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DNA methylation is an important epigenetic modification involved in chromatin organization and gene
expression. The function of DNA methylation depends on cell context and is correlated with histone mod-
ification patterns. In particular, trimethylation of Lys36 on histone H3 tail (H3K36me3) is associated with
DNAmethylation and elongation phase of transcription. PWWP domains of the de novo DNAmethyltrans-
ferases DNMT3A and DNMT3B read this epigenetic mark to guide DNA methylation. Here we report the
first crystal structure of the DNMT3B PWWP domain–H3K36me3 complex. Based on this structure, we
propose a model of the DNMT3A PWWP domain–H3K36me3 complex and build a model of DNMT3A
(PWWP-ADD-CD) in a nucleosomal context. The trimethylated side chain of Lys36 (H3K36me3) is inserted
into an aromatic cage similar to the ‘‘Royal” superfamily domains known to bind methylated histones. A
key interaction between trimethylated Lys36 and a conserved water molecule stabilized by Ser270
explains the lack of affinity of mutated DNMT3B (S270P) for the H3K36me3 epigenetic mark in the ICF
(Immunodeficiency, Centromeric instability and Facial abnormalities) syndrome. The model of the
DNMT3A-DNMT3L heterotetramer in complex with a dinucleosome highlights the mechanism for
recognition of nucleosome by DNMT3s and explains the periodicity of de novo DNA methylation.

� 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

DNA methylation occurs at CpG dinucleotides in mammalian
cells and is catalyzed by DNA methyltransferases (DNMTs).
DNMT3A and DNMT3B are both involved in de novo methylation
establishing the methylation pattern in genome during embryoge-
nesis while DNMT1 maintains the pattern during chromosome
replication. DNA methylation is essential for cell differentiation
and development but is also involved in pathologies like cancer
(Bird, 2002). The function of DNAmethylation depends on cell con-
text and is correlated with histone modification patterns (Jones,
2012). In particular, trimethylation of Lys36 on histone H3 tail
(H3K36me3) is associated with gene body methylation in embry-
onic stem (ES) cells and elongation phase of transcription
(Baubec et al., 2015; Hahn et al., 2011; Lee and Shilatifard, 2007).
Both DNMT3A and DNMT3B PWWP domains read H3 tails
containing H3K36me3 to guide DNA methylation (Baubec et al.,
2015; Dhayalan et al., 2010). A point mutation in the DNMT3B
PWWP domain (S270P) leads to loss of recognition with
H3K36me3-modified nucleosome (Baubec et al., 2015; Ge et al.,
2004) and a decrease in DNA methylation at pericentromeric
satellite repeat II as observed for ICF syndrome (Chen et al.,
2004; Shirohzu et al., 2002).

DNMT3A and DNMT3B possess a C-terminal catalytic domain
(CD) and an N-terminal part with a regulatory function mediated
by the ADD (ATRX–DNMT3–DNMT3L) domain and a nucleosome
recognition PWWP fold. Similar to the chromodomain, MBT and
Tudor domains, the PWWP domain is a member of the ‘‘Royal”
superfamily domains which recognize methylated histone tails
through a conserved aromatic cage (Qin and Min, 2014). The
H3K36me3-binding ability was established for the PWWP domains
of BRPF1 (Vezzoli et al., 2010), DNMT3A (Dhayalan et al., 2010),
DNMT3B (Baubec et al., 2015), PSIP1, MSH6, ZMYND11
+ H3.3K36me3 (Qin and Min, 2014), LEDGF (Pradeepa et al.,
2012), and Tudor domains of PHF1 and PHF19 (Ballaré et al.,
2012; Musselman et al., 2012). The PWWP domain contains an
anti-parallel b-barrel-like fold formed by five b-strands (b1–b5)
(Fig. 1A), where a short 310 helix is found between b4 and b5
(g2), an insertion motif of different lengths between b2 and b3
(g1), and a C-terminal helix bundle of 1–6 a-helices (Qiu et al.,
2002). PWWP domains of DNMT3A and DNMT3B are characterized
by a short motif insertion (g1) and five a-helices following the b-
barrel. The conserved Pro-Trp-Trp-Pro (PWWP) motif becomes
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SWWP and is found in the b2 strand. DNMT3A and DNMT3B
PWWP domains would synergistically bind both histone and
DNA through their conserved aromatic cage for the recognition
of H3K36me3 epigenetic mark, and a positively charged surface
that interacts with DNA (Qin and Min, 2014; Qiu et al., 2002).
Recently, DNMT3B was shown to be involved in the selective tar-
geting of transcribed genes in mouse stem cells (Baubec et al.,
2015). This association occurs through the binding of DNMT3B
PWWP domain to trimethylated lysine 36 on histone H3.

Here we report the first crystal structure of the DNMT3B PWWP
domain in complex with histone H3K36me3. Based on this
structure, we propose a model for the DNMT3A PWWP domain–
H3K36me3 complex and predict a structure of DNMT3A in a
nucleosomal context to propose a mechanism of nucleosome
recognition and de novo DNA methylation.

2. Materials and methods

2.1. Cloning, expression and purification of DNMT3B PWWP domain

The plasmid coding for the N-terminal human PWWP
domain of DNMT3B was obtained from Addgene (plasmid 32044,
C. Arrowsmith) as a bacterial stab culture. The plasmid containing
the pET28-MHL vector codes for an N-terminal His6-tagged fusion
protein with integrated TEV protease site. Plasmids were recovered
from kanamycin-resistant colonies and purified following the
Addgene protocol. Plasmid was sent for sequencing to Beckman
Coulter Genomics (Hope end, Takeley CM22 6TA, Essex United
Kingdom). Plasmid was transformed into Escherichia coli strain
RosettaTM 2 (DE3) competent cells (Novagen�). Cells were grown
in TB medium containing 50 lg/ml kanamycin and 34 lg/ml chlo-
ramphenicol at 37 �C. When the OD 600 nm was about 1.5, the
temperature was reduced to 18 �C and expression of PWWP
domain was induced with 1 mM IPTG overnight. The cells were
recovered by centrifugation at 7000 rpm for 30 min at 4 �C. The
harvested cells were resuspended in ice-cold lysis buffer (50 mM
HEPES, pH 7.4, 500 mM NaCl, 2 mM b-mercaptoethanol, 5% glyc-
erol, 0,1% CHAPS) with protease inhibitor cocktail (Complete Mini
EDTA-Free, 1 tablet for 10 mL of solution, Roche). Cells were lysed
on ice by sonication using a cell disrupter. Crude extract were cen-
trifuged at 9000 rpm for 30 min at 4 �C to recover the lysate. The
supernatant was filtered through a 0.2 lm filter (Whatman� FP
30/0.2, GE Healthcare) and loaded onto a 5 ml HisTrapTM FF crude
Ni-Chelating column (GE Healthcare) equilibrated with 20 mM
HEPES, pH 7.4, 500 mM NaCl, 5% glycerol, 50 mM imidazole. The
charged column was washed with the equilibration buffer until a
stable baseline was attained and the elution of PWWP domain of
DNMT3B was performed with a linear gradient from 50 mM to
1 M imidazole over a total volume of 50 ml. After pooling the
appropriate fractions, the solution was dialyzed overnight against
20 mM HEPES, pH 7.4 and 250 mM NaCl in presence of TEV pro-
tease (50 lg/mg of protein) to cleave the His-tag. After this, the
solution was reloaded onto a 5 ml HiTrapTM IMAC FF Ni-Chelating
column (GE Healthcare) and the column was washed with 10 col-
umn volumes of 20 mM HEPES, pH 7.4, 500 mM NaCl, 5% glycerol
and 50 mM imidazole to elute the cleaved protein. Then, the pro-
tein was dialyzed against equilibration buffer (20 mM PIPES, pH
6.5). The sample was filtered through a 0.2 lm filter (Whatman�

FP 30/0.2, GE Healthcare) and was loaded into an AKTA FPLC sys-
tem (GE-Amersham Biosciences) with a cation exchange column
(1 ml, ResourceTM S, GE Healthcare) to purify to homogeneity. The
charged column was washed with the equilibration buffer until a
stable baseline was attained and the elution of the protein was per-
formed with a linear gradient of NaCl up to 1 M concentration over
a total volume of 20 ml. The solution was concentrated in a stirred
cell using a 5 kDa MWCO membrane (Vivaspin 15R; Sartorius
Stedim Biotech GmbH, Göttingen, Germany) up to 22 mg/mL prior
to crystallization. All the different stages of expression and
purification were followed by SDS–PAGE.

2.2. H3K36me3 peptide production and purification

H3K36me3 peptide (SAPATGGV{K(Me3)}KPHRYR) 28–42 was
purchased from GenScript (Piscataway, NJ, USA) with a purity up
to 95% using reverse-phase HPLC.

2.3. Crystallization and structure determination of DNMT3B PWWP
domain in complex with histone H3K36me3

Crystallization trials were performed using the Hampton
Research Crystal Screen kit 1–2 and the sitting-drop vapor-
diffusion method in 96-well plates at room temperature. Drops
consisted of 1 ll of DNMT3B PWWP domain at 22 mg/ml – peptide
mixture (1:5 M ratio) plus 1 ll of reservoir solution equilibrated
against a reservoir volume of 50 ll. Crystals of complex between
DNMT3B PWWP domain and H3K36me3 peptide were grown
against a reservoir consisting of 1.6 M Sodium citrate tribasic pH
6.5 (Hampton Research Crystal Screen 2 No. 28). A single-crystal
(crystal size: 0.45 mm � 0.4 mm) was cryoprotected in 20% glyc-
erol and flash-cooled in liquid nitrogen. Data set was collected at
SOLEIL Synchrotron, Gif-sur-Yvette, France on beamline PROXIMA
2 (PX2-A) using an ADSC Q315 detector at a wavelength of 0.9801
Å. The data were processed using XDS/XSCALE (Kabsch, 2010). Ini-
tial phases were calculated by molecular replacement using the
program PHASER in PHENIX (Adams et al., 2010; McCoy et al.,
2007) with experimental reflection data set (Fo) and the search
model (Fc) DNMT3B PWWP domain in complex with bis–tris ligand
solved at 2.0 Å resolution (Wu et al., 2011) (PDB code: 3QKJ). The
complex was built using the Coot program (Emsley et al., 2010)
and refined with the program PHENIX (Adams et al., 2010). Single
group occupancy of the peptide was set to 0.5 on both monomers
and refined. After refinement, occupancy of 0.8 for each peptide
was retained and gave good agreement with B values of surround-
ing residues. A summary of the data-collection and refinement
statistics is presented in Table 1. Ramachandran plot for the final
model shows 93.92% residues in favored regions and 6.08% in
allowed regions. Figures were drawn using both Pymol (DeLano,
2002) and Discovery Studio (Visualizer, 2013).

2.4. Modeling of the DNMT3A PWWP domain in complex with histone
H3K36me3

First, we validated the method by docking the H3K36me3 pep-
tide into the DNMT3B PWWP domain (PDB code: 5CIU). For the
validation procedure, the assessment of model quality was evalu-
ated by the backbone RMSD (RMSBB) between the crystallographic
structure and the peptide model. Flexpepdock retrieved the same
binding mode and backbone positioning for eight models among
the ten top scoring models, and the RMSBB of the best peptide
model with the native peptide was 1.0 Å (<2 Å) (Fig. S2A). To model
the H3K36me3 peptide (H332–38K36me3)-DNMT3A PWWP domain
complex, we created an initial starting structure of the H3K36me3
peptide within the aromatic cage of DNMT3A PWWP domain by
superposition with the DNMT3B PWWP domain–H3K36me3 struc-
ture, expecting the peptide to be in the correct binding site. We
merged the estimated conformation for the H3K36me3 peptide
with the DNMT3A PWWP domain receptor into an input PDB file
for FlexPepDock refinement on the server. We also provided a
Rosetta atom-pair constraints file to fix the trimethyl-ammonium
group of Lys36 inside the aromatic cage during the simulation.
The new structure was then refined in 600 independent FlexPep-
Dock simulations. 300 simulations were performed in high-



Table 1
Data collection and refinement statistics.

DNMT3B PWWP–H3K36me3 M.HhaI-DNA-SAH

Data collection
Space group P 32 2 1 (No. 154) H 3 2 (No. 155)
Cell dimensions
a, b, c (Å) 73.44, 73.44, 158.20 95.33, 95.33, 314.69
a, b, c (�) 90, 90, 120 90, 90, 120
Resolution (Å) 50.0–2.24 (2.32–2.24)a 47.7–1.59 (1.65–1.59)a

Rsym or Rmerge 6.2 (63.3) 4.5 (69.4)
I/rI 18.50 (3.19) 24.96 (1.71)
Completeness (%) 99.74 (99.96) 98.50 (90.27)
Redundancy 6.9 (7.0) 6.6 (3.2)

Refinement
Resolution (Å) 36.72–2.24 36.55–1.59
No. reflections 24436 72699
Rwork/Rfree 22.4/25.9 16.5/18.8
No. atoms
Protein 1997 2606
Peptide/DNA 100 (peptide) 484 (DNA)
Ligand/ion 6 (citrate) 26 (SAH); 40 (sulfate)
Water 163 634

B-factors
Protein 45.90 16.81
Peptide/DNA 52.60 (peptide) 23.20 (DNA)
Ligand/ion 55.14 (citrate) 27.74 (SO4)
Water 49.30 30.70

R.m.s. deviations
Bond lengths (Å) 0.009 0.006
Bond angles (�) 1.20 1.16

a Values in parentheses are for highest-resolution shell.
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resolution mode (full-atom mode) and, in order to increase sam-
ples of the conformational space, 300 simulations including a
low-resolution pre-optimization step prior to the high-resolution
refinement were performed. After a prepacking to remove internal
clashes, FlexPepDock applied a Monte Carlo minimization to itera-
tively (ten iterative cycles) optimize the rigid body orientation, the
backbone and side chain flexibility of the peptide. During this min-
imization, side chain flexibility of protein receptor was also consid-
ered. The total 600 models were ranked based on the Rosetta full-
atom energy score (Rohl et al., 2004). Among the ten top scoring
models, nine were found to have the same binding mode and back-
bone positioning (Fig. S2B).

2.5. Construction of the DNMT3A (PWWP-ADD-CD) structure

We selected as input structures the opened form and catalyti-
cally active structure for CD-ADD of DNMT3A with H3K4me0 epi-
genetic mark (Guo et al., 2014) (PDB code: 4U7T) and the DNMT3A
PWWP domain (Wu et al., 2011) (PDB code: 3LLR). The docking
servers Cluspro 2.0 (Comeau et al., 2004a,b; Kozakov et al., 2006,
2013) and Zdock 3.0.2 (Pierce et al., 2014) served to identify the
interface interaction and the conformation of the complex. These
servers perform both an automated rigid-body docking by using
the fast Fourier transform correlation method and explore all the
different binding modes by combination of translation and rotation
of the ligand. Cluspro clusters the low-energy docked conforma-
tions based on the RMSD and classify the clusters according to
their size. Zdock uses an energy-based scoring function to evaluate
each pose. For the calculations, known binding sites of the
DNMT3A as the DNMT3L-DNMT3A (catalytic domain) interface
and the DNA binding site of the PWWP domain were not consid-
ered. After calculations, we get the same conformation for the low-
est scoring function value for Zdock and Cluspro and identified a
common binding interface between the ADD domain and the
PWWP domain (Fig. S3). Moreover, the obtained conformation
was retrieved seven times among the ten top scoring models of
Zdock. The resulting models from Zdock and Cluspro were then
subjected to rigid-body minimization and side-chain conformation
optimization using the ‘‘docking-local-refine” on the RosettaDock
server (Chaudhury et al., 2011; Lyskov and Gray, 2008; Lyskov
et al., 2013). The lowest RosettaDock binding score model (ROSET-
TADOCK binding score was �522.4 for Zdock and �534.8 for Clus-
pro) shown in orange in Fig. 6A was selected for structural analysis
with the nucleosome (Figs. 6C and 7).

2.6. Expression and purification of M.HhaI

LB medium containing 100 lg/ml ampicillin was inoculated
with Escherichia coli K-12 strain ER1727 containing the pUHE25H-
haI plasmid. When the OD600 nm reached 0.6, expression of M.
HhaI was induced with 1 mM IPTG. After 3 h of induction at
37 �C, the cells were collected by centrifugation at 4000 rpm for
30 min at 4 �C. The cell paste was resuspended in ice-cold lysis buf-
fer (10 mM Hepes (pH 7.0), 5 mM EDTA, 10% (v/v) glycerol, 0.1% (v/
v) b-mercaptoethanol). Cells were lysed on ice by sonication using
a cell disrupter. After centrifugation at 4000 rpm for 1 h at 4 �C, the
supernatant was discarded and the pellet was resuspended in a
high-salt buffer (10 mM Tris, 5 mM EDTA (pH 7.5), 10% (v/v) glyc-
erol, 0.1% (v/v) b-mercaptoethanol, 500 mM NaCl) to re-solubilize
the protein. The high-salt suspension was centrifuged at
14000 rpm for 1 h at 4 �C, the supernatant was kept and the pellet
undergoing the same processing with high-salt buffer. Precipita-
tion of nucleic acids from the supernatant was performed by pro-
gressive addition of a half volume of protamine sulfate solution
(10 mg/ml, solubilized in high-salt buffer). After incubation at
room temperature for 5 min, the solution was centrifuged at
14000 rpm for 40 min at 4 �C and the supernatant dialyzed against
50 mM Tris (pH 6.7), 5 mM EDTA, 10% (v/v) glycerol, 0.1% (v/v) b-
mercaptoethanol, 100 mM NaCl. All the following steps of purifica-
tion were performed at 4 �C. The sample was filtered through a
0.2 lm filter (Whatman� FP 30/0.2, GE Healthcare) and loaded
onto a cation exchange column (1 ml, HiTrapTM SP FF, GE Health-
care). The charged column was washed with the equilibration buf-
fer (50 mM Tris (pH 6.7), 5 mM EDTA, 10% (v/v) glycerol, 0.1% (v/v)
b-mercaptoethanol, 100 mM NaCl) until a stable baseline was
attained and the elution of the M.HhaI was realized with a linear
gradient from 100 mM to 500 mM NaCl over a total volume of
50 ml. After pooling the appropriate fractions, the solution was
concentrated in a stirred cell using a 10 kDa MWCO membrane
(Vivaspin 15R; Sartorius Stedim Biotech GmbH, Göttingen,
Germany) until �5 ml and dialyzed against 50 mM Tris (pH 7.4),
5 mM EDTA, 10% (v/v) glycerol, 0.1% (v/v) b-mercaptoethanol,
100 mM NaCl. The sample was filtered through a 0.2 lm filter
(Whatman� FP 30/0.2, GE Healthcare) and was injected into an
AKTA FPLC system (GE-Amersham Biosciences) with an anion
exchange column (1 ml, Mono-Q HR 5/5, GE Healthcare) equili-
brated with 50 mM Tris (pH 7.4), 5 mM EDTA, 10% (v/v) glycerol,
0.1% (v/v) b-mercaptoethanol, 100 mM NaCl. The charged column
was washed with the equilibration buffer until a stable baseline
was attained. The collected flow-through fractions containing the
purified M.HhaI were pooled and concentrated up to 10 mg/mL
concentration prior to crystallization. All the different stages of
expression and purification were followed by SDS–PAGE.

2.7. Crystallization and structure determination of M.HhaI in complex
with SAH and a short DNA duplex

The crystallization conditions were based and adapted from
previously published data (O’Gara et al., 1996, 1998). The oligonu-
cleotides used to form the 12 bp duplex were purchased from
Eurogentec (Seraing, Belgium).

50-T-C-C-A-T-G-C-G-C-T-G-A-C--30

30--G-G-T-A-C-G-X-G-A-C-T-G-T-50
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These two synthetic complementary strands of oligonucleotides
were designed with a single 50 thymidine (T)-overhangs at both
ends and an abasic residue was incorporated with a dSpacer (X)
at the target base pair (GC? GX). The two strands were hybridized
in TE buffer at 90 �C for 5 min, followed by room temperature incu-
bation for 1 h. Crystallization trials were performed using the
hanging-drop vapor-diffusion method at room temperature with
purified M.HhaI concentrated at 10 mg/ml, SAH (dissolved in
water) and DNA with following molar ratio: 1:3:1.3. Drops con-
sisted of 2 ll of M.HhaI-SAH-DNA mixture plus 2 ll of reservoir
solution equilibrated against a reservoir volume of 700 ll. Crystals
of complex between M.HhaI, SAH and DNA were grown against a
reservoir consisting of 50 mM Citrate pH 5.6 and 1.8 M ammonium
sulfate. A single-crystal (crystal size: 0.3 mm � 0.2 mm) was cry-
oprotected in 20% glycerol and flash-cooled in liquid nitrogen. Data
set was collected at SOLEIL Synchrotron, Gif sur Yvette, France on
beamline PROXIMA 2 (PX2-A) using an ADSC Q315r detector at a
wavelength of 0.9801 Å. The data were processed using XDS/
XSCALE (Kabsch, 2010). A summary of the data-collection and
refinement statistics is presented in Table 1. Initial phases were
calculated by molecular replacement using the program PHASER
in PHENIX (Adams et al., 2010; McCoy et al., 2007) with
experimental reflection data set (Fo) and the search model (Fc)
solved at 2.4 Å resolution (O’Gara et al., 1998) (PDB code: 9MHT).
Fig. 1. Structure of the DNMT3B PWWP domain in complex with H3K36me3 peptide. (
DNMT3B PWWP domain and the H3K36me3 peptide. (B) DNMT3B PWWP domain surfac
blue: positively charged area) with the peptide represented in stick. (C) 2Fo � Fc electron
representation of the residues of the aromatic cage: Phe236, Trp263, Asp266 and Trp23
domain (Table S2).
The complex was built using the Coot program (Emsley et al.,
2010) and refined with the program PHENIX (Adams et al., 2010).
Ramachandran plot for the final model shows 97.85% residues in
favored regions, 1.85% in allowed regions and 0.31% in disallowed
regions. Figures were drawn using both Pymol (DeLano, 2002) and
Discovery Studio (Visualizer, 2013).

3. Results and discussion

3.1. Structure of the DNMT3B PWWP domain in complex with histone
H3K36me3

We determined the crystal structure of the DNMT3B PWWP
domain in complex with the epigenetic mark H3K36me3 (H332–
38K36me3) to gain structural insight into this recognition
(Fig. 1A–D). Compared to the open form (Qiu et al., 2002), the loop
between the b1 and b2 strand undergoes an induced fit that closes
the aromatic cage in order to enhance recognition of this epige-
netic mark. The histone peptide occupies a surface groove formed
by the b1 strand, the loop between b1 and b2, and the b4 strand
(Fig. 1A and B). The trimethylated side chain of Lys36 is well
resolved in the density map and is inserted into the aromatic cage
formed by the three aromatic residues Phe236, Trp239 (b2 strand)
and Trp263 (b3 strand) (Fig. 1C). The trimethyl-ammonium group
A) Solid Ribbon representation of the crystal structure of the complex between the
e colored by electrostatic potential of the residues (red: negatively charged area and
density map contoured at 1 r for the H3K36me3 peptide (blue mesh) with the stick
9. (D) Selected intermolecular interactions of the peptide with the DNMT3B PWWP



Fig. 2. Different orientations and interactions of H3K36me3 peptide observed
among the ‘‘Royal” superfamily. (A) Superposition of the DNMT3B PWWP domain
(gray) – H3K36me3 (yellow) complex with the PHF1 (green) – H3K36me3 (orange)
complex (Musselman et al., 2012) (PDB code: 4HCZ). The absence of a helix bundle
for the PHF1 allows the H3K36me3 to be engaged differently than with DNMT3B
PWWP. (B) Superposition of the DNMT3B PWWP domain (gray) – H3K36me3
(yellow) complex with the BRPF1 (purple) – H3K36me3 (orange) complex (Vezzoli
et al., 2010) (PDB code: 2X4W).
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forms interaction with this aromatic cage by van der Waals and p-
cation interactions with aromatic side chains of Phe236, Trp239
and Trp263, and electrostatic–cation interaction with the carboxy-
late group of Asp266 (Fig. 1D). These interactions are common to
different chromatin-binding proteins in complex with the
H3K36me3 peptide (Qin and Min, 2014). Another important com-
mon feature of ‘‘Royal” superfamily domains for binding preferen-
tially H3K36me3 involves hydrophobic contacts surrounding the
trimethylated lysine 36. In our complex, Pro38 is involved in a
hydrophobic contact with the side chain of Ile233 as observed for
the PHF1 Tudor domain (Cai et al., 2013; Musselman et al., 2012)
and Val35 for the PWWP domain of BRPF1 (Vezzoli et al., 2010;
Wu et al., 2011). For complex between epigenetic marks
H3K4me3, H3K9me3, and H3K27me3, and other chromatin-
binding proteins, we observe polar contacts in this surface area
(Cheng et al., 2013; Pena et al., 2006; Sanulli et al., 2015). Besides
that, an additional key interaction involved the CO main chain
group of trimethylated Lys36 with a conserved water molecule sta-
bilized by O atom of Ser270. The loss of this last strong hydrogen
bond (DA–B = 2.41 Å in chain C and 2.59 Å in chain D) in the ICF syn-
drome (S270P) explains the lack of methyltransferase recognition
and activity on nucleosomal substrates (Baubec et al., 2015;
Dhayalan et al., 2010; Shirohzu et al., 2002). The rest of the modi-
fied peptide is involved in intermolecular hydrogen-bonds with
backbone amino and carbonyl groups: CO of Thr32 and conserved
waters stabilized by CO of Asp266, CO of Gly34 and NH of Phe269,
and NH of trimethylated Lys36 and CO of Phe269. The previously
discussed intermolecular interactions between DNMT3B PWWP
domain and H3K36me3 peptide are presented in Table S2. Some
of these observed interactions can be related to previous muta-
tional studies. Mutations among conserved residues of DNMT3A
and DNMT3B PWWP domains were performed in the b-barrel
(for DNMT3B: W239P240-ST; D266-A) and led to the loss of ability
of both DNMT3A and DNMT3B to bind to H3K36me3 modified
nucleosomes (Baubec et al., 2015; Chen et al., 2004; Dhayalan
et al., 2010; Ge et al., 2004). As observed for other H3K36me3 bind-
ing domains, van der Waals and electrostatic interactions con-
tribute to a specific association of DNMT3B PWWP domain with
H3K36me3 peptide.

One additional observation is that the trimethylated lysine can
be engaged differently as observed for the PHF1 and PHF19 Tudor
domains (Fig. 2A). We observed a flip of 180 �C as these domains
lack the a-helix bundle and interact with another surface of the
nucleosome-core. H3K36me3 peptide adopts the same binding
mode with both DNMT3B PWWP and BRPF1 (Fig. 2B) (Vezzoli
et al., 2010). However, the b-b-a insertion motif of the BRPF1 inter-
acts with peptide residues preceding the trimethylated Lys36 com-
pared to the DNMT3B PWWP exhibiting a short a-helix motif (g1
insertion motif).

Experiments to confirm binding of the H3K36me3 peptide to
the DNMT3B PWWP domain in vitro were attempted, so far
without success. In particular, due to unanticipated technical
problems inherent to the system under study (precipitation and
non-specific binding), we were not able to confirm the interaction
using different biophysical approaches (ITC, DSF, and Bio-layer
interferometry).

3.2. Modeling of the DNMT3A PWWP domain in complex with histone
H3K36me3

As we were not able to crystallize the complex between the
DNMT3A PWWP domain and H3K36me3 peptide, we performed
a protein-peptide docking based on our structural study. DNMT3A
and DNMT3B PWWP domains are small domains of �150 residues
very similar in structural organization and amino acid sequence
(Fig. S1). They share 53% of identity in sequence and 67% of similar-
ity using blastp. Based on our crystal structure and the high struc-
tural similarity between the two domains, we decided to dock this
short peptide (H332–38K36me3) inside the DNMT3A PWWP domain
(Wu et al., 2011) (PDB code: 3LLR). We used for this the Rosetta
FlexPepDock protocol introduced for the refinement of coarse
starting structure of peptide-protein complex into high-
resolution models (Raveh et al., 2010) (see Section 2). The pro-
posed model provides a binding mode of the H3K36me3 peptide
similar to the one observed in the crystallographic structure with
the DNMT3B PWWP domain (Fig. 3A and B). Residues interacting
with the H3K36me3 peptide are conserved among DNMT3A and
DNMT3B PWWP domains (Fig. 4 and Table S1, S3). The
trimethyl-ammonium group is stabilized into the cage formed by
Phe303, Trp306, Trp330, and Asp333 (Phe236, Trp239, Trp263
and Asp266 for DNMT3B). The backbone of the peptide is involved
in intermolecular hydrogen-bonding interactions with Phe336
(Phe2693B) and Ser337 (Ser2703B). A hydrophobic contact is
observed between Pro38 and the isopropyl-group of Leu300
(Ile2333B).
3.3. DNMT3A/3B PWWP domains in complex with the histone
H3K36me3 nucleosome core particle

In addition to their histone tail binding abilities, PWWP
domains of DNMT3A and DNMT3B interact non-specifically with
DNA through a basic surface adjacent to the histone binding site
(Fig. 1B) (Purdy et al., 2010; Qiu et al., 2002). Individually, different
PWWP domains bind free DNA in the lM range and H3K36me3
peptide in the lM–mM range which is quite low (Lukasik et al.,
2006; Qiu et al., 2002; Yu et al., 2012). However, the cooperative
binding of these partners can increase the binding affinity up to
104-fold and enhance specificity of PWWP domains for
H3K36me3-NCP (nucleosome core particle) (Musselman et al.,
2012; Wang et al., 2014). This seems to be a general property of
PWWP modules and involves conserved interactions at the same



Fig. 4. Structure-based sequence alignment of homologous PWWP domains reveals conserved residues involved in nucleosomal DNA binding. This multiple structure and
sequence alignments of homologous PWWP domains was performed with PROMALS3D (Pei et al., 2008) and formatted with Espript (Gouet et al., 1999). In the family of
PWWP domains, a hydrophobic interface interacts with the histone tail and an adjacent more basic surface interacts with the negative phosphate backbone of the DNA in
order to increase selectivity and affinity with the nucleosome. Residues involved in the H3K36me3 peptide binding: DNA-binding residues: . For LEDGF protein, residues
Lys16 (;) and Lys73 (;) have a large contribution to the intermolecular energy (van Nuland et al., 2013); they correspond to Arg301 and Lys361 in DNMT3A, and Lys234 and
Lys294 in DNMT3B.

Fig. 3. Molecular modeling of interactions between the DNMT3A PWWP domain and H3K36me3 peptide (H332–38K36me3). (A) Intermolecular interactions of the top scoring
model of the DNMT3A PWWP domain in complex with the H3K36me3 peptide. (B) DNMT3A PWWP domain surface colored by electrostatic potential of the residues (red:
negatively charged area and blue: positively charged area) with the peptide represented in stick.
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interface (Eidahl et al., 2013; Qin and Min, 2014; van Nuland et al.,
2013). Indeed, multiple structure and sequence alignments of
homologous PWWP domains (Fig. 4) show that these domains pre-
sent the same aromatic cage to bind the histone tail and the basic
surface have conserved residues to interact with the nucleosomal
DNA. The question remains how the DNMT3A and DNMT3B PWWP
domains bind the H3K36me3 epigenetic mark which is near the
nucleosome core. To investigate this mechanism of recognition,
we superimposed the DNMT3A and DNMT3B PWWP domains with
the previously studied LEDGF PWWP domain, sharing high struc-
tural similarity, bound to H3K36me3-NCP (Eidahl et al., 2013).
We observe that the basic surface is positioned on the DNA
wrapped around histone core and is likely to interact with the
phosphate backbone of DNA through the same conserved residues
as those of LEDGF PWWP domain (Figs. 4 and 5A, B). DNMT3A and
DNMT3B PWWP domains are situated between two DNA duplexes
from where the epigenetic mark H3K36me3 emerges to interact
with them (Figs. 5A and 6C). The selectivity of DNMT3A and
DNMT3B for the H3K36me3-NCP is then mediated by interactions
of the PWWP domain through the aromatic cage for H3K36me3
recognition and the basic surface which could bind two DNA
duplexes of the nucleosome. Experiments showing this direct
interaction between the PWWP domain and H3K36me3 nucleo-
somes were performed in previous studies for both DNMT3A and
DNMT3B by GST pull-down assays (Baubec et al., 2015; Dhayalan
et al., 2010). These interactions are disrupted by different point
mutations (as mentioned earlier in the description of the complex
between the DNMT3B PWWP domain and histone H3K36me3).



Fig. 5. PWWP domains in complex with H3K36me3-NCP. (A) HADDOCK model of the complex between the LEDGF PWWP (green) domain and H3K36me3-NCP (Eidahl et al.,
2013) superimposed with DNMT3A (orange) (root-mean-square deviation of 1.9 Å) and DNMT3B (gray) (root-mean-square deviation of 1.9 Å) PWWP domains. (B) PWWP
domains surface colored by electrostatic potential of the residues (red: negatively charged area and blue: positively charged area). The positively charged surface is positioned
between two DNA strands and contains the following residues for the DNMT3A PWWP domain: Lys299, Arg301, Lys343 and Lys 361. These residues correspond to Lys232, Lys
234, Lys276, and Lys 294 in the DNMT3B PWWP domain. They are situated on b1, on the loop between b1 and b2, between b4 and b5 (n2), on the loop between a2 and a3, and
on helix a3.
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3.4. DNMT3A (PWWP-ADD-CD) in a nucleosomal context

DNA methylation functions in specific cellular and genomic
contexts. For example, DNA methylation is dependant of a number
of post-translational modifications on histones to recruit and acti-
vate the de novo DNA methylation complex. DNMT3L, which lacks
the PWWP domain and the catalytic domain, recognizes specifi-
cally the unmethylated histone H3 tail (H3K4me0) through the
ADD domain (Table S1) (Eustermann et al., 2011; Ooi et al.,
2007; Otani et al., 2009). This protein is expressed especially in
oocytes to stabilize the conformation of the active loop and stimu-
lates the activity of DNMT3A and DNMT3B for the establishment of
the genomic imprinting (Jia et al., 2007; Smallwood et al., 2011;
Suetake et al., 2004). The epigenetic mark H3K4me0 is also bound
by DNMT3A via the same ADD domain to allosterically activates
the DNMT3A (Guo et al., 2014; Li et al., 2011; Otani et al., 2009).
Without this recognition, the ADD domain interacts specifically
with the catalytic domain and prevents interaction with the DNA
substrate inhibiting the activity. Binding of this epigenetic mark
H3K4me0 to the ADD domain disrupts this autoinhibitory struc-
ture and an important conformational change permits to the cat-
alytic domain to recognize the DNA. The ADD domain of
DNMT3B binds the H3K4me0 (1–19) with the same affinity as
DNMT3A suggesting a similar mechanism (Table S1) (Zhang
et al., 2010). H3K36me3 epigenetic mark, as explained before, is
read by both DNMT3A and DNMT3B PWWP domains to recruit
these enzymes on the nucleosomal DNA in the pericentromeric
heterochromatin regions and gene bodies (Bachman et al., 2001;
Baubec et al., 2015; Chen et al., 2004; Dhayalan et al., 2010). The
combination of histone modifications permissive unmethylated
H3K4me0 and trimethylated H3K36me3 seems therefore neces-
sary for the DNMT3A and DNMT3B to access and methylate DNA
(Stewart et al., 2015; Tomizawa et al., 2012).
Different structural and biophysical data are available for sepa-
rated domains of DNMT3s with individual parts of nucleosome.
However, no structural information is available for the recognition
of DNMT3s with the integral nucleosome. In this regard, we pro-
pose here a model of the DNMT3A (PWWP-ADD-CD) in a nucleoso-
mal context. The crystal structure of the active complex of
DNMT3A (ADD-CD)-DNMT3L-H3K4me0 peptide has recently been
solved without the PWWP domain (Guo et al., 2014) (PDB code:
4U7T). Based on this structure, we predict the DNMT3A (PWWP-
ADD-CD) structure including the missing PWWP domain by using
three protein–protein docking servers emerging from the Critical
Assessment of PRedicted Interactions (CAPRI) experiment (Janin
et al., 2003) (see Section 2). This reconstructed DNMT3A structure
(Fig. 6A) shows that the b-strands, b2 and b3, and the insertion
motif g1 (a-helix motif) of the PWWP domain are positioned at
the interface with the ADD domain (Figs. 6A and S3). The PWWP
and the ADD domains are associated by strong electrostatic inter-
actions and diverse hydrogen bonds. In addition, due to the high
structural and sequence similarity of the catalytic domain of
DNMT3A and the M.HhaI, a bacterial DNMT we solved in complex
with a short DNA duplex, we superimposed these domains (root-
mean-square deviation of 1.2 Å). The short oligonucleotide is in
the continuity of the nucleosomal DNA and can be connected easily
to the border of the nucleosome to form a contiguous DNA seg-
ment (Fig. 6B and C). This approach yields a complete structural
model of the H3K36me3-nucleosome-DNMT3A complex which
can explain DNMT3A recruitment to a genomic site (Fig. 6C). The
PWWP domain specifically binds the H3K36me3-NCP followed
by an activation of the catalytic domain through the binding of
the H3K4me0 with the ADD domain to methylate the nearby cyto-
sine (Fig. 8A). We also introduced in this study, the DNMT3L from
the active complex of DNMT3A (ADD-CD)-DNMT3L-H3K4me0
peptide (Guo et al., 2014) and the dimerization of DNMT3A



Fig. 7. Structural model of DNMT3A (PWWP-ADD-CD)-DNMT3L heterotetramer in complex with H3K36me3-modified dinucleosome. Two active sites of distinct DNMT3A
are located on the linker DNA region between and at the border of the nucleosomes. The length of the linker DNA is �30-bp and corresponds to the average length in the
pericentromeric heterochromatin regions (Chodavarapu et al., 2010). The center-to-center distance between the core particles is 20 nm.

Fig. 6. (A) Cartoon view of the complete reconstructed DNMT3A (PWWP-ADD-CD structure). (B) The bacterial M.HhaI (a DNA (cytosine-5) methyltransferase from
Haemophilus haemolyticus) in complex with DNA and SAH (S-adenosyl-L-homocysteine). 2Fo � Fc electron density map contoured at 1.0 r for short oligonucleotide (orange
mesh), SAH (pink mesh) and selected residues interacting with DNA (blue mesh). (C) Structural model of the DNMT3A in complex with a nucleosome.
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through the catalytic domain (Chodavarapu et al., 2010; Jia et al.,
2007; Yazdi et al., 2015). This gives a heterotetramer (DNMT3L-
DNMT3A-DNMT3A-DNMT3L) in complex with a dinucleosome
exhibiting a bent linker DNA (Figs. 7 and 8B). The DNMT3A-
DNMT3A dimer is responsible for methylation of DNA in a periodic
pattern of �10-bp between two CpG sites corresponding to a



Fig. 8. Proposed mechanism for recognition of nucleosome and DNA methylation by DNMT3A (for clarity, the DNMT3L was removed). (A) Sequential recognition mechanism
of DNMT3A for nucleosome and methylation activation with H3 tail: 1-Nucleosome recognition by PWWP domain through interaction with methylated histone H3 tail
(H3K36me3). 2-Histone H3 tail activation (H3K4me0) through binding with ADD domain. ADD domain of DNMT3A interacts with the catalytic domain and inhibits its
activity by preventing it to interact with the DNA. (B) Periodicity in de novo methylation patterns of �10-bp between two CpG sites.
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helical turn as previously demonstrated (Jia et al., 2007; Lister
et al., 2009; Smallwood et al., 2011). Moreover, this model high-
lights, as described in the literature, that de novo DNA methylation
occurs on the linker DNA region between nucleosomes and at the
border of the nucleosome (Baubec et al., 2015; Felle et al., 2011a;
Morselli et al., 2015; Takeshima et al., 2008). Indeed, DNMT3A
and DNMT3B prefer to target the nucleosome-bound DNA through
a synergetic effect to methylate the linker DNA region between
two nucleosomes which is more accessible (Felle et al., 2011b;
Morselli et al., 2015; Zhang et al., 2010). Furthermore, the nucleo-
somes are more regularly connected in the pericentromeric hete-
rochromatin regions with a linker DNA of �30-bp which
corresponds to the linker DNA size of our model (Chodavarapu
et al., 2010). The four ADD domains present in the heterotetrameric
complex (DNMT3L-DNMT3A-DNMT3A-DNMT3L) could read the
H3K4me0 state for the DNA methylation establishment. The ques-
tion may be asked whether DNMT3L could interact with the sec-
ond copy of H3 tail of the histone octamer from adjacent
nucleosomes. This could lead to a synergistic effect of binding pro-
teins on nucleosome. This model needs further testing to answer
these questions, nevertheless taken together our observations
emphasize the functional importance of the combination of his-
tone tail modification status for the formation of a stable de novo
methylation complex to methylate DNA in a periodic pattern.

It is still difficult to understand the difference of methylation
activity between DNMT3A and DNMT3B. Indeed, as for DNMT3A,
DNMT3B methylates the linker DNA with a periodicity of 10-bp
and a periodicity corresponding to the nucleosome repeat length
of �180 bp (nucleosomal DNA (147-bp) + linker DNA (�30-bp))
(Baubec et al., 2015; Cokus et al., 2008; Morselli et al., 2015).
DNMT3B binding to nucleosome is also guided by the presence
of two epigenetic marks, the H3K4me0 and the H3K36me3 pep-
tides (Baubec et al., 2015; Morselli et al., 2015). DNMT3A and
DNMT3B act in a same nucleosome context in terms of organiza-
tion of chromatin but methylate different regions of the genome.
DNMT3B is however more enriched within gene bodies (Baubec
et al., 2015; Jin et al., 2012). DNMT3A and DNMT3B are also dis-
tributed differently across the genome and this depends on the cel-
lular context (Jin et al., 2012). The mechanism of DNMT3s targeting
to specific site of methylation throughout the genome is actually
more complex and involves a series of events including the timing
of expression (Lees-Murdock et al., 2005). The differences of
recruitment of DNMT3s across the genome may be influenced by
other specific histone tail modifications. Their distinct biological
functions can be explained by the N-terminal sequence which
shares very low sequence identity (10.9% using the EMBOSS needle
program) between the two DNMT3s. In our model we do not pre-
sent this N-terminal part of DNMT3A (amino acids 1–281) as no
structural information is available for neither DNMT3A nor
DNMT3B. This N-terminal part of both DNMT3A/3B seems impor-
tant for anchoring to nucleosomes (Baubec et al., 2015; Jeong
et al., 2009). Indeed, based on multiple sequence alignments
including this sequence, we found relate domains involved in
DNA binding including the PDS5 homolog B protein (uniprotkb:
Q6TRW4). This protein is a regulator which stabilizes cohesion
complex association with chromatin suggesting that the N-
terminal part of the DNMT3A could interact with DNA through
its 21 arginines and 22 lysines (Fig. S1). Furthermore, this N-
terminal part of both DNMT3A/3B could be important to mediate
protein–protein interactions to discriminate the recruitment of
these two enzymes on the nucleosomal-DNA (Geiman et al.,
2004; Li et al., 2006; Rigbolt et al., 2011; Sarraf and Stancheva,
2004; Velasco et al., 2010).
4. Conclusion

Here, we report for the first time the crystal structure of the de
novo DNA methyltransferase DNMT3B PWWP domain in complex
with the epigenetic mark H332–38K36me3. This structure empha-
sizes that a conserved water molecule mediates strong hydrogen
bonding with the epigenetic mark explaining the loss of affinity
in the ICF syndrome with the mutated DNMT3B PWWP domain
(S270P). Based on our model, the DNMT3A PWWP domain involves
nearly the same residues to interact with the H3K36me3 epige-
netic mark which has the same conformation as our crystal struc-
ture. In a nucleosomal context, DNTM3A and DNMT3B PWWP
domains appear to engage the same binding surface and residues
to interact with the H3K36me3 nucleosome core particle. The com-
plete structure of the DNMT3A-DNMT3L heterotetramer in com-
plex with a dinucleosome provides structural information about
DNA methylation on the linker DNA region of nucleosomes and
the de novo DNA methylation patterns in agreement with the find-
ings of the literature.
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Data deposition

Coordinates and diffraction data for the structures of DNMT3B
PWWP–H3K36me3 and M.HhaI-DNA-SAH have been deposited in
the Protein Data Bank with accession codes 5CIU and 5CIY,
respectively.
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