targeting
was demonstrated by showing that the D329A
exchange led to the loss of the heterochromatic
localization of DNMT3A in full-length DNMT3A fused
to EYFP [9]. Cellular DNA methylation experiments
revealed that K36 methylation has a targeting effect
on DNA methylation and DNMT3 enzymes, which
confirms the biological significance of the K36me2/3
binding by the DNMT3 PWWP domains. In DNMT3B
knockout mouse ES cell lines, it was reported that
intragenic DNA methylation was deposited by
DNMT3B [14,15]. This activity was dependent on
H3K36me3 introduced by the SETD2 protein lysine
methyltransferase and on an intact PWWP domain
of DNMT3B. Another important role of H3K36me3
binding to the PWWP domain was described in a
study showing DNMT3A and DNMT3B associate in
an H3K36me3-dependent manner to most active
enhancers in epidermal stem cells, indicating that
this binding is mediated by the PWWP domain as
well [16]. Recently, it was shown that a knock-in of
the D329A mutation into the DNMT3A gene in mice
leads to dominant postnatal growth retardation and
global changes in DNA methylation [17].

Chromatin binding of the PWWP domain has well-
documented disease connections. Mutations in the
PWWP domain of DNMT3B were observed in
immunodeficiency-centromeric instability-facial
anomalies syndrome (ICF) patients and were found
to lead to reduced DNA methylation at pericentro-
meric satellite Il repeats [6,8,18]. Moreover, very
recently, mutations in the PWWP domain of
DNMT3A that disrupted K36me3 binding were
observed in microcephalic dwarfism including the
W330R mutations of the conserved aromatic cage
residue and the D333N mutation of the conserved
aspartic acid residue [12]. Interestingly, the loss of
K36me3 anchorage of DNMT3A in these patients
leads to hypermethylation of DNA methylation
canyons and loss of H3K4me3 and H3K27me3 in
these regions, similarly as observed in mouse cells
with DNMT3A D329A knock-in [17]. In addition, a
K2991 mutation in the PWWP domain of DNMT3A
was recently discovered in the germline of patients
with paraganglioma, a rare neuroendocrine neo-
plasm [19]. This mutation also led to global DNA

hypermethylation, but its molecular effects have not
yet been studied. In this work, we investigated the
role and specificity of methylated H3K36 and DNA
binding of the DNMT3A PWWP domain and identi-
fied mutations including K299I, which have lost one
of these properties, or both. We then show that the
combined H3K36me2/3 and DNA binding activities
are important for in vitro chromatin interaction of the
PWWP domain and subnuclear localization of
DNMT3A in mouse cells.

Results

The location of the K36 residue on H3 in close
vicinity of the DNA on the nucleosome surface
(Suppl. Fig. 1A) suggests that a reading domain
interacting with H3K36me3 would also come in
contact with the nucleosomal or linker DNA.
Hence, both functions of PWWP domains described
earlier, H3K36me3 binding and DNA binding, can be
functionally connected. However, so far the relative
role of both interactions in chromatin binding has not
been studied in detail. Based on electrostatic
potential maps, putative DNA interfaces of the
DNMT3A and DNMT3B PWWP domains have
been predicted [5,13], but these interfaces have
not been mapped experimentally for any of the
enzymes. There are different patches of basic
residues on the surface of the DNMT3 PWWP
domains, which represent potential DNA contact
points (Suppl. Fig. 1B). We selected two residues in
these regions for further investigation (K295 and
R362), both being conserved among human and
mouse DNMT3A and DNMT3B PWWP domains
(Suppl. Fig. 1C).

Mutagenesis, protein expression, and purifica-
tion

To study the effect of the putative DNA binding
mutants in the murine DNMT3A PWWP domain, we
introduced charge reversal mutations at the selected
positions by site-directed mutagenesis and generated
K295E and R362E variants in the context of the GST-
tagged PWWP domain of mouse DNMT3A. In
addition, the disease associated mutation K295|
(corresponding to human K299l [19]) was prepared
and investigated as well. The D329A mutation
affecting the methyllysine binding pocket of the
DNMT3A PWWP domain was already available [9]
and included in our study as well. The wild-type and
mutant PWWP domains were overexpressed in
Escherichia coli and purified by affinity chromatogra-
phy (Suppl. Fig. 2A). The purified proteins were
investigated by circular dichroism (CD) spectroscopy
showing that all CD spectra were superimposable
within the noise range (Suppl. Fig. 2B). Thermal
unfolding experiments followed by the CD signal at



DNA Binding of the DNMT3A PWWP Domain

5065

220 nm revealed a stable fold of all proteins with
denaturation temperatures (Tm) of 59—61 °C (Suppl.
Fig. 2C). Interestingly, the mutations removing a
positive charge from the basic surface patches even
led to a small stabilization of the folding. While these
findings do not exclude local structural differences
between the wild-type and mutant domains, they
confirm that all mutant proteins are stably folded.

H3K36me2/3 binding of PWWP mutants

While the DNMT3A PWWP domain was initially
reported to bind H3K36me3 [9], following studies
with peptide arrays consistently revealed specific
binding of H3K36me2 and H3K36me3 with roughly
equal intensities [10—12,20]. To further investigate

this point and study H3K36me2/3 binding of the
PWWP mutants, binding reactions were conducted
using CelluSpots peptide arrays, which contain H3
26—45 peptide spots in different modification states
(Fig. 1A and B). In agreement with most recent
studies, incubation of the arrays with the wild-type
PWWP domain reproduced the roughly equal bind-
ing to H3K36me2 and H3K36me3. Similar prefer-
ences for binding H3K36me2 and H3K36me3 but
slightly reduced binding intensities were observed
with R362E indicating that this mutation does not
drastically affect the H3K36me2/3 interaction. Pep-
tide binding was lost with D329A as described
previously [9—11,20]. Additionally, the K295E and
K295 mutations disrupted peptide binding and
recognition of K36me2/3.
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Fig. 1. H3K36me2/3 binding of the wild-type and mutant PWWP domains. A) Example images of wild-type and
mutant PWWP domains binding to MODified™ Histone Peptide Arrays [10,11,20]. The picture shows the binding to the H3
26—45 peptide spots present on the array. B) Binding intensities of these spots were quantified for wild-type PWWP and
R362E mutant on 4 independent arrays. The images show average binding intensities after normalization to the
H3K36me3 spot intensity. Error bars display standard deviations. C) Examples of the titration experiments of wild-type and
R362E PWWP binding to H3 27—43 peptides containing K36me2 or K36me3 studied by fluorescence polarization. The
lines represent a fit of the data to a 1:1 binding equilibrium. Theta (0) indicates the binding saturation of the peptide
(=Cpeptide, bound/Cpeptide, totar).- D) Average binding constants of 2 independent experiments together with standard

deviations.
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To determine the peptide binding properties of the
wild-type and R362E PWWP domain in a quantita-
tive manner, equilibrium binding experiments to
modified H3 27—43 peptides containing K36me2 or
K86me3 were conducted by fluorescence polariza-
tion (Fig. 1C and D). Our data revealed binding of
wild-type PWWP to both peptides with a slight
preference for H3K36me2 (binding constants
63 uM for H3K36me2 and 68 puM for H3K36me3).
The Kp determined for H3K36me3 is in good
agreement with our previous data [9]. Control
experiments with an unmodified H3 27—43 peptide
showed no binding (K4 > 400 pM) (Suppl. Fig. 3).
Binding of R362E was slightly weaker than wild-type
(1.3 fold), but the relative preference was similar with
a slightly stronger binding of K36me2.

DNA binding of PWWP wild type and mutants

DNA binding of the PWWP mutants was studied
using a double-stranded 30 bp DNA oligonucleotide
which was incubated with different PWWP domain
variants followed by gel retardation analysis. Our
data showed a strong DNA binding of the wild-type
and D329A proteins, which was completely lost in
the K295 and R362 mutants (Fig. 2A). Using the
30mer DNA-binding substrate after methylation of its
central CpG site with M.Sssl revealed no difference
in the binding (Fig. 2B). We validated quantitative
methylation of the target site (Suppl. Fig. 4) and
concluded that DNA binding of the PWWP domain is
not influenced by DNA methylation at CpG sites,
which is in agreement with a similar observation
made previously [7].

To study potential sequence preferences of the
PWWP DNA binding in more details, a substrate
containing a central CN site (N = A, T, G, or C)
flanked by 10 randomized bases was prepared
(Fig. 2C), incubated with the GST-tagged PWWP
domain and precipitated using GST-beads. Binding
reactions with the PWWP R362E GST DNA-binding
mutant were conducted as control. The amount of
precipitated DNA was analyzed by semiquantitative
polymerase chain reaction (PCR) revealing that a
PCR product was detected about 5 cycles earlier
with GST-PWWP than with GST-PWWP R362E,
indicating a roughly 32-fold enrichment of the DNA in
the pulldown with the wild-type PWWP (Fig. 2D). The
DNA was used for library preparation and subjected
to Illlumina sequencing. Input DNA was used as
control, because the amount of DNA in the GST-
PWWP R362E pulldown was insufficient for library
generation. NGS provided about 612000 reads for
the pulldown DNA and 866000 for the input. There
was no enrichment of any base at the central CN
site, indicating that the PWWP domain does not
have specificity for CpG or any dinucleotide starting
with C in agreement with an earlier finding based on
gel shift binding studies with two substrates [7].

However, we detected a weak enrichment of Aor T
bases in the pulldown material when compared with
input, which was even elevated if the abundance of
WWW W = A orT) or SSS (S = G or C)
trinucleotides was compared (Fig. 2E). To confirm
this result, a second pulldown reaction was con-
ducted with a CH (H = A, T, or G) substrate
embedded in randomized Ny flanks. Input and
pulldown were sequenced with 370000 and
710000 reads, and the same analysis for enrichment
of A and T bases and trinucleotides in the pulldown
was conducted. The results confirmed the initial
analysis showing a weak but statistically highly
significant enrichment of AT single nucleotides
(p-value = 6.7 x 102 based on the average
and standard deviation [SD], assuming a normal
distribution) and WWW trinucleotides (p-
value = 1.6 x 10" based on the average and
SD, assuming a normal distribution). The relatively
weak absolute level of enrichment can be explained
by the fact that in this experiment only one favored
binding site must be present somewhere within the
22 base pairs with variable sequence. We conclude
that the PWWP domain binds DNA with a weak
preference for AT-rich sequences.

Chromatin interaction of PWWP mutants

To study the chromatin interaction of the PWWP
mutants, we isolated oligonucleosomes from HepG2
cells. The preparation consisted of a mixture of
mainly mono- and dinucleosomes, with some addi-
tional larger oligonucleosomes (Fig. 3A). We con-
ducted a GST pulldown with the PWWP mutants
using this oligonucleosome preparation and ana-
lyzed the pulldown with antibodies directed against
unmodified H3, H3K36me2 and H3K36me3
(Fig. 3B—D). In all experiments we observed a
clear pulldown with the wild-type protein, which was
specific as indicated by the absence of a pulldown
with the isolated GST protein and slightly stronger for
H3K36me2. In contrast, the pulldown of unmodified
H3 was much weaker (around 5-fold reduced)
indicating a specific enrichment of H3K36me2- and
H3K36me3-containing nucleosomes. Residual pull-
downs (5—10 times reduced) were observed with
D329A and R362A indicating that loss of
H3K36me2/3 binding (in D329A) or DNA binding
(in R362A) caused a reduction in the interaction of
PWWP with oligonucleosomes. The observation of a
reduced chromatin pulldown of D329A is in agree-
ment with our previous data [9]. Interestingly, the
K295E and K299| mutants were no longer able to
precipitate oligonucleosomes indicating that the
combined loss of DNA and H3K36me2/3 binding
causes an aggravated phenotype. Additionally, pull-
down experiments were conducted with mononu-
cleosomes prepared by a more extensive MNase
digestion (Suppl. Fig. 5). Interestingly, the PWWP
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Fig. 2. DNA binding and sequence preferences of the wild-type and mutant PWWP domains. A) DNA binding of
the DNMT3A PWWP domain proteins analyzed by a gel shift assay. The Cy-5-labeled 30mer double-stranded
oligonucleotide was incubated with PWWP proteins in two concentrations (0.5 uM and 1.5 uM), and the sample separated
on a native polyacrylamide gel. The DNA was detected by Cy5 fluorescence using a FUSION advance solo 4 (PeglLab). B)
DNA binding assay using unmethylated and methylated DNA showing equal efficiency of DNA binding by the PWWP
domain. Lanes 1—3 same as in panel A. Lanes 4—6 DNA binding analysis conducted with methylated 30mer DNA (see
Suppl. Fig. 4 for validation of the methylation state of the DNA substrate). C) Scheme of the DNA substrate with a central
CN site embedded in a flanking sequence of 10 randomized bases used for the DNA pulldown. D) DNA pulldown with
GST-PWWP and GST control using the DNA substrate with randomized flanking sequences. The amount of precipitated
DNA was analyzed by semiquantitative polymerase chain reaction (PCR). PCR was conducted for different number of
cycles and the PCR product analyzed on an acrylamide gel stained with GelRed®. E) Ratio of A or T versus G or C
nucleotides in the pulldown and input (left bar). Ratio of WWW (W = A or T) trinucleotides versus SSS (S = G or C)
trinucleotides in the pulldown and input (right bar). The figure shows averages of two independent pulldown reactions and
the corresponding standard deviation (SD).

domain was not able to precipitate these mono-  Influence of PWWP mutations on the subnuclear
nucleosomes, suggesting that the shorter linker DNA  localization of DNMT3A

regions in the mononucleosomes were not sufficient

to support PWWP binding. Altogether, our data show It is well established that DNMT3A localizes to
that both H3K36me2/3 and DNA binding are heterochromatic regions, which are forming defined
important for the chromatin interaction of the microscopically visible spots in mouse NIH3T3 cells
DNMT3A PWWP domain. when stained with minor groove binders with DNA
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Fig. 4. Heterochromatic localization of Venus-fused human wild-type and mutant DNMT3A1 analyzed by
fluorescence microscopy in NIH3T3 cells. A) Example images of cell nuclei sorted by three phenotypes of subnuclear
distribution (spotty, mixed, and diffuse). The width of the images corresponds to 24 pm. B) Fractions of cells showing a
spotty, mixed, or diffuse nuclear distribution. More than 240 cells were analyzed for each DNMT3A1 variant taken from at
least three independent transfections. The p-value for the reduction in the fraction of spotty cells is 1.7 x 10~"" for R366E
and <102 for all other mutants (as determined by binomial testing). An analysis of the data observed in the individual

experiments is shown in Suppl. Fig. 6.

binding preference for AT-rich regions like DAPI or
Hoechst [6,8,9,21,22]. We showed previously that
the PWWP domain is essential for this process and
the D333A exchange in human DNMT3A1, which
disrupts H3K36me2/3 binding, also causes a mas-
sive reduction in the heterochromatic localization of
fluorophore-tagged human full-length DNMT3A1 [9].
To analyze if the disruption of DNA binding affects
the subnuclear localization of DNMT3A1 as well, we
introduced the K299E, K299I, and R366E mutations
in the Venus-tagged DNMT3A1. Note that the
numbering of human DNMT3A is applied in this
section, reflecting the usage of the Venus-tagged
human full-length DNMT3A1 protein in these experi-
ments. The mouse K295, D329, and R362 residues
correspond to human K299, D333, and R366. The
expression vectors were transfected into NIH3T3
cells and the subnuclear localization observed by
fluorescence microscopy for >240 cells in at least 3
independent experiments. As shown in Fig. 4 and
Suppl. Fig. 6, the spotty subnuclear localization of
wild-type DNMT3A1 observed in several previous
studies [6,8,9,21,22] was reproduced. Costaining
with Hoechst confirmed that the spots represent
condensed heterochromatic regions (Suppl. Fig. 7)
as shown previously [6,8,9,21,22]. The spotty
localization of DNMT3A1 is not due to its ectopic
overexpression, because it is seen in cells with very
low DNMT3A1 expression as well (Suppl. Fig. 8).
Next, the subnuclear localization of the DNMT3A1
PWWP mutants was investigated (Fig. 4). As shown
previously [9], the D333A mutation led to a strong
reduction of the heterochromatic localization of
DNMT3A1 with an increase in the number of cells

with diffuse or spotty/diffuse mixed phenotype. The
corresponding experiments with the R366E mutant
revealed a similar redistribution of DNMT3A1. These
data indicate that H3K36me2/3 and DNA binding of
the PWWP domain are both important for the
heterochromatic localization of DNMT3A in mouse
cells, because disruption of H3K36me2/3 binding (in
D333A) or DNA binding (in R366E) reduced
DNMT3A1 targeting to these loci. The K295E and
K299 mutants, which disrupt both DNA and
H3K36me2/3 binding led to an even more pro-
nounced almost complete loss of spotty heterochro-
matic localization of DNMT3A1 indicating a
synergistic effect of both binding activities. Impor-
tantly, costaining with Hoechst confirmed that cells
with homogenous distribution of DNMT3A1 mutants
still have intact heterochromatic spots (Suppl. Fig. 9)
indicating that the change in localization is indeed
due to an altered targeting of the mutant DNMT3A1.

Discussion

The location of the side chain of K36 in the N-
terminal tail of histone H3 is in close vicinity to the
linker DNA emerging from the histone octamer and
the nucleosomal DNA. This suggests that proteins
contacting this residue to introduce a modification or
read its methylation state will also interact with DNA.
This presumption was supported by early findings
indicating that, for example, the SETD2 H3K36
protein lysine methyliransferase showed much
higher enzymatic activity on nucleosomal substrates
than on isolated H3 protein [23]. Moreover, it had
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been demonstrated that the PSIP1-PWWP domain
binds to the K36 methylated histone H3 tail and
nucleosomal DNA in a concerted binding reaction
that is needed for high-affinity nucleosome interac-
tion [24]. Indeed, DNA binding of the DNMT3 PWWP
domains had been reported already in 2002 [5,7], but
so far the connection of H3K36me2/3 and DNA
binding has not been investigated for the PWWP
domains of DNMT3A or DNMT3B.

Here, we determined by peptide binding and
chromatin pulldown that the DNMT3A PWWP
domain binds to H3K36me2 and H3K36me3 with a
slight preference for H3K36me2, which is in line with
a paper published during the revision phase of this
manuscript showing binding of the DNMT3A PWWP
domain to H3K36me2 and H3K36me3 with about 2-
fold preference for K36me2 [25]. In agreement with
these observations, the PWWP domain contains an
incomplete aromatic cage not providing a structural
basis for strong discrimination of trimethyllysine or
dimethyllysine. We confirmed DNA binding by the
DNMT3A PWWP domain and show that it has a
weak preference for AT-rich sequences, but no
specificity for CpG sites or their methylation state.
Unfortunately, our data did not allow to determine
further details of the sequence-dependent DNA
interaction of DNMT3A PWWP including the size of
the binding site and eventual preference for Aand T
at particular positions of the binding site. By charge
reversal mutations of conserved basic residues on
the surface of the DNMT3A PWWP domain, we
identified PWWP mutants which lost DNA binding.
The R362E mutation disrupted DNA binding, but it
only very mildly affects H3K36me2/3 interaction, in
agreement to the position of this mutation distant to
the aromatic cage binding K36me2/3. Importantly,
the R362E mutation led to a loss of chromatin
interaction in vitro and reduction of the characteristic
subnuclear localization of transiently transfected full-
length DNMT3A1 in NIH3T3 cells indicating that
DNA binding is important in these processes. The
K295E mutation led to a loss of DNA binding and
H3K386me2/3 binding, in agreement with the position
of K295 next to the aromatic cage residues F299 and
W302 on the same antiparallel B-sheet
(Suppl. Fig. 10). By this, K295 mutations could
influence the aromatic cage conformation of the
PWWP domain, although K295 itself does not
contact the H3 peptide or the methyllysine directly
in the available structures. Consequently, the sub-
nuclear localization of DNMT3A was even more
severely disrupted by the K295E mutation than by
the other two ones. Taken together, our data indicate
that the combined binding of the DNMT3A PWWP
domain to H3K36me2/3 and DNA contribute to its
chromatin interaction.

The DNMT3A K299l mutation (corresponding to
mouse K295I), which recently has been reported to
occur in paraganglioma [19], behaves similarly as

K295E also disrupting DNA binding and H3K36me2/3
interaction. Hence, this disease-associated mutation
disrupts both critical functional properties of the
PWWP domain strongly suggesting that the patho-
genic mechanism of this mutation depends on the
loss or weakening of DNMT3A-chromatin interaction
similarly as recently shown for the W330R and D333N
mutations in the K36me2/3 binding pocket of the
human DNMT3A PWWP domain [12]. These results
indicate that the combined DNA and H3K36me2/3
binding by the DNMT3A PWWP domain has impor-
tant implications in human diseases.

Methods

Site-directed mutagenesis, protein expression, and
purification

The GST-tagged PWWP domain of mouse DNMT3A
(279—420 of NP_001258682) [9] and its mutated protein
variants were expressed using a pGEX-6P-2 vector.
Mutagenesis was performed using the megaprimer
method [26] and confirmed by restriction marker analysis
and DNA sequencing. Protein overexpression was con-
ducted at 20 °C in LB medium using BL21 (DE3)
Codon + RIL E.coli cells (Stratagene), induced with
1 mM IPTG at 0.6—0.8 ODgqo for 14 h. The cells were
collected by centrifugation and resuspended in 20 mM
HEPES pH 7.5, 500 mM KCI, 0.2 mM DTT, 1 mM EDTA,
and 10% glycerol and disrupted by sonication. Cell debris
was removed by centrifugation at 38,000 rcf,. Then, the
supernatant was passed over a glutathione Sepharose 4B
resin (Amersham Biosciences) and washed with 150 bead
volumes washing buffer (20 mM HEPES pH 7.5, 500 mM
KCI, 0.2 mM DTT, 1 mM EDTA, and 10% glycerol). The
bound proteins were eluted with washing buffer containing
40 mM glutathione and dialyzed against 20 mM HEPES
pH 7.5, 200 mM KCI, 0.2 mM DTT, 1 mM EDTA, and 10%
glycerol. Proteins were aliquoted and stored at —80 °C.
The purity of the preparations was estimated from
Coomassie stained sodium lauryl sulfate (SDS) gels to
be >95% with the exception of K295I, which always
contained a higher level of contaminants. The concentra-
tions of the proteins were determined by UV spectro-
photometry and confirmed by densitometric analysis of
Coomassie BB stained SDS—polyacrylamide gels.

Circular dichroism spectroscopy

Folding of the purified proteins (10 uM) was analyzed by
CD spectroscopy using a J-815 CD spectrophotometer
(JASCO Corporation, Tokyo, Japan) in buffer containing
200 mM KCI, 10 mM HEPES pH 7.5, 5% glycerol. The
spectra were collected at 20 °C using a 0.1 mm cuvette in a
wavelength range between 190 and 250 nm using a
scanning speed of 100 nm/min, bandwidth of 1 nm, and
data integration time of 1 s. For each sample, 30 scans were
collected and averaged. Thermal denaturation was deter-
mined by heating the samples from 20 °C to 80 °C with arate
of 2 °C per minute. Data were measured at 220 nm using a
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bandwidth of 5 nm and data integration time of 16 s. Melting
curves were analyzed as described [27].

Nucleosome isolation

Native nucleosomes were isolated from HepG2 cells by
micrococcal nuclease digestion of intact nuclei obtained as
described [28]. Briefly, around 20 million cells were
resuspended in 5 mL TM 2 buffer (10 mM Tris—HCI pH
7.4, 2 mM MgCl,, 0.5 mM PMSF) supplemented with
protease inhibitors (cOmplete ULTRA Tablets, Mini,
EDTA-free, Easy pack from Roche, 1 tablet for 15 mL of
buffer) and 150 pL of 20% IGEPAL®CA-630 and
incubated on ice for 5 min. The lysed cells were
centrifuged at 1000 rcf for 10 min at 4 °C, and the
pellet was washed with TM 2 buffer. After a second
centrifugation step, the pellet containing the cell nuclei
was resuspended in TM 2 buffer (600—800 pL for
20 x 10° cells), transferred into an Eppendorf tube,
prewarmed at 37 °C, and supplemented with 1 mM CaCls.
To obtain oligonucleosomes, the nuclei were treated with 5
units MNase (New England Biolabs M0247S) per micro-
gram of DNA for 10 min at 37 °C with gentle shaking. The
reaction was stopped by adding EGTA to a final
concentration of 2 mM. NaCl was added to a final
concentration of 300 mM, and the buffer was supplemen-
ted with 0.1% Triton X-100. Afterward, the nucleosomes
were centrifuged at 13,000 rcf for 10 min at 4 °C. The
supernatant containing the soluble oligonucleosomes was
collected and immediately used for further experiments.
For preparation of mononucleosomes, 10 units of MNase
per microgram DNA were used.

Nucleosomal pulldown

For preclearing, 20 plL of glutathione Sepharose 4B beads
(GE Healthcare) were washed 3 times with 200 puL. DP buffer
(16.7 mM Tris/HCI pH8, 100 mM NaCl, 1.1% Triton X-100,
1.2 mM EDTA) supplemented with protease inhibitors
(cOmplete ULTRA Tablets, Roche) and incubated with
30 g of the nucleosomes (based on DNA absorbance) in a
final volume of 500 pL DP buffer for 1 h at 8 °C with rotation.
Afterward, the beads were spun down for 2 min with 2000 rcf
and the precleared supernatant was collected. In parallel,
the GST-tagged DNMT3A PWWP domains were bound to
equilibrated beads in 200 pL DP-buffer for 15 min at 8 °C.
The beads were spun down for 2 min with 2000 rcf and
washed 3 times with 200 uL DP-buffer. The precleared
nucleosomes were added to the beads with the bound
protein and incubated overnight at 8 °C with constant
rotation. The beads were washed 3 times with 1 mL PB-
buffer (50 mM Tris/HCI pH 8, 100 mM NaCl, 2 mM DTT,
1 mM EDTA, 0.5% Nonidet-P40) and once with 1 mL TE
buffer (10 mM Tris/HCI pH 8, 1 mM EDTA). Afterward the
beads were incubated at 95 °C with 20 uL 5x LAP (160 mM
Tris/HCI pH 6.8, 2% SDS, 5% B-mercaptoethanol, 40%
glycerol, and 0.1% bromphenol blue) and loaded on a 15%
SDS-polyacrylamide gel. After the gel run, the proteins were
blotted onto a nitrocellulose membrane and stained with
Ponceau-S. The nitrocellulose membrane was blocked with
5% milk TBS-T (100 mM Tris/HCI pH 7.5, 154 mM NaCl,
0.1% Tween®20) at room temperature for 60 min and
washed 3 times with TBS-T for 5 min. For the binding of the

primary antibodies (H3 unmodified: abcam ab 1791, 1:5000;
H3K36me2: Active Motif 39255, 1:2500; H3K36me3:
Abcam ab9050, 1:1000), the membrane was incubated
with the antibody in 1% milk TBS-T overnight at 8 °C with
gentle shaking. On the next day, the membrane was washed
4 times for 5 min with TBS-T at room temperature followed
by incubation with the secondary antibody (ECLTM Anti-
Rabbit IgG, Horseradish, GE Healthcare NA934, 1:5000) in
1% milk TBS-T for 60 min at room temperature. The
membrane was washed 3 times for 5 min with TBS-T and
doused with ECL solution (SuperSignalTM West Femto,
Thermo Scientific). Images were captured with FUSION
advance solo 4 (PeglLab) under dynamic conditions. Data
were quantified using ImageJ.

Gel shifts

Different concentrations of the DNMT3A PWWP domain
variants were incubated for 20 min at room temperature
with 0.05 uM Cy5-labeled DNA 30mer in buffer (20 mM
HEPES, 1 mM EDTA) supplemented with bovine serum
albumin (BSA) (1 mg/mL). The 30mer sequence contains
one centrally positioned CpG site.

Sequence: Cy5-GAAGCTGGGACTTCCGGGAGG
AGAGTGCAA

Samples were separated on a 5% acrylamide gels run in
0.5 x TB-buffer (45 mM Tris, 45 mM boric acid, pH 7.5) for
35 min at constant voltage of 110 V. Afterward, the gel was
exposed with UV light in a FUSION advance solo 4
(PegLab) and pictures were captured after filtering with the
F-695Y interference filter.

To methylate the DNA binding substrate, 3 uM of the
Cy5-labeled 30mer DNA was incubated with 7 uM M.Sssl
(NEB) in 1 x NEBufferl supplemented with 100 ng/uL BSA
(NEB) and 1 mM S-Adenosyl-L-methionine for 3h at 37 °C.
The purification of the methylated DNA was conducted
following the protocol #4.1 from Ref. [29] except that the
binding to the beads was conducted in a 5 times larger
buffer volume than proposed in the protocol.

Live-cell imaging

To determine the cellular localization of full-length human
DNMT3AA1, the localization of Venus-tagged DNMT3A1 in
mouse NIH3T3 cells was investigated basically as described
[9,21,22]. NIH3T3 cells were seeded in 35-mm FluoroDish
cell culture dishes (World Precision Instruments) and
transfected with the corresponding DNMT3A1 expression
plasmid using Fugene HD. Imaging was performed 24 h after
transfection either using a confocal microscope (LSM 710
Zeiss) or a Cell observer (Zeiss), both equipped with a Plan-
Apochromat 63 x/1.40 Oil DIC M27 objective and an
XL-LSM 710 S1 incubation chamber for temperature and
CO, control. Cells were manually subdivided into pheno-
types and counted. P-values were calculated with Excel
assuming a normal distribution. Live cell staining of hetero-
chromatic spots was conducted using Hoechst 33258.

Peptide array binding

For the binding of the DNMT3A PWWP domain variants
to MODified™ Histone Peptide Arrays (Active Motif), the
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arrays were washed 2 times 5 min with TBS-T (100 mM
Tris/HCI pH 7.5, 154 mM NaCl, 0.1% Tween®20) and
blocked in 5% milk TBS-T at 8 °C overnight. Washing of
the array was done 3 times 5 min with TBS-T and once with
interaction buffer (100 mM KCI, 20 mM HEPES pH 7.5,
1 mM EDTA, 0.1 mM DTT, 10% glycerol). Then, 1 pM of
the GST-tagged DNMT3A PWWP variants were incubated
on the peptide arrays in interaction buffer for 2 h at room
temperature. After the incubation, the membrane was
washed 3 times 5 min with TBS-T. The primary anti-GST
antibody (1:5000 in TBS-T containing 1% skim milk, GE
Healthcare Life Science 27-4577-01, lot 9541184) was
incubated for 1 h at room temperature; excess of the
antibody was removed by washing 3 times 5 min with TBS-
T. The peptide array then was incubated with the horse-
radish peroxidase conjugated anti-goat antibody (1% milk
TBS-T, 1:5000, Sigma-Aldrich A4174, lot 071M4767).
Finally, the peptide arrays were washed 4 times with
TBS-T and doused with ECL solution (Thermo Fisher
Scientific). Images were captured with FUSION advance
solo 4 (PeqLab) under dynamic conditions and analyzed
using Imaged.

Equilibrium peptide binding

Equilibrium peptide binding experiments were conducted
using H3 (27-43) peptides that contained K36 unmodified,
di- or trimethylated and were labeled with FITC or
Fluorescein. Binding was studied using a Jasco FP-8300
spectrofluorometer with automatic polarizer FDP-837.
Acquisitions were performed at 23 °C, with excitation at
493.0 nm and emission measured at 516.6 nm. Slit width
was set to 5 nm for both. 1 uM peptide was dissolved in
125 pL of anisotropy buffer (20 mM HEPES pH 7.5, 100 mM
KCI, 0.1 mM DTT, 10% v/v glycerol, passed through a
0.2 pm filter), and the PWWP domain dissolved in dialysis
buffer (20 mM HEPES pH 7.5, 200 mM KCI, 1 mM
Na,-EDTA, 60% v/v glycerol, 0.2 mM DTT) was added
stepwise. Each acquisition was conducted in 3 technical
repeats. Control experiments were conducted with dialysis
buffer, and the fluorescence anisotropy values were
corrected accordingly. For determination of the Ky-values,
the data were fitted to a simple binding equilibrium:

Signal = BL + F x (CPWWP/(CPWWP + Kd))

with Ky, equilibrium binding constant; F, signal factor; BL,
baseline.

DNA pulldown with the GST-PWWP domain

The DNA substrate for the pulldown was a 67-mer
dsDNA with a CpN-site positioned in the center and
flanked by 10 randomized bases in both directions. This
substrate was generated by a primer-extension reaction
using a 67mer single-stranded oligodeoxynucleotide
(ordered from IDT) and a primer complementary to its 3'-
end and purified with Nucleospin® Gel and PCR Clean-up
Kit (Macherey-Nagel). For the GST-pulldown, 0.3 pM
DNMT3A PWWP WT and the DNMT3A PWWP R362E
were incubated with 0.05 uM DNA substrate in interaction
buffer (20 mM HEPES pH 7.5, 1 mM EDTA, 50%o v/v

Tween®20) in a total volume of 100 pL for 20 min at room
temperature. The reaction mixtures were added to 20 pL
glutathione Sepharose 4B beads (GE Healthcare), which
were equilibrated before with wash buffer (20 mM HEPES
pH 7.5, 1 mM EDTA, 50%0 v/v Tween®20, 0.36 mM Tris,
6 mM KCI) and incubated with rotation for 30 min at room
temperature. Afterward, the beads were washed 3 times
for 10 min with 100 pL wash buffer. After washing, 50 pL
wash buffer containing 1 pL Proteinase K (NEB, P8107S)
was added to the beads and incubated at 50 °C for 30 min.
Afterward, the beads were centrifuged for 2 min at 16,000
rcf. The released DNA in the supernatant was purified with
NucleoSpin® Gel and PCR Clean-up Kit and eluted with
15 pL elution buffer NE. To test the pulldown efficiency, the
eluted fractions were amplified with 2 primers in a PCR
reaction with Q5® High-Fidelity DNA Polymerase for 8 and
13 cycles. Samples were loaded on 10% acrylamide TPE
gel and separated for 50 min at 110 V constant.

Library generation and next-generation sequencing

Libraries for next-generation sequencing (NGS) of the
DNA pulled down by DNMT3A PWWP and the input DNA
were generated using a 2-step PCR method (lllumina). For
this, input DNA was diluted to similar concentrations as
pulldown. Then, the first PCR was conducted with
pulldown and diluted input under same conditions as
described above for 15 PCR cycles. The 146 bp—long
barcoded DNA fragments were purified with NucleoSpin®
Gel and PCR Clean-up Kit and eluted with 15 L elution
buffer NE. The eluted DNA fragments were diluted to 1 ng/
pL and used as template for a second PCR with the
primers that introduce indices with S7 Fusion High-Fidelity
DNA Polymerase for 8 cycles, finally generating 215
bp—long PCR products. The samples were loaded on 6%
acrylamide TBE gel and separated for 70 min at 90 V
constant. The bands at the target size were cut out of the
gel and the gel smashed into small pieces. Then, 700 pL
ddH,O was added and incubated at 8 °C overnight with
constant rotation. The mixture was spun down with 16,000
rcf for 3 min and the supernatant was transferred into a
new low-binding 1.5 mL microcentrifugation tube. Purifica-
tion of the DNA samples was performed with AMPure XP
for PCR Purification (Beckman Coulter) according to
manufacturers' protocol. Produced libraries were
sequenced in the Max Planck-Genome-Centre Cologne.
After lllumina sequencing, the variable parts of the
sequences were extracted from the sequence reads
using the BWA-MEM and FASTQ Trimmer tools in Galaxy
[30]. Next, the occurrences of bases, dinucleotide and
trinucleotide sequences at all positions in the variable
parts were analyzed in the sequences detected in the
pulldown and input using an in-house Visual Basic
program.
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