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Abstract

The Dnmt3 family includes two catalytically active de novo methyltransferases
(Dnmt3a and Dnmt3b) and one catalytically inactive regulatory factor called Dnmt3L.
The N-terminal part of Dnmt3a consist of an ADD and a PWWP domain, we have
shown that the ADD domain interacts with H3K4 unmethylated tails and the PWWP
domain interacts with H3K36me3 marks. These interactions are responsible for the
regulation of Dnmt3a’s activity as well as for targeting to heterochromatin. We have
identified that Dnmt3a and Dnmt3L form a heterotetramer that methylates two CpG
sites on opposite DNA strands in a distance of 8-10 bps. We have shown that
Dnmt3a forms a linear multimer and it binds to many DNA molecules oriented in
parallel. This process is required for the heterochromatic localization of Dnmt3a in
cells. The regulator protein Dnmt3L reorganizes the quaternary structures of Dnmt3a,
thereby prevents multimerization. In addition to formation of protein multimers,
Dnmt3a complexes bind cooperatively to DNA forming protein-DNA filaments. This
might be required for generation of 8-10 bp periodicity patterns at imprinted genes
and tight packing of Dnmt3a at the heterochromatic region. In addition, we have
identified that the enzymatic activity Dnmt3a is regulated by phosphorylation. Casein
kinase 2 mediated phosphorylation of the Dnmt3a negatively regulates its enzymatic
activity in cells. Adding to existing evidence, our data uncovered novel mechanism of
regulation of Dnmt3a activity, which are required for the proper DNA methylation
patterns in cells. Also, using a newly developed high throughput assay, we have
identified novel inhibitors to Dnmt3a from chemical libraries and identified new
compounds purified from the dietary black tea and coffee polyphenols, which inhibit

the Dnmt3a activity moderately.
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1. Introduction

Epigenetics is a branch of biology, which deals with the study of the changes
in gene expression, which occur in organisms with differentiated cells. The most
recent definition is “changes in the phenotype of the cells that are heritable but do not
involve DNA mutation” [Gottschling, 2004]. The term epigenetics was introduced by
Waddington, “Epi” is a latin prefix meaning above, over, outside or beyond
[Waddington, 1942]. Epigenetic mechanisms are used for the formation and storage
of cellular information in response to transient environmental signals. The initial
population of embryonic stem (ES) cells is identical in both, genotype and phenotype,
but during development, the ES cells follow distinct differentiation pathways. The
mature cells become phenotypically different although they remain genotypically
identical [Levenson and Sweatt, 2005]. There are many studies and examples which
show the importance of epigenetic mechanisms in the information storage at the
cellular level. Once an embryonic precursor cell is triggered by an environmental
signal to differentiate into a particular cell type (for instance, a liver cell), that cell and
its subsequent daughter cells are required to undergo thousands of cell divisions
without losing their identity. To maintain the cell’s identity and cellular differentiation,
the genetic information must be expressed at right time and right place (Fig. 1). The
information responsible for this cannot be contained on the DNA sequence itself but

is encoded by heritable epigenetic mechanisms [Levenson and Sweatt, 2005].

1.1. Gene regulation and development
In eukaryotes, DNA is not naked, but packed into a highly organised
nucleoprotein structure called chromatin, which maintains genes in an inactive state

by restricting access of the transcription machinery i.e. RNA polymerase and its



accessory factors. The fundamental unit of chromatin is the nucleosome, which is
composed of 147 base pairs of DNA wrapped around the histone octamer [Li and
Reinberg, 2011]. The core histone proteins (H2A, H2B, H3 & H4) are globular and
highly basic proteins. These histone proteins have unstructured N terminal tails and
undergo several modifications which influence the local gene transcription [Li and
Reinberg, 2011]. Consecutive nucleosomes are assembled into 11-nm fibers
(resembling beads on a string), which are then compacted in association with the
linker histones (H1) into a poorly defined, higher-order structure and eventually into

individual chromosomes [Felsenfeld and Groudine, 2003].

blood

liver

bone

muscle

Fig.1. Depiction of epigenetic function: Cellular development and gene
expression in mammals is mediated by epigenetic mechanisms. (Adopted from Albert
Jeltsch, MolLife).

According to the current models chromatin functions as a structural device for
packaging DNA as well as in regulation of gene expression. Compaction of the DNA
with histones in chromatin influences the accessibility for transcription factors and

cofactors and thus regulates gene expression. It is known that the establishment of
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patterns of gene expression determines the cellular phenotype and this can be
influenced by how DNA is packed into chromatin. In eukaryotes not all the chromatin
is equal, rather it is divided into two functional units. The untranscribed chromatin is
packed in highly condensed heterochromatin, while transcribing regions are more
accessible to transcription factors and form euchromatin [Richards and Elgin, 2002;
Margueron and Reinberg, 2010].

DNA methylation has been implicated in playing an important role in the
control mechanisms that govern gene expression in mammals [Jaenisch and Bird,
2003]. An inverse correlation between DNA methylation and gene expression was
demonstrated for a large number of genes, indicating that DNA methylation plays a
vital role to suppress gene expression [Weber and Schubeler, 2007; Zhang et al.,
2009; Boon et al., 2002; Kim et al., 2005]. The transcriptional suppression of genes
by CpG methylation could be either by direct interference with the binding of
transcription factors or by binding of multiprotein repressor and co-repressor
complexes, which results in the formation of an inactive chromatin structure [Fuks et
al., 2001; Fuks et al., 2003]. Association of repressors and co-repressors with the
methylated DNA mediates a permanent inactivation of genes leading to a stable

repressed state.

1.2. Epigenetic players

There are three molecular epigenetic players mainly involved in gene
regulation i.e. DNA methylation, histone modifications and non-coding RNA [Cheng
and Blumenthal, 2008; Hermann et al., 2004; Gangaraju and Lin, 2009]. Regulation
of gene expression is tightly controlled by these epigenetic players [Jeltsch, 2002; Li

and Reinberg, 2011; Mochizuki, 2010]. Misregulation of epigenetic systems has



potential deleterious effect on control of gene expression and chromatin accessibility,

which leads to diseased state of cells.

1.3. DNA Methylation

One of the important epigenetic modifications in unicellular and multicellular
organisms is DNA methylation, which regulates and mediates the function of the
genes and differentiation of cells. In mammals and other vertebrates, DNA
methylation occurs at the C5 position of cytosine bases, mostly at the cytosine base
followed by guanine (CpG dinucleotide). The complementary strand of a GpC site is
also methylated and these two methyl groups are positioned in the major groove of
double stranded DNA [Ohki et al., 2001]. The 5-methylcytosine constitutes 3-8% of
the total cytosine bases of the DNA, therefore it could be considered as a fifth base of
mammalian DNA [Hermann et al., 2004]. It has many functions viz, the control of
cellular differentiation and development [Cheng and Blumenthal, 2010; Jurkowska et
al., 2011; Kim et al., 2009], the maintenance of chromosomal integrity [Lengauer et
al., 1999], parental imprinting [Holmes and Soloway, 2006], the inhibition of gene
expression [Jaenisch and Bird, 2003], X-chromosome inactivation [Chow and Brown,
2003] and it also plays a role in the development of the immune system [Fitzpatrick
and Wilson, 2003].

DNA methylation is important for normal cellular differentiation and viability in
mammals, deletion of any of the active DNA methyltransferase enzyme in mice is
lethal [Li et al 1992; Okano et al., 1999]. Abnormal methylation patterns of genomes
are associated with several human diseases, such as Rett syndrome, ICF
(immunodeficiency, centromere instability and facial abnormalities) and Fragile X
syndrome. Rett syndrome is a neurological disorder resulting in mental retardation,
which is caused by mutations in one of the methyl-CG binding proteins (MeCP2)

4



[Kriaucionis and Bird, 2003], ICF syndrome is caused by point mutations occurring in
the gene encoding for Dnmt3b methyltransferase [Xu et al., 1999; Hansen et al.,
1999]. Aberrant methylation of an amplified repeat in the promoter region of FMR1
gene leads to the Fragile X syndrome, which is associated with hypermethylation of
genes and changes in the chromatin structure [Robertson and Wolffe, 2000].
Hypermethylation of tumor suppressor genes and hypomethylation of the genome of
somatic cells contribute to genomic instability and the development of cancer [Clark
and Melki, 2002].

Though methylation of CpG sites in the mammalian genome has variety of
important functions for normal cellular development and differentiation, methylated
cytosines represent mutational hot spots. The deamination of cytosine bases leads to
the formation of uracil, which can be efficiently recognized and repaired by the uracil
deglycosylase pathway. However, deamination of a methylated cytosine base leads
to the formation of thymine, which can not be recognized by this repair pathway,
hence presence of methylated cytosine bases increases the mutational rate of DNA
[Hermann et al., 2004].

The methylation of DNA is carried out in a reaction catalyzed by DNA
methyltransferases. These enzymes use the cofactor SAM as a donor of an activated
methyl group, as a result 5-methylcytosine is created and the SAH is released from
the enzyme. In living eukaryotic cells folate is the source of the C1 units needed to
regenerate SAM from SAH. The activated methyl groups from SAM are transferred

into DNA, RNA and proteins by methyltransferases (Fig 2).



DNA or Protein

: methyltransferases |
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Fig 2. Schematic representation of metabolism of the methyl group in mammalian
cells. Transfer of CH; group from S-adenosyl-L-methionine to DNA, RNA and
proteins by methyltransferases (Mtases).

1.3.1. CpG Islands

The most important targets of the DNA methylation in mammalian genomes
are cytosine bases within the dinucleotide CpG. A high density of the CpG
dinucleotides is present at the transcription start sites of approximately 50% of all
mammalian genes, which generally are unmethylated [loshikhes and Zhang, 2000].
The co-localization of CpG islands with promoters suggest that regulation of CpG
island methylation may have role in transcription and indeed CpG islands can
become methylated during mammalian development. Having numerous methylation
sites, the immunity of the CpG islands for the methylation is one of the unresolved
paradoxes of the biology of the CpG island and probably holds a key functional

significance. The possible hypothesis for the absence of the DNA methylation at the



CpG island are that the presence of transcription factors on the DNA may prevent the
accessibility of the DNA methyltransferases to the DNA. In addition, it has been
suggested that CpG island could be possible target for the active DNA demethylation

in early embryogenesis [Hsieh, 1999].

1.4. DNA methyltransferases

The mammalian DNA methylation machinery consists of DNA
methyltransferase 1 (Dnmtl) and the DNA methyltransferase 3 family (Dnmt3)
[Gowhar, 2002; Hermann, 2004]. Dnmtl is generally referred to as maintenance
methyltransferase, because it maintains the methylation pattern of CpG sites during
each round of DNA replication [Hermann et al., 2004; Goyal et al., 2006; Chen and
Li, 2006; Mortusewicz et al., 2005]. Dnmtl shows preference towards
hemimethylated substrates in vitro and this property of the enzyme makes it suitable
for its in vivo function i.e copying the methylation pattern of the parental strand to the
daughter strand during DNA replication [Jeltsch et al., 2006]. Dnmtl is the largest
protein among the Dnmts, it was the first DNA methyltransferase to be discovered
and well characterized. Studies have shown that this enzyme localizes to the DNA
replication fork [Leonhardt et al., 1992]. Also, it has been shown that association of
the Dnmtl with replication machinery increases the efficiency of DNA methylation at
replication foci [Schermelleh et al., 2007; Spada et al., 2006]. The Dnmt3a and
Dnmt3b enzymes are designated de novo methyltransferases, as they do not have a
preference for hemimethylated or unmethylated DNA substrates [Okano et al., 1998].
They are responsible for the establishment of initial DNA methylation patterns during
embryonic development which gets inherited through cell division [Lei et al., 1996].

The Dnmt3 family includes two active enzymes (Dnmt3a and Dnmt3b) and one



inactive regulatory factor called DNA methyltransferase-like protein (Dnmt3L) [Okano
et al., 1999; Chedin et al., 2002].

The distinct feature of all Dnmts is that they have a common structure of a C-
terminal catalytic domain, which contains up to 10 amino acid motifs which are
conserved among prokaryotes and eukaryotes [Gowher et al., 2002; Hermann et al.,
2004]. Motifs | and X have a role in cofactor binding, motifs IV and VI are involved in
catalysis. The conserved region between motifs VIl and IX represents the so called

Target Recognition Domain (TDR), which is involved in DNA recognition (Fig 3).

l: N-terminal | C-terminal part _.‘
| part I

DNA-(cytosine-C?)-

v

DNA répllcatlon foci Cys — rich Pb-region MTase motifs
targeting sequence I IV VI VI IX X
jag) [ T/ NN I s T A1 11
PWWD PHD
) 1 IV VI VIl IX X
' aa
|| W HT T Tl |
PWWD PHD
1 IV VI VII X X
} aa) || W HT T Il In

PHD

T LAY4 AVALIEIAVA S

Fig 3. Schematic picture of the structure of eukaryotic DNA methyltransferases,
roman letters at the C-terminal part of the proteins indicate the conserved motifs in
the catalytic domains of DNA methyltransferases [Adopted from Hermann A, et al.,
2004].

1.4.1 Discovery of the Dnmt3 family

Dnmtl null mutant embryonic stem cells still contained a small percentage of
methylated DNA and showed detectable DNA methyltransferase activity [Li et al.,
1992]. Additionally, provirus DNA integrated in Dnmtl null mutant embryonic stem

cells became methylated, suggesting the presence of additional methyltransferase
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activity [Lei et al., 1996]. In 1998 Okano et al., first cloned and characterized the
Dnmt3 family of enzymes (Dnmt3a and Dnmt3b) that methylate both hemimethylated
and unmethylated DNA at the same rate [Okano et al., 1998]. This family of enzymes
is present in Mouse, Human, Arabidopsis, Maize and other organisms, it is heavily
expressed in embryonic tissues but only low expression is observed in differentiated
cells [Okano et al., 1998; Jeltsch, 2002]. These methyltransferases methylate CpG
dinucleotides during embryogenesis, which explains the importance of these
enzymes for the de novo methylation of DNA [Okano et al., 1998; Fatemi et al., 2002;
Gowher et al., 2005; Gowher et al., 2006]. Dnmt3a is expressed ubiquitously and the
expression of Dnmt3b occurs at very low levels in most tissues except testis, thyroid
gland and bone marrow [Xie et al., 1999]. The expression of Dnmt3b increases
profoundly in various tumor cell lines, suggesting that it might play a role in
carcinogenesis [Robertson et al., 1999]. The third member of the Dnmt3 family,
called Dnmt3L, shares clear homology with Dnmt3a and Dnmt3b enzymes, but lacks
the DNA methyltransferase activity. Dnmt3L has been identified later by sequence
homology to Dnmt3a and Dnmt3b and it functions as regulator of Dnmt3a and
Dnmt3b [Bourc’his et al., 2001; Chedin et al., 2002; Hata et al., 2002; Gowher et al.,

2005].

1.4.2 Biological role of the Dnmt3 enzymes

The de novo methyltransferases Dnmt3a and Dnmt3b are important for the
normal embryonic development of mice [Okano et al., 1999]. Mouse Dnmt3b -/-
knockout embryos die in utero with multiple developmental defects, whereas Dnmt3a
knockout mice develop but die shortly after birth. In contrast, the Dnmt3L -/- mice are
viable and do not show any distinguishable morphological defects. The female
Dnmt3L -/- mice are fertile but fail to deliver viable pups, because these embryos

9



show defects in neuronal development. In contrast, the male Dnmt3L -/- are sterile
and fail to produce mature spermatozoa. Detailed studies showed that Dnmt3L is
essential for the establishment of genomic imprints in oocytes and male germ cells.
To study the role of Dnmt3a and Dnmt3b in germ line development, conditional knock
out mice were generated. The Dnmt3b conditional germ line knockout shows no
apparent phenotype, whereas the phenotype of corresponding Dnmt3a knockout
mice is characterized by an altered methylation of imprinted sequences in both male
and female germ cells [Bourc’his et al., 2001; Bourc’his and Bestor, 2004]. These
results indicate that Dnmt3a and Dnmt3L are required for the methylation of most
imprinted loci in germ cells. Although Dnmt3a and Dnmt3b have similar sequence
and biochemical properties, these enzymes exhibit distinct biological functions.
Dnmt3a methylates single copy genes, retrotransposons and it is involved in the
establishment of the genomic imprints during germ cell development [Hata et al.,
2002; Bourc’his et al.,, 2001]. Dnmt3b is responsible for methylation of
pericentromeric satellite regions containing repetitive DNA [Bourc’his and Bestor,
2004]. 1t has been shown that Dnmt3b methylates CpG sites within the
pericentromeric regions of the chromosomes. These regions contain a type of
satellite DNA, called satellte 2 and 3, which is normally heavily methylated.
Mutations within the Dnmt3b gene (mostly in the C-terminal domain of the enzyme)
which reduces its activity and is associated with a human genetic disorder called
immunodeficiency, centromere instability and facial anomalies syndrome (ICF
syndrome). The affected patients show facial dimorphism, mental retardation and
prolonged respiratory, cutaneous and gastrointestinal infections. The ICF syndrome
is associated with a specific loss of DNA methylation at the satellites 2 and 3 of the
pericentromeric region of the chromosomes 1, 9 and 16 [Xu et al., 1999; Hansen et

al., 1999].

10



1.4.3 Isoforms of Dnmt3a and Dnmt3b

The DNA methylation pattern varies from tissue to tissue and it is still largely
unknown how the methyltransferases generate this dynamic methylation in
mammals. It has been shown that the de novo DNA methyltransferase 3a or 3b gene
produces different protein isoforms at different developmental stages using
alternative internal promoters or alternative splicing. Two isoforms of Dnmt3a were
identified in the cells, the shorter isoform (Dnmt3a2) is transcribed from an internal
start site under the control of an intronic promoter and lacks the first 223 (human),
219 (mouse) amino acid residues of full length protein [Chen et al., 2002]. The full
length protein is the major form in adult tissues and it co-localizes with
heterochromatin, while Dnmt3a2 is predominant in embryonic stem cells and
embryonic carcinoma cells and it localizes to euchromatin, suggesting that the N-
terminal part of the full length Dnmt3a might have a targeting function [Weisenberger
et al., 2002]. Six isoforms of Dnmt3b have been reported, all the transcripts results
from alternative splicing of different exons and these isoforms are expressed at
different levels during embryonic development. Among the six Dnmt3b isoforms only
Dnmt3bl and Dnmt3b2 showed enzymatic activity in DNA Mtase assay, whereas
Dnmt3b3, Dnmt3b4 and Dnmt3b5 appeared to be inactive, which was expected
because these isoforms lack important active site motifs in the catalytic domain
[Weisenberger et al., 2002; Hermann et al., 2004; Gopalakrishnan et al., 2009].

The murine gene products of the Dnmt3a and Dnmt3b comprise 908, 853
amino acid residues, respectively and share 37% of sequence identity [Jeltsch et al.,
2002]. Dnmt3a and Dnmt3b have similar domain arrangements, both contain a
variable N-terminal region followed by a PWWP domain, ADD domain (cys-rich
CXXC Zinc binding domain), which is similar to the ATRX or PHD domain, followed
by the C-terminal catalytic domain [Cheng et al., 2008] (Fig 3). Studies have shown
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that PWWP domain of Dnmt3a and Dnmt3b targets these enzymes to the satellite

DNA at the pericentric heterochromatin [Chen et al., 2004; Ge et al., 2004].

1.5. DNA Methyltransferase-Like Regulatory protein (Dnmt3L)

Dnmt3L is a small protein, it contains an N-terminal ADD domain and C-
terminal domain with homology to the catalytic domain of Dnmt3a and Dnmt3b, which
contains many mutations at important residues, which explains why the protein lacks
DNA methyltransferase activity. Dnmt3L is expressed specifically in germ cells during
gametogenesis and embryonic stages and was shown to be essential for the
establishment of genomic imprints in oocytes [Hata et al., 2002]. It has been
demonstrated that Dnmt3L interacts with the catalytic domains of the Dnmt3a and
Dnmt3b and it acts as a positive regulator of mammalian DNA methyltransferases by
stimulating their activity up to 15 fold [Gowher et al., 2005; Chedin et al., 2002]. It has
been reported that Dnmt3L reads the unmethylated H3K4 via its ADD domain and
the catalytic domain of Dnmt3L interacts with Dnmt3a-C and brings the Dnmt3a to

establish a heritable DNA methylation pattern [Ooi et al., 2007].

1.6. Structure of the Dnmt3a-C/Dnmt3L-C complex

Dnmt3a comprises of an N-terminal regulatory domain and a C-terminal
catalytic domain. Unlike the Dnmtl C-terminal domain, which lost its Mtase activity in
the isolated form, the catalytic domain of the Dnmt3a (Dnmt3a-C) alone retains
substantial methyltransferase activity [Gowher et al., 2002]. It has been shown that
Dnmt3L interacts with the unmethylated H3K4 tail via its ADD domain and through its
catalytic domain interacts with the C-terminal domain of the Dnmt3a [Margot et al.,
2003; Gowher et al., 2005; Ooi et al., 2007]. Jia et al (2007) solved the structure of

Dnmt3a-C in complex with Dnmt3L-C, this complex contains two monomers of
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Dnmt3a-C and two monomers of Dnmt3L-C (3L-3a-3a-3L) forming a tetramer. The
overall complex is elongated (about 160x60x50 A) with a butterfly shape (Jia et al.,
2007) (Fig 4A). Dnmt3a-C and Dnmt3L-C both have the classical fold characteristic
for the SAM dependent DNA methyltransferases. The crystallographic studies show
the presence of the cofactor product SAH only with Dnmt3a-C not with Dnmt3L-C
(Fig 4A). This result strongly suggests that Dnmt3a-C is the catalytic component of
this complex, which is supported by lack of Mtase activity by Dnmt3L [Jia et al., 2007,
Gowher et al., 2005].

The tetrameric complex has two 3a-3L interfaces and one 3a-3a interface. The
3a-3L interaction is mediated by hydrophobic interactions represented by two pairs of
phenylalanines F728 and F768 of mouse Dnmt3a and F297 and F337 of mouse
Dnmt3L, whereas the 3a-3a interaction is mediated by two charged amino acids
R881 and D872 (Fig 4A) [Jia et al., 2007; Jurkowska et al., 2008]. The introduction of
a R881A mutation in Dnmt3a-C at the 3a-3a interface eliminates the polar
interactions and abolished the catalytic activity of Dnmt3a-C. A F728A mutation in
Dnmt3a-C at the 3a-3L interface eliminated the hydrophobic interaction, as well as
the catalytic activity of the tetrameric complex. These results illustrate the importance
of these interfaces for the catalytic activity of the tetrameric complex [Jurkowska et
al., 2008]. Modeling of the double stranded DNA into the 3L-3a-3a-3L tetrameric
complex suggests that the active sites of the two Dnmt3a are located in the major
groove of DNA about 40 A apart from each other such that the two central Dnmt3a-C
subunits could methylate two CG sites separated by 10 base pairs on opposite DNA

strands in one binding event (Fig 4B).
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» ds DNA

Fig 4. Structure of the Dnmt3a-C and Dnmt3L-C heterotetrameric complex
(3L-3a-3a-3L): A) Location of the hydrophobic (3a-3L) and hydrophilic (3a-3a)
interfaces in the tetrameric complex and presence of AdoCys within Dnmt3a-C. B)

Modelling of DNA with 3a/3L tetramer indicates location of the two active sites in the
major grove of the DNA double helix. [Picture adopted from Jia et al, (2007)].

The interesting question is why the catalytic domains of Dnmt3a should
dimerize? The possible explanation for the 3a-3a dimerization could be that the DNA
binding surface area of Dnmt3a-C is relatively small and Dnmt3a-C dimerization
effectively doubles this area, which may be needed for good DNA binding. In
addition, the domain has two active sites and it can methylate two CpG sites by
single binding event [Jia et al., 2007]. In the Dnmt3a/Dnmt3L tetramer, RD interface
is required for the DNA binding, where the two active sites of the Dnmt3a are located
at the distance of 8-10 bp in opposite DNA strands. The geometry of two active sites
in 3a/3L tetramer suggested that it could methylate efficiently two CpG sites
separated at 8-10 bp distance in opposite DNA strands [Jurkowska et al., 2008; Jia et

al., 2007].
14



1.7. Multimerization of Dnmt3a-C/Dnmt3L-C on DNA

Jurkowska et al (2008), showed a cooperative multimerization of Dnm3a-
C/Dnm3L-C complexes on the DNA using Electrophoretic Mobility Shift Assay
(EMSA) that was further confirmed by using scanning force microscopy [Jurkowska
et al., 2008]. The DNA methylation patterns on the longer DNA substrates showed
that the Dnmt3a alone or Dnmt3a/Dnmt3L complexes generated a 8-10 bp
methylation pattern on the same DNA strand, indicating a regular arrangement of
Dnmt3a complexes on the DNA. Jurkowska et al., (2008) used hairpin bisulfite
approach to study geometry of two active sites in the 3a/3L tetramer, showing that
one tetramer methylates two CpG sites in the opposite DNA strands. In addition, the
regular arrangement of the Dnmt3a multimeric complex on DNA generated a 8-10 bp
methylation pattern on the same DNA strand. The biochemical studies, hairpin
bisulphite experiments and modeling of Dnmt3a suggested that two Dnmt3a-C
molecules from adjacent tetramers can approach each other, the left complex would
interact with the CpG site in the upper strand of the DNA whereas the right complex

would interacts with the lower strand (Fig.5).

Fig 5. Schematic picture of Dnmt3a/Dnmt3L multimerization: Representation

of cooperative multimerization of Dnmt3a/Dnmt3L complexes on the DNA.
Generation of 8-10 bp periodic methylation pattern on DNA by Dnmt3a/Dnmt3L

complex.
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The results of EMSA and scanning force microscopy validated that 3a/3L
tetramers cooperatively multimerizes on the DNA next to each other cooperatively
and form a nucleoprotein filament [Jurkowska et al., 2008]. To form a cooperative
complex on the DNA, the Dnmt3a complex requires a functional interface to interact
with the adjacent complex. Formation of cooperative nucleoprotein filament by
Dnmt3a on the DNA could efficiently methylate the target DNA substrates containing
CpG sites present in a periodic pattern of 8-10 bp. Such kind of periodicity has been
observed in differentially methylated DNA sequences associated with maternally

imprinted genes [Jia et al., 2007; Jurkowska et al., 2008].

1.8. Post translational modification of proteins

In mammalian cells, the majority of proteins are subjected to modification at
the translational level as well as post translationally. The modification could be either
the addition of chemical group to the side chain of an amino acid or the cleavage of
the protein at a specific site to become an activated form of the protein [Bradshaw et
al., 1998]. The simplest modification of proteins is the addition of small chemical
groups like acetyl, methyl or phosphate groups to amino acid side chains or the
termini of the polypeptide. So far 150 different modifications have been found in
many proteins, the most common modifications are acetylation, methylation,
phosphorylation, glycosylation and ubiquitination. In the context of epigenetic
regulation, the modification of histone tails influences the local gene transcription and
translation. The most important modifications, which influence gene transcription is
the methylation of histone 3 lysine 4 which leads to activation of gene transcription,
whereas the methylation of lysine 9 and lysine 27 of histone 3 tails cause repression
of gene transcription [Black and Whetstine, 2011; Klose and Zhang, 2007,

Kouzarides, 2007]. The unstructured N termini of histone proteins are also subjected

16



to other modifications, including acetylation and phosphorylation [Voigt and Reinberg,
2011]. Phosphorylation and dephosphorylation of serine, threonine and tyrosine
residues are the best known modifications involved in reversible, activation and
inactivation of enzyme activity, changing the localization of proteins, regulation of
protein-protein interaction and also plays an important role in signalling cascade
pathway [Pawson, 2002; Seo et al.,, 2003]. Post-translational phosphorylation of
proteins is one of the most common reversible protein modifications that occur in
animal cells. Addition of a phosphate group is carried out by kinases, whereas the

dephosphorylation of proteins is done by phosphatases.

1.9. Regulation of DNA methylation and Dnmt3a activity

Why the regulation of Dnm3a or Dnmt3b enzyme in cells is required? Writing
of a precise DNA methylation at different developmental stages, needs regulation of
Mtases. Its well known that the post translational modification of proteins are
important for the regulation of their activity [Seger et al., 1994; Olsen et al., 2006] and
Dnmt3a or Dnmt3b might undergo the posttranslational modifications that might plan
a role in their regulation. The regulation of Dnmts is required during cell cycle, where
after the S-phase of cell cycle, the unmethylated DNA needs to be methylated. Also
the regulation of Mtases activity could be very important to prevent the aberrant DNA

methylation.

1.9.1 Dynamic regulation of DNA methylation in mammals

Coordinated and tightly controlled gene expression in mammalian cells is

mediated by DNA methylation patterns, which are set during embryogenesis by the
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Dnmt3a and Dnmt3b DNA methyltransferases [Bourc’his et al., 2001; Hata et al.,
2002; Hermann et al., 2004]. During early development of mammals, shortly after
fertilization, a genome wide active demethylation takes place. The fertilized cells
remain unmethylated after multiple rounds of cell division untill morula stage when de
novo methylation is established by Dnmt3a and Dnmt3b during blastocyst
development [Reik et al., 2001; Wu and Morris, 2001]. To reach the unmethylated
state, there are two possible mechanisms; one could be existence of an active
demethylase, the other passive demethylation. In active demethylation, methyl
groups from DNA removed by demethylases, whereas in passive demethylation,
exclusion of Dnmtl from the nucleus, dilutes the methylation during each round of
replication to generate unmethylated DNA [Howell et al., 2001] (Fig. 6).

The differentiation of cells is tightly controlled by DNA methylation, during
differentiation, the not needed genes are specifically suppressed and Dnmt3a and/or
Dnmt3b probably contributed to this gene silencing. Thus, the DNA methylation
pattern is dynamically regulated in mammals, after setting the initial methylation
pattern during development by the de novo DNA methyltransferases, while it is
maintained by the Dnmtl during each round of cell division [Chen et al., 2006;
Mortusewicz et al., 2005]. In addition to the Dnmt1, recent studies show that Dnmt3a
and Dnmt3b play an important role in maintaining the DNA methylation of repetitive
DNA and heterochromatin in adult cells [Dodge et al., 2005; Jones and Liang, 2009;

Feng et al., 2010].
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Fig 6. Dynamics of DNA methylation in mammals: de novo methylation is

carried out by Dnmt3a & Dnmt3b. During each round of DNA replication, DNA
methylation is preserved by Dnmtl. The solid line represent that the evidence proved
by experiment. Demethylation might takes place either by active demethylase or
passive demethylation. Dotted line represent hypothesis yet to be proven [Adopted
from Albert Jeltsch, Mol Life].

1.9.2 Targeting of Dnmt3a to genomic regions

The mechanisms of targeting Dnmt3a or Dnmt3b to specific genomic loci are
not well understood. As mentioned these enzymes consist of a C-terminal catalytic
domain and an N-terminal part consisting of a PWWP domain and an ADD domain
[Hermann et al., 2002; Cheng et al., 2008]. Recently, it has been shown that
interaction of the N-terminal parts of Dnmt3a with chromatin might have a role in
targeting to specific genomic region [Jeong et al., 2009]. Interaction of Dnmt3a
through its N-terminal part to the ankyrin domain of G9a, recruited it to the Oct3/4

pluripoteny determinig gene in embryonic stem cells (ES cells) and permanently
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suppressed its expression [Litman et al., 2008]. The PWWP domain of Dnmt3a and
Dnmt3b specifically targets the enzyme to the heterochromatin [Chen et al., 2004; Ge
et al., 2004]. The targeting of Dnmt3a to specific genomic loci could be mediated by
post translational modification of Dnmt3a, in which the Dnmt3a is regulated by

selective compartmentalization.

1.10 Control of DNA methylation

DNA methylation is vital for normal development and maintenance of tissue-
specific gene expression patterns in mammals and it should be precisely delivered to
specific genomic loci. Misregulation of DNA methylation patterns leads to diseases
like ICF (Immunodeficiency, centromeric instability and facial anomalies), X-fragile
syndrome and various cancers [Robertson and Wolffe, 2000; Sharma et al., 2010].
Recent evidences show that many cancer cells exhibit a disturbed epigenetic
landscape, which often includes a global hypomethylation of the genome that causes
abnormal expression of genes and the hypermethylation of gene promoters that
silences tumor suppressor genes [Laird, 2005; Ehrlich, 2009; Feinberg and
Vogelstein, 1983]. The site-specific hypermethylation leads to tumorigenesis by
silencing of tumor suppressor genes. Initially it has been shown that Rb, a tumor
suppressor gene associated with retinoblastoma [Greger, 1989] and many other
tumor suppressor genes, including p16, MLH1 and BRCA1 undergo gene silencing
by hypermethylation [Jones and Baylin, 2002; Jones and Bylin, 2007; Baylin, 2005].
Hypermethylation could be caused by aberrant expression of DNA methyltransferase
or abnormal activity of DNA methyltransferases. To reduce hypermethylation one

could apply Dnmts inhibitors, which could be used as epigenetic therapy.
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1.10.1 DNA methyltransferase inhibitors

Recent evidence shows that interference with DNA methylation at the level of
methyltransferases is a valid strategy to reactivate suppressed genes. Controlling of
DNA methylation by DNMT inhibitors leads to the inhibition of cancer initiation and
progression [Christman, 2002]. Two types of DNMT inhibitors are available, which
are nucleoside analogues and non-nucleoside analogues. Cytidine and its analogues
like azacitidine (5-azacytidine) and decitabine (5-aza-2'-deoxycytidine) are the
nucleoside DNMT inhibitors (Fig 7) [Fenaux, 2005], whereas hydralazine, EGCG and
RG108 belong to the non-nucleoside inhibitors [Cornacchia et al., 1988; Chavez-
Blanco et al., 2006]. Azacitidine and decitabine were the first molecules shown to
inhibit DNMTs [Sorm et al., 1964]. These pyrimidine analogues of cytidine are
incorporated into RNA or DNA and form covalent complexes with DNA

methyltransferases, leading to a depletion of active enzymes
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cytidine cytidine deoxycytidine

Fig 7. Structure of cytidine and the DNMT inhibitors 5-methylcytidine, azacitidine (5-
azacytidine) and decitabine (5-aza-2'-deoxycytidine) (Adopted from Fenaux, 2005).

1.9.2. Mechanisms of action of DNA methyltransferase inhibitors

Azacitidine and decitabine: The nucleoside analogues azacitidine and

decitabine are incorporated into the DNA during DNA replication, where they trap the

DNMTs leading to the depletion of DNA methyltransferases. Thereby, these drugs
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act as inhibitors for the DNA methylation by preventing DNMTs activity [Jones and
Taylor, 1980; Bender et al., 1998; Chuang et al., 2010]. Recently, the FDA (Food and
Drug Administration) had been approved 5-Azacytidine (Vidaza) and 5-aza-2'-
deoxycytidine (DacogenTM) for the treatment of myelodysplastic syndromes and
various solid tumours [Steensma et al., 2009; Gore et al., 2006; Muller et al., 2006;
Ulrich-Pur et al., 2001]. They were first synthesized as cytotoxic agents, in the 1980s,
these compounds were found to have hypomethylating activity after incorporation into
the DNA of actively replicating tumor cells [Jones and Taylor, 1980; Taylor and
Jones, 1979]. The cytidine analogues also been used for treatment of many solid
tumors [Ulrich-Pur et al., 2001].

Zebularine: A nucleoside analogue that inhibits DNMTs. It does not incorporate into

RNA but only into the DNA. Zebularine is incorporated into the DNA and traps the
DNMTs forming enzyme-DNA adducts, which leads to a reduced methylation in cells
[Gravina et al., 2010].
Epigallocatechin gallate (EGCG), RG108 and Procainamide: All these
inhibitors belong to the non-nucleoside analogue inhibitors family. EGCG is the main
compound found in green tea, however during tea fermentation EGCG is completely
transformed into higher more complex polyphenols of unknown structure. A recent
study by Lee et al showed that the EGCG inhibits DNMT1 activity [Lee et al., 2005].
Some of the EGCG is transformed into formally dimeric structures like theaflavins of
theasinensins, which are present in larger quantities in black tea. Little is known
about the biological activities of any black tea compound, although black tea is by far
the most consumed beverage worldwide.

Procainamide was used as antiarrythmic drug since several years and it has
been shown that it induces a significant demethylation in the genomic DNA of

cancerous cells [Cornacchia et al., 1998, Viller-Garea et al., 2003]. Procainamide
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inhibits Dnmtl by reducing the affinity of the DNMT to the DNA and cofactor
significantly, thereby it causes demethylation [Gravina et al., 2010].

RG108 is a small molecule, non-nucleoside DNA methyltransferase inhibitor
that blocks the active site of Dnmtl and inhibits the enzyme activity. It has been used
as epigenetic reactivation of tumour suppressor genes, it reduces the DNA

methylation in cancerous cells [Stresemann, 2006; Schirrmacher, 2006].
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2. Aims of the study and summary of key results

1. Chromatin targeting and regulation of Dnmt3a localization

One important aim of this study was to improve our understanding of the
regulation of Dnmt3a and its targeting. Two studies from our laboratory showed that
ADD and PWWP domains of Dnmt3a interact with H3K4 unmethylated tail and
H3K36me3 respectively. These interactions are responsible for the regulation of
enzyme activity as well as targeting of Dnmt3a to heterochromatin. In addition to the
N-terminal part, the catalytic domain of the Dnmt3a interacts with Dnmt3L and forms
a stable tetramer. We have shown that in the absence of Dnmt3L, Dnmt3a forms
dimers via the FF interface, which further oligomerize via their RD interfaces. The
oligomerization of Dnmt3a-C creates multiple DNA binding sites, which allow for
binding of separate DNA molecules oriented in parallel. Since Dnmt3L does not have
an RD interface, it prevents Dnmt3a oligomerization and binding of more than one
DNA molecules. We have shown that oligomerization of Dnmt3a is necessary for its
proper heterochromatic localization in cells. Over expression of Dnmt3L in cells leads
to the release of Dnmt3a from heterochromatic regions and makes it available in
euchromatic region [Zhang et al., 2010; Dhayalan et al., 2010; Jurkowska et al.,

2011].

2. Cooperative multimerization of DNA methyltransferase 3a (Dnmt3a)

The Dnmt3a is cooperatively multimerizes on the DNA. We wanted to
investigate the function and mechanisms of this process. We have shown the
functional interface in Dnmt3a, which is required for its cooperative multimerization.
We have validated the importance of the interface by mutating residues critical for

multimerization and DNA binding studies using the gel shift assay and atomic force
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microscopy. In addition we have shown that the cooperative multimerization of
Dnmt3a may contribute to proper heterochromatic localization of Dnmt3a [Rajavelu et

al., 2011].

3. Regulation of Dnmt3a activity post translational modification

During the development of mammals, DNA methylation patterns are
dynamically regulated. The generation of such dynamic methylation pattern is likely
associated with regulation of enzyme activity. Here, we showed that post translational
modification of Dnmt3a controls the DNA methylation pattern. Also, we have
observed that post translational modification of Dnmt3a is necessary for its proper

heterochromatin localization in cells [Deplus R et al., in revision].

4. Identification of potential inhibitors for Dnmt3a

Aberrant DNA methylation of gene promoters of tumor suppressor genes
leads to carcinogenesis. To prevent or revert hypermethylation in the genome,
specific DNA methyltransferase inhibitors would be required. Here, we have
screened and identified new compounds purified from the black tea, which inhibits
the Dnmt3a activity moderately. Also using a newly developed high throughput
assay, we have identified novel specific inhibitors for Dnmt3a [Rajavelu et al., 2011,

Ceccaldi et al., 2011; Halby et al., Submitted; Ceccaldi et al., Submitted].
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3. Discussion

3.1 Regulation of chromatin interaction of Dnmt3a

Dnmt3a is localized to the heterochromatin in cells and it has been shown that
the Dnmt3a is strongly associated with methylated nucleosomes [Chen et al., 2004;
Jeong et al., 2009; Sharma et al., 2011]. A chromatin based interaction of Dnmt3a
with histone tails has been proposed for the regulation of DNA methylation in cells. In
our laboratory, we have studied the specific interaction of N-terminal domains of
Dnmt3a with modified histone tail, which regulates the activity of Dnmt3a enzyme. In
addition to N-terminal domains, we have shown that the regulator protein Dnmt3L

regulates the localization of Dnmt3a enzyme in cells.

3.1.1 Dnmt3a ADD domain interacts with H3K4 unmethylated tail

Dnmt3a contains N-terminal parts including a PWWP domain and a PHD-like
ADD domain [Hermann et al., 2004]. It has been shown that the ADD domain of
Dnmt3a interacts with many other proteins and serves as platform for protein-protein
interactions. The ADD domain of Dnmt3a shares homology with PHD domain of
ATRX, Dnmt3b, Dnmt3L (ADD-ATRX-Dnmt3a-Dnmt3L). A recent study showed that
Dnmt3L, a member of the Dnmt3 family, interacts specifically with H3K4
unmethylated histone tails through its ADD domain and this interaction was abolished
by H3K4 trimethylation [Ooi et al., 2007]. Recently, Otani et al (2009), solved the
structure of Dnmt3a-ADD with unmodified histone tail. Also, they have shown that
trimethylation at H3K4 eliminates the interaction of ADD domain H3 tail [Otani et al.,
2009]. To understand more about the function of the modification based interaction of
Dnmt3a with chromatin, we have used modified histone tail peptide array for

interaction studies. We showed that the ADD domains of Dnmt3a and Dnmt3b bind to
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unmodified histone 3 tails and do not interact with H3K4me3 peptides. We have
observed that the H3—ADD domain interaction stimulates the catalytic activity of
Dnmt3a2 or Dnmt3a2-Dnmt3L for methylation of linker DNA of oligonucleosomes
carrying specific modifications [Zhang et al., 2010]. The methylation of linker DNA
was not affected by H3K9 trimethylation, whereas H3K4 trimethylation decreased the
activity of the Dnmt3a2 or Dnmt3a-Dnmt3L complex on nucleosomes.

The Dnmt3L protein expresses only in germ cells where it is essential for de
novo methylation and setting maternal imprints during development [Bourc'his D et
al.,, 2001; Ooi et al., 2007] but it shows little or no expression in somatic cells
[Bourc'his D et al., 2001; Hata et al., 2002] Our data explored a new mode of
interaction of Dnmt3a with histone tails, this is independent of Dnmt3L. The Dnmt3a-
ADD domain — histone 3 interaction might be necessary for DNA methylation in
somatic cells where the Dnmt3L is absent. In conclusion, we provided the first
evidence that preferential binding of a Dnmt3a to histone tails carrying specific post-
translational modification pattern directly leads to the methylation of DNA bound to
the modified chromatin. We demonstrate that this effect can be mediated by ADD
domain in Dnmt3a, which binds to chromatin as like the Dnmt3L ADD domain [Ooi et

al., 2007].

3.1.2 Dnmt3a PWWP domain reads H3K36 trimethylation mark

The PWWP domain belongs to the Royal domain superfamily, members of
which were identified to interact with histone tails in various modification states
[Maurer-Stroh et al., 2003; Taverna et al., 2007]. The PWWP domains of Dnmt3a and
Dnmt3b are essential for heterochromatic targeting and localization in cells [Chen et
al., 2004]. Using peptide arrays containing modified histone tails, we have identified
that the PWWP domain of Dnmt3a specifically interacts with H3K36 trimethylation
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mark and mutation of critical residues with in the aromatic binding pocket abolished
this interaction [Dhayalan et al., 2010]. The interaction of PWWP with H3K36me3 is
very specific but it has only a weak affinity. In cells, the interaction could be
strengthened by the interaction of the ADD domain with the unmodified H3K4. In
addition, it has been shown that the PWWP domain weakly binds with DNA [Chen et
al., 2004; Purdy et al., 2010] and the lysine 36 on the H3 tail is positioned close to the
DNA. Hence, the PWWP domain could interact with both the histone tail and the DNA
simultaneously. We showed that the H3K36me3-PWWP interaction mediates
chromatin binding of Dnmt3a, because the heterochromatic localization of Dnmt3a
was disturbed in the D329A mutant, which no longer binds to H3K36me3. Targeting
of Dnmt3a by an H3K36me3-PWWP interaction is in agreement with previous results
showing heterochromatic localization of Dnmt3a in NIH 3T3 cells [Chen et al., 2004;
Ge et al., 2004].

We have observed that the Dnmt3a PWWP-H3K36me3 interaction stimulates
the methylation activity of Dnmt3a on chromatin-bound DNA isolated from human
cells, whereas the catalytic activity of the D329A mutant (which lost the H3K36me3
interaction) was similar to that of the isolated catalytic domain. Our result suggests an
important role for the PWWP domain of Dnmt3a in guiding DNA methylation to
chromatin carrying the H3K36me3 mark, which is in agreement with the observation
that the PWWP domain is required for the activity of Dnmt3a in the cell [Chen et al.,
2004; Shikauchi et al., 2009]. It has been found that H3K36me3 is present in
euchromatin in the body of active genes, and its presence is anti-correlated with
H3K4me3. The genome-wide distribution of DNA methylation is very similar to that of
H3K36me3 methylation on histones which strengthens our model. [Vakoc et al.,
2006; Barski et al., 2007; Larschan et al., 2007]. A recent study on genome wide

DNA methylation analysis showed that the correlation of H3K36me3 and DNA
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methylation was observed at exon-intron boundaries, where the exons were shown to
have increased levels of both H3K36me3 and DNA methylation [Hodges et al., 2009].
The direct correlation of H3K36me3 and DNA methylation in gene bodies, suggests
that the PWWP — K36me3 interaction has an important role in the regulation of

enzyme activity in the gene body of cells.

3.1.3 Dnmt3L reorganizes the quaternary structure of Dnmt3a and

regulates its localization in cells

Dnmt3a homo-oligomerization creates multiple DNA binding sites

In the Dnmt3a-Dnmt3L tetramer, the Dnmt3a-Dnmt3L contact is mediated by
the FF interface. We showed that the FF interface of Dnmt3a not only supports the
Dnmt3a-Dnmt3L interaction but also a Dnmt3a-Dnmt3a interaction. Therefore,
Dnmt3a can form long proteins filaments by alternative usage of its FF and RD
interfaces (Fig 8). Since, the RD interface contains the DNA binding surface, such
protein filament could bind two or more DNA molecules. Modeling of such complexes
suggested that these DNA molecules would be oriented roughly in parallel to each
other, such that one linear DNA could not bind to separate RD sites on one Dnmt3a
multimer. To study the parallel DNA binding of Dnmt3a oligomer in solution, we have
developed a Fluorescence Resonance Energy Transfer (FRET) assay. We have
prepared a DNA substrate that consists of two 20 base pair double-stranded regions
separated by a 10 nucleotide single-stranded region, which is flexible. Both ends of
the DNA were labeled with fluorophores that constitute a FRET donor/ acceptor pair
(Cy3/Cy5). In solution, the average distance of both ends was large enough not to
permit FRET. However, upon binding of the Dnmt3a oligomer to the DNA substrate,

the ends approached each other and FRET was established [Jurkowska et al., 2011].
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The disruption of the FF interface or preincubation of Dnmt3L with Dnmt3a abolished
the binding of Dnmt3a to parallel DNA [Jurkowska et al., 2011]. Binding of two or
more DNA molecules oriented in parallel is an unusual mode of DNA binding that has
been never observed with any of the methyltransferase, so far. However it has been

observed with few proteins, one well known example is the RecA protein [Bell, 2005].

Structural rearrangement of Dnmt3a by its regulator Dnmt3L

We have observed that Dnmt3a-C tends to aggregate during protein
purification at the dialysis step when the salt concentrations are changed from 500
mM to 200 mM KCI. This aggregation of Dnmt3a is a reversible process, presence of
Dnmt3L at the equimolar concentration prevents the oligomerization of Dnmt3a
[Jurkowska et al.,, 2011]. In addition, we have shown that the Dnmt3a-Dnmt3L
interface (FF interface) also supports self-interaction of Dnmt3a-C and that Dnmt3a-C
dimers can form protein oligomers using their RD interfaces. In analytical ultra-
centrifugation, Dnmt3a sediments as dimer, tetramer and higher aggregates
depending on the concentration of the protein, whereas the 3a/3L complex sediments
as defined heterotetramer [Jurkowska et al., 2011]. We therefore suggested that the
Dnmt3a multimerization via the FF and RD interface is responsible for its reversible
aggregation and Dnmt3L prevents this process. In agreement with our results,
previous studies showed that Dnmt3a2 elutes as large multimeric structures and the
mass equivalent to the multimeric complex (roughly 8 monomers) in size exclusion
chromatography [Jurkowska et al., 2008; Cheng and Blumenthal, 2008; Jia et al.,
2007]. The pre-incubation of Dnmt3a with the Dnmt3L protein, reorganized the large
multimeric complexes of Dnmt3a into defined tetrameric structures [Kareta et al.,

2006; Jurkowska et al., 2011]. In conclusion, we show that the Dnmt3a tend to self
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interact and forms a large multimeric complex and this interaction is prevented by

Dnmt3L, because it does not contain an RD interface (Fig 8).
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>
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Fig 8. Modeling of Dnmt3a yielded hexameric structure containing two DNA binding
sites, which bind two DNA molecules oriented in parallel. A). 3a/3L heterotetramer
containing two FF interface and one RD interface. B) and C). Modeling of a Dnmt3a
showing a hexamer containing two DNA binding RD interfaces and three FF
interfaces. D) Schematic representation of a Dnmt3a hexamer which binds with two

DNA molecules oriented in parallel.

Regulation of the sub-nuclear localization of Dnmt3a by its physiological
regulator Dnmt3L
Dnmt3a is localized to the heterochromatin in NIH3T3 cells. Targeting of this

enzyme to the heterochromatin is mediated by its PWWP domain and the interaction

of the PWWP domain with H3K36me3 [Chen et al., 2004; Dhayalan et al., 2010].
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Dnmt3L disrupts the oligomerization of Dnmt3a and prevents the binding of multiple
DNA molecules oriented in parallel [Jurkowska et al., 2011]. To explore the functional
significance of this type of oligomerization, we have studied its role in
heterochromatin localization. Initial results suggested that the Dnmt3a
oligomerization plays a role in heterochromatin localization, because disruption of the
oligomeric interfaces, led to the loss of the specific heterochromatic localization in
NIH3T3 cells [Jurkowska et al.,, 2011]. Loss of heterochromatin localization by
interface mutants could be explained because oligomerized Dnmt3a binds to multiple
DNA strands and loss of multiple DNA binding leads to loss heterochromatic
localization. Interestingly, the co-expression of Dnmt3a with Dnmt3L in NIH3T3 cells
also led in more than 60% of the cells to a loss of the Dnmt3a heterochromatic spots.
Co-expression of Dnmt3L F261D which does not interact with Dnmt3a [Jurkowska et
al., 2008], had no effect on the localization of the Dnmt3a enzyme in NIH3T3 cells
[Jurkowska et al., 2011]. The redistribution of Dnmt3a by its regulator represents a
novel mode of action of Dnmt3L in setting DNA methylation patterns. It is well known
that Dnmt3L stimulates the activity of Dnmt3a enzyme. In addition, to the stimulatory
effect, we showed that Dnmt3L might be involved in the release of Dnmt3a proteins
from dense heterochromatin to make it available to act at imprinted differentially

methylated regions, which are generally located in euchromatin (Fig 9).

3.2 Cooperative DNA binding by Dnmt3a and its function

Previously, from our laboratory it has been shown that Dnmt3a forms a
cooperative complex on the DNA at increasing concentration of proteins [Jurkowska
et al., 2008]. We confirmed cooperative multimerization of Dnmt3a/3L and Dnmt3a
complexes on DNA wusing by various methods, viz EMSA, fluorescence

depolarization, AFM and hairpin bisulfite DNA methylation analysis, which revealed
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the fluctuations of methylation activities along the DNA molecule. All these
experimental evidences strongly suggested that there must be a regular arrangement
of Dnmt3a forming a cooperative complex on the DNA [Jia et al., 2007; Jurkowska et
al., 2008; Rajavelu et al., 2011]. We have modeled a complex in which two Dnmt3a-
C molecules would interact simultaneously with the upper and lower strand of
symmetrical CpG sites. For modeling we have used the structure of the bacterial
M.Hhal methyltransferase bound to DNA as template [Klimasauskas et al., 1994],
which was the first methyltransferase for which base flipping could be shown. In this
model, two loops of the two Dnmt3a-C complexes approach each other
symmetrically. These contacting loops are enriched with charged amino acids and
form a hydrophilic interface, which explains the cooperative multimerization of
Dnmt3a-C and Dnmt3a-C/3L-C complexes [Rajavelu et al., 2011].

Modeling of two 3a/3L heterotetramers with DNA suggested that two loops
(residues 820-855) of the two Dnmt3a-C complexes interacting with one central CpG
site are facing each other (Fig 9). As mentioned earlier these loops created
hydrophilic environment to form an interface for interaction of adjacent Dnmt3a
complexes leading to a cooperative multimerization of Dnmt3a-C and Dnmt3a-C/3L-
C complexes on DNA. To disrupt this cooperative multimerization, we have
introduced opposite charged amino acids at this putative interface. Afterwards we
expected Dnmt3a complexes to repel each other and lose their ability of cooperative
multimerization on the DNA [Rajavelu et al., 2011]. Our results could verify this
prediction and we have validated the loss of cooperative multimerization of Dnmt3a
by using fluorescence depolarization, EMSA and AFM, in which Dnmt3a mutants

binds as single molecule on the DNA [Rajavelu et al., 2011] (Fig 9C).
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Fig 9. Modeling of Dnmt3a complex with DNA: A). Model of the central Dnmt3a-
C dimers (colored orange and red for one complex and dark green and green for the
other) bound to DNA (blue). The flipped target cytosines are shown in pink, AdoMet
is in yellow. The expanded version showing the interacting loops from the adjacent
complexes. The region comprising amino acids 827-844 is not ordered in the
structure (labeled yellow). B). Schematic model of Dnmt3a-C/3L-C heterotetramers
binding next to each other to form a cooperative complex on DNA, the central CpG
site could be methylated in both DNA strands. The interaction of adjacent 3a/3l
tetramers mediated by hydrophilic interface (Marked in black circle), the interacting
Dnmt3a-C subunits of the left tetramer are colored red, those of the right tetramer
dark green. The RD interface is marked by a green arrow and FF interface is marked
by a blue arrow. C). DNA binding and cooperativity of the interface loop mutants
studied by EMSA. Dnmt3a-C wild type protein forms a large complex with very low
electrophoretic mobility (region 3). Free DNA runs in region 1. The R832E, K837E
and R832E/K837E mutants bind to DNA, but form smaller complexes with an
electrophoretic mobility that corresponds to one Dnmt3a-C complex being bound to
the DNA (region 2).
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3.2.1 Role of cooperative multimerization of Dnmt3a

In our laboratory, we observed a novel property of the Dnmt3a enzyme, which
is that at increasing concentration Dnmt3a forms a cooperative complex on DNA in
vitro. Initially, it was difficult to understand and interpret this unexpected property of
Dnmt3a. To understand the multimerization better, we have set up an in vitro assay.
We have generated non-polymerizing variants by site directed mutagenesis, which
lost their cooperative complex formation. Consistent with previous observation, wild
type Dnmt3a-C methylates DNA with 8-10 bp periodicities, whereas non-polymerizing
variants lost their cooperative multimerization (Dnmt3a-C R832E and Dnmt3a-C
K837E) as well as defined methylation peaks on the hairpin DNA substrates
[Jurkowska et al., 2008; Rajavelu at al., 2011].

It is known that Dnmt3a and Dnmt3L are required for methylation at imprinted
loci during development [Bourc’his et al., 2001; Kaneda et al., 2004; Bourc’his and
Bestor, 2004] and the representation of CpG sites in an 8-10 bp CpG periodicity was
shown the DNA sequence of 12 known maternally imprinted DMRs [Jia et al., 2007].
Recent genome wide methylation analyses also showed a methylation at 8-10 bp
periodicity in the genome [Zhang et al., 2006; Zhang et al., 2009; Chodavarapu et al.,
2010]. The presence of such methylation patterns in the genome suggests that
cooperative multimerization of Dnmt3a could generate this periodicity pattern.
Dnmt3a and Dnm3L are expressed at high level in germ cells [Watanabe et al., 2002;
La Salle et al., 2006] and required for the de novo methylation as well as setting the
imprints in embryo. It is logical to propose that a high level expression of Dnmt3a in
germ cells could lead to multimerization of Dnmt3a and formation of a cooperative
complex at the specific loci. The question remains what makes the initiation of
multimerization at a specific locus to generate the 8-10 bp periodic methylation
patterns in genome? There are many factors which might contribute to the initiation of
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multimerization of Dnmt3a, it could be the interaction of Dnmt3a with chromatin or
specific genomic sequences itself might initiate the cooperative multimerization.

We have studied the importance of cooperative multimerization of Dnmt3a in
heterochromatin localization. Dnmt3a is localized to heterochromatin in NIH3T3 cells,
whereas non-polymerizing mutants lost their specific localization pattern in NIH3T3
cells. Tight packing of Dnmt3a to these regions requires the close approximation of
adjacent Dnmt3a complexes bound to the same DNA molecule, which requires some
interface for adjacent Dnmt3a. In vitro this interface could mediate a cooperative
multimerization. Dnmt3a R832E/K837E double mutation interferes with such
approximation, which leads to weakening of the heterochromatic localization NIH 3T3

cells and loss of cooperative DNA binding in vitro.

3.3 Regulation of Dnmt3a activity and localization by post
translational modification
3.3.1 Modulation of Dnmt3a activity by post translational modification
Though the structure and function of Dnmt3a has been well studied, the
generation of DNA methylation patterns and targeting of DNA methyltransferases to
specific genomic targets is not well understood. Emerging evidence suggests that an
interaction of the N-terminal domains of the enzyme with modified histone tails could
mediate the specific targeting [Ooi et al., 2007, Zhang et al., 2010; Otani et al., 2009;
Dhayalan et al., 2010]. In addition to the existing evidence, our recent work shows
that regulation of global DNA methylation is mediated by post translational
modification of Dnmt3a [Deplus et al., 2011 in revision]. The targeting function of post
translationally modified Dnmt3a could be mediated by ability of Dnmt3a to interact
with one or more components of the histone modification and chromatin-remodelling

systems, like the H3K36me3 mark in histone 3 tail, the SUV39H H3K9 Mtase
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enzymes or the protein LSH, that are involved in the establishment of DNA
methylation at heterochromatin [Lehnertz et al., 2003; Yan et al., 2003; Dhayalan et
al., 2010]. Still there remain many questions how the Dnmts are targeted to sub

genomic regions and generate the methylation patterns? (Fig 10).

3.3.2 Compartmentalization of Dnmt3a depends on its regulator and
PTM

Targeting of Dnmt3a methyltransferase to sub-genomic regions is very
important to control the writing of a precise methylation patterns. In addition to the
existing evidence to targeting function of Dnmt3a, here we have provided that
Dnmt3a localization depends on two factors (Fig 10).

The first is the regulator protein Dnmt3L; the interaction of Dnmt3L with
Dnmt3a releases the protein from heterochromatin and makes it available to
methylate euchromatic DNA. We have provided evidence that the Dnmt3L regulates
the compartmentalization of the Dnmt3a proteins with in the nucleus [Jurkowska et
al., 2011]. Both the Dnmt3a and Dnmt3L proteins are required for the methylation of
differentially methylated regions (DMR) in imprinted genes [Bourc’his et al., 2001;
Kaneda et al., 2004; Bourc’his et al., 2004]. The interaction of Dnmt3L with Dnmt3a
might target the enzyme to euchromatin to methylate imprinted genes.

The second factor is post translational modification of Dnmt3a, which
modulates the enzyme’s activity and localization of the enzyme in the cell. The post
translational modification of Dnmt3a could be a dynamic process and might be
required at different stages of the cell cycle to regulate the DNA methylation pattern.
The two independent studies from our laboratory showed that the localization of
Dnmt3a is regulated by two different mechanisms. Interaction of Dnmt3L with

Dnmt3a stimulates the activity of enzyme [Gowher et al., 2005] as well as releases
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the Dnmt3a from heterochromatin and targeted to euchromatic regions [Jurkowska et
al., 2011]. In this work, we have identified that the Dnmt3a is modified and this
modification reduces the activity of Dnmt3a and targets the Dnmt3a to
heterochromatin [Deplus et al., in revision]. It is interesting to note that in these
fundamentally different process reduction of catalytic activity is associated with

heterochromatin localization.

Targetting mediated by
PWWP domain

Heterochromatin

Coopearative
Presence Absence multimerization A \
of Dnm3L > '
of Dnm3L 1 \ Unmodified
Disruption of ,' Dnmt3a

I
ruption ¢ Post translational|
multimerization modification of

Wtk AN

Euchromatin

Nucleus

Fig 10. Compartmentalization of Dnmt3a: Dynamics of Dnmt3a localization is
regulated by Dnmt3L. Presence of Dnmt3L prevents the multiple DNA binding
property of Dnmt3a and releases it from the heterochromatin. A cooperative
multimerization of Dnmt3a is required to localize in dense heterochromatic region.
Post translational modification of Dnmt3a targets the enzyme to the heterochromatin,

whereas unmodified form of Dnmt3a localizes in euchromatin.
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3.4 Searching for new inhibitors of Dnmt3a

Recent studies indicated that aberrant DNA methylation and misregulation of
DNA methyltransferases in mammals contributes to carcinogenesis [Sharma et al.,
2010; Robertson and wolffe, 2000]. Hypermethylation could be caused by aberrant
expression of DNA methyltransferase or abnormal activity of DNA
methyltransferases. One approach to revert the hypermethylation in cells, could be to
inhibit the activity of Dnmts by using specific Dnmts inhibitors, which could be further

used in epigenetic therapies.

3.4.1 Developing a high-throughput screening assay

To identify potential inhibitors of Dnmt3a, we were involved in a collaboration
to develop a novel high-throughput Dnmts screening assay, which is a quick and
reliable in vitro test that uses fluorescence. This assay allows to study many
methyltransferases and to screen a large number chemical compounds. Initially, we
have used the Dnmt3a-C/Dnmt3L-C tetrameric complex with 114 flavones and
flavanone derivatives to screen for inhibition activity of these compounds on Dnmt3a-
C/Dnmt3L-C activity [Ceccaldi et al., 2011]. From our assay, we have identified 2
molecules of 3-nitroflavones and 20 molecules of 3-chloro-3-nitroflavanones, which
showed an inhibition on the Dnmt3a-C/Dnmt3L-C activity. Most of the compounds
showed ICsy values in sub-micromolar (1-9 uM) range, whereas reference
compounds showed 315 uM for RG108 and 500 puM for genistein [Ceccaldi et al.,
2011]. In addition to in vitro activity of these identified compounds, the 3-chloro-3-
nitroflavanone derivatives showed a developmental effect on zebrafish embryo

development similar as the reference compound 5-azacytidine [Ceccaldi et al., 2011].
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3.4.2 Inhibition of Dnmt3a by black tea and coffee polyphenols

Epi-gallocatechin gallate (EGCG) is the main polyphenolic constituent of green
tea and 5-caffeoyl quinic acid is the main phenolic constituent of the green coffee,
both has been shown to inhibit the activity of Dnmtl [Lee et al., 2005; Lee et al.,
2006]. Addition of EGCG to cancerous cells leads to decreases the cellular DNA
methylation level and reactivated silenced tumor suppressor genes [Nandakumar et
al., 2011]. We have screened the inhibitory activity of these and other chlorogenic
compounds purified from the black tea compounds on Dnmt3a-C activity. The
inhibitory activity N1, N3, N4, N5, N6, N7, N8 and other derivatives were screened for
inhibition of Dnmt3a-C (Fig. 11). The compounds N1, N4, N3 and N5 showed a weak
inhibition on Dnmt3a-C activity. The compound N6 showed good inhibition on
Dnmt3a activity with an I1Csy value at 44 uM, this was the best inhibitor we identified
in this series of nutritional compounds. The thearubigin derivatives (N7 & N8) which
are structurally similar to theaflavin (N6) also showed a good inhibition with an I1Cs
value of 40 pM for N7 and 28 pM for N8. It had been shown previously that EGCG
(N1) inhibits the Dnmtl and decreases the cellular DNA methylation [Lee, 2005; Lee,
2006], here first time we are reporting that the derivatives of EGCG (N1) theaflavin

also inhibit Dnmt3a activity.
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Fig 11. Structures of polyphenolic compounds: Structures of epigallocatechin
EGCG (N1), theaflavin-3-gallate (N3), epigallocatechin (N4), theaflavin 3’- gallate
(N5), Theaflavin 3, 3’-digallate (N6). The N6 compound shows significant inhibition on
activity of de novo DNA methyltransferase 3a (Dnmt3a).

To evaluate the possible biological significance of the ICsy values of Dnmt3a
inhibition, we have inspected available pharmacokinetic data of theaflavins.
Recently, Mulder and co-workers reported theaflavin concentrations of 4.2 pg I* in
urine 2 h after consumption of 1 cup of black tea containing 8.8 mg total theaflavins
[Vermeer et al., 2008]. Another group reported a concentration of theaflavinin in
colon, small intestine, prostate and liver tissue of 2 uM, whereas the theaflavins N3,
N5 and N6 investigated here showed roughly 1 pM, half this value after consumption

of one cup of black tea [Henning et al., 2006]. All these physiological concentration
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are in the range of the observed IC50 values suggesting a possible effect in vivo. In
conclusion, we have shown that the black tea polyphenols, in particular theaflavin 3,
3’-digallate N6 and thearubigin inhibit Dnmt3a activity with physiologically and
nutritionally relevant ICsy values. Therefore, we identified a novel biological target for
poly phenols present in black tea that is able to rationalize both anti-carcinogenic

activity and mental health performance related with the activity of black tea.

3.4.3 Synthesis of new DNMT inhibitor derivatives of procainamide

Procainamide was used as antiarrhythmic drug and it had been shown to
induce significant demethylation of genomic DNA in human cancer cells [Lee et al.,
2005; Cornacchia et al., 1988]. These compounds are known to bind to CpG
sequences in DNA and thereby disturb the DNA methylation. Our collaborators used
procainamide as DNA binder to guide a competitive inhibitor of DNMTs to CpG rich
regions on genome, such that one could increase the local concentration of the
inhibitor at CpG sites. This strategy had been successfully used to target the action of
DNA topoisomerases | and Il inhibitors to specific DNA sites [Arimondo PB et al.,
2001, Duca et al., 2006; Stierle et al., 2008]. Our collaborator had generated a
conjugated chemical molecule in which procainamide was attached to the Dnmt3a
inhibitor RG108 [Halby et al., 2011, Submitted]. This conjugated molecule was
functional without affecting the activity of inhibitors. A series of procainamide—RG108
(N-phthalimidoyl protected tryptophan) conjugated derivatives was generated, among
these molecules, derivatives 12 and 13 showed a strong inhibition of Dnmt3a/Dnmt3L

activity with 1Csg values of 9 uM and 11 pM, respectively (Fig 12).
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Fig 12. The conjugated derivatives of procainamide: Procainamide—RG108 (N-
phthalimidoyl protected tryptophan) conjugated derivatives were generated with

modification at position n. The promising compounds are 12 and 13.

The inhibition by these molecules was very selective for the Dnmt3a/Dnmt3L
complex. It did not show any inhibition on bacterial methyltransferase (EcoDam) and
other mammalian methyltransferase (G9a) [Halby et al., 2011, Submitted]. In
conclusion, procainamide-RG108 conjugated derivatives showed a strong inhibition
of Dnmt3a/Dnmt3L with high selectivity, which illustrates that this novel approach of

DNA methyltransferase inhibition is promising.
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4. Conclusion

In conclusion, our data discover four novel mechanisms of Dnmt3a regulation.
First, multimerization of the Dnmt3a using its alternative interfaces, such that it binds
with many DNA molecules oriented in parallel. Disruption of the interfaces led to the
loss of heterochromatic localization in cells, which suggests that the multimerization
has a role in localization of Dnmt3a. The second mechanism is that interaction of the
Dnmt3L with Dnmt3a prevents this multimerization and multiple DNA binding. The
regulator protein Dnmt3L also releases the Dnmt3a from heterochromatin and makes
it available to methylate euchromatic DNA. This is the first evidence showing that
Dnmt3L regulates the compartmentalization of the Dnmt3a proteins with in the
nucleus [Jurkowska et al.,, 2011]. The third mechanism is the cooperative
multimerization of the Dnmt3a-C on DNA that leads to the formation of nucleoprotein
filaments in vitro and generates 8-10 bp periodic methylation patterns on DNA
substrates. Such cooperative multimerization of Dnmt3a could be important for the
generation of methylation pattern on imprinted genes. The fourth mechanism is that
Dnmt3a is regulated by post translational modifications, which modulate its activity
and the localization of the enzyme in the cell. The post translational modification of
Dnmt3a targets the enzyme to the heterochromatin. Why is the regulation of Dnmt3a
activity very important? The answers would be that the DNA methylation and other
epigenetic signals determine the cell’s identity as well as normal development of cell.
Regulation of Dnmt3a activity is necessary to avoid over methylation of genome.
Misregulation of Dnmt3a activity might lead to aberrant DNA methylation which
eventually causes cancer. In conclusion, regulation of Dnmt3a activity helps to write a

precise DNA methylation pattern on the genome of mammals.
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ABSTRACT

The catalytic domain of Dnmt3a cooperatively
multimerizes on DNA forming nucleoprotein fila-
ments. Based on modeling, we identified the inter-
face of Dnmt3a complexes binding next to each
other on the DNA and disrupted it by charge
reversal of critical residues. This prevented co-
operative DNA binding and multimerization of
Dnmt3a on the DNA, as shown by the loss of co-
operative complex formation in electrophoretic
mobility shift assay, the loss of cooperativity in
DNA binding in solution, the loss of a characteristic
8- to 10-bp periodicity in DNA methylation and direct
imaging of protein~-DNA complexes by scanning
force microscopy. Non-cooperative Dnmt3a-C
variants bound DNA well and retained methylation
activity, indicating that cooperative DNA binding
and multimerization of Dnmt3a on the DNA are not
required for activity. However, one non-cooperative
variant showed reduced heterochromatic localiza-
tion in mammalian cells. We propose two roles of
Dnmt3a cooperative DNA binding in the cell:
(i) either nucleofilament formation could be
required for periodic DNA methylation or (ii) favor-
able interactions between Dnmt3a complexes may
be needed for the tight packing of Dnmt3a at het-
erochromatic regions. The complex interface
optimized for tight packing would then promote
the cooperative binding of Dnmt3a to naked DNA
in vitro.

INTRODUCTION

One of the important epigenetic modifications of unicellu-
lar and multicellular organisms is DNA methylation. In
mammals and other vertebrates, DNA methylation occurs

at the C5 position of cytosine bases, mostly at the cytosine
residues followed by a guanine (CpG dinucleotides) (1-3).
In mammals, DNA methylation has many functions
including the control of cellular differentiation and devel-
opment, the maintenance of chromosomal integrity,
parental imprinting, the regulation of gene expression
and X-chromosome inactivation. Hypermethylation of
tumor-suppressor  genes and genome-wide hypo-
methylation contribute to genomic instability and the de-
velopment of cancer (4-6). DNA methylation is important
for normal cellular differentiation and viability of
mammals (3,7), as indicated by the finding that the
deletion of any active DNA methyltransferase enzyme in
mice is lethal (8,9). Abnormal methylation patterns of
genomes are associated with several human diseases,
such as Rett syndrome, ICF and Fragile X syndrome.
Additionally, DNA methylation plays an important role
in brain function (10,11) and changing of DNA methyla-
tion patterns is needed for cellular reprogramming (12).
The mammalian DNA methylation machinery consists
of the DNA methyltransferase 1 (Dnmtl), which has spe-
cificity for hemimethylated DNA and the members of the
DNA methyltransferases 3 family, Dnmt3a and Dnmt3b.
The Dnmt3 enzymes set up the initial methylation pattern
in the genome during embryonic development; however,
they also have a role in the preservation of methylation
levels at heterochromatin (2,13). The Dnmt3 family also
includes one catalytically inactive regulatory factor called
DNA methyltransferase 3 like protein (Dnmt3L), which
stimulates the activity of de novo DNA methyltransferases
and assists them at the setting of the initial methylation
imprints (14-16). The distinct feature of all Dnmts is that
they have a common structure of their C-terminal catalytic
domain, which contains 10 amino acids motifs that are
conserved among prokaryotic and eukaryotic C5 DNA
methyltransferases. Motifs I and X have a role in
cofactor binding, motifs IV and VI are involved in cataly-
sis. The conserved region between motifs VIII and IX rep-
resents the so called Target Recognition Domain (TDR),

*To whom correspondence should be addressed. Tel: +49 421 200 3247; Fax: +49 421 200 3249; Email: a.jeltsch@jacobs-university.de

© The Author(s) 2011. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

170z ‘8T Jaqueidas uo uswaig ANsianiun sqoder Je 61o°s[eunolplojxo Jeu wolj papeojumoq


http://nar.oxfordjournals.org/

2 Nucleic Acids Research, 2011

which is involved in DNA recognition. The C-terminal
domain adopts a fold characteristic for S-adenosyl-L-me-
thionine (AdoMet) dependent methyltransferases (17).
Dnmt3a and Dnmt3b have a similar domain arrangement;
both contain a variable N-terminal region followed by a
PWWP domain, a Cys-rich Zinc-binding ADD domain
and the C-terminal catalytic domain (18). The PWWP
domain of Dnmt3a reads the H3K36 trimethylation
mark (19) and it targets the enzyme to pericentromeric
heterochromatin (19-21). The ADD domain of Dnmt3a
binds H3 tails unmethylated at K4 (22,23) and stimulates
the activity of Dnmt3a after peptide binding (23,24).

The isolated catalytic domain of Dnmt3a (Dnmt3a-C) is
catalytically active (25) and it interacts with the
C-terminal domain of Dnmt3L (17), forming a
butterfly-shaped elongated tetrameric complex (26). This
complex contains two monomers of Dnmt3a-C and two
monomers of Dnmt3L-C forming a linear 3L-3a—3a-3L
heterotetramer. It has two 3a—3L interfaces and one 3a—3a
interface. The 3a—3L interaction is mediated by hydropho-
bic interactions represented by two pairs of phenylalanines
F728 and F768 of mouse Dnmt3a and F297 and F337 of
mouse Dnmt3L, whereas the 3a—3a interaction is mediated
by two charged amino acids R881 and D872 (26). The
active sites of the two Dnmt3a are located in the major
groove of the DNA in a distance of ~40 A, such that they
could methylate two CG sites separated by ~8-10bp in
one binding event (26,27). In the absence of Dnmt3L,
Dnmt3a-C also self-interacts via the FF interface
forming reversible oligomers, which bind to more than
one DNA molecule oriented in parallel (28). The
multimerization of Dnmt3a via the FF and RD interfaces
and binding to parallel DNA molecules contribute to the
heterochromatic localization of the enzyme. Since
Dnmt3L does not possess an RD interface, its binding
to Dnmt3a disrupts Dnmt3a oligmerization and leads
to the release of Dnmt3a from heterochromatic re-
gions, which could help methylate euchromatic targets
like the differential methylated regions in imprinting
centers (28).

We have shown previously that the heterotetrameric
Dnmt3a/3L complex, as well as oligomeric Dnmt3a-C
complexes, bind non-specifically to DNA and cooperative-
ly multimerize on DNA forming large nucleoprotein fila-
ments (26-28). Cooperative multimerization of Dnmt3a/
3L and Dnmt3a complexes on DNA was shown by
DNA-binding analyses and scanning force microscopy.
DNA methylation studies revealed fluctuations of methy-
lation activities along the DNA molecule, which also
indicated that there must be a regular arrangement of
Dnmt3a complexes on the DNA (26-28). Cooperative
DNA binding implies an interaction of Dnmt3a
complexes which bind next to each other on the DNA.
In this work, based on modeling we have identified one
loop that contributes to the interface of such neighboring
complexes. By mutating critical residues in the interface
and introducing opposite charges, we disrupted the inter-
action and prevent multimerization of Dnmt3a complexes
on DNA, which confirms the predication from modeling.
Non cooperative Dnmt3a variants did not lose DNA
binding and retained methylation activity, indicating

that cooperative DNA binding and multimerization of
Dnmt3a on the DNA is not required for enzyme
activity. Loss of the cooperative multimerization of
Dnmt3a on DNA reduced the heterochromatic localiza-
tion of the enzyme in NIH3T3 cells, suggesting that it has
a role in binding of Dnmt3a to heterochromatic regions.

EXPERIMENTAL PROCEDURES

Site-directed mutagenesis, protein expression and
purification

The sequence encoding the C-terminal domain (residues
608-908) of mouse Dnmt3a (Dnmt3a-C) was cloned into
pET-28a (Novagen) with an N-terminal Hisg-tag (17).
Based on modeling, we selected 10 hydrophilic and
charged amino acids for the interface study and using
the megaprimer site-directed mutagenesis method we
mutated these residues to opposite charges to break the
interaction (29). Mutagenesis was confirmed by restriction
marker analysis and DNA sequencing (Supplementary
Figure S1). Protein expression was carried out as
described (17). The proteins were purified at high
micromolar concentrations using Ni-NTA agarose. Each
protein was purified at least twice and the purity of the
preparations was estimated to be >95% from Coomassie
stained SDS gels (Supplementary Figure S2). The concen-
trations of the proteins were determined by UV spectro-
photometry and confirmed by densitometric analysis of
Coomassie stained SDS—polyacrylamide gels. Wild-type
like folding of the most important mutants was confirmed
by circular dichroism spectroscopy (Supplementary
Figure S3).

Methyltransferase activity assay

The methyltransferase activity of Dnmt3a-C wild-type and
its interface mutants was measured using biotinylated
30-mer oligonucleotides (Bt-GAG AAG CTG GGA
CTT CCG GGA GGA GAG TGC/GCA CTC TCC
TCC CGG AAG TCC CAG CTT CTC) containing a
single CpG site as described (27). Briefly, DNA methyla-
tion was measured by the incorporation of tritiated methyl
groups from radioactively labeled AdoMet (Perkin Elmer)
into the biotinylated oligonucleotide using the avidin—
biotin methylation assay (30). The methylation reactions
were carried out in methylation buffer (20 mM HEPES pH
7.2, ImM EDTA, 50mM KCI, 25pug/ml bovine serum
albumin) at 37°C, using 1 uM substrate DNA, 0.76 uM
AdoMet and 2puM Dnmt3a-C wild-type and mutant
enzyme. The initial slope of the enzymatic reaction was
determined by linear regression. All the kinetic reactions
were carried out at least three times. DNA methylation
was also measured using a 520-bp DNA fragment contain-
ing 40 CpG sites was amplified from phage A DNA using a
biotinylated PCR primer as described (31).

Methylation pattern analysis by bisulfite conversion

DNA methylation patterns of Dnmt3a-C wild-type and
mutants were analyzed by hairpin bisulfite analysis
(27,32) using an oligonucleotide substrate containing
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nine CG sites in an identical sequence context d(AAT
TGA CGA CGA CGA CGA CGA CGA CGA CGA
CGACQ)/d(GAT CGT CGT CGT CGT CGT CGT CGT
CGT CGT CGTC). The annealed oligonucleotide
(100 nM) was incubated with 2.5uM enzyme for 2h in
methylation buffer supplemented with 0.32mM AdoMet
(Sigma) at 37°C. The methylation reaction was stopped by
freezing the sample in liquid nitrogen, followed by pro-
teinase K digestion (New England Biolabs). Afterwards,
the hairpin loop and the adaptors were ligated to the
methylated substrates as described (27) and DNA was
subjected to bisulfite conversion, cloned into Topo-TA
vector (Invitrogen) and individual clones were sequenced
essentially as described (33).

In addition, the DNA methylation patterns of Dnmt3a
wild-type and mutants was analyzed using a 146-mer
DNA substrate amplified from the mammary tumor
virus 3’ long-terminal repeat nucleosome A-binding site
(34) which contains 10 CpG sites in various distances.
Methylation reactions and bisulfite conversion were con-
ducted as described above.

Electrophoretic mobility shift assay

The DNA-binding affinity and cooperativity of Dnmt3a-C
and its mutants was analyzed by electrophoretic mobility
shift assay (EMSA) carried out essentially as described
(27). Briefly, increasing concentrations of Dnmt3a-C
wild-type and its interface mutants were incubated with
the Cy-5-labeled 146 bp DNA described above (30 nM) in
reaction buffer (20mM HEPES pH 7.5, ImM EDTA,
100mM KCIl, 0.5mg/ml of bovine serum albumin) con-
taining 0.2 mM sinefungin at room temperature for 20 min
to form the protein—-DNA complex. The protein—-DNA
complexes were separated on an 8% non-denaturing
acrylamide gel, which was scanned with a phosphor
imager system (Fuji). Free DNA and wild-type
Dnmt3a-C protein were included on the gels as controls.

Fluorescence depolarization

To study equilibrium binding of Dnmt3a to Cy5-labeled
oligonucleotide substrates, the change of fluorescence an-
isotropy caused by protein binding to the DNA was
determined using a Cary Eclipse fluorescence spectropho-
tometer (Varian) equipped with excitation and emission
polarizers. Three substrates were used, two 29-mer oligo-
nucleotides (2CG-Cy5 and non-CG-Cy5) and one 60-bp
PCR product containing two CpG sites that was amplified
from the 146-mer substrate described above (34). All
binding substrates were fluorescently (Cy5) labeled at
one end.

2CG-Cy5: ACT TGC AAC GGT CCT AAC CGT
CAC CTCTT

Non-CG-Cy5: ACT TGC AAC AGT CCT AAC ATT
CAC CTCTT

The anisotropy was measured with the excitation wave-
length at 633nm (band-width 10nm) and the emission
wavelength at 665 nm (band-width 10 nm) for 5s. The re-
actions were carried out in binding buffer containing
20mM HEPES pH 7.5, 100mM KCI, ImM EDTA,
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2nM of Cy5-labeled DNA and increasing concentration
of protein after incubation at room temperature for
Smin. Each protein concentration was measured in tripli-
cate and the average values were taken for the analysis.
Data were least squares fitted using a 1:1 binding model
for the 29-mer, where no cooperativity could be detected.
For the 60-mer, a cooperative binding model was used de-
termine the dissociation constant (Kp) and Hill coefficient
(n) of DNA binding.

Scanning force microscopy

Scanning force microscopy (SFM) experiments were per-
formed with Dnmt3a-C wild-type and the R832E and
K837E mutants using a 509-bp DNA fragment, which
can be visualized easily in SFM. The DNA was derived
from the CG island upstream of the human SUHWI1 gene
and contains 58 CG sites roughly equally distributed over
the entire DNA Ilength. The sample preparation was
carried out essentially as described (27). Briefly, the
DNA-protein filaments were formed in a reaction
volume of 30 ul by incubating 12nM DNA with 200 nM
Dnmt3a-C wild-type or mutants in 50mM HEPES
(pH 7.5), 250 mM NaCl, I mM EDTA and 100 uM of
sinefungin (Sigma). After addition of DNA to the
reaction mixture containing the protein, samples were
incubated for 20 min at room temperature to allow for
DNA binding. Then, the complex solution (1pl) was
mixed with 9l of SmM NiCl, solution and deposited
on freshly cleaved mica (Plano, GmbH), allowed to
adhere for 2min and then washed with sterile water. The
sample was then dried using compressed air. Protein—
DNA filaments were observed by tapping mode in air
using a Multimode SFM with a Nanoscope IIla controller
(Veeco Instruments GmbH, Germany) using RTESPW
silicon cantilevers (Veeco) with a nominal spring
constant of 50 N/m and a resonance frequency of
150kHz. All images were obtained with a scanning
speed of 1 Hz and at a resolution of 512 x 512 pixels. To
remove background slope, raw images were flattened
using the Nanoscope software. DNA—protein complexes
were considered present if the height of the filament
exceeded 150% of the height observed for free DNA mol-
ecules and if filaments had an apparent width of at least
20 nm. Filaments were evaluated using the section tool of
the Nanoscope Vo6r12 software and ImagelJ software.

Cell culture and laser scanning microscopy

The cellular and sub-nuclear localization of the YFP-fused
Dnmt3a and its variants in NIH 3T3 cells was investigated
essentially as described (19,28). Briefly, cells were grown in
DMEM with 10% (v/v) fetal calf serum and 2 mM Lr-glu-
tamine at 37°C in 5% (v/v) CO,. Cells (1-2 x 10°) were
transfected in six-well plates using FuGENE 6 (Roche,
Basel, Switzerland; 1pg total plasmid DNA per well).
Transfected NIH3T3 cells were fixed in 4% (w/v)
paraformaldehyde. Confocal images were taken using a
Carl ZeissLSM510 (Jena, Germany; software version
3.0). The sub-nuclear localization pattern of Dnmt3a
was inspected in detail for 100 cells for the wild-type, 25
cells for the R832E and K837E mutants (which did not
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differ from wild-type) and 50 cells for the R832E/K837E
double mutant and the observed patterns were divided
into three categories: spotty, spotty plus diffused and
diffused.

RESULTS

We have already shown that Dnmt3a cooperatively
multimerizes on DNA. To identify the positions of the
individual active sites on the DNA, we employed an
‘activity footprint’ approach using a substrate which
contains nine CG sites next to each other. By applying
the hairpin bisulfite technology, the methylation of both
strands of individual molecules could be directly studied.
After methylation of this substrate with wild-type
Dnmt3a-C (Figure 1A) four peaks of preferential methy-
lation were observed, two of them in the lower strand (first
peak at sites 7 and 8 and second peak at site 5) and two in
the upper strand (first peak at site 5 and second peak at
sites 2 and 3). These peaks are all separated by 8- to 10-bp
distances both in the same strand and across the strands.
This result is in perfect agreement with results of a
previous experiment with the Dnmt3a-C/3L-C complex
(27). According to the model of the Dnmt3a/3L
heterotetramer in complex with DNA (26,27), the methy-
lation of two sites in a distance of 8-10bp in opposite
DNA strands could be attributed to the activity of the
active sites from the two central Dnmt3a subunits of the
Dnmt3a or Dnmt3a/3L complex, which interact via the
RD interface. In contrast, the preferential methylation
of sites in distances of 8—10bp located in the same DNA
strand must be due to the presence of two Dnmt3a
complexes binding next to each other on the DNA.

The observation of four peaks of methylation suggests
that two Dnmt3a-C complexes were bound to the sub-
strate, each of them containing two active centers con-
nected via an RD interface. The right complex
methylates the lower strand sites 7 and 8 with one of its
active sites and the upper strand site 5 with the other. The
left complex approaches the other one and it methylates
the lower strand site 5 with one of its active sites and the
upper strand sites 2 and 3 with the other (Supplementary
Figure S6). The observation that CpG site 5 was prefer-
entially methylated in both DNA strands indicates that
the Dnmt3a-C subunits in adjacent Dnmt3a-C complexes
can approach each other and interact with both DNA
strands of this CpG site.

Several observations support the significance of the
methylation peaks at CpG site 5 in both strands:
(1) P-values are highly significant (except for the compari-
son of site 5 and 6 in the lower strand where the P-value is
0.078) (Supplementary Figure S4), (ii) the geometry of the
peaks is palindromic in the upper and lower strand with
methylation peaks at sites 2, 3 and 5 in the upper strand
corresponding to methylation peaks at sites 8, 7 and 5 in
the lower strand, (iii) methylation preferences in opposite
strands occur in a distance of 8—10bp as expected for the
two active sites of one Dnmt3a complex (sites 2 and 3 in
the upper strand combined with site 5 in the lower strand,
site 5 in the upper strand combined with sites 7 and 8 in
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Figure 1. Methylation pattern studied by hairpin bisulfite experiments.
Double-stranded hairpin oligonucleotide substrates containing nine
equally spaced CG sites were methylated by Dnmt3a-C wild-type or
R832E and K837E mutants. 185, 170 and 190 clones were analyzed for
Dnmt3a-C wild-type (A), R832E (B) and K837E (C), respectively. The
lines in (A) connect peaks of methylation separated by ~8bp in the
opposite DNA strand.

the lower strand), (iv) a very similar pattern has been
observed before in a completely independent experiment
(27). The preferred methylation of both DNA strands at
site 5 suggests that two Dnmt3a-C subunits from adjacent
complexes can simultaneously approach the upper and the
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lower strand of one CpG site (site 5 in this case). We took
this observation as the starting point for modeling of the
multimerization of Dnmt3a-C complexes on DNA.

Modeling of the multimerization of Dnmt3a-C
complexes on DNA

To model a complex in which two Dnmt3a-C molecules
would interact simultaneously with the upper and lower
strand of one CpG site, we have used as a template the
structure of the bacterial M.Hhal methyltransferase
bound to DNA (35), which was the first methyltransferase
for which base flipping could be shown. The complex was
used twice and the two DNA strands with the flipped
cytosine were annealed with each other to obtain a CpG
site with both target cytosines flipped out. Then,
Dnmt3a-C molecules were superimposed with the two
M.Hhal molecules using the conserved methyltransferase
motifs. In the obtained structural model it was also
possible to replace each Dnmt3a-C by a Dnmt3a-C/
3L-C heterotetramer without larger steric overlaps to
obtain a model of two Dnmt3a-C or Dnmt3a-C/3L-C
complexes bound to DNA. In this model, two loops
(residues 820-855) of the two Dnmt3a-C complexes
approach each other symmetrically (Figure 2). This loop
is enriched with charged amino acids and may form a

E850
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-

| R827-F844

| -

R827

D

822 827 832 837
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hydrophilic interface, which could explain the
co-operative  multimerization of Dnmt3a-C and
Dnmt3a-C/3L-C complexes on DNA. A large part of
this loop (residues 827-844) is not ordered in the structure,
such that the detailed interactions could not be deduced.
The modeling also suggested that the active sites of the
two Dnmt3a-C subunits from adjacent complexes that are
interacting with the same DNA strand are located ~40-A
apart from each other, indicating that they could methy-
late two CG sites separated by 10 bp in one binding event.
However, given that this modeling did not take into
account any conformational changes of the DNA or the
Dnmt3a-C complexes, its results need to be interpreted
with caution. It was the aim of the following study to
investigate if the putative interface suggested by
modeling is involved in multimerization of Dnmt3a-C on
DNA, if the multimerization can be influenced by muta-
tions and if non-multimerizing Dnmt3a-C variants would
still be able to bind and methylate DNA.

DNA binding of Dnmt3a-C and its interface variants
studied by EMSAs

To study the role of the selected residues in the coopera-
tive multimerization of Dnmt3a-C, we prepared the
putative interface mutants K822E, R827E, RS832E,

840 841 843
AKFSKVRTIITTRSNSIKGQGKDAQHFPVFMNEKED)]

850 851

Figure 2. Modeling of two Dnmt3a-C complexes bound to DNA. (A) Schematic model of two Dnmt3a-C/3L-C heterotetramers binding next to each
other on the DNA, such that a central CpG site could be methylated in both DNA strands. The Dnmt3a-C subunits of the left tetramer are colored
orange and red, those of the right tetramer dark green and green. Dnmt3L subunits are colored light red and light green, respectively. (B) Model of
the central Dnmt3a-C dimers (colored orange and red for one complex and dark green and light green for the other) bound to DNA (blue). The
flipped target cytosines are shown in pink, AdoMet is colored yellow. The red and green ovals indicate the proposed interactions of both loops. Note
that the amino acids 827-844 are not ordered in the structure and hence not visible in the model. (C) Detail of the model showing the interacting
loops from the adjacent complexes. The disordered region (amino acids 827-844) is colored yellow. (D) Amino acid sequence of the putative

interaction loop.
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K837E, K840E, D841K, HS843E, E850H, K851E and
E852K. In each of them, a charged residue was exchanged
by a residue carrying an opposite charge. Such exchange
should result in a repulsive interaction, if the residue was
involved in a charge/charge interaction at the interface
and, therefore, disrupt the cooperativity of DNA
binding by preventing the binding of two Dnmt3a
complexes next to each other. The Dnmt3a-C wild-type
and its mutants showed comparable expression in
Escherichia coli cells. The proteins were purified to
similar quality as the wild-type Dnmt3a-C and their
folding confirmed by circular dichroism spectroscopy for
the R832E and K837E mutants (Supplementary Figure S2
and S3). EMSA were carried out to study the DNA
binding of the wild-type Dnmt3a-C and its interface
mutants (Figure 3). It had been shown previously that
the wild-type Dnmt3a-C multimerizes on the DNA at
increasing protein concentration, as indicated by the for-
mation of a protein—-DNA complex with very low electro-
phoretic mobility corresponding to several Dnmt3a-C
complexes being bound to the DNA (region 3 in
Figure 3) (27). The high degree of cooperativity of the
multimerization reaction is indicated by the formation of
the multimeric complex without generation of detectable
amounts of intermediates. Using identical reaction condi-
tions, the binding of the Dnmt3a-C interface mutants on
DNA was studied. The K822E, R832E and K&837E
mutants shifted the DNA into complexes with an electro-
phoretic mobility that corresponds to one Dnmt3a-C
complex being bound to the DNA (region 2 in
Figure 3), which indicates that these variants have lost
the ability to multimerize on DNA. The slight differences
in the mobilities of these complexes may be explained by
the exchanges of charged residues which can affect the
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Dnmt3a-C

behavior of the mutants in native gel systems. DNA
binding of these variants is efficient as illustrated by the
disappearance of unbound DNA, which indicates that the
loss of multimerization is not a trivial effect caused by a
reduction of DNA binding. The K840E and KS851E
mutants bound strongly to DNA and formed large
multimeric complexes, but intermediates were also detect-
able, indicating lower cooperativity of multimerization
than observed with the wild-type Dnmt3a-C. E852K
showed better DNA binding than the wild-type enzyme
and cooperativity could not be evaluated due to the
strong binding. The D841K and H843E mutants bound
very weakly to the DNA. In summary, we conclude that
mutation of most of the candidate residues led to a loss or
reduction of the cooperativity of multimerization of
Dnmt3a-C complexes on DNA. The most interesting
non-multimerizing variants were R832E and KS837E,
which both completely lost the ability to form cooperative
complexes, but showed good DNA binding. To obtain
even stronger phenotypic effects, we have also generated
and purified the R832E/K837E double mutant and con-
firmed its folding by circular dichroism spectroscopy
(Supplementary Figure S2 and S3). As expected, this
variant showed strong DNA binding and loss of
multimerization (Figure 3).

DNA binding of Dnmt3a-C and its interface variants
studied in solution

To study DNA binding in a homophasic assay, we used
CyS5-labeled DNA substrates and determined the increase
in fluorescence anisotropy of the Cy5 probe, which
accompanied protein binding to the DNA. We first used
two 29-mer substrates which either contain two or no

Figure 3. DNA binding and cooperativity studied by EMSA. Dnmt3a-C wild-type protein forms a larger complex with very low electrophoretic
mobility (region 3). Free DNA runs in region 1. The K822E, R832E, K837E and R832E/K837E mutants bind to DNA, but form smaller complexes
with an electrophoretic mobility that corresponds to one Dnmt3a-C complex being bound to the DNA (region 2). The R827E, K840E, E§50H and
K851E mutants formed large multimeric complexes, but also some intermediates. The D841K and H843E mutants bound very weakly to the DNA.
The E852K mutant showed even better DNA binding than the wild-type enzyme and no change in cooperativity.
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Figure 4. DNA binding and cooperativity studied by fluorescence anisotropy. DNA binding and cooperativity was studies using a 60-mer
Cy-5-labeled DNA for the Dnmt3a-C wild-type and R832E, K837E and R832E/K837E proteins at increasing concentration. Dnmt3a-C binds to
DNA very strongly with positive cooperativity (n = 2.2), suggesting that at least three molecules would bind on the DNA. The R832E, K837E and
R832E/K837E mutant proteins showed no cooperativity (n = 1.0), but still bound the DNA.

Table 1. Summary for the catalytic activities, DNA-binding constants
and DNA-binding cooperativity of wild-type Dnmt3a-C and the
interface mutants

Protein Catalytic =~ DNA-binding Cooperativity
activity constant of DNA
(% of (Kg innM) binding (n)
wild-type)
Dnmt3a-C WT 100 86 2.2
Dnmt3a-C K822E 5 310 1.0
Dnmt3a-C R827E 12 61 2.2
Dnmt3a-C R832E 48 190 1.0
Dnmt3a-C K837E 23 72 1.0
Dnmt3a-C K840E 28 77 1.3
Dnmt3a-C D841K 67 400 1.0
Dnmt3a-C H843E 38 130 1.0
Dnmt3a-C E850H 110 140 1.1
Dnmt3a-C K851E 42 130 1.0
Dnmt3a-C E852K 110 64 1.3
Dnmt3a-C R832E/K837E 5 151 1.0

All values were averages of two or more experiments. Highest standard
deviations were +10% for the catalytic activity, +25% for the K4 and
+15% for the cooperativity values.

CpG sites. Fluorescence anisotropy was measured in
solution containing 2nM of labeled DNA with increasing
protein concentration. Fitting to an equilibrium binding
model yielded a K4 of 190 £ 10nM for the 2-CG substrate
and a K4 of 130 = 12nM for the non-CG substrate. This
result indicated that Dnmt3a-C bound to the DNA

without specificity for CpG sites. The slightly better
binding to the non-CG substrate might be due to the
flanking sequence, which has a strong influence on the
DNA interaction and DNA methylation of Dnmt3a that
is well documented [see (31) and references therein]. It is
also possible that the energy needed for flipping of the
target cytosine may reduce the binding to CpG site sub-
strates [see (36) and references therein for examples of
prokaryotic DNA methyltransferase studied in this
respect].

To investigate cooperative DNA binding of Dnmt3a-C,
we used a longer CyS5 labeled 60-mer DNA substrate for
subsequent binding studies. The cooperativity of the
wild-type Dnmt3a-C and mutant DNA binding was
determined by fitting the anisotropy values to the Hill
equation. The Dnmt3a-C bound the 60-mer DNA
strongly (the calculated Kp value was 86nM) and the
calculated cooperativity value for the wild-type protein
was n = 2.2, indicating that at least three Dnmt3a-C
complexes bound to the DNA in a cooperative manner
(Figure 4 and Table 1). Although DNA substrates and
assay methods were different, there was a generally nice
correspondence between the results of the EMSA and
fluorescence polarization DNA-binding studies. In
contrast to the wild-type enzyme, the variants that
showed loss or reduction of cooperativity in DNA
binding in the EMSA, like K822E, R832E, KS837E,
K851E, or the RS832E/K837E double mutant had
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cooperativity values close to n = 1 (Figure 4 and Table 1).
As seen in EMSA, R827E bound DNA with similar
affinity and cooperativity as the wild-type and E852K
bound DNA better. Also weaker DNA binding by
D841K, H843E and E850H was observed. We conclude
that R832E, KB837E, K851E and the R832E/K837E
double mutant are most interesting. All of them show
complete loss of cooperativity in DNA binding and their
binding affinity is not reduced >50%. K837E is particular
striking, because its binding constant is identical to the
wild-type Dnmt3a-C (within the limits of error) but
cooperativity is completely lost.

Catalytic activity of Dnmt3a-C and its interface variants

The catalytic activity of the variants was determined using
an oligonucleotide substrate containing one CpG target
site. The K822E, R827E K837E, K840E and H843E
mutants showed a strong reduction of methyltransferase
activity, whereas R832E, D841K and K851E showed only
a weak reduction of activity. The activity of the E850H
and E852K mutants was not affected (Figure 5 and
Table 1). We tested the activity of the R832E, K837E
and R832E/K837E double mutant also using a 520-bp
substrate which contains 40 CpG sites and did not
observe major differences in the relative activities when
compared with wild-type Dnmt3a-C (Supplementary
Figure S5). In a previous study, we already investigated
the R827A and R832A mutants, which showed 45% and
75% of wild-type activity, respectively (37). The stronger
loss of activity observed here can be understood, because
the charge reversal done here was expected to cause a
stronger effect than the exchange by alanine in the
previous study. In summary, the R832E and KS8S51E
mutants are most interesting, because both of them
show ~50% of activity despite a complete loss of
cooperativity in  DNA binding, indicating that
multimerization is not required for catalytic activity.

Methylation pattern of Dnmt3a-C and its interface
variants

We also performed hairpin bisulfite ‘activity footprint’ ex-
periments with the active non-polymerizing Dnmt3a-C
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Figure 5. DNA methyltransferase activity of the interface loop
mutants. The methyltransferase activity of Dnmt3a-C and its interface
mutants was determined using an oligonucleotide substrate containing
a single CpG site. All the kinetics were done at least in duplicate. The
error bar indicates the standard error of initial slopes.

mutants as described above for the wild-type enzyme
(Figure 1). The activity footprint of the active
non-polymerizing R832E and K837E mutants showed
preservation of the preferential methylation of sites 2
and 3 in the upper strand as well as 7 and 8 in the lower
strand (Figure 1B and C). However, both mutants showed
clear changes in the methylation pattern including a loss of
the methylation at CpG site 5 in the lower strand and
broadening of the upper strand methylation peak. The
methylation of site 5 in the upper strand was still
detected (although somehow less prominent). When
taken together, these observations suggest that the right
Dnmt3a complex is bound to the substrate in the same
manner as with the wild-type Dnmt3a-C (Supplementary
Figure S6). Upper strand methylation at sites 2, 3 and 4
indicates that the second (left) Dnmt3a-C complex is
present as well. The broadening of the methylation peak
in the upper strand observed with the mutants suggests
that the left complex is more mobile and can reach more
sites. This could be due to the loss of the interaction with
the right tetramer cased by the mutations (Supplementary
Figure S6). Loss of methylation of the lower strand of site
5 suggests that the repulsion caused by the close approxi-
mation of two mutations from adjacent complexes led to a
conformational change in the lower subunit of the left
complex which caused the loss of methylation of the cor-
responding target site (Supplementary Figure S6). This
result indicates that methylation is not possible in both
DNA strands at CpG sites in the interface of two
Dnmt3a complexes, which is exactly what was expected
from our modeling. In addition, the R832E mutant
showed a reduced methylation of the lower strand when
compared to the upper one. We speculate that the reason
for this change is that the mutations affect the flanking
sequence preferences of Dnmt3a (upper strand flanking
context is ACGA, lower strand it is TCGT). Altered
flanking preferences of the mutants were also observed
on the larger substrate (see the next paragraph).

The DNA methylation patterns of wild-type Dnmt3a-C
and the R832E and K837E mutants were also investigated
with the 146-bp substrate that was also used for the gel
shift experiments. Methylation was analyzed by bisulfite
analysis of individual clones to derive the overall methy-
lation profiles, which revealed strong differences between
the wild-type and mutant enzymes (Figure 6). However,
these overall methylation profiles display the combined
effects of the mutations on flanking sequence preferences
and preferences for co-methylation in certain distances.
Since we were mainly interested in the latter, we focused
on those clones showing more than one methylation event
and collected the distances of all comethylation events for
wild-type and mutants. As shown in the insert of Figure 6,
with the wild-type enzyme we observed that 47% of all
comethylation events occurred in a distance of 9 or 10 bp
(the substrate does not contain CpG sites in a distance of
8 bp). This indicates a strong preference for comethylation
in such distances, similarly as shown before with two other
DNA substrates (26). This preference was completely lost
with the mutants, where only 2% and 8%, respectively, of
all comethylation events occurred in this distance range.
Since only comethylation events were used for this
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Figure 6. Methylation pattern analysis of wild-type Dnmt3a and its
R832E and K837E mutants on the 146-mer DNA substrate which
has 10 CpG sites. The insert displays the fraction of co-methylation
events in a distance of 9 or 10bp observed with the wild-type enzyme
and the mutants.

analysis, this difference cannot be attributed to the lower
activity of the mutants. This result confirms our conclu-
sion from the hairpin bisulfite experiment that the prefer-
ence for co-methylation in a distance of 8-10bp in the
same DNA strand has been lost with the mutants.

Imaging of Dnmt3a-C protein-DNA filaments

We used scanning force microscopy to study the structure
of Dnmt3a-C wild-type and R832E and K837E mutant
DNA complexes. It had been shown previously (27,28)
and was confirmed here that Dnmt3a-C/3L-C
heterotetramer and Dnmt3a-C complexes form continu-
ous filamentous structures on DNA, while no binding of
individual complexes to the DNA was observed. This
result confirms the cooperative DNA binding of
Dnmt3a-C. Using the section tool of the SFM software
and the Image]J software, we analyzed the height of the
filaments and compared with the height of free DNA mol-
ecules for about 100 molecules of free DNA and 60
protein—-DNA complexes each for wild-type and the two
mutants. With wild-type Dnmt3a-C, we identified many
stretches, where the protein continuously occupied the
DNA (Figure 7 and Supplementary Figure S7). In
contrast, the non-cooperative mutants only showed
binding of individual protein complexes to the DNA, as
indicated by the sharp and narrow peaks in the height
profile (Figure 7, Supplementary Figure S7A and B).
Such peaks were never observed with the wild-type
enzyme. In contrast, long filamentous structures
occupied with protein as seen for the wild-type enzyme
were never detected with the R832E and KS837E
mutants, indicating that the DNA-binding properties of
the mutants were radically changed. In conclusion, disrup-
tion of the Dnmt3a-C interface of adjacent Dnmt3a-C
complexes by introducing opposite charges at key
residues prevented the binding of Dnmt3a-C complexes
next to each other, leading to the binding of individual
complexes on the DNA. This result is in agreement with
the EMSA data reported above, which indicated that the
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Figure 7. Imaging of Dnmt3a-C/DNA complexes by scanning force
microscopy. (A) Examples of free DNA, DNA covered with
wild-type Dnmt3a-C and DNA with R832E mutant. Wild-type
Dnmt3a-C showed complete occupancy of the DNA, whereas the
R832E variant showed individual binding events on the DNA. (B)
Height analysis of protein-DNA complexes. The height for the free
DNA is ~0.5nm, for wild-type Dnmt3a-C a continuous height profile
at 1.2nm is observed, indicative of continuous coverage. In contrast,
for the Dnmt3a-C R832E individual binding events with heights of
1.2nm are separated by free DNA. Additional examples of structures
for the R832E and K837E mutants are shown in Supplementary Figure
S7A and B.

R832E and K837E mutants still bind to DNA, but they
have lost their cooperativity.

Heterochromatic localization of Dnmt3a variants in
NIH 3T3 cells

The N-terminal PWWP domain of Dnmt3a and the
multimerization of its catalytic domain are required for
the targeting of this enzyme to the heterochromatin
(19-21,28). We were interested to determine if the co-
operative DNA binding of Dnmt3a also has an influence
on its heterochromatic localization. Hence, we have
carried out localization studies with variants that lost co-
operative DNA binding. Consistent with previous studies,
wild-type Dnmt3a localized exclusively to multiple hetero-
chromatic spots in NIH3T3 cells (19-21,28). Despite their
loss of the cooperative DNA binding, the R832E and
K837E variants showed a similar localization pattern as
the wild-type protein (Figure 8A and C). However, the
R832E/K837E double mutant showed an altered
sub-nuclear localization pattern with many cells showing
a diffused nuclear localization that was never observed
with wild-type Dnmt3a (Figure 8B and C). This result
indicates that the two mutations in the R832E/K837E
double mutant protein prevent the approximation of
adjacent Dnmt3a complexes, which interferes with hetero-
chromatic localization of the enzyme. This observation
suggests that Dnmt3a binds to heterochromatin by
forming close contacts between adjacent Dnmt3a
complexes.
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Figure 8. Localization of Dnmt3a in NIH 3T3 cells. (A) Localization of the eYFP-tagged full-length Dnmt3a wild-type and R832E and K837E
mutants in NIH 3T3 cells. The wild-type protein and single mutants show localization to heterochromatic spots (19,28). (B) Localization of the
YFP-tagged full-length Dnmt3a R832E/K837E double mutant in NIH 3T3 cells, showing three different patterns of nuclear localization: diffuse,
spotty plus diffuse and spotty. (C) Quantification of the localizations patterns observed with wild-type Dnmt3a and the R832E/K837E mutant

protein. The scale bars represent 5pm.

DISCUSSION

Crystallographic studies revealed that the C-terminal
domain of Dnmt3L interacts with Dnmt3a-C and forms
a butterfly-shaped elongated tetrameric complex (26,27).
The active sites of the two Dnmt3a are located in the
major groove of DNA ~40-A apart from each other
and methylate two CG sites separated by 8-10bp in one
binding event (26,27). In the absence of Dnmt3L,
Dnmt3a-C also interacts via the FF interface forming re-
versible oligomers, which bind to more than one DNA
molecule oriented in parallel (28). In the cell, Dnmt3a is
tightly bound to heterochromatin (2,13), as demonstrated
by the observation that it can only be eluted from the
chromatin by treatment with high salt (38,39). This
stable binding requires the interaction of the PWWP
domain with H3K36me3 (19) as well as oligomerization
of Dnmt3a and binding to parallel DNA molecules (28).
The oligomerization of Dnmt3a is disrupted by Dnmt3L,
which redistributes the enzyme for methylation of euchro-
matic targets (28).

In our previous studies, we showed cooperative DNA
binding of Dnmt3a-C and Dnmt3a-C/3L-C complexes

(26,27). The cooperative multimerization of proteins on
DNA is based on two features, a relatively non-specific
DNA binding and a favorable interaction between
adjacent protein molecules. Dnmt3a-C indeed binds
non-specifically to DNA, such that the first of the
pre-conditions for cooperative DNA binding is fulfilled.
Here, we have identified the putative interface between
Dnmt3a-C complexes bound next to each other on the
DNA by modeling and disrupted the interaction by
introducing opposite charges at key residues. The
mutants retained DNA binding and residual catalytic
activity, but lost cooperativity in DNA binding, indicating
that we have successfully mapped the oligomerization
interface. The interacting loops are partially disordered
in the Dnmt3a-C/Dnmt3L-C structure (26), which might
be due to the absence of a second enzyme tetramer bound
to the DNA. The successful modeling of the interface and
its targeted disruption illustrates the good level of under-
standing we have reached for this important enzyme and
its complicated quaternary structure.

Ever since its first observation, the cooperative
multimerization of Dnmt3a-C on the DNA was
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considered puzzling, because it was difficult to attribute a
biological function to this ‘in vitro’ property. Is there
enough naked DNA available in the cell nucleus to
allow for the formation of long protein nucleofilaments?
What could be the role of the cooperativity in DNA
binding? In this study, we reconfirmed the cooperative
DNA binding of Dnmt3a-C by employing an EMSA,
showing the cooperativity of DNA binding in solution,
confirming a characteristic 8- to 10-bp periodicity in
DNA methylation in the same DNA strand and direct
imaging of protein—-DNA complexes by scanning force
microscopy. We prepared non-cooperative variants
which lost all these properties giving further credence to
the experimental approaches. At the same time the
non-cooperative mutants did not lose DNA binding and
retained methylation activity, which indicates that co-
operative DNA binding and multimerization of Dnmt3a
on the DNA are not required for enzyme activity—a con-
clusion that further emphasizes the question of the physio-
logical role of this entire process.

We could imagine two models for the role of coopera-
tive multimerization of Dnmt3a complexes on DNA in
cells. One possible interpretation is based on the observa-
tion that the formation of a defined structured nucleopro-
tein complex of Dnmt3a on DNA leads to a characteristic
methylation pattern with peaks in a distance of 8-10 bp on
the DNA (Figures SA and 6) (27). Such patterns have been
observed in genome-wide DNA methylation analyses
(33,40,41) and a similar periodicity of presentation of
CpG sites has been found in imprinted Dnmt3a/3L
target sites (26), suggesting that they may be of import-
ance. We show here that Dnmt3a-C variants which lost
cooperative complex formation did not generate such
defined patterns. Hence, multimerization of Dnmt3a and
stable filament formation is needed for periodic methyla-
tion of DNA. Such binding and periodic DNA methyla-
tion could be possible in linker DNA regions or after
chromatin remodeling. However, since the 8-10bp peri-
odicity coincides with the helical repeat length of DNA, it
is still unclear if it contains epigenetic information or just
reflects the accessibility of CpG sites when the DNA is
bound to nucleosomes.

An alternative model is based on the finding that
Dnmt3a-C is known to bind very tightly to heterochro-
matic sites. We have provided evidence that the inter-
action of the PWWP domain with H3K36me3 is
essential for this localization (19), but also the oligomer-
ization of the Dnmt3a protein together with its ability of
binding to several DNA molecules oriented in parallel is
required (28). We show here that the disruption of the
interface of Dnmt3a complexes that is needed for the
side by side binding on the DNA, also leads to a disrup-
tion of heterochromatic targeting of the enzyme. What
emerges is a picture of Dnmt3a binding to very DNA
dense regions, which have a condensed and regular struc-
ture. We propose that the tight packing of Dnmt3a at
these regions requires the close approximation of
adjacent Dnmt3a complexes bound to the same DNA
molecule. The mutations in the R832E/K837E double
mutant protein interfere with such approximation, which
could explain the weakening of the heterochromatic
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localization. In this model, the tight packing of Dnmt3a
at heterochromatic DNA regions is important for the
physiology of this enzyme. Tight packing of the enzyme
directly requires some favorable interactions between
adjacent complexes, which will automatically result in a
cooperative binding of the complexes to DNA in an
in vitro assay, if the general DNA binding is non-specific.
Hence, the cooperative binding to naked DNA in vitro
could be a consequence of the optimization of the inter-
face of Dnmt3a complexes for tight packing of Dnmt3a at
heterochromatic regions in vivo and not a property directly
selected for during molecular evolution of Dnmt3a.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Supplemental figures and legends

Suppl. Fig. 1. DNA sequencing results of all ten mutants confirming the introduced mutations

and absence of secondary mutations.
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Suppl. Fig. 2A and B. Purification of Dnmt3a-C wild type and the interface mutants. The

images show 12% SDS-PAGE gels stained with colloidal Coomassie.
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Suppl. Fig. 3. Circular dichroism (CD) spectra of purified Dnmt3a-C wild type and the
R832E, K837E and R832E/K837E mutants. CD experiments were carried out using 10 uM of
the proteins in a Jasco J-810 spectropolarimeter with a 0.1 mm cuvette in buffer containing 20
mM Hepes, 200 mM KCI, 6 % glycerol, 0.2 mM DTT and 1 mM EDTA. The spectra of the
variants were scaled to the wild type spectrum to correct for concentration differences and
allow better comparison. The matching shape of all curves indicates that the secondary

structure composition and folding of all proteins is very similar.
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Suppl. Fig. 4. P-values for the methylation peaks at CpG site 5 in Fig. 1A
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P-values were calculated using Poisson distribution. They assess if the methylation at site 5 is
significantly higher than the methylation observed at the sites 4 and 6, by calculating the
probability to obtain methylation levels as observed at CpG site 5, assuming the methylation
of CpG sites 4 or 6 is expected. The total number of analyzed clones was 185.



Suppl. Fig. 5: Comparison of the catalytic activities of the R832E, K837E and R832E/K837E
double mutant on the 520mer DNA substrate and on the 30mer oligonucleotide substrate. To
allow for better comparison, the activity of the wild type enzyme with each substrate was set
as 100%. The 30mer data were taken from Fig. 5.
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Suppl. Fig. 6: Interpretation of the hairpin bisulfite methylation pattern shown in Fig. 1.

wild type Dnmt3a R832E and K837E mutant

The picture shows a schematic drawing of the possible arrangement of two Dnmt3a tetramers
on the hairpin bisulfite substrate. White spheres indicate the regions of the active sites.
Mutations are represented by black hexagons. The repulsion caused by the close
approximation of two mutations from adjacent tetramers leads to a conformational change in
one subunit of the left complex (red arrow) and loss of methylation of the corresponding
target site (CpG site 5 in the lower strand in Fig. 1). Having lost the interaction with the right
tetramer, the left complex is more mobile and can reach more sites in the upper DNA strand
(indicated by the blue double arrow). For details cf. the text of the main manuscript.



Suppl. Fig. 7A and B. Additional examples of SFM images of free DNA, DNA covered with

Dnmt3a-C protein and DNA bound with R832E and K837E. For details cf. the legend to Fig.
7.
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Structural studies showed that Dnmt3a has two interfaces for
protein-protein interaction in the heterotetrameric Dnmt3a/3L
C-terminal domain complex: the RD interface (mediating the
Dnmt3a-3a contact) and the FF interface (mediating the
Dnmt3a-3L contact). Here, we demonstrate that Dnmt3a-C
forms dimers via the FF interface as well, which further olig-
omerize via their RD interfaces. Each RD interface of the
Dnmt3a-C oligomer creates an independent DNA binding site,
which allows for binding of separate DNA molecules oriented in
parallel. Because Dnmt3L does not have an RD interface, it pre-
vents Dnmt3a oligomerization and binding of more than one
DNA molecule. Both interfaces of Dnmt3a are necessary for the
heterochromatic localization of the enzyme in cells. Overex-
pression of Dnmt3L in cells leads to the release of Dnmt3a from
heterochromatic regions, which may increase its activity for
methylation of euchromatic targets like the differentially meth-
ylated regions involved in imprinting.

The coordinated gene expression during development and
cell differentiation is regulated by epigenetic signals comprising
DNA methylation, post-translational modification of histone
tails, and non-coding RNAs (1). Among them, DNA methyla-
tion is a key epigenetic process involved in the control of gene
activity (2-3), parental imprinting (4 — 6), X-chromosome inac-
tivation (7-10), and maintenance of the genome integrity and
stability through protection against endogenous retroviruses
and transposons (11). Aberrant DNA methylation patterns are
associated with several human diseases, including cancer (12—
17). In mammals, DNA methylation patterns are established
during embryogenesis by the action of the de novo DNA meth-
yltransferases Dnmt3a and Dnmt3b, together with their regu-
latory factor, Dnmt3L (18 —-19). In addition, the Dnmt3a and
Dnmt3b enzymes have a role in the preservation of DNA meth-
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ylation at heterochromatin regions (20 -21). Disruption of the
Dnmt3a or Dnmt3b gene in mice is lethal (22), whereas
Dnmt3L knock-out mice are viable and do not show discern-
able morphological abnormalities (23-25), indicating that
Dnmt3a and Dnmt3b are functional in the absence of Dnmt3L.

Dnmt3a and Dnmt3b are nuclear proteins, which stably asso-
ciate with chromatin containing methylated DNA (21), includ-
ing mitotic chromosomes, and localize to pericentromeric het-
erochromatin (26 —28). Dnmt3 proteins comprise two parts: a
large multidomain N-terminal part of variable size, which has
regulatory and targeting functions and a C-terminal catalytic
part. The N-terminal part of Dnmt3a and Dnmt3b contains two
defined domains: a cysteine-rich ADD (ATRX-DNMT3-
DNMT3L) domain, which binds to H3 tails unmodified at K4
(29-30) and a PWWP domain, which binds to H3 trimethy-
lated at K36 (31) and is essential for the heterochromatin local-
ization of the enzymes (27-28, 31). The C-terminal parts of
Dnmt3 enzymes resemble prokaryotic DNA-(cytosine C5)-
methyltransferases and harbor the active centers of the
enzymes and are active in an isolated form (32). Dnmt3L is
catalytically inactive, directly interacts with the catalytic
domains of Dnmt3a and Dnmt3b and stimulates their activity
both in vivo and in vitro (25, 33-37).

The structure of a complex consisting of the C-terminal parts
of Dnmt3a and Dnmt3L (Dnmt3a-C/Dnmt3L-C) revealed a
linear heterotetramer, in which the two Dnmt3L subunits are
positioned at the edges and two Dnmt3a molecules in the cen-
ter (Fig. 14) (38 —39). The Dnmt3a C-terminal domain provides
two interfaces for protein-protein contacts: one hydrophobic
FF interface at the Dnmt3a-C/3L-C contact formed by the
stacking interaction of four phenylalanine residues (two from
each subunit) and one polar RD interface at the Dnmt3a-C/
3a-C contact mediated by a hydrogen bonding network be-
tween arginine and aspartate residues. The RD interface forms
the DNA binding site, while both interfaces are essential for
cofactor S-adenosyl-L-methionine binding and catalytic activ-
ity of the enzyme (38, 40). We demonstrate here that Dnmt3a-C
oligomerizes in a reversible manner. Initial dimer formation
occurs through the FF interface, further oligomerization via the
RD interface of the FF dimers. Because each RD interface con-
stitutes an independent DNA binding site, Dnmt3a-C oligo-
mers can bind to two or more DNA molecules, oriented next to
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FIGURE 1. Models of Dnmt3a-C/3L-C heterotetramer and Dnmt3a-C olig-
omers in complex with DNA. A, model of the Dnmt3a/Dnmt3L C-terminal
domain tetramer, colored in green for Dnmt3a-C and in cyan for Dnmt3L-C.
The cofactor S-adenosyl-L-methionine is shown in yellow and the modeled
DNA in blue. The close up of the FF and RD interfaces is shown with the
relevant amino acid residues labeled. B and C, modeling of Dnmt3a-C oligo-
mers formed by the interaction of FF-dimers via their RD interface. The figure
shows a hexameric complex as an example; the three FF-dimeric building
blocks are colored light green and dark olive green. The two DNA molecules
bound at the RD interfaces in the Dnmt3a-C hexamer are oriented roughly in
parallel. Panel B shows a view along the axis of the bound DNA molecules,
panel C shows a view perpendicular to the axis of the Dnmt3a oligomer.

each other, roughly in parallel. Dnmt3L prevents this oligomer-
ization, because it lacks the RD interface, and it therefore pre-
cludes binding of Dnmt3a to more than one DNA molecule.
The formation of Dnmt3a oligomers is required for the local-
ization of the enzyme to heterochromatin, and binding of
Dnmt3L changes the subnuclear localization of Dnmt3a, which
could be one mechanism describing how Dnmt3L stimulates
the methylation of imprinted loci.

EXPERIMENTAL PROCEDURES

Mutagenesis, Protein Expression, and Protein Purification—
The sequences encoding C-terminal domains of the murine
Dnmt3a (residues 608 —908) and Dnmt3L (residues 208 —421)

JULY 8,2011+VOLUME 286-NUMBER 27

Oligomerization of Dnmt3a

were subcloned as N-terminal His, fusion proteins into pET-
28a vector (Novagen) (32, 36). Selected Dnmt3a-C and
Dnmt3L-C variants were generated using the megaprimer site-
directed mutagenesis method as described previously (41).
Introduction of the mutations was confirmed by restriction
marker site analysis and DNA sequencing. Protein expression
was carried out in Escherichia coli BL21 (ADE3) pLysS (Nova-
gen). Cells were grown at 32 °C, induced with 1 mm IPTG at
Asoo nm Of approximately 0.5 and harvested after 3 h. The pro-
teins were purified at high um concentrations using Ni-NTA-
agarose. Each protein was purified at least twice, and the purity
of the preparations was estimated to be greater than 98% (sup-
plemental Fig. S4A4). The concentrations of the proteins were
determined by UV spectrophotometry using extinction coeffi-
cients 0f 39290 M~ ' cm ™' and 40330 M~ ' cm ™' for Dnmt3a-C
and Dnmt3L-C, respectively. Concentration determinations
were confirmed by densitometric analysis of Coomassie-
stained SDS-polyacrylamide gels. The folding of the mutant
proteins was verified by circular dichroism spectroscopy as
described (42), indicating that the secondary structure of
the R881A variant was indistinguishable from wild-type
Dnmt3a-C. The F728 variants were both folded as demon-
strated by the strong negative ellipticity at 220 nm, which is
indicative of a-helix content (supplemental Fig. S4B). Both
F728 variants displayed a small but significant shift in the
ascending limb of the spectrum around 200 nm, suggesting
some deviations from the wt folding. The aggregation of
Dnmt3a-C shown in Fig. 2A and supplemental Fig. S1A and
recovery of enzyme activity from aggregated Dnmt3a-C was
only done for illustration. All other experiments reported in
this study were conducted with Dnmt3a-C proteins that never
went through aggregation, because they were purified at lower
protein concentration.

Analytical Ultracentrifugation—Analytical ultracentrifuga-
tion was done with an An50-Ti 8-place rotor in a Beckman-
Coulter model XL-A centrifuge equipped with UV absorption
optics. Sedimentation velocity experiments were run at 4 °C
and 50 krpm in a buffer containing 10 mm HEPES pH 7.2, 0.2 M
KClJ, 1.34 m glycerol (10%), 1 mM EDTA, and 0.2 mMm DTT. They
were evaluated using the program SEDFIT, which transforms
the measured data into a diffusion corrected differential sedi-
mentation coefficient distribution (43—44). For every sedi-
menting species the sedimentation constant was read off the
corresponding maximum of this distribution. All distributions
were corrected to water at 20 °C using density and viscosity data
and partial specific volumes incorporated into SEDNTERP.*

Fluorescence Spectroscopy—Fluorescence spectroscopy was
carried out in a Cary Eclipse fluorimeter (Varian) using a dou-
ble-labeled two flank oligonucleotide substrate obtained by
annealing of three individual oligonucleotides, one 50mer that
could hybridize with two 20mers (one of them labeled by Cy3,
one by Cy5): 50mer: 5'-TGC ACT CTC CTC CCG GAA GTG
TTCTTCGTA GACTGC GGCACA GTT TTTTG-3'; Cy3—
20-L: 5'-ACT TCC GGG AGG AGA GTG CA-3'-Cy3; Cy5-
20-R: Cy5-5'-CAA AAA ACT GTG CCG CAG TC-3'. Control

“D.B. Hayes, T. Laue, and J. Philo, unpublished data.
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FRET DNA substrate:
3’ CTGACGCCGTGTCRARARAC 5'-CyE
—GACTGCGGCACAGTTTTTIG 3'

L-TGAAGGCCCTCCTCTCACGT 5’
5’ ACTTCCGGGAGGAGAGTGCA 3'-Cy32

SEQUENCE 1. FRET DNA Substrate.

substrates only containing the Cy3 or Cy5 probe were gener-
ated using unlabeled versions of the 20mers. 20-L: 5'-ACT TCC
GGG AGG AGA GTG CA-3'; 20-R: 5'-CAA AAA ACT GTG
CCG CAGTC-3".

The DNA substrate used for Fluorescence Resonance Energy
Transfer (FRET)? experiments was obtained by annealing of the
50mer with one 20-L and one 20-R oligonucleotide. It provides
two double-stranded 20 bps stretches, which are separated by a 10
nucleotide single-stranded part, and contain either two (Cy3 and
Cy5) or one fluorophore (only Cy3 or only Cy5) (Sequence 1).

The FRET DNA was annealed by mixing all three individual
strands at equal concentration (20 um), heating to 86 °C for 5
min, and slowly cooling to ambient temperature. The annealed
substrate was purified using Qiagen nucleotide purification kit.
FRET experiments were carried out in the presence and
absence of Dnmt3a-C proteins in buffer (20 mm HEPES pH 7.5,
1 mm EDTA, 100 mm KCl) containing 100 nm FRET DNA. For
the protein-bound sample, 200 nm Dnmt3a-C proteins com-
plex were added and incubated with the DNA at ambient tem-
perature for 20 min to allow for complex formation. The 3a/3L
complex was prepared by incubation of Dnmt3a-C and
Dnmt3L-C (final concentration of 200 nm each) on ice for 20
min prior to the incubation with DNA. FRET was studied by
using Cy3 excitation at 540 nm. Cy5 excitation in control reac-
tion was at 640 nm. Emission and excitation slits were always
set at 5 nm. In all experiments, 5 separate scans were taken and
averaged. All experiments were carried out at least in duplicate;
usually 3—4 repeats were performed.

Scanning-force Microscopy—Scanning force microscopy
(SFM) experiments were carried out using a 509mer DNA frag-
ment derived from the human CG island upstream of the
human SUHWI gene and purified catalytic domains of
Dnmt3a. DNA-protein filaments were generated in a total vol-
ume of 30 pl by incubating 12 nm DNA with 200 nM Dnmt3a
protein in 50 mm HEPES (pH 7.5), 250 mm NaCl, 1 mm EDTA,
and 100 uMm of sinefungin (Sigma). Samples were incubated for
1 h at room temperature to allow for DNA binding. 1 ul of the
complex solution was mixed with 9 ul of 10 mm MgCl, solution
and deposited on freshly cleaved mica (Plano, Wetzlar), allowed
to adhere for 40 s and then washed with 1 ml of bi-distilled
water. The sample was then dried using compressed air. Pro-
tein-DNA filaments where observed by tapping mode in air
using a Multimode AFM with a Nanoscope III controller (Dig-
ital instruments, Santa Barbara, CA). We used NSTNCHEF sili-
con cantilevers (Nascatec, Stuttgart) with a nominal spring
constant of 50 N/m and a resonance frequency of ~150 kHz. All

® The abbreviations used are: FRET, fluorescence resonance energy transfer;
YFP, yellow fluorescent protein; CFP, cyan fluorescent protein; SFM, scan-
ning force microscopy.
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images were obtained with a scanning speed of 0.75—-1 Hz and a
resolution of 512 X 512 pixels. Experiments were carried out
blinded, i.e. the operator of the microscope did not know the
data obtained in prior experiments. To remove background
slope, raw images were flattened using the Nanoscope software.
DNA protein complexes were regarded as a filament if the
height exceeded 150% of the height observed for DNA molecule
alone and were at least 20 nm wide. Filaments were evaluated
using the section tool of the Nanoscope V6r12 software.

Cell Culture and Laser Scanning Microscopy—The expres-
sion construct for murine full length Dnmt3a fused to yellow
fluorescent protein (YFP) was obtained from Dr. G. Xu (Shang-
hai) (45). To prepare a cyan fluorescent protein (CFP) fusion of
Dnmt3L, human full-length Dnmt3L (AP001753) was cloned
into the pECFP-C1 vector (Invitrogen), using Xhol and EcoRI
sites. The interface variants of full length Dnmt3a and Dnmt3L
were created in a similar way as the interface variants of the
C-terminal domains (see above). NIH3T3 cells were grown in
DMEM with 10% (v/v) fetal calf serum and 2 mm L-glutamine at
37°C in 5% (v/v) CO,. Cells (1-2 X 10°) were transfected in
6-well plates using FUGENE 6 (Roche, Basel, Switzerland; 1 ug
of total plasmid DNA per well). In co-transfection experiments
equal amounts of Dnmt3a-YFP and Dnmt3L-CFP encoding
plasmids were used. Transfected NIH3T3 cells were fixed in 4%
(w/v) paraformaldehyde. Confocal images were taken using a
Carl Zeiss LSM510 (Jena, Germany; software version 3.0). For
the analysis of the co-transfection experiments, the observed
localization pattern of Dnmt3a was divided into three catego-
ries: spotty, spotty plus diffused and diffused; 100, 54, or 73 cells
were analyzed for the Dnmt3a wt, Dnmt3a-Dnmt3L wt, and
Dnmt3a-Dnmt3L F261D mutant, respectively.

RESULTS

Oligomerization of Dnmt3a-C Depends on Both Interfaces
and Is Disrupted by Dnmt3L-C—We have noticed for several
years, that Dnmt3a-C tends to aggregate during purification at
the dialysis step when the salt concentration is reduced from
500 to 200 mm KCl if the protein concentration is too high (Fig.
2A and supplemental Fig. S1A4). Recently, we observed that the
aggregated enzyme preparations could be re-dissolved after
dilution and then display almost 80% of the catalytic activity of
an enzyme preparation that never went through aggregation
(supplemental Fig. S1B). The observation that recovery of
enzyme activity did not require refolding indicates that the
aggregation process is reversible, and it probably occurs
through native protein/protein interfaces. The structure of
the Dnmt3a-C/3L-C tetramer shows that Dnmt3a-C has two
such interfaces (Fig. 14), the FF and RD interface. The con-
servation of key residues of the FF interface between all
members of the Dnmt3 family (supplemental Fig. S2), as well
as modeling, suggested that Dnmt3a could replace Dnmt3L
at the Dnmt3a-3L interface (the FF interface) to form
another Dnmt3a/3a contact. Hence, the C-terminal domain
of Dnmt3a possesses two putative interfaces for self-interac-
tion, leading to the possibility of forming linear Dnmt3a-C
oligomers (Fig. 1, B and C and supplemental Fig. S2B).
Dnmt3a-C precipitation experiments in the presence of
Dnmt3L-C showed that Dnmt3L-C considerably reduced
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FIGURE 2. Oligomerization of Dnmt3a-C. A, reversible aggregation of
Dnmt3a-C during protein purification is prevented in the presence of
Dnmt3L-C. The figures show samples of Dnmt3a-C (40 um) or Dnmt3a-C/3L-C
(40 um each) after reduction of salt concentration from 500 mm KCl to 200 mm
KCl by 2 h of dialysis. B and C, differential sedimentation coefficient (S, )
distributions obtained from sedimentation velocity experiments in the ana-
lytical ultracentrifuge with Dnmt3a-C wt (2B, red), R881A (2B, blue) and F728D
(2C) mutants.

aggregation of Dnmt3a-C (Fig. 24 and supplemental Fig.
S1A). The amino acid sequence alignment of Dnmt3a and
Dnmt3L shows that Dnmt3L-C lacks an RD interface (sup-
plemental Fig. S24), suggesting that the RD interface plays
animportant role in the reversible aggregation of Dnmt3a-C.
This conclusion is also in agreement with the salt depend-
ence of the aggregation, because the RD interface is domi-
nated by ionic contacts which strengthen during reduction
of salt concentration.

Using analytical ultracentrifugation, we investigated in detail
the oligomeric state of the purified wild type Dnmt3a-C that
never went through aggregation. The experiment revealed one
fraction sedimenting with an S, . yater-value of 4.5-4.6 S (Fig.
2B), which corresponds to a dimer with a frictional ratio of
1.35-1.4. The frictional ratio of a folded protein lies between
~1.2 for a globular structure and 1.5-1.7 for extended or elon-
gated structures (46). A second, major fraction of Dnmt3a-C
sedimented at higher S values (~6-6.2 S) corresponding to a
Dnmt3a-C tetramer with elongated structure (frictional ratio
1.6 £ 0.3). Higher aggregates were also observed, depending on
the initial concentration of the preparation. In contrast, in
ultracentrifugation experiments with purified Dnmt3a-C/3L-C
complex at comparable concentrations only the 2:2 heterote-
tramer of ~5.4 S was detected (40), indicating that Dnmt3L-C
prevents oligomerization of Dnmt3a-C. These observations are
in agreement with published data obtained with Dnmt3a2, an
isoform of Dnmt3a also containing most of the N-terminal part,
showing that Dnmt3A2 forms large structures of heterogene-
ous sizes, although binding of Dnmt3L to Dnmt3A2 leads to the
formation of specific heterotetrameric complexes (37). To ana-
lyze the potential self-interaction of Dnmt3L-C via its FF inter-
face, purified Dnmt3L-C was also studied by analytical ultra-
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centrifugation and showed a sedimentation constant of 2.35 S,
which corresponds to a monomeric state with a frictional ratio
of 1.35 (supplemental Fig. S3).

To study the role of the interfaces in Dnmt3a function, we
mutated the Arg-881 at the RD interface to alanine (R881A)
and the Phe-728 at the FF interface to alanine (F728A) and to
aspartic acid (F728D), assuming that the F to D exchange,
which introduces a charged residue instead of a hydrophobic
one, would result in a stronger phenotype than the F to A muta-
tion. The protein variants were expressed, purified and their
folding confirmed by circular dichroism spectroscopy (supple-
mental Fig. S4). As expected, DNA binding experiments
showed that the RD interface constitutes the DNA binding site
of Dnmt3a-C homooligomers, because the R881A exchange
abrogated DNA binding, while the F728A and F728D variants
bound DNA with even slightly better affinity than the wild type
enzyme (supplemental Fig. S5). These results replicate previous
observations made with the corresponding heterotetrameric
Dnmt3a-C/3L-C complexes (40). We have also shown before
that all three Dnmt3a-C variants are catalytically inactive (40).

In the ultracentrifugation experiments, the Dnmt3a-C
R881A mutant retained its ability to dimerize (S, cater =
4.3-4.4 S) (Fig. 2B). However, tetramers as observed for the
wild type protein were not detected. The dimeric state of the
R881A mutant demonstrates that the FF interface is fully func-
tional and mediates dimerization of Dnmt3a. In contrast, the
F728D mutation converted the protein into a monomer
(S20 «Cowater = 2.6—2.7 S, frictional ratio 1.5, Fig. 2C), indicating
that the intact RD interface does not support self-interaction in
absence of DNA. The efficient DNA binding of the FF variants
suggests that dimerization across the RD interface can occur in
presence of DNA, because DNA binding requires the coopera-
tion of both subunits at the RD interface (38). The Dnmt3a-C
F728A variant behaved as a dimer (data not shown), indicating
that the F to A exchange did not fully disrupt the FF interface,
such that dimerization was still possible under the conditions of
the analytical ultracentrifugation, which was performed at rel-
atively high protein concentrations.

Taken together, we show that the FF interface is the primary
interface for Dnmt3a-C homodimerization, because the R881A
mutant retained its ability to dimerize (via the FF interface),
whereas the F728D mutation converted the dimer into a mono-
mer. This finding is in agreement with the structure, because
the FF interface is hydrophobic while the RD interface is hydro-
philic in nature, and hydrophobic protein/protein interfaces
are known to be more stable (47-48). Further reversible oligo-
merization of Dnmt3a-C is mediated by the salt-dependent
interaction of Dnmt3a-C FF dimers via their RD interfaces.
This process is prevented by Dnmt3L-C, because it does not
contain an RD interface. The requirement for the Dnmt3a-C
homodimer to first dissociate before Dnmt3L-C/3a-C com-
plexes can form also explains the long preincubation times of
separately purified Dnmt3a-C and Dnmt3L-C needed to reach
a maximum stimulation of Dnmt3a-C activity (37). The forma-
tion of Dnmt3a-C/3L-C complexes is supported by the mono-
meric state of Dnmt3L-C.

Binding of Parallel DNA Molecules by Dnmt3a-C Oligomers—
We modeled the structure of a Dnmt3a-C/3a-C contact via the
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FIGURE 3. Analysis of binding of parallel DNA molecules by Dnmt3a-C oligomers. A, schematic setup of the FRET assay. In free form, the distance of both
ends of the FRET substrate is too large for FRET to occur. After binding of the two double-stranded regions to adjacent DNA binding sites in a Dnmt3a-C
oligomer, the ends approach each other and FRET can be established. B, fluorescence emission spectra of the free FRET DNA (black line) and of FRET DNA-
Dnmt3a-C complexes (grey line) after Cy3 excitation. FRET is indicated by the strong increase in Cy5 emission at 665 nm in the presence of Dnmt3a-C. C, Cy5
emission of the FRET DNA after addition of Dnmt3a-C, Dnmt3a-C interface variants or Dnmt3a-C/3L-C complex divided by the corresponding Cy5 emission of
the FRET obtained for free DNA. In addition, as a control, experiments with single labeled FRET DNA (either only carrying Cy3 or Cy5 label) were carried out, but
no signal change was observed after addition of Dnmt3a-C. Excitation was at 540 nm. Error bars represent the error of the mean derived from the variation of

repeated experiments.

FF interface by superimposing a Dnmt3a-C subunit onto one of
the Dnmt3L-C molecules of the Dnmt3a-C/3L-C heterote-
tramer structure. This superposition can be done with good
confidence, because of the strong structural and amino acid
sequence similarity between Dnmt3a-C and Dnmt3L-C. By
combining these Dnmt3a-C/3a-C FF dimers obtained by mod-
eling with Dnmt3a-C/3a-C dimers formed via the RD interface
taken from the Dnmt3a-C/3L-C structure, a model of a
Dnmt3a-C hexamer containing three FF and two RD interfaces
could be generated. In principle, this hexamer could be further
extended. Because each RD interface constitutes an indepen-
dent DNA binding site, such a hexamer could bind two DNA
molecules (Fig. 1, B and C). Interestingly, the modeling suggests
that the DNA binding sites are oriented roughly in parallel to
each other in a distance of ~3—4 nm, which would not allow for
one DNA molecule to bind side by side to both sites simultane-
ously. Instead, binding of two DNA molecules oriented roughly
in parallel to each other could occur (Fig. 1, B and C and sup-
plemental Fig. S2B).

To study the potential binding of two parallel DNA mole-
cules by the Dnmt3a-C oligomer in solution, we developed a
FRET assay, using a DNA substrate that consists of two 20 base
pair double-stranded regions separated by a 10 nucleotide sin-
gle-stranded region, which are flexible. The ends of the DNA
were labeled with fluorophores that constitute a FRET donor/
acceptor pair (Cy3/Cy5 with a Forster radius of about 56 A). In
the annealed oligonucleotide, the average distance of both ends
is large and does not permit FRET. However, after binding of
the FRET substrate to adjacent RD interfaces of a Dnmt3a-C
oligomer, the ends should approach each other, and FRET
could be established (Fig. 3A). Indeed, with the free DNA only a
small Cy5 signal was observed after excitation of Cy3 at 540 nm
(Fig. 3B). This signal does not correspond to FRET, but could be
attributed to direct excitation of Cy5 (data not shown). How-
ever, after addition of Dnmt3a-C to the FRET substrate, we
observed a strong increase in Cy5 fluorescence after Cy3 exci-
tation, which is indicative of FRET (Fig. 3B). Control experi-
ments confirmed that an increase in Cy5 fluorescence after
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addition of Dnmt3a-C was not observed after direct excitation
of Cy5 (data not shown) and with identical substrates that only
contained the Cy3 or Cy5 probe (Fig. 3C). These controls con-
firm that FRET is detected and parallel DNA binding occurs.
Next we investigated the effect of Dnmt3L-C on parallel DNA
binding of Dnmt3a-C. A strongly reduced FRET signal was seen
after addition of a Dnmt3a-C/3L-C complex when compared
with Dnmt3a-C at same concentration. The Dnmt3a-C/3L-C
complex was generated by preincubation of Dnmt3a-C and
Dnmt3L-C. Under these conditions, it is unlikely that all
Dnmt3a-C oligomers are resolved, which explains the residual
FRET effect that was still observed. The FRET signal was also
lost with the Dnmt3a-C mutants that disrupt the FF interface,
such that DNA binding is possible, but no oligomerization of
Dnmt3a-C occurs (Fig. 3C). These results confirm that
Dnmt3a-C oligomers can bind to two DNA molecules oriented
in parallel. Dnmt3L-C or mutations at the FF interface of
Dnmt3a-C disrupt the oligomers and, thereby, prevent parallel
binding of more than one DNA molecule.

Next, we studied the binding of long DNA molecules to
Dnmt3a-C oligomers by SEFM. We have shown previously that
the Dnmt3a-C/3L-C complex polymerizes on DNA, using puri-
fied Dnmt3a-C and a 509 bp PCR product, which can be visu-
alized accurately by SFM (40). We now observed that
Dnmt3a-C forms DNA-nucleoprotein filaments in the absence
of Dnmt3L as well (Fig. 4). However, additional structural fea-
tures like sharp curvatures and lariats were also seen with
Dnmt3a-C, indicating that protein bound stretches from different
parts of a long single DNA molecule can interact after forming
DNA loops (Fig. 4C). Interestingly, about one third of the observed
complexes contained two DNA molecules connected by more or
less extended protein-DNA filaments (Fig. 4D). These connected
synaptonemal-like complexes were probably formed by a direct
interaction between Dnmt3a-C molecules bound to different
DNA molecules oriented in parallel (Fig. 4E). Such complexes
were not observed in the previous Dnmt3a-C/3L-C experiments.
They document the ability of Dnmt3a-C oligomers to bind simul-
taneously to two DNA molecules oriented in parallel.
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A. . .Hznm
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DNA + Dnmt3a-C

FIGURE 4. Scanning force microscopy of Dnmt3a-C-DNA filaments. A, images showing free DNA. B-D, images showing examples of Dnmt3a-DNA filaments.
Regular filaments (B), structures like lariats and sharp curvatures (C), as well as branched, synaptonemal-like complexes (D) can be observed. £, magnification
of an exemplary picture from D and a schematic representation of a DNA oligomer bound to two parallel DNA molecules. The scale bars correspond to 50 nm.
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FIGURE 5. Subnuclear localization of Dnmt3a and Dnmt3L. A, localization of the YFP-tagged full-length Dnmt3a wt and its interface variants R881A, F728A
and F728D in NIH3T3 cells. B, localization of the YFP-tagged full-length Dnmt3a wt in NIH3T3 cells in the presence and absence of Dnmt3L. Three patterns of
nuclear localization were observed: diffused, spotty plus diffused and spotty. The bar diagram shows a quantification of the Dnmt3a localization in the
presence and absence of Dnmt3L wt. Additional experiments were conducted with the Dnmt3L F261D interface mutant that partially lost its ability to interact
with Dnmt3a. The blue bars represent cells with spotty Dnmt3a localization, the orange bars spotty plus diffused, and the gray bars correspond to diffused
localization pattern. The scale bars represent 5 um.

% of cells analyzed

Subnuclear Localization of Dnmt3a Depends on Both Inter-  if oligomerization of Dnmt3a has an effect on its cellular and
faces and Is Altered by Dnmt3L—It had been shown before that  subnuclear localization, we studied the cellular distribution of
Dnmt3a localizes to heterochromatic foci in mouse cell lines  YFP-tagged full-length Dnmt3a and its interface mutants
(26-28, 31) and that this effect depends on both the PWWP  R881A, F728A, and F728D in NIH 3T3 cells. As expected, wild
and the catalytic domain of Dnmt3a (27-28, 31). To investigate  type Dnmt3a was located exclusively in subnuclear spots (Fig. 5

JULY 8,2011-VOLUME 286-NUMBER 27 YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 24205

TTOZ ‘2 AINC Uo ‘NINIHE 40 AINN T.LNI Te Bio agl-mmm woly papeojumoq


http://www.jbc.org/

Oligomerization of Dnmt3a

and supplemental Figs. S6 and S7), which were previously
shown to co-localize with pericentromeric heterochromatin
and reflect the localization of the endogenous enzyme (26 28,
31). The F728A, F728D, and R881A variant fusion proteins
showed similar expression levels as the wild type protein (as
judged by the intensity of the fluorescence signal) and exclusive
nuclear localization as well. However, all variants displayed a
great change in the sub-nuclear localization pattern. Instead of
the enrichment in distinct heterochromatic spots characteristic
of the wild-type protein, a diffuse staining was observed, with
the fluorescence signal almost uniformly distributed within the
nucleus (Fig. 54). These results indicate that the ability of
Dnmt3a to bind to heterochromatic regions was lost or greatly
reduced with the interface mutants indicating that both inter-
faces are required for the stable localization of Dnmt3a to the
heterochromatic foci. A similar change in localization was
observed after complete removal of the catalytic domain of
Dnmt3a (27).

We next investigated the subuclear localization of CFP-fused
Dnmt3L, which showed a homogenous nuclear and some weak
cytoplasmic localization (supplemental Fig. S6). We confirmed
that the CFP and YFP channels showed no cross-talk in these
experiments (supplemental Fig. S7) and studied nuclear local-
ization of Dnmt3a and Dnmt3L after co-transfection of
Dnmt3L-CFP with Dnmt3a-YFP. Dnmt3L showed weak local-
ization to heterochromatic spots in some cells, indicating some
targeting influence of Dnmt3a (Fig. 5B). This finding repro-
duces results of an earlier study (49). Interestingly, we observed
a major change in the distribution of Dnmt3a in the nucleus in
the absence and presence of Dnmt3L (Fig. 5B). When Dnmt3L
was not present, Dnmt3a was localized to the heterochromatic
foci in the great majority of cells (62%). Only a minority of cells
showed spotty Dnmt3a localization overlaid with some diffuse
background (38%), but we never observed cells with uniformly
diffused nuclear Dnmt3a localization without any spots. In con-
trast, in the presence of Dnmt3L, the majority of cells showed a
diffused nuclear Dnmt3a localization pattern (60%) and only a
minor fraction of cells displayed the spotty localization charac-
teristic for the wild-type Dnmt3a (15 and 25% for spotty and
spotty plus diffused, respectively). We performed similar exper-
iments with the Dnmt3L F261D interface mutant, which
showed strongly reduced interaction with Dnmt3a in vitro (40)
and observed a much reduced effect of the Dnmt3L variant on
the localization of Dnmt3a. In the presence of Dnmt3L F261D
the majority of cells retained the spotty or spotty and diffused
Dnmt3a localization pattern and only in a minor fraction of
cells Dnmt3a was found diffusely distributed in the nucleus.
These results indicate that Dnmt3L interaction reduces the
heterochromatic localization of Dnmt3a and redistributes it
into euchromatin.

DISCUSSION

The Dnmt3a C-terminal domain employs two interfaces for
protein/protein contacts in the structure of the Dnmt3a/
Dnmt3L heterotetrameric complex: one FF interface and one
RD interface. We show here that the FF interface also supports
self-interaction of Dnmt3a-C and that Dnmt3a-C dimers can
form protein oligomers using their RD interfaces. Since each
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RD interface constitutes a potential DNA binding site, oligo-
merization of Dnmt3a creates several DNA binding sites. Our
modeling of a Dnmt3a oligomer predicted binding to several
DNA molecules oriented next to each other roughly in parallel
(Fig. 1 and supplemental Fig. S2B). We document this unusual
mode of DNA binding to Dnmt3a-C oligomers by binding
experiments performed in solution (FRET) and imaging (SFM).
Binding of two DNA molecules in parallel orientation so far has
been observed only with few proteins (one noticeable example
being RecA (50)) and such DNA binding mode was not antici-
pated for Dnmt3a.

Dnmt3a has been shown to bind tightly to chromatin (21). It
is engaged in two interactions with the H3 tail, mediated by its
ADD domain binding to the end of the H3 tail unmodified at K4
(29-30), and by its PWWP domain binding to H3K36me3,
which was found to be essential for heterochromatic localiza-
tion (31). In addition, Dnmt3a polymerizes on the DNA (38, 40)
and we show here that Dnmt3a oligomers bind to several DNA
molecules oriented in parallel. Since heterochromatin is
defined as a region of very high DNA density, the ability of
Dnmt3a oligomers to bind to parallel DNA close to each other
may contributes to the targeting of the enzyme to such DNA
dense regions. This hypothesis is supported by our finding that
heterochromatic localization of Dnmt3a was lost with non-
oligomerizing Dnmt3a mutants affected at the FF interface and
in the presence of Dnmt3L, which disrupts oligomerization and
multiple DNA binding because it lacks an RD interface. The
structure of heterochromatic DNA is not known. However, at
least one model of the 30 nm chromatin fiber, the helical ribbon
model (51), proposes an almost parallel arrangement of the
linker DNA regions in a spacing that would fit to the model of
the Dnmt3a oligomers binding to parallel DNA molecules.
Hence, the unusual DNA binding mode of Dnmt3a could rep-
resent a novel mechanism of heterochromatic targeting.

We have shown that Dnmt3L disrupts the reversible oligo-
merization of Dnmt3a-C and it interferes with the simultane-
ous binding to several DNA molecules to Dnmt3a. We investi-
gated the influence of Dnmt3L on the subnuclear localization of
Dnmt3a. Strikingly, more than 60% of the cells lost the hetero-
chromatic localization of Dnmt3a in the presence of Dnmt3L,
but not when Dnmt3a was co-expressed with the Dnmt3L
F261D mutant, which partially lost its ability to interact with
Dnmt3a. This observation suggests a novel mode of action of
Dnmt3L in setting DNA methylation imprints. In addition to
stimulating the activity of Dnmt3a, it might be involved in the
release of Dnmt3a from dense heterochromatin to make it
available to act at imprinted differentially methylated regions,
which are generally located in euchromatin. The expression of
Dnmt3L in germ line cells may redistribute Dnmt3a from het-
erochromatin to euchromatin and, thereby, increase Dnmt3a
availability and DNA methylation activity for the generation of
DNA methylation imprints.
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Supplemental Figure 1

A) Aggregation of Dnmt3a-C (40 uM) occurs during reduction of salt concentration from 500
mM KCI to 200 mM KCI by 2 hours of dialysis. Presence of equal amounts of Dnmt3L-C
prevented the aggregation. Aggregation is visible in the UV spectra of the samples and in the
turbulent appearance of the Dnmt3a-C solution.

B) Active Dnmt3a can be recovered from aggregated material. Aggregated Dnmt3a-C was
dissolved in Dnmt3a-C storage buffer (20 mM Hepes pH 7.2, 200 mM KCI, 1 mM EDTA, 0.2
mM DTT and 10% glycerol). Afterwards the amount of redissolved enzyme was determined and
its catalytic activity assessed using an enzyme preparation that never went through precipitation
as reference. Kinetics were carried out using 2 uM of enzyme, 1 pM 30mer oligonucleotide
substrate in methylation buffer (20 mM Hepes pH 7.2, 50 mM KCI, 1 mM EDTA, 0.025 mg/ml
BSA) at 37°C as described (40). Note that highly active Dnmt3a could be recovered from the
precipitated material (with about 80% of specific activity) although the procedure did not include

any refolding step.
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Supplemental Figure 2

A) Sequence alignment of the C-terminal parts of the human and mouse Dnmt3 enzymes showing
the similarity of the FF and RD interfaces. Residues from the RD and FF interfaces are labeled in
orange and red, respectively, the main residues involved in the interaction at both interfaces
(F728, F768 at the FF interface and R881 and D872 at the RD interface) are shaded in blue.

B and C) Schematic pictures of the multimeric structure of Dnmt3a (B) and the Dnmt3a/3L
heterotetramer (C). In either case oligomers are formed by RD interface interaction of dimers
formed via the FF interface. Dnmt3a is colored light green and dark olive green, Dnmt3L cyan
and blue and bound DNA is shown as orange line. Dnmt3a oligomers can bind to more than one

DNA molecule oriented in parallel.
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Supplemental Figure 3

Monomeric state of Dnmt3L-C. Analytical centrifugation analysis of 9 uM Dnmt3L-C at 8°C and
45 krpm in 10 mM HEPES pH 7.2, 0.15 M KClI, 1.34 M glycerol (10%), 1 mM EDTA, and 0.2
mM DTT. The figure shows the differential sedimentation coefficient distribution. Dnmt3L-C

sedimented with a sedimentation constant of 2.35 corresponding to a monomeric state (frictional
ratio 1.35).
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Supplemental Figure 4

Purification and folding of Dnmt3a-C wt and its interface variants.

A) SDS-gel stained with colloidal Coomassie showing similar quality and amount of the Dnmt3a-
C wt and its interface variants R881A, F728A and F728D. The purity of the proteins was
estimated to be 98%.

B) Far UV circular dichorism spectra of the Dnmt3a-C wt and its interface variants. The figure
shows superposition of the experimental curves obtained for the wt and mutant proteins. It
demonstrates that the folding of the R881A mutant is identical to that of the wt protein. The
F728A and F728D mutants show a change in the ascending limb of the spectrum around 200 nm,
suggesting some deviation from the wt folding but the CD spectrum clearly indicates that both

variants are folded.
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Supplemental Figure 5

DNA binding and filament formation by Dnmt3a-C wt and its interface mutants. DNA binding of
wt Dnmt3a-C, and its R881A, F728A and F728D variants was determined by electromobility
shift assays using fluorescently labeled 146-bp long DNA (30 nM) and increasing amounts of
proteins (1-10 puM) in reaction buffer (20 nM HEPES pH 7.5, 1 mM EDTA, 100 mM
KCI, 0.2 mM sinefungin, 0.5 mg/ml BSA) basically as described (38, 40). Sinefungin is
an analogon of AdoMet that does not allow DNA methylation but supports DNA binding

of Dnmt3a-C. The gel was then scanned with a phosphoimager system (Fuji).
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Supplemental Figure 6

Localization of the ectopically expressed, YFP-tagged Dnmt3a and CFP-tagged Dnmt3L in
NIH3T3 cells. Dnmt3a is localized uniquely to the nucleus and concentrates in the
heterochromatic spots, while Dnmt3L in the absence of Dnmt3a is present both in the nucleus and
in the cytoplasm. The scale bars represent 5 um.
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Supplemental Figure 7

Localization of Dnmt3a in NIH3T3 cells in the presence and absence of Dnmt3L. Control
experiment showing that under experimental settings used here there is no cross-talk between the

CFP and the YFP channels. The scale bars represent 5 pm.
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Abstract

coffee bean.

Background: Black tea is, second only to water, the most consumed beverage globally. Previously, the inhibition
of DNA methyltransferase 1 was shown by dietary polyphenols and epi-gallocatechin gallate (EGCG), the main
polyphenolic constituent of green tea, and 5-caffeoyl quinic acid, the main phenolic constituent of the green

Results: We studied the inhibition of DNA methyltransferase 3a by a series of dietary polyphenols from black tea
such as theaflavins and thearubigins and chlorogenic acid derivatives from coffee. For theaflavin 3,3 digallate and
thearubigins ICsq values in the lower micro molar range were observed, which when compared to pharmacokinetic
data available, suggest an effect of physiological relevance.

Conclusions: Since Dnnmt3a has been associated with development, cancer and brain function, these data
suggest a biochemical mechanism for the beneficial health effect of black tea and coffee and a possible molecular

mechanism for the improvement of brain performance and mental health by dietary polyphenols.

Background

Black tea is, second only to water, the most consumed
beverage globally with an average per capita consump-
tion of around 550 ml per day. The annual production
of tea leaves reached a record high in 2008 with a global
harvest of 3.75. Mt [1]. Production of dried tea com-
prises 20% green, 2% oolong and the remainder black.
Following black tea, coffee is the third most consumed
beverage globally with an annual production of 9.7 Mt
and a daily consumption of around 300 ml (data from
http://www.fas.usda.gov/, obtained 1st March 2011).
Strong epidemiological evidence has repeatedly linked
the consumption both black tea [2] and coffee [3,4] to a
variety of beneficial health effects, among them is the
prevention of multifactorial diseases including cancer,
cardiovascular disease and neurological disorders as well
as a series of psychoactive responses improving
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alertness, mood and general mental performance [5-8].
Recently, Unilever made an application for a health
claim, in which the black tea beverage should suppo-
sedly improve mental alertness and focus, based on stu-
dies by Nurk et al. with the activities of the two
compounds caffeine and L-theanine as the proposed
rationale [9]. While epidemiological studies link two
causally unrelated events, e. g. a beneficial health effect
with the consumption of a certain diet, with a certain
statistical probability, the molecular causes of these epi-
demiological observations are rarely known. In order to
rationalize epidemiological observations, a biological tar-
get must be identified that is mechanistically linked to
the beneficial health effect reported, as well as the speci-
fic molecules contained in the diet that interact with the
biological target in question at dietary and physiologi-
cally relevant concentrations. The search for such
matching pairs of biological targets and dietary com-
pound must be considered an exercise of fishing in the
dark, however, where enzymes known to be intimately
involved in the area in question need to be systemati-
cally screened against secondary metabolites known to
be produced by the dietary plant in question.

© 2011 Rajavelu et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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Prompted by reports of Fang and co-workers, who
have recently reported the inhibition of DNA methyl-
transferase 1 (Dnmtl) by a series of dietary polyphenols
[10] and work by Lee and co-workers on the inhibition
of the same enzyme investigating most notably epi-gal-
locatechin gallate (EGCG) [11] (the main polyphenolic
constituent of green tea) and 5-caffeoyl quinic acid [12]
(the main phenolic constituent of the green coffee
bean), and Nandakumar, showing the reduction of cellu-
lar DNA methylation after admission of (-)-epigallocate-
chin-3-gallate [13], we decided to screen the interaction
of a series of black tea and coffee polyphenols against
DNA methyltransferase 3a, another important member
of this family of enzymes.

DNA methyltransferases catalyzes methylation of
DNA at cytosine residues and play an important role in
epigenetic regulation of gene expression, X-chromosome
inactivation, genomic imprinting, and development cel-
lular aging and cell differentiation [14,15]. In mammals,
DNA methylation is catalyzed mainly by three DNA
methyltransferases [15,16]: Dnmtl, Dnmt3a, and
Dnmt3b. Dnmt1 has a high preference for hemimethy-
lated DNA and is essential for maintaining the methyla-
tion patterns during each round of DNA replication. On
the other hand, Dnmt3a and Dnmt3b modify both
unmethylated and hemimethylated DNA and are
responsible for de novo methylation during early devel-
opment. Errors in DNA methylation contribute to both
the initiation and the progression of various cancers
[17,18]. In addition, aberrant or missing DNA methyla-
tion causes many kinds of diseases which include defects
in embryonic development or brain development and
neurological defects which are also associated with
behavioral changes [19]. Hypermethylation of genes is
one of important process in cancer development, typi-
cally resulting in the repression of tumor suppressor
genes. Preventing the hypermethylation of promoter
genes by selective inhibition of methyltransferases could
pave a way for cancer treatment [20-22]. Importantly it
has been shown that upon use of methyltransferase inhi-
bitors it was possible to reactivate gene silenced by pro-
moter methylation in cancers and thus modulate gene
expression. Several efforts are directed at developing
small molecules that target DNA methyltransferases and
other elements of the machinery, as the proteins that
bind to methylated CpG; some are in clinical trials
[20-22].

Another important issue of DNA methylation is its
function in brain development. Levenson and coworkers
showed that Dnmtl1 is involved in the formation of hip-
pocampus-dependent long term memory [23]. They
found that the promoters for reelin and brain-derived
neurotrophic factor (genes implicated in the induction
of synaptic plasticity in the adult hippocampus) exhibit
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rapid and dramatic changes in cytosine methylation
when Dnmtl activity was inhibited. Moreover, DNA
methyltransferase inhibitors like 5-aza-2-deoxycytidine
blocked the induction of long term potentiation at
Schaffer collateral synapses. Furthermore, Dnmt3a-
dependent DNA methylation has been reported to influ-
ence transcription of neurogenic genes [24]. Additional
studies showed that Dnmtl and Dnmt3a regulate synap-
tic function in adult forebrain neurons [25] and Dnmt3a
affects plasticity of neurons [26].

Changes in the DNA methylation pattern of regions in
the hippocampus are associated with behavioral changes
in rat [27]. In addition, Dnmt3a has been recently
shown to affect the emotional behaviour [26]. Thus,
DNA methylation which is already known to be
involved in setting up cellular memory is also involved
in brain function. The combination of studies in cell
lines and in animal models, coupled with data obtained
from post-mortem human material provides compelling
evidence that aberrant methylation may contribute to
psychiatric diseases like schizophrenia and psychosis
[28]. Strong epidemiological evidence suggests that par-
ticularly for black tea and green tea there is an inverse
relation between intake and significant beneficial effects
on patients suffering from psychological disorders
[2,5-8]. Currently, no accepted rationale on the molecu-
lar level exists that can account for these epidemiologi-
cal findings. Dnmts are a possible biological target for
tea dietary polyphenols suggesting a molecular based
rationale for the observed biological activities.

Results

Expression and purification of Dnmt3a-C

The catalytic domain of Dnmt3a was expressed and pur-
ified following an established protocol [29,30]. The puri-
fied protein by Ni-NTA affinity chromatography was
>90% homogenous as judged from SDS-PAGE stained
with colloidal Coomassie Blue (Figure 1).

Selection and purification of black tea and coffee
polyphenols

Black tea is produced from the young green shoots of
the tea plant (Camellia sinensis), which are converted to
black tea by fermentation [31]. There are two major
processes, the ‘orthodox’ and the ‘cut-tear-curl’. In both,
the objective is to achieve efficient disruption of the cel-
lular substructure bringing phenolic compounds present
in the green tea leaf, mainly flavan-3-ols otherwise
known as catechins, into contact with polyphenol oxi-
dases and activating many other enzymes. The catechin
substrates are oxidized and extensively transformed into
novel dimeric, oligomeric and polymeric compounds.
The chemical composition of black tea brew can be
divided into (i) a series of well characterized small
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Figure 1 Purification of Dnmt3a catalytic domain. Fig. 1 Purified
Dnmt3a-C separated on 12% SDS-PAGE gel and stained with
colloidal Coomassie Blue. (M, Size marker for 116, 66.2, 45, 35 and
25 kDa; L, crude lysate; F, Flow through; W1, Wash1; W2, Wash2; E,
Elution). The purified Dnmt3a-C protein runs at an apparent size of
36 kDa (highlighted with an arrow).

molecules including alkaloids (e.g. theobromine and caf-
feine), carbohydrates and amino acids (including thea-
nine), and a series of glycosylated flavonoids and dimers
of catechins including most notably theaflavins together
accounting for 30-40% of the dry mass of a typical black
tea infusion, and (ii) the heterogeneous and poorly char-
acterized polyphenolic fermentation products accounting
for the remaining 60-70% [31]. This material was origin-
ally referred to as oxytheotannin and later renamed by
Roberts as thearubigins [32].

For this study, we first selected EGCG N1 and (-)-epi-
gallocatechin N4 (from green tea, also on occasions
found in black tea at low concentrations) as reference
compounds. Next we selected the four most common
theaflavin derivatives: theaflavin N2, theaflavin-3-gallate
N5, theaflavin 3’-gallate N3 and theaflavin 3, 3’-digallate
N6 (see Figure 2) [33,34]. All four compounds are
found in black tea infusions at concentrations of around
100 mM, making up 2-3% of the total content of dry
mass in typical black tea infusion. Theaflavins are struc-
turally closely related the catechins being formal dimers
of EGCG obtained through a two electron oxidation fol-
lowed by C-C bond formation and a benzylic acid type
rearrangement leading to the benztropololone core
structure. Next to theaflavins we decided to screen as
well two crude thearubigin fractions. We recently pro-
posed that thearubigins contain several thousands poly-
hydroxylated theaflavin derivatives in equilibrium with
their ortho-quinones. Theaflavins were obtained by
extraction from black tea infusion followed by purifica-
tion by preparative HPLC. The purity was assessed by
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LC-tandem MS. Thearubigins were obtained from black
tea infusions using a protocol developed by Roberts [35].

For coffee polyphenols, we selected a range of natu-
rally occurring and synthetic derivatives of chlorogenic
acids. Chlorogenic acids (CGAs) are formally hydroxyl-
cinnamate esters of quinic acid with a dietary intake of
an estimated 2 g per human per day [36]. We recently
reported a total of 70 different chlorogenic acids found
in green coffee beans and selected some representative
examples containing both caffeic acid and ferulic acid
substituents [37-40]. Furthermore, we selected a range
of epimers of CGAs produced from the original second-
ary plant metabolites by roasting of the coffee beans.
Representative structures are shown in Figure 2. All
CGA derivatives were obtained through chemical synth-
esis unless stated otherwise.

Dnmt3a-C activity and inhibitors screening

The purified Dnmt3a-C was catalytically highly active
(Figure 3). For an initial screening of the twenty four
inhibitor candidates, Dnmt3a-C DNA methylation
kinetics were carried out in the presence of 100 uM of
compound. Rates of DNA methylation were derived by
linear regression of the initial phase of the reaction pro-
gress curves. The reaction rates were compared with
control reactions carried out after addition of a corre-
sponding volume of DMSO to ensure identical reaction
conditions, because DMSO had been shown before to
influence the activity of Dnmt3a [41]. As shown in Fig-
ure 4, four of the compounds had a substantial inhibi-
tory effect for the in vitro Dnmt3a-C activity (N6-N8
and N12). To determine ICs, values, DNA methylation
kinetics were carried out in the presence of variable
concentrations of the inhibitors, initial slopes derived
and the activity profile analysed by fitting of the experi-
mental data to the equation:

A(c) =Ag x ¢/ ICs0 + 1) + BL

with: ¢j, concentration of the inhibitor; A(c;), activity
in presence of inhibitor at concentration c¢; Ay, activity
in absence of inhibitor; BL, baseline.

As shown in Figure 5, the IC5, values for the com-
pounds N6-N8 and N12 were all in the lower uM range.

Discussion

Lee et al had showed that caffeic acid and chlorogenic
acid inhibit the activity of M.SssI and Dnmtl and
decrease the methylation level at the RAR beta promoter
gene in the breast cancer cell lines [12]. Furthermore,
they have recently described the inhibition of human
Dnmtl by tea flavanoids such as EGCG, catechin and
other flavanoids such as quercitin and myristin, obser-
ving K; values in the low micromolar range [11]. While
Dnmtl is considered a biological target involved in
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Figure 2 Structures of the compounds tested for Dnmt3a-C inhibition.

cancer development its close relative Dnmt3a, investi-
gated in this study, has been linked to both cancer
development and mental performance and health.
Therefore, any inhibitory interaction between any of the

screened dietary polyphenols and Dnmt3a might allow
identification of compounds that have a positive effect
on cancer prevention and improved mental
performance.
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Figure 3 Methyltransferase activity of the purified Dnmt3a-C.
Example of the methylation kinetics carried out with purified
Dnmt3a-C. Initial slopes were determined by linear regression
analysis of the initial linear parts of the reaction progress curves.

Black tea polyphenols

EGCG (N1) with a reported IC59 on Dnmtl of 0.21 uM
and epigallocatechin (N4) showed only weak inhibition
of Dnmt3a. A slightly increased activity was observed
for theaflavin, theaflavin-3-gallate (N3) and theaflavin 3’-
gallate (N5) with the gallated derivatives showing a lar-
ger inhibitory effect. Theaflavin 3, 3’-digallate (N6) per-
formed best in this series with a measured ICs, value of
44 uM. Similarly, the thearubigin fractions performed
well in this test with ICsy values of 40 uM and 28 puM,
respectively (molarity calculated by assuming an average
molecular weight of 800 g/mol). It has to be noted that
according to our knowledge this is the first time that a
thearubigin fraction (consumed at a level of 1 Mt per
annum) has been investigated in an enzyme assay and
found to exhibit inhibitory activity. Previous work on
thearubigins biological activity had focused on interfer-
ence with signalling cascades in the anti-inflammatory
response [42-45]. Due to the structural similarity of
theaflavins and thearubigins (poly-hydroxy theaflavins),
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the inhibition of Dnmt3a does not come as a complete
surprise.

To evaluate any possible biological significance of the
ICs5, values of Dnmt3a inhibition observed here, human
pharmacokinetic data need to be consulted. Two pub-
lished reports address the pharmacokinetic behaviours
of theaflavins. Mulder and co-workers report theaflavin
concentrations of 4.2 pg 1" in urine 2h after consump-
tion of 1 cup of black tea containing 8.8 mg total thea-
flavins [46]. Henning reported a concentration of 2
nmol g tissue (if converted around 2 uM) of theaflavin
in colon, small intestine, prostate and liver target tissue,
with all further three theaflavins N3, N5 and N6 investi-
gated here showing roughly 1 pM, half this value after
consumption of one cup of black tea [47]. Although no
plasma concentration values are available for theaflavin
derivatives, it can be assumed that the plasma concen-
tration is the same order of magnitude if not even
higher when compared with concentrations in target tis-
sues. As the average per capita consumption of black
tea is around 550 ml or three cups per day, again a
higher physiological concentration must be assumed.

From these data it becomes obvious that out of the com-
pounds investigated theaflavin 3, 3’-digallate N6 is a com-
pound showing reasonable bioavailability. These
concentration estimate of 2 uM is only roughly by one
order of magnitude smaller than the measured 1C5, values.
Assuming consumption of a black tea beverage rich in
theaflavins (a maximum of 50 mg I'"" has been determined)
or repeated consumption of larger quantities of black tea
the measured ICs, values for Dnmt3a inhibition, therefore,
may have biological significance and inhibition of this
enzyme can be expected under physiological conditions
after black tea consumption. No data are available on
thearubigin pharmacokinetics but since a typical cup of
tea contains 60-70% of its dry mass of this mixture of
compounds biological significance can as well be assumed.
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Figure 4 Initial screening of the 24 compounds for inhibition of Dnmt3a-C. Dnmt3a-C activity was determined in the presence of 100 uM
compound. The control reaction was performed after adding a corresponding volume of DMSO.
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Two pieces of further work published recently touch
on the problem discussed here and are worth highlight-
ing. Firstly, work by Vauzour et al. showed that dietary
polyphenols from berries of similar polarity and struc-
ture compared to the polyphenols studied here, are able
to cross the blood brain barrier [48], therefore suggest-
ing that brain target tissue could be reached by the
compounds under investigation. Secondly, recent work
by Miiller-Harvey et al. reports an accumulation of tea
polyphenols in cell nuclei [49], suggesting that not only
target tissue but target cell organelles, in which Dnmt3a
methylates DNA can indeed be reached by the com-
pounds under investigation.

Coffee polyphenols

Out of the twelve chlorogenic acid derivatives screened,
seven showed a minor inhibitory effect on Dnmt3a with
one compound 1,3-dicaffeoyl-muco-quinic acid diacetal
(N12) showing a good ICs value of 35 pM. Since com-
pound N12 is a synthetic derivative, not present in the
human diet, this finding has no direct dietary signifi-
cance. However, the activity of compound N12 clearly
indicates that chlorogenic acid derivatives have the

potential to inhibit Dnmt3a and this derivative might
serve as a lead compound to screen and identify further
dietary compound possessing this interesting biological
activity.

Interestingly, all compounds showing inhibitory effects
are diacyl quinic acids, whereas monoacyl quinic acids
showed no effect at all. As a general trend caffeoyl deri-
vatives seem to be more active if compared to feruloyl
derivatives and a 1,3-diacyl regiochemistry appears to be
favourable. Similarly gallic acid and caffeic acid had no
inhibitory effect at all in contrast to the values reported
by Lee & Zhu for Dnmtl inhibition [12]. Despite the
structural similarity of these two enzymes a predictive
design of inhibitors targeting both classes of enzymes
does not seem possible, which can be turned into an
advantage considering that the compounds investigated
by us and by Lee show remarkable selectivity for either
Dnmtl or Dnmt3a.

Conclusions

We have shown that the black tea polyphenols, in parti-
cular theaflavin 3, 3’-digallate N6 and thearubigin frac-
tion inhibit Dnmt3a with a physiologically and
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nutritionally relevant IC5, value and therefore identified
a novel biological target that is able to rationalize both
anti-carcinogenic activity and mental health and perfor-
mance related activity of black tea.

Methods

Expression and purification of Dnmt3a-C

The mouse Dnmt3a C-terminal domain was expressed
and purified as described [29,30]. The purity of protein
was determined on 12% SDS-PAGE gel stained with col-
loidal Coomassie Blue (Figure 1). Protein concentration
was determined from the absorbance at 280 nm using
an extinction coefficient of 39290 M cm™.

DNA methyltransferase activity assay

Kinetics of Dnmt3a-C was analyzed by using a Biotin-
Avidin methylation kinetics assay basically as described
[50] using a biotinylated oligonucleotide substrate and
[methyl-3H]AdoMet.

FP3 5-TTGCACTCTCCTCCCGGAAGTCC-
CAGCTTC-3" FP3-Bt 5-Bt-GAAGCTGGGACTTCCGG-
GAGGAGAGTGCAA-3’; The oligonucleotides were
annealed by heating to 86°C for some minutes and slowly
cooling down to ambient temperature. The methylation
reactions were carried out in methylation buffer [20 mM
HEPES pH 7.2, 1 mM EDTA, 50 mM KCl, 25 mg/ml
bovine serum albumin (BSA)] at 37°C, using 1 uM sub-
strate DNA, 0.76 pM AdoMet and 2.5 puM Dnmt3a-C.
After the methylation reaction, the oligonucleotides were
immobilized at various time points on an avidin-coated
microplate. The incorporation of [3H] into the DNA was
quenched by addition of an excess of unlabeled AdoMet
to the binding buffer. Subsequently, unreacted AdoMet
was removed by washing five times with PBST containing
0.5 M NaCl. The immobilized DNA was digested with a
non-specific endonuclease to release the radioactivity from
the microplate. After digestion, 120 pl of the reaction mix-
ture were transferred to a fresh microplate and 160 pl of
Microscint-PS scintillation fluid (Perkin Elmer) was added
to each well. Finally, the amount of methyl groups trans-
ferred to the DNA and the solution obtained after nucleo-
lytic digestion was quantified by using the TopCount NXT
liquid scintillation counter. To determine the initial slope,
the data were fitted by linear regression of the initial part
of the reaction progress curves.

All the inhibitors were prepared in the DMSO at 5
mM stock. For the screening purpose 100 M concen-
trations of the inhibitors were used in the reaction mix-
ture. To detemine the apparent IC50 value for the
potential inhibitors, different concentration of the inhi-
bitors were used in the reaction mixture (10 uM, 25
uM, 50 uM, 100 pM, 250 pM, 500 uM). The different
concentrations of the inhibitors were incubated with
Dnmt3a protein for 10 min at room temp. The reaction
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was started by adding substrate and cofactor and further
incubated at 37°C for another 10 min then the reaction
was stopped by adding excess unlabelled AdoMet. The
DMSO was used as control in each experimental setup
to exclude the possible inhibition effect from the DMSO
itself. All the inhibitor kinetics was done at duplicate
and standard error was calculated for the two experi-
mental values.

Isolation and synthesis of inhibitors

EGCG N1 and (-)-epigallocatechin (N4), theaflavin (N2),
theaflavin-3-gallate (N3), theaflavin 3’-gallate (N5) and
theaflavin 3, 3’-digallate (N6) were from black tea
obtained using published procedures (Figure 2) [33,51].
Thearubigin fractions (N7 and N8) were obtained from
black tea and characterised using published procedures
[33,51]. All chlorogenic acid derivatives were obtained
by synthesis using published procedures (Figure 2) [52].
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C5-DNA Methyltransferase Inhibitors: From Screening to
Effects on Zebrafish Embryo Development

Alexandre Ceccaldi,” Arumugam Rajavelu,” Christine Champion,” Christine Rampon,"
Renata Jurkowska,” Gytis Jankevicius,” Catherine Sénamaud-Beaufort,”” Loic Ponger,™
Nathalie Gagey,” Hana Dali Ali,”’ J6rg Tost," Sophie Vriz,“ Sindu Ros,”® Daniel Dauzonne,”®
Albert Jeltsch,”™ Dominique Guianvarc’h,”” and Paola B. Arimondo*®

DNA methylation is involved in the regulation of gene expres-
sion and plays an important role in normal developmental pro-
cesses and diseases, such as cancer. DNA methyltransferases
are the enzymes responsible for DNA methylation on the posi-
tion 5 of cytidine in a CpG context. In order to identify and
characterize novel inhibitors of these enzymes, we developed
a fluorescence-based throughput screening by using a short
DNA duplex immobilized on 96-well plates. We have screened
114 flavones and flavanones for the inhibition of the murine

Introduction

Epigenetics describes the heritable and reversible regulation of
gene expression that is not encoded within the DNA sequence.
DNA methylation, histones modifications (e.g., methylation
and acetylation) and nucleosome dynamics are the main epi-
genetic modifications." Epigenetic regulation is implicated in
many biological phenomena, including evolution, embryonic
development, cell differentiation, genomic imprinting, X chro-
mosome inactivation, memory formation and consolidation,
and animal behavior.*® They are also involved in various dis-
eases, like cancer” A general disruption of the epigenetic
landscape is associated with almost every human cancer.® The
genome of malignant cells is globally hypomethylated, which
is responsible for aberrant expression of repeated sequences,
such as transposons, and leads to global genomic instability. In
parallel, most of the tumors show specific hypermethylation of
the promoters of certain genes, such as tumor suppressor
genes, associated with their silencing. In mammals, DNA meth-
yltransferases (DNMT) catalyze the transfer of a methyl group
from the cofactor S-adenosyl-L-methionine (SAM) to the posi-
tion 5 of cytidines in the context of CpG dinucleotides.”’ Inter-
estingly, for the development of antitumor strategies, this ob-
served gain of methylation is reversible, and epigenetic modu-
lators, therefore, represent an attractive new class of chemo-
therapeutic agents."” Indeed, DNA methyltransferase inhibitors
(DNMTi) have been shown to be able to reactivate tumor sup-
pressor genes and revert malignant cell status.!"”

Two types of DNMT inhibitors have been described."'? Cyti-
dine analogues have been known for more than thirty years.
5-Azacytidine (Vidaza) and 5-aza-2'-deoxycytidine (Dacogen™)
were approved by the FDA in 2004 and 2005, respectively, for
the treatment of myelodysplastic syndromes, and cytidine ana-
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catalytic Dnmt3a/3L complex and found 36 hits with 1Cs,
values in the lower micromolar and high nanomolar ranges.
The assay, together with inhibition tests on two other methyl-
transferases, structure-activity relationships and docking stud-
ies, gave insights on the mechanism of inhibition. Finally, two
derivatives effected zebrafish embryo development, and in-
duced a global demethylation of the genome, at doses lower
than the control drug, 5-azacytidine.

logues are currently tested against many types of solid tumors.
These inhibitors act as suicide substrates for the enzyme and
need to be incorporated into the DNA to be active. However,
they integrate anywhere in the genome, are highly toxic and
some are chemically instable.">' More recently, non-nucleo-
side DNMT inhibitors, showing a much larger chemical diversi-
ty, has been discovered."" Hydralazine, a commonly used vaso-
dilator," the green tea polyphenol EGCG"®' or RG108 (a mol-
ecule discovered through a virtual screening)' have been
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shown to inhibit DNMTs. However, their detailed mechanism of
action remains largely unknown, their specificity towards
DNMTs has yet to be demonstrated and most of them have a
very low efficiency. Thus, there is an urgent need to design
more efficient and less toxic inhibitors. Here, we describe the
discovery of new and potent inhibitors of the murine catalytic
Dnmt3a/3L complex with the use of a novel high-throughput
screening (HTS) system for DNMT inhibitors.

Results
The screening test

In order to discover new inhibitors of DNMTs, we developed a
medium-/high-throughput screening assay with the following
specifications: quick and reliable in vitro test that uses fluores-
cence, compatible with automation and affordable enough to
allow large-scale screenings. The versatility of the assay was
important to ensure its compatibility with multiple types of
methyltransferases. Accordingly, all inhibition mechanisms can
be analyzed with the same assay: substrate competition (DNA
and/or SAM competition), noncompetitive inhibition, confor-
mational changes and allosteric effects as well as inhibition of
protein—protein interactions. Here, we focused on the discov-
ery of new drugs that, in contrast to the above-mentioned
cytosine analogues, do not need to be integrated in DNA to
be active."" This functional design called for a simple technical
principle to measure DNA methylation inhibition; we chose to
detect the loss of fluorescent signal after cleavage of a fluores-
cently labeled DNA duplex by a methylation-sensitive restric-
tion endonuclease (RE) that is only active if the substrate is not
methylated at the CpG site contained in its specific recognition
sequence (Figure 1). The 96-well plates were coated for biotin—
avidin interactions with a double-modified DNA duplex con-
taining the fluorophore, 6-FAM, at one end and biotin at the
other of the complementary strand. When CpG is methylated,
the RE can no longer cleave the DNA substrate and fluores-
cence is retained after washing. In the presence of an inhibitor,
the site is not methylated, the DNA is cleaved and the fluores-
cence is lost after washing. A restriction step with an iso-
schizomer, which cleaves the same target site but is not sensi-
tive to methylation, serves as a control that ensures the loss of
restriction cleavage in the presence of DNMTs is indeed due to
DNA methylation.

First, we applied the screen to the murine catalytic complex
of Dnmt3a/3L and added the tested compounds of the chemi-
cal library during the formation of the catalytic complex. In the
case of the Dnmt3a/3L complex, the crucial influence of this
protein—protein interaction on Dnmt3a catalytic activity has
been shown."”

114 flavones and flavanone derivatives were screened for
Dnmt3a/3L activity at 500 um (Figure 2 and Table S1 in the
Supporting Information). These families of molecules were
chosen due to their chemical proximity with genistein,”” a soy-
bean isoflavone that was shown to inhibit several enzymatic
activities including DNMTs. Four types of controls were used to
ensure the reliability of each experiment: DNA, methylation,
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Figure 1. Schematic overview of the screening assay: 96-well microplates
were coated with a double modified fluorescent DNA duplex containing a
single CpG site through biotin-avidin interactions. Step 1: methylation in
the presence of tested compounds, followed by washing. Step 2: methyla-
tion sensitive restriction reaction followed by washing. Step 3: measurement
of fluorescence and quantification. A hit corresponds to a loss of fluorescent
signal since the unmethylated duplex is cut during step 2.

restriction and inhibition (Figure 2). Inhibition controls (blue
boxes) offer a comparison with known active inhibitors, such
as genistein,”” sinefungin (a SAM analogue)" and RG108.'®
Active compounds (Figure 2, in blue) induced a loss of fluores-
cence and the wells appear white. Inactive compounds
(Figure 2, in red) maintained the fluorescent signal and the
wells appear black. Intermediate compounds are written in
black. Interestingly, we found a group of more than 50 new
molecules that are more active than sinefungin and genistein
(Figure 2 A and Table S1 in the Supporting Information). To vali-
date the assay, the kinetics of the Dnmt3a/3L complex was
measured in the presence of sinefungin, a reference inhibitor
of DNMTs that acts as a cofactor competitor (Figure 2B). After
global nonlinear regression the data fitted correctly with the
competitive model (*=0.96) with apparent Kysay=0.98 um,
which is consistent with previous data® and Kignetungimy =
10.71 pm.

After a secondary screening at 5 um (Figure STA in the Sup-
porting Information) we evaluated the IC;, of the best mole-
cules using the 96-well fluorescence-based enzymatic assay
(Figure S2 in the Supporting Information). In these further
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Figure 2. A) Primary screening at 500 pm of 109 flavone and flavanone derivatives tested as inhibitors of the
Dnmt3a/3L C-terminal domains complex in the presence of SAM. Fluorescence detection in each well was mea-
sured on a Typhoon scanner and quantified with the ImageQuant software. The dashed line separates two differ-
ent experiments. The maximal fluorescent signal is given by DNA controls (green box) that did not undergo enzy-

matic treatment. Restriction controls (purple boxes), corresponding to the mi

nimal fluorescent signal that only un-

derwent the restriction step, were included to avoid false negative results. Methylation controls (oranges boxes)
underwent all the enzymatic steps and were used to verify the activity of the DNMTs during the assay. Blue box:

controls of methylation in the presence of genistein and sinefungin. Inactive
compounds in blue and medium compounds in black. B) SAM competition b
plex. The Ky, for SAM and K; for sinefungin are given with the global r* of the

studies, beside the best hits of the flavanone family, we also in-
cluded the two most active molecules, 3-nitroflavones, 11 and
23. Table 1 shows the structures and ICs, values of a subset of
the most potent compounds. The entire library of molecules is
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reported in Table S1 in the Sup-
porting Information. The best
molecule, compound 69, dis-
played an in vitro IC;, of
371(£53) nm, 1000-fold  lower
than reference compound
RG108 in the same test.

The IC5, values of the most
representing compounds mea-
sured by this HTS method were
compared to the ones obtained
in a classical methylation assay
based on the incorporation of
radioactively labeled *H-SAM in a
DNA duplex in solution.”™ De-
spite the different reaction con-
ditions and setup, the two meth-
ods gave comparable apparent
ICs, values (Table 1).

Structure-activity relationships

We further investigated the rela-
tionship between the structure
and activity of the screened li-
brary of molecules (Scheme 1
and Table S1 in the Supporting
Information). The active com-
pounds belong to two well-iden-
tified families:

1) The 3-nitroflavones, in which
the presence of a nitro sub-
stituent on the Bring was
critical for activity (compare
19 to 20, for example). Sub-
stituents in position 8, such
as CH,—CHO or CH,—COOCH,
increased the activity (com-
pounds 11, 19 vs. 41, 16). Fi-
nally, a methoxy group on
cycle C enhanced the activity
depending on its position (cf.
compounds 19, 23 compared
to 24, 21).

The 3-chloro-3-nitroflava-
nones, for which the most
potent compound was 69.
The presence of NO, on the
Bring was stabilizing (com-
pared to 52) with the follow-
ing order: ortho > meta, para
(69>47, 70). Electron-with-

2)

drawing groups, such as chloro and fluoro substituents,
increased the activity (61, 62, 64, 65, 66 and 113 vs. 52) in
particular in ortho for Cl (64) and meta for F (113). The
order of the increased activity observed for theses substitu-
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Table 1. Comparison of ICs, of some interesting compounds measured
on Dnmt3a/3L complex by HTS FluoMet and *H-SAM assay.

Compound Chemical structure HTS ICso [um]  *H-SAM ICs, [um]
n 9.5+1.1 15£5
23 1.26+£0.17 2.374+0.90
47 1.31+£0.38 0.92+0.06
62 1.68+0.18 1.76 +£0.62
63 0.48+0.12 nd.
64 0.69+0.16 n.d.
0N Q NO,
2 B cl
H
68 Z>o 056010  nd.
Cl
69 0.37+0.05 0.49+0.09
70 1.32+£0.08 1.03+0.32
o)
Br. NO;
cl
—H
74 o] \ 0.67 +£0.16 n.d.
Br /
&\CI
O HO
:‘70
N NH
L-RG108 4 315 >500
[¢] N
/
—
HO. o.
|O |
genistein ‘ >500 >100
OH O oH
n.d.: not determined.
www.chembiochem.org
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41:R°=H R®=NO, 14w
16:R*=H R®=NO, R"=0CH; inactive
19: R H I R3=NO; R™=0CH; 19pm
20: F H i R®=H R™“=0CH; inactive
21:R f | R2=H R =0CH; inactive
23: 1 H H R2=NO, R"™=0CH; 1.25pm
24:R H | R2=NO, R"=H inactive
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y 9«
5 4 5. essential for activity

NO,

o R Monosubstitution
0"z “ 2/
[ g’ ortho:NO, > CI > F >> OCH,8
BN ZZ meta: NO, F >Cl>OCH;
=

\ para: NO; > Cl, F > OCH,4
R

Double substitution
B ring: stabilizing
A and B ring: stabilizing

Scheme 1. Structure-activity relationships of: A) the 3-nitroflavone family,
and B) the 3-chloro-3-nitroflavanone compounds.

ent was: in ortho: NO, > Cl>F; in meta: F, NO, >Cl; in para:
NO,>Cl, F.

The methoxy substitution was always penalizing (78, 79 and
80) but the least in position meta (78). Double substitutions
with one electron-withdrawing group on the B ring increased
the activity (compound 63 vs. 62, and 73 vs. 79) while me-
thoxy groups alone were greatly destabilizing (81 and 82).
Aring substitutions associated with B ring substitutions in-
creased the activity when in position 6: the NO, group in-
creased activity by threefold (71 vs. 70, 68 vs. 66, and 72 vs.
52) and the chloro substituent led to a twofold increase (67 vs.
66). Again the methoxy substituent was less efficient (76 vs.
66). Allyl substitution in position 8 on the Aring clearly de-
creased the activity (e.g., 53 vs. 52, 54 vs. 69). Finally, multiple
substitutions with electron-withdrawing groups on the Aring
conferred a very good activity (74 vs. 66).

Inhibition mechanism

Next, we addressed the selectivity and mechanism of action of
these new potential Dnmt3a/3L inhibitors by complementary
experimental approaches. First, the HTS was applied to the
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human DNMTT1 (Figure S1B in the Supporting Information) and
the bacterial methyltransferase, M.Sssl (Figure S1C in the Sup-
porting Information). The chemical library was screened at
5 um. Globally, a similar profile for DNMT1 and M.Sssl com-
pared to the catalytic Dnmt3a/3L complex was observed (Fig-
ure S1A in the Supporting Information).

We then investigated whether the hit molecules could affect
the activity of other methyltransferases in order to get insights
on the mechanism of inhibition. A subset of the most repre-
senting compounds were tested against the histone methyl-
transferase (HMTK) G9a, which methylates histone tails on their
lysine residues,” and the bacterial DNA (adenine N-6)-methyl-
transferase, EcoDam, which methylates DNA at GATC sites.” A
biotin-avidin microplate kinetic assay based on *H-SAM incor-
poration was used for the quantitative analysis of methyltrans-
ferase activities, in vitro.”® Interestingly, the flavone 11 showed
a very good specificity for the Dnmt3a/3L complex compared
to the other two methyltransferases, with an 1C5, of 15 um
against Dnmt3a/3L and 352 pm against G9a HMTK and 290 um
against EcoDam. The chloronitroflavanone 62 showed specifici-
ty for the DNA methyltransferases (ICs,=14.8, 131.4 and
6.5 um for Dnmt3a/3L, G9a HMTK and EcoDam, respectively). A
similar profile was obtained with compound 69, the most
active molecule on Dnmt3a/3L, and was found to show an
even clearer preference for the DNMT EcoDam (IC5,=11 um)
versus G9a HMTK (IC5,=450 pum). On the other hand, the nitro
analogues 70 and 47 were less selective against Dnmt3a/3L
(ICs5,=9.5 and 4.5 pum, respectively), more efficient against
EcoDam (IC5,=2.2 and 0.9 pm, respectively), and showed an
excellent inhibition of HMTK G9a (IC;,=0.5 and 1 um, respec-
tively).

Molecular docking studies were carried out on the three en-
zymes. Compounds 11, 47 62, 69, 70 and 71 were docked
with Dock 6.4 on the crystal structure of the murine catalytic
Dnmt3a/3L complex (PDB ID: 2QRV).'"? Since the flavanones
exist in the racemic form, both enantiomers R,S and S,R were
docked. All compounds were found in the catalytic pocket,
either in the SAM pocket or closer to the DNA pocket (Figure 3
and Table S2 in the Supporting Information). Interestingly, fla-
vone derivative 11 made a potential H bond with an amino
acid close to the catalytic cysteine. We observed differences
between the enantiomers of the flavanones; the 25,3R mole-
cules stretched in the DNA pocket whereas the 2R,3S com-
pounds tended to be docked in the SAM pocket (Scheme S1 in
the Supporting Information) except for 47 and 71, for which
both enantiomers were found closer to the DNA pocket. Strik-
ingly, the NO, group at the C3 position shared by all the com-
pounds was always located in the same pocket formed by
Pro705, Phe636, Gly638, Glu660 and Arg887. This was also true
for both enantiomers. Interestingly, the potent inhibitors 69
and 71 made a Hbond with the catalytic cysteine in posi-
tion 706 (Table S2 in the Supporting Information). Analogue
docking studies were done in the crystal structure of EcoDam
(PDB ID: 2G1P; Table S2 in the Supporting Information) and
G9a (PDB ID: 3K5K). In this case, the minimal conformation for
all compounds corresponded to the one in the SAM pocket of
the enzymes.
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Figure 3. Molecular docking of compounds 11 and 62 on the crystal struc-
ture of the catalytic Dnmt3a (PBD ID: 2QRV). Inhibitors are shown in stick
representation in pink for compound 11 and yellow for 62 (in configuration
25,3R). The cofactor SAH (S-adenosyl-homocysteine, in blue), the catalytic
cysteine and the amino acids close to the 3-NO, on the C ring of the inhibi-
tors (<5 A) are shown. Heteroatoms are colored: oxygen in red, nitrogen in
blue, sulfur in yellow. H bonds are shown in yellow. The SAH molecule was
docked as control (in stick representation).

Since the docking studies suggested that the compounds
should have a mixed inhibition mechanism, only partially com-
peting with the SAM cofactor, we determined the apparent K,
and V. of the Dnmt3a/3L complex in the presence of the in-
hibitors as a function of the SAM concentration. Indeed, com-
pounds 11, 47 and 62 gave typical plots of a mixed inhibition
model; with increasing concentration of the inhibitor the ap-
parent Kj, increased and the V,,,, decreased. This demonstrates
that the molecule had a different affinity for the Dnmt3a/3L
complex depending whether or not a SAM molecule was
bound. This result has two major implications. First, our new
DNMT inhibitors are not pure SAM competitors. Since SAM is
the common cofactor that provides the methyl group of all
methyltransferase activities in the cell, SAM competition would
be unfavorable for selectivity. Second, the mixed inhibition
profile is characteristic for a binding inside the active site of
the enzyme, as suggested by docking.

Zebrafish embryo development model

It is known that inhibition of DNA methylation at the blastula
stage induces the loss of tail and abnormal patterning of so-
mites in zebrafish.”® We, therefore, decided to investigate the
biological effect of molecules 11, 23, 47, 62 and 69 and a neg-
ative control, compound 81, on the development of zebrafish.
Embryos were treated at 16-cells stage with different concen-
tration of the drugs directly added in embryo medium in 24-
well plates. The phenotype was analyzed 6, 24 and 48 h after
treatment. 5-Azacytidine Cu (5-azaC) was used as a positive
control and embryos were incubated with vehicle (DMSO) as a
negative control. As depicted in Figure 4, 25 um 5-azaC (n=
240) induced the expected aberrant morphology: short or
absent tail (59%) as well as abnormal somites in comparison
to DMSO treated embryos, which induced no remarkable phe-
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Discussion

In this study we implemented a medium-/high-
throughput screening assay for DNMT inhibitors. Our
first screening campaign identified a family of new
potential lead compounds: two 3-nitroflavones and
twenty 3-chloro-3-nitroflavanones. Most of them
showed submicromolar activity against Dnmt3a/3L
compared to 315 and >500 um for the reference
compounds RG108 and genistein, respectively. The
HTS developed here is robust, versatile and can be

A)
100 - [0 embryo medium DMSO [0 5-azaC [J 62 [] 47
80 4
60 4
w
2
5 40
E
@
- F‘k@*ﬁ
. 11 B |

short tail no axis

no phenotype

Figure 4. Biological effect of the flavone and flavanone derivatives on embryo develop-
ment of zebrafish. As with 5-azaC, zebrafish embryos treated with 62 and 47 drugs
lacked tails and showed abnormal somites. A) Quantitative analysis after 5-azaC (25 um)
or 62 and 47 treatments (2.5 um). Error bars are standard errors. Mean comparisons were
made by using Wilcoxon’s test. P values less than 0.05 were considered significant (* p <
0.05, ** p<0.01, *** p <0.001). B-G) Representative images of one control embryo (B
and E) and two 62 treated embryos displaying short tail (C and F) or no axis phenotype
(D and G); scale bar: 500 um. H-J) Global methylation was assessed by immunolabeling
for 5-methylcytosine. Detail of representative embryos after 6 h treatment: control (H), 5-

azaC (100 um; 1) and 62 (2.5 pm; J); scale bar: 100 pm.

notype in 90% of the embryos (n=185). At 25 um, compounds
47 and 62 killed all embryos (n=40 and 58). Strikingly at
2.5 um these molecules (n=223 and 237) induced a phenotyp-
ic profile comparable to 5-azaC treatment; a third of the em-
bryos had no or short tails. Interestingly, genistein and com-
pound 81 induced only high cytotoxicity (13.5%) and a
growth delay (36.5%) (Table S3 in the Supporting Information).
Compound 69, the most active on the purified catalytic
Dnmt3a/3L complex, did not give any phenotype at 2.5 um.
Global DNA methylation was assessed by fluorescent immuno-
labeling with an antibody directed against 5-MedC. A decrease
in signal was observed upon treatment with 5-azaC (Figure 41),
compounds 62 (Figure 4J) and 47 as compared to untreated
samples. Compounds 81 and 69 did not effect global methyla-
tion (Table S3 in the Supporting Information).
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applied to different types of methyltransferases, such
as murine Dnmt3a/3L, human DNMT1 and bacterial
M.Sssl. The main technical improvement of the test
compared to the HTS found in the literature® >
resides in the fact that the DNA is immobilized on
the plate. Thus, first, washing steps can be carried
out to limit false positive and negative results due to
fluorescent molecules that interfere with the final
quantification of signal or compounds that might in-
hibit the restriction enzyme step. Second, the methyl-
ation and DNA cleavage reactions do not need to be
carried out in the same buffer, which it is not always
possible.

SAR studies showed the importance of the nitro
on position 3 of the flavones and the chloronitro
motif on position 3 of the flavanones, although the
interactions remain unclear between this electron-
withdrawing group (NO,) and the mainly hydropho-
bic cavity of Dnmt3a formed by amino acids Pro705,
Phe636, Gly638, Glu660 and Arg88 in which it was
docked. SAR investigations revealed also the positive
influence of electron-withdrawing substituents on
the ring B; the largest effect was observed with an
NO, in ortho (69), which according to docking studies
presents a potential Hbond with the catalytic
Cys706. We also observed a synergy when electron-
withdrawing groups were on ring B and A (71).

SAM competition experiments supported docking
studies and indicated that these DNMT inhibitors
have a mixed inhibition profile, since they interact both with
the DNA and SAM pocket. The similarity of the catalytic pocket
of methyltransferases makes it difficult to design specific inhib-
itors. Compounds 47 and 70 are equally active on histone
methyltransferase G9A and bacterial adenine methyltransfer-
ase, EcoDam. Interestingly, compound 62 has a clear prefer-
ence for the DNA methyltransferases and compound 11 is spe-
cific for the DNA C-5 methyltransferase. Nitroflavone 11 is the
most specific compound for Dnmt3a/3L and its minimal
energy conformation is found mainly in the DNA pocket, but
gave a ICg, of only 9.5 pm. It will be thus interesting to improve
its inhibitory activity while maintaining its selectivity. Finally, it
will also be interesting to develop selective inhibitors of the
different DNMTs to better understand their functions.”’ In our
HTS tests, little differences in activity were observed for human
DNMT1 and bacterial M.Sssl compared to Dnmt3a/3L; this
demonstrates the need for new selective screening campaigns.
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Flavones and isoflavones have several targets in cells. Deriva-
tives 18 to 25 have been tested as inhibitors of the cell surface
aminopeptidase N/CD13 (APN), which is over-expressed in
tumors and plays a critical role in angiogenesis.®*” Only com-
pound 23 is efficient against the DNMTs and shows only a
modest activity against APN. Compound 15, inactive on
DNMTs, has been shown to have a chemopreventive effect on
the formation of aberrant crypt foci (ACF) in rats exposed to
subcutaneous injection of azoxyethane.®" Finally, compounds
6, 8, 9 and 10 have been tested for their inhibition of the NO
pathway during apoptosis of leukemic B-cells.*” None of these
molecules was active on DNMTs. Therefore, the 3-nitro deriva-
tives that inhibit the DNMTs seem to be specific for these
enzymes, and present eventually an inhibition activity on other
methyltransferases, as observed above.

The most active inhibitors were tested for their effect on ze-
brafish development. Zebrafish is becoming increasingly used
as a cancer model.®® Large epigenetic changes occur during
the first steps of development of the zebrafish embryo.®¥ For
example, it has been recently demonstrated that the no tail
gene, which is necessary for notochord and tail formation, un-
dergoes a dynamic regulation of its expression by gene specif-
ic de novo methylation of its CpG island.® Interestingly, DNMT
inhibitors 47 and 62 gave the same short axis phenotype as 5-
azaC on zebrafish embryo development at a lower concentra-
tion. Furthermore, fluorescent immunolabeling detection of 5-
methyl-deoxycytidine (5-MedC) confirmed these results: treat-
ment with 5-azaC or compounds 47 and 62 induced a de-
crease in the fluorescent signal associated with 5-MedC. No
phenotype was observed with the in vitro inactive parent com-
pound 81; this suggests a specific effect. Nevertheless, the
most potent inhibitor on the purified enzyme, compound 69,
did not give any phenotype. This could reflect a permeability
or stability problem of the molecule in vivo. Since it has been
shown that Dnmt3a and G9a cooperate for tissue specific de-
velopment in zebrafish® and that the knockdowns of Dnmt1
and Dnmt3 give different phenotypic profiles, this model could
be used to further investigate the mechanism of action and
the in vivo selectivity of the DNMT inhibitors.

Conclusions

In conclusion, the screening test presented here for DNMT in-
hibitors identified new compounds with 1Cs, values in the sub-
micromolar range. Among them, two 3-chloro-3-nitroflavanone
derivatives effected zebrafish embryo development similar to
the reference inhibitor 5-azaC, and induced a short axis pheno-
type and a global demethylation of the genome. Further de-
velopments are underway to implement these compounds as
DNA methylation inhibitors, in vivo.

Experimental Section

Chemicals and drugs: 5-Azacytidine was obtained from Sigma
and stored as a stock (25 mm) in acetic acid (50%) at —20°C. RG-
108 was synthesized as described in ref. [18]. All the drugs were
dissolved in DMSO (100%) and stored at —20°C. S-Adenosyl-L-me-
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thionine (SAM) was from Sigma-Aldrich and preweighted aliquots
were stored at —80°C.

Flavones and flavanones chemical library: Compounds 26-30
and 98 are commercially available. Synthesis of compound 25 is
described in ref. [37]; compounds 1, 2, 31 and 32 are described in
ref. [38]; 46 and 51 are described in ref. [39]; 9, 40, 41, 47, 48, 52,
64-70, 74-80 and 83 are described in ref. [40]; 35 is described in
ref. [41]; 88-94 and 97 are described in ref. [42]; 3, 14, 85-87, 95,
96 and 110 are described in ref. [43]; 13 is described in ref. [44]; 5-
8,10, 15, 16, 39, 43, 45, 53, 61-63, 71-73 and 81 are described in
ref. [42]; 17-24, 44, 50, 54-57, 106 and 107 are described in
ref. [30]; 58 is described in ref. [45]; 108 is described in ref. [46];
and 109 is described in ref. [47]. Novel compounds 4, 11, 33, 34,
36, 38, 59, 60, 82, 84, 99, 100-105, and 111-114 were synthesized
as described in the Supporting Information.

Screening test

Substrate design: DNA duplexes were made by hybridization of
complementary oligonucleotides (Eurogentec, Belgium) bearing a
6-carboxyfluorescein (6-FAM) and a biotin (biot), at the 5-end of
each strand. They contained a single CpG site that overlapped with
a restriction site of a methylation sensitive restriction enzyme. Sub-
strates designed for the assay with the Dnmt3a/3L complex, M.Sssl
and DNMT1 have the following sequences (the CpG site is in bold):

® Dnmt3a/3L and M.Sssl: FAM-5'-GCTATATATA CGTACTGTGA AC-
CCTACCAG ACATGCACTG-3'; 3'-CGATATATAT GCATGACACTTGG-
GATGGTC TGTACGTGAC-5'-biot

® DNMT1: FAM-5-GCATATATAT GAmMCGATCCT GTAGGTCACT AC-
CAGACAT GCACTG-3'; 3'-CGTATATATA CTGCTAGGAC ATCCAGT-
GATGGTCTGTACG TGAC-5"-biot

where mC is 5-methyl-deoxycytidine.

Coating of the test plates: Costar 96-well high-binding EIA/RIA
plates (ref. 9018) were coated with avidin (1 ug per well; Sigma-Al-
drich) in NaHCO; (100 pL of 100 mm solution; pH 9.6) at 4°C, over-
night. The plate was then washed five times with PBST (1xPBS,
0.05% Tween-20) and NaCl (500 mm). The plate could be stored
for two weeks at 4°C. To further coat the substrate on the plate,
DNA duplex (25 pmol per well) was incubated in PBST (100 pL) at
room temperature for at least 30 min. The plate was finally ready
to use after being washed three times with PBST + NaCl (500 mm)
and three times with PBST.

Dnmt3a/3L methylation reaction: The C-terminal catalytic domain of
the murine Dnmt3a (623-908) and the C-terminal domain of
DNMT3L (208-421), obtained as described in ref. [19], were prein-
cubated together at 200 nm for 20 min at room temperature in the
reaction buffer (20 mm HEPES, pH 7.2, 50 mm KCI, 1 mm EDTA) in a
total volume of 55 pL per well of a Greiner 96-well V-form transfer
microplate. Tested compounds were added either after the prein-
cubation of the enzymatic complex or during the complex forma-
tion step. Aliquots (50 pL) from the total volume (57 pL) in each
well of the preincubation plate were transferred into the corre-
sponding well of the testing plate coated with the DNA substrate.
Freshly dissolved SAM was added to initiate the reaction (20 um
final concentration). Methylation was achieved over 1 h at 37°C.
Each well was then washed three times with PBST and NaCl
(500 mm) and three times with PBST.

Methylation reaction with DNMT1: The human GST-tagged DNMT1
was obtained from BPS Bioscience. The enzyme (350 nm) was incu-
bated in reaction buffer (20 mm HEPES, pH 7.2, 50 mm KCl, 1 mm

www.chembiochem.org
These are not the final page numbers! 77


www.chembiochem.org

BIO

EDTA) and SAM (20 pm) in the presence of the tested compound
in a total volume of 50 pL per well of a testing plate. The methyla-
tion reaction was achieved at 37°C during 120 min. Each well was
washed as described above.

Methylation reaction with M.Sssl: DNA methylation by the bacterial
CpG methyltransferase M.Sssl (New England Biolabs) in the pres-
ence of the tested compound in a total volume of 50 uL per well
during 1 h at 37°C was realized under the following conditions:
M.Sssl (50 nm), SAM (20 um), Tris-HCI (10 mm; pH 7.9), NaCl
(50 mm), MgCl, (10 mm), DTT (1 mm). Each well was washed as de-
scribed above.

Restriction reactions: For the Dnmt3a/3L and M.Sssl assays the
methylation-sensitive restriction enzyme, HpyCH4IV (2 units per
well; New England Biolabs) was incubated in 50 uL total volume of
restriction buffer (10 mm Bis-Tris-propane-HCl, 10 mm MgCl,, 1 mm
DTT, pH 7.0) for 1 h at 37 °C. Washing conditions were the same as
described above. For the DNMT1 assay the methylation-sensitive
restriction enzyme, BfuCl (2 units per well; New England Biolabs)
was incubated in 50 pL total volume of the same restriction buffer.
Washing conditions were as described above.

Fluorescence detection: The fluorescent signal of the DNA substrate
was measure on a Typhoon 9410 scanner (GE Healthcare). Fluores-
cence (excitation at 488 nm; emission at 520 nm) was measured
after: 1) coating of the microplate with DNA to verify the capture
of sufficient amount of substrate, 2) methylation, and 3) comple-
tion of the reaction. Up to ten plates could be scanned in a single
run. Quantification was carried out automatically by measuring the
sum of pixels in each well.

Quantification and quality controls: We used two different quality
indicators to calibrate each test. The first one was the global per-
centage of methylation defined as 100 X ((tmeth—Hrest)/ (Uona—Hres) ;
where e trese aNd upya are the average signal of the methyla-
tion, restriction and DNA controls, respectively. The second one
was the Z factor described in ref. [48]. We define the Z factor of
the assay as the parameter in which SDgg; and SD,. are the ob-
served standard deviations of the signal of the tested drugs and
restriction controls, respectively, and 4,4 and p,. are the means
of the corresponding fluorescence signals. The Z factor is based
only on the control wells and serves as an intrinsic quality parame-
ter of the assay, without any assumptions, such the number of
expected hits. It is defined as 1-3 X ((SDmethtSDrest) (Umeth —Hrest))s
where e, and SD,.., are the mean signals corresponding to the
methylation controls and the associated standard deviations. Ex-
periments showing a Z' factor < 0.20 were omitted for analysis.

A molecule with a fluorescent signal inferior or equal to the thresh-
old of (U,+6%XSD,) is considered as a fully active compound at
the given concentration. For the determination of the IC;, (concen-
tration of drug needed to obtain 50% of inhibition) each experi-
mental set was performed in triplicate and the results were plotted
as relative methylation activity against the log of inhibitor concen-
tration. ICs, values were evaluated after being fitted the dose-
response plots by nonlinear regression through the GraphPad
Prism software with constrained variable slope equations. Mean
ICs, values are given = standard error defined as SDy,mpe/v/(N—1),
where SD,, . is the standard deviation of the observed ICs, values
and n the number of experiments.

To determine the type of inhibition for selected compounds, the
assay was run by using several SAM concentrations (from 20 to
0.05 um) with the same amount of DNA to get a maximal coating
of oligonucleotides on the plate, and several inhibitor concentra-
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tions. The data (initial rates vs. concentrations) were analyzed by
using nonlinear regression analysis with the GraphPad Prism soft-
ware to evaluate the best fitting model of inhibition and the corre-
sponding kinetic parameters.

Radioactive enzymatic tests: DNA methylation activity of the
Dnmt3a/3L complex was measured by incorporation of tritiated
methyl groups from labeled S-[methyl-*H] SAM (specific activity
2.9 TBgmmol™', Perkin-Elmer) into a DNA duplex substrate con-
taining 8-CpG sites, with the following sequence: 5-AGGGGACGAA
GGAGGGAAGG AAGGGCAAGG CGGGGGGGGC TCTGCGAGAG
CGCGCCCAGC CCCGCCTTCG GGCCCCACAG.

The methylation reactions were carried out in the corresponding
buffer (20 mm HEPES pH 7.2, 50 mm KCI, 1 mm EDTA) by using
DNA (200 nm), radiolabeled SAM (280 nm) and DNMTs (0.5 um).
Similar experiments were carried out by using the purified bacterial
EcoDam N-6 DNA methyltransferase and the catalytic domain of
the human G9a histone H3K9 methyltransferase, as described in
refs. [49,24], respectively. Each experimental set was performed in
triplicate and the results were plotted as relative methylation activ-
ity (expressed in %) against the inhibitor concentration. To obtain
the apparent inhibition constant (IC,) data were fitted to the fol-
lowing Equation (1):

signal (C;) = BL+100 X ICsy/(1C50+C;) (1)

where BL is baseline, G is the concentration of inhibitor and ICs, is
the concentration to obtain 50% of apparent inhibition.

Docking studies: Compounds were docked in the crystal structure
of catalytic Dnmt3a (PDB ID: 2QRV, chain A) EcoDam (PDB ID:
2G1P, chain A) and G9a (PDB ID: 3K5K, chain A) with Dock 6.4.
Ligand structures were prepared for the docking process with
Marvin (Chemaxon). Default parameters were applied. Chimera was
used for the graphical visualization.

Zebrafish experiments: Fertilized eggs were obtained from natu-
ral mating of adult zebrafish maintained under standard condi-
tions.®” Embryos were incubated in an aqueous solution of the
various substrates (from stage 16 cells to analysis). Embryos were
manually dechorionated before malformations were scored or 5-
mC was detected with a specific antibody (anti-5-methylcytosine
antibody, Calbiochem). Error bars are statistical errors estimated as
(/p(1-p)/n), where p is the percentage of embryos exhibiting a
phenotype, and n the total number of embryos investigated (or
v/1/n when p=0 or 1). For immunohistochemistry, embryos were
treated, as previously described,®" with minor modifications. After
incubation with the anti-5-methylcytosine antibody, the embryos
were washed again and incubated first with biotinylated anti-
mouse secondary antibody (GE Healthcare) and then with strepta-
vidine-fluorescein (GE Healthcare).
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Screen shots: A set of flavones and fla-
vanones is described as a new family of
nanomolar DNA methyltransferase in-
hibitors. Structure-activity relationships,
enzymatic competition and docking
studies (see figure) have provided in-
sights on their mode of action. Two in-
hibitors effected zebrafish development
in a similar fashion to the reference
drug, 5-azacytidine.
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The Dnmt3a DNA methyltransferase contains in its N-termi-
nal part a PWWP domain that is involved in chromatin target-
ing. Here, we have investigated the interaction of the PWWP
domain with modified histone tails using peptide arrays and
show that it specifically recognizes the histone 3 lysine 36 tri-
methylation mark. H3K36me3 is known to be a repressive mod-
ification correlated with DNA methylation in mammals and het-
erochromatin in Schizosaccharomyces pombe. These results
were confirmed by equilibrium peptide binding studies and
pulldown experiments with native histones and purified native
nucleosomes. The PWWP-H3K36me3 interaction is important
for the subnuclear localization of enhanced yellow fluorescent
protein-fused Dnmt3a. Furthermore, the PWWP-H3K36me3
interaction increases the activity of Dnmt3a for methylation of
nucleosomal DNA as observed using native nucleosomes iso-
lated from human cells after demethylation of the DNA with
5-aza-2'-deoxycytidine as substrate for methylation with
Dnmt3a. These data suggest that the interaction of the PWWP
domain with H3K36me3 is involved in targeting of Dnmt3a to
chromatin carrying that mark, a model that is in agreement with
several studies on the genome-wide distribution of DNA meth-
ylation and H3K36me3.

In mammals, DNA methylation plays important roles in dif-
ferentiation, gene regulation, genomic imprinting, X chromo-
some inactivation, and disease-related processes (1-3). DNA
methylation patterns are set during embryogenesis by the
Dnmt3a and Dnmt3b DNA methyltransferases and their regu-
latory factor Dnmt3L (Dnmt3-like) (4 — 6). However, the mech-
anisms guiding these enzymes to their target regions are not
well understood. Dnmt3a and 3b consist of a C-terminal cata-
lytic domain and an N-terminal part containing a PWWP
domain and an ADD? domain (1, 7, 8). Biochemical studies
provide evidence for a direct interaction of Dnmt3a and 3b with
native nucleosomes (9), which could be mediated by the ADD

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM068680 and DK082678. This work was also supported by Deut-
sche Forschungsgemeinschaft Grant JE 252/6-1.
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supplemental Figs. S1-S6.
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2 The abbreviations used are: ADD, ATRX-DNMT3-DNMT3L; GST, glutathione
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domain or the PWWP domain. The ADD domains of Dnmt3L
and Dnmt3a have been shown to interact with the histone 3 tail
unmethylated at Lys* (10-12), which can explain the anticor-
relation of DNA methylation and the activating H3K4me3
mark as observed in many genome-wide DNA methylation
studies (13-16). However, the ADD domain is not directly
involved in heterochromatic targeting of Dnmt3a (17, 18).

PWWP domains belong to the Royal domain superfamily,
members of which were identified to interact with histone tails
in various modification states (19). The PWWP domains of
Dnmt3a and 3b are essential for heterochromatic targeting (17,
18). An S333P missense mutation in the Dnmt3a PWWP
domain (numbering refers to murine Dnmt3a) led to the loss of
chromatin targeting of Dnmt3a (18). This mutation corre-
sponds to the S282P mutation in the PWWP domain of human
Dnmt3b, which has been identified in immunodeficiency, cen-
tromeric heterochromatin instability, and facial anomalies syn-
drome patients (20).

Here, we explore the possibility of the interaction of the
Dnmt3a PWWP domain with histone peptides using modified
histone tail peptide arrays. We discovered its specific interac-
tion with H3K36me3 and show that this interaction is impor-
tant for the subnuclear localization of Dnmt3a and for its cata-
lytic activity on native chromatin.

EXPERIMENTAL PROCEDURES

Cloning, Site-directed Mutagenesis, Expression, and Purifica-
tion—The sequence encoding the PWWP domain of murine
Dnmt3a (residues 279 —420) was subcloned as a GST fusion
protein into the pGEX-6P2 vector (GE Healthcare) using
BamHI/Xhol sites. The GST-tagged PWWP domain and its
variants were expressed and purified as described (21). The full-
length murine Dnmt3a2 cloned into pET28a (Novagen) vector
was used for the expression and purification of full-length
Dnmt3a2 (22), which is the predominant isoform of Dnmt3a in
embryonic stem cells (23). The catalytic domain of Dnmt3a
(Dnmt3a-CD) was expressed and purified as described (24). To
prepare the EYFP-Dnmt3a expression construct used for sub-
nuclear localization studies, Dnmt3a was cloned from a pET
expression vector (25) into pcDNA3.1, yielding pcDNA-Dnmt3a.
Then EYFP was amplified from pEYFP-C1 (Clontech) and
cloned into pcDNA-Dnmt3a in front of the Dnmt3a gene to
encode for an EGFP-Dnmt3a fusion protein.

The E290A and D329A mutations in the PWWP domain of
Dnmt3a and the D329A mutation in Dnmt3a2 and in EGFP-
Dnmt3a were introduced by using a PCR megaprimer muta-
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genesis method as described previously (26). Successful
mutagenesis and cloning was confirmed by restriction marker
site analysis and DNA sequencing.

Synthesis of Peptide SPOT Arrays—Peptide arrays were syn-
thesized on cellulose membranes using the SPOT synthesis
method (27). Each spot had diameters of 2 mm and contained
~9 nmol of peptide (Autospot Reference Handbook, Intavis
AG). Successful synthesis of each peptide was confirmed by
bromphenol blue staining of the membranes. H3 26-44
K36me3 (with N-terminal fluorescein label) and unmodified
H3 26 — 44 peptides were purchased from Intavis AG in purified
form.

Binding of Protein Domains to Peptides Arrays—The cellu-
lose membrane was blocked by incubation in TTBS buffer (10
mM Tris/HCI, pH 8.3, 0.05% Tween 20, and 150 mm NaCl)
containing 5% nonfat dried milk at 4 °C overnight. The mem-
brane was then washed once with TTBS buffer and incubated
with purified GST-tagged PWWP domain of Dnmt3a or
mutant domains (10 nm) at room temperature for 1 h in inter-
action buffer (100 mm KCI, 20 mm Hepes, pH 7.5, 1 mm EDTA,
0.1 mm dithiothreitol, and 10% glycerol). After washing in
TTBS buffer, the membrane was incubated with goat anti-GST
antibody (GE Healthcare, catalog number 27-4577-01 at 1:5000
dilution) in TTBS buffer for 1 h at room temperature. Then the
membrane was washed three times with TTBS and incubated
with horseradish peroxidase-conjugated anti-goat antibody
(Invitrogen catalog number 81-1620 1:12000) in TTBS for 1 h at
room temperature. Finally, the membrane was submerged in
ECL developing solution (GE Healthcare), and the image was
captured in x-ray film.

Fluorescence Depolarization Peptide Binding Experiments—
Fluorescence depolarization experiments were carried out at
25 °C using a Varian Carry Eclipse fluorescence spectropho-
tometer. For the determination of the binding constant of the
PWWP domain to the fluorophore-coupled H3 K36me3 pep-
tide, 0.1 um of peptide was incubated with increasing concen-
trations of PWWP domain (0.8 —60 uM) in interaction buffer
(100 mm NaCl, 50 mm Tris/HCI, pH 8.0, 2 mm EDTA, 0.1%
Triton X-100), and fluorescence depolarization was deter-
mined (excitation at 494 nm, emission at 524 nm, and excita-
tion and emission slits at 5 nm). The data were fitted to a binary
binding equilibrium to determine the equilibrium binding con-
stant. For competition experiments, 30 uMm of fluorophore-cou-
pled H3K36me3 was incubated with 30 um of PWWP domain
in interaction buffer, and their interaction was competed by 2-
and 5-fold molar excesses of unlabeled unmodified H3 26 — 44
peptide.

Preparation of Native Histones and Nucleosomes—Native
histones were isolated from HEK293 cells by acid extraction as
described (28). Native nucleosomes were prepared from
HEK293 cells by partial micrococcal nuclease (New England
Biolabs) digestion of nuclei as described (29), except that after
micrococcal nuclease digestion the nuclei were removed by
centrifugation, and the supernatant containing nucleosomes
(predominantly mononucleosomes) were used (supple-
mental Fig. S3). For the preparation of demethylated nucleo-
somes, HEK293 cells were treated with 2 um 5-aza-2'-deoxycy-
tidine (Sigma-Aldrich) for 72 h (corresponding to three cell
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divisions under these conditions), and the cells were allowed to
recover for another 48 h in medium without 5-aza-2'-deoxycy-
tidine. From these cells, nucleosomes were prepared as
described above.

GST Pulldown Experiments—For GST pulldown experi-
ments, 20 ul of glutathione-Sepharose 4B beads (Amersham
Biosciences) were incubated with 20 ug of GST-tagged PWWP
domain of Dnmt3a or mutant domain for 1 h at 4 °C in the
interaction buffer (50 mm Tris/HCI, pH 8.0, 100 mm NaCl, 2 mm
EDTA, and 0.1% Triton X-100). Then the beads were washed
once with interaction buffer and blocked with interaction
buffer containing 5% bovine serum albumin for 1 h at 4 °C. 35
png of native histones or 100 ug of native oligonucleosomes
were added to the beads in interaction buffer and incubated for
3 h. Finally, the beads were washed three times with interaction
buffer, resuspended in 2X SDS-PAGE loading dye, and boiled
for 10 min, and the supernatant containing the bound fractions
was separated on 16% SDS-PAGE and transferred to nitrocel-
lulose membrane. The membrane was cut in two parts. The
lower part (<20 kDa) was probed with anti-H3K36me3 anti-
body (Abcam ab9050), and the upper part was probed with
anti-GST antibody (GE Healthcare) to provide a gel loading
control (supplemental Fig. S4, A and B).

For the specificity analysis, the beads were loaded with GST-
tagged PWWP domain and incubated with native oligonucleo-
somes in interaction buffer as described above, washed three
times with washing buffer (50 mm Tris, pH 8.0, 150 mm NaCl, 2
mM EDTA, and 0.1% Triton X-100), resuspended in 2X SDS-
PAGE loading buffer and boiled for 10 min. The supernatant
was split equally and loaded on 16% SDS-PAGE gels. The sep-
arated proteins were transferred to nitrocellulose membrane
and probed with different modification specific histone anti-
bodies: anti-H3K36me3 (Abcam ab9050), anti-H3K9me3
(Active Motif 39161), anti-H3K4me3 (Active Motif 39159), and
anti-H3K27me3 (Active Motif 39535). Equal loading of bound
fractions was confirmed by Ponceau S staining of the blot prior
to the antibody staining (supplemental Fig. S4C).

Cell Culture, Transfection, and Microscopy—HEK293 and
NIH3T3 cells were grown in Dulbecco’s modified Eagle’s
medium with 5% fetal calf serum at 37 °C at 5% CO,. The
NIH3T3 cells were seeded in coverslips and transfected with
EYFP-Dnmt3a or EYFP-Dnmt3a-D329A mutant constructs
using FUuGENE 6 (Roche Applied Science) according to the
manufacturer’s instructions. Two days after transfection, the
cells were fixed with 4% paraformaldehyde and embedded with
Mowiol (Carl Roth). Confocal images were taken using a Zeiss
LSM 510 Meta instrument (software version 3.0) and 63X oil
immersion objective. An argon laser line at 514 nm was used to
excite EYFP fluorescence, and a BP530—550 filter was used for
image recording. Fluorescence microscopy pictures were taken
using an AXIOPLAN2 microscope equipped with AxioCam
HRc camera and Achroplan 100X oil immersion objective with
filter sets 4',6'-diamino-2-phenylindole FT395/LP420 and
green fluorescent protein BP450-490/FT510 (all from Carl
Zeiss).

In Vitro Methylation of Native Chromatin—The methylation
reactions were performed with either Dnmt3a2 enzyme,
Dnmt3a2-D329A mutant, or Dnmt3a-CD in methylation
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FIGURE 1. Peptide binding by the Dnmt3a wild type PWWP domain and its variants. A, interaction of the
wild type PWWP domain with histone tail arrays containing different combinations of 107 known and hypo-

nearby (19). Because the PWWP
domains from Dnmt3a and 3b

thetical modifications at the H3, H4, H2A, H2B, and H1b histone tails. The isolated GST domain does not interact

with peptide arrays (data not shown). The spot corresponding to the H3 29-46 K36me3 peptide is indicated
with an arrow; some other spots that do not interact with the PWWP domain are labeled with numbers and
annotated below the image. B, interaction of wild type PWWP domain, D329A, and E290A variants with mod-
ified histone tails. The H3K36me3 and H3K36me2 spots on the different arrays used for this study are high-
lighted with black and gray arrows, respectively. C, binding of the H3K36me3 peptide to PWWP domain studied
by fluorescence depolarization (black diamonds). The line represents a fit of the data to a binary binding
equilibrium, which revealed a K, of 64 um. The gray squares display changes in fluorescence depolarization
observed after adding same volumes of buffer. D, weak competition of H3K36me3 peptide binding to the
PWWP domain by the addition of unmethylated H3K36 peptide confirms specific binding.

buffer (20 mm Hepes, pH 7.5, 2 mMm EDTA, and 50 mMm KCl)
containing 0.75 um radioactively labeled S-adenosyl-L-methio-
nine (PerkinElmer Life Sciences) and 1 ug of demethylated
native chromatin in 25 ul of total reaction volume. Additional
methylation experiments were conducted in the presence of
anti-H3K36me3 antibody (Abcam ab9050), anti-H3K9me3
antibody (Active Motif 39161), anti-H3K4me3 antibody
(Active Motif 39159), or anti-H3K27me3 antibody (Active
Motif 39535) all in 1:5000 final dilution. The methylation reac-
tions were incubated at 37 °C for 2 h, and the reactions were
stopped by the addition of excess of unlabeled S-adenosyl-L-
methionine. Then the reaction mixtures were subjected to pro-
teinase K (New England Biolabs) digestion at 42 °C for 2 h, and
the nucleic acids in the reaction mixture were purified using
Nucleospin PCR purification (Machery Nagel). The amount of
radioactivity incorporated into the DNA was measured by lig-
uid scintillation counting and normalized with respect to the
total amount of DNA as determined by UV spectroscopy.
Methylation of biotinylated oligonucleotide substrates by
Dnmt3a2 and its variants was studied by measuring the transfer
of titrated methyl groups from labeled S-adenosyl-L-methio-
nine into biotinylated oligonucleotides (Bt-GAG AAG CTG
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share high amino acid homology,
we used the structure of the
Dnmt3b PWWP domain (31) to
model the structure of the Dnmt3a
PWWP domain and identify such
potential binding pockets next to
Glu**° and Asp®*® (supplemental
Fig. S1). Trying to disrupt the histone
interaction of PWWP, we mutated Glu*>*° and Asp>*® to alanine.
These residues are both exposed on the surface of the Dnmt3a
PWWP structural model, suggesting that their exchange will not
affect the overall domain structure. We did not mutate the buried
hydrophobic residues of the predicted pockets to avoid effects on
protein folding and stability. The mutant domain proteins could
be expressed and purified with similar yields as the wild type
domain (supplemental Fig. S24), and CD spectroscopy confirmed
the wild type-like folding of the D329A mutant domain
(supplemental Fig. S2B). Binding experiments on peptide arrays
showed that there was no significant change in the peptide
interaction of the E290A variant, but the D329A variant had
completely lost its ability to bind specifically to the H3K36me3
peptide (Fig. 1B).

Recently, the structure of the Eaf3 chromo barrel domain was
solved in complex with an H3K36me2 analog (32). Over 144
backbone atoms comprising the conserved B-barrel and the
adjacent a-helix fold, the Eaf3 chromo barrel domain structure
could be superimposed with the mouse Dnmt3b PWWP
domain structure with a root mean square deviation of 1.37 A
(supplemental Fig. S1). The overlay positioned the methylated
Lys®® residue immediately adjacent to Asp®*® in the Dnmt3a
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PWWP domain model. This observation indicates that the bio-
chemical data obtained here are compatible with the structural
results obtained with related domains. Furthermore, the Asp®*°
residue is close to the Ser®*® residue (supplemental Fig. S1),
mutation of which leads to loss of heterochromatic localization
(18).

Equilibrium Peptide Binding Experiments—The interaction
of the PWWP domain with H3K36me3 was confirmed by fluo-
rescence depolarization using a fluorescently labeled H3 26 — 44
K36me3 peptide (Fig. 1C). The binding constant was deter-
mined as 64 um, which is weak but in the range of results
observed with other individual chromatin-binding domains,
like BHC80 Plant Homeodomain like domain binding to
H3K4meO peptide: 33 um (33), LAMBTL1 to the H3K9mel
peptide: 26 um (34), BRD2 bromodomain 1 to the H4K5ac/
K12ac peptide: 360 um (35), and Brd4 bromodomain 1 binding
to H3K14ac: 118 um (36). Peptide binding of the PWWP-
D329A variant was at least five times weaker (data not shown).
To assess the binding specificity, binding was competed with
unmodified H3 26 — 44 peptide (Fig. 1D). We observed that at a
5-fold excess of competitor only 20% of binding was lost, cor-
responding to a 25-fold preference for binding to the methyl-
ated peptide.

Nucleosome and Histone Pulldown Experiments—The
PWWP-H3K36m3 interaction was also confirmed by pull-
down experiments. The GST-PWWP domain of Dnmt3a
was able to pull down native nucleosomes isolated from
human cells, which contained the H3K36me3 mark (Fig. 24
and supplemental Figs. S3A and 4A). In contrast, the PWWP-
D329A mutant completely failed to interact with nucleosomes
(Fig. 2A and supplemental Fig. S4A). In addition to H3K36me3,
the nucleosome fraction bound by the PWWP domain was also
enriched with H3K9me3, but the amounts of H3K4me3 and
H3K27me3 were reduced in comparison with H3K36me3 (Fig.
2B). The relative reduction in the amounts of H3K4me3 and
K27me3 indicates that the pulldown is specific. The pres-
ence of the H3K9me3 mark in the pull down was expected on
the basis of the overlapping distribution profiles of the
H3K36me3 and H3K9me3 marks across transcribed chro-
matin (37). Using native histones isolated from human cells
(supplemental Fig. S3B), we observed that the GST-PWWP
domain of Dnmt3a, but not its D329A mutant, interacted with
histone H3K36me3 mark (Fig. 2C and supplemental Fig. S4B),
indicating that the interaction does not require DNA.

Subnuclear Localization of Dnmt3a—We investigated the
subnuclear distribution of the EYFP-fused Dnmt3a and its
D329A mutant in NIH3T3 cells after transient expression of the
proteins. Both proteins were located in the nucleus, which was
expected because the nuclear localization signals of Dnmt3a are
outside of the PWWP domain (17). Within the nucleus,
Dnmt3a was found in large spots corresponding to 4',6'-di-
amino-2-phenylindole-stained heterochromatin as reported
earlier (17, 18) (Fig. 3 and supplemental Fig. S5). In contrast, the
mutant protein was found more homogenously distributed in
the nucleus, indicating a partial loss of heterochromatic local-
ization. This result suggests that the interaction of PWWP with
K36me3 is important for the localization of Dnmt3a to
heterochromatin.
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FIGURE 2. Native chromatin and histone binding of the Dnmt3a PWWP
domain and its variants. A, GST pulldown assay interaction analysis of the
PWWP domain and the D329A variant with mononucleosomes purified from
human cells. The bound proteins were separated and immunoblotted with
anti-H3K36me3 antibody. B, for specificity analysis, the bound fractions were
separated and immunoblotted with anti-H3K36me3 antibody, anti-H3K4me3
antibody, anti-H3K9me3 antibody, and H3K27me3 antibody. C, GST pull-
down interaction analysis of PWWP domain and D329A mutant domain with
native histone proteins, purified from human cells. The bound fractions were
separated and immunoblotted with anti-H3K36me3 antibody. In A-C, all of
the bands correspond to histone H3.

YFP-Dnmt3a YFP-Dnmt3a D329A
Examples Fraction of Examples Fraction of

cells cells
Homogenous Not observed 0% . 82 %
Homogenous
with some 38 % 18 %
large spots
Mainly large E n 62% Not observed 0%
spots

FIGURE 3. Subnuclear distribution of wild type EYFP-Dnmt3a and EYFP-
Dnmt3a-D329A mutant in NIH3T3 cells. The subnuclear localization pat-
terns were analyzed by laser scanning microscopy and assigned into one of
the following categories: localization mainly homogenous, homogenous
localization with some large spots, and localization almost exclusively in large
spots. The figure shows examples of each type of localization patterns and
gives the distribution of occurrence of the different patterns in both experi-
ments in 100 arbitrarily chosen cells.

DNA Methylation Experiments—The influence of the
PWWP-H3K36me3 interaction on the methylation of nucleo-
somal DNA by Dnmt3a was investigated using native nucleo-
somes from human cells prepared after treatment of the cells
with 5-aza-2’-deoxycytidine. This treatment reduces DNA
methylation at unique sequences and repeats by more than 50%
(15, 38). The native nucleosomes carry their endogenous his-
tone modification pattern and partially demethylated DNA.
This experimental design allowed us to study the methylation
activity of Dnmt3a using a substrate that mimics the in vivo
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FIGURE 4. A, methylation of demethylated native nucleosomes by Dnmt3a enzymes. Relative methylation activity of Dnmt3a2, Dnmt3a2-D329A, and
Dnmt3a-CD on demethylated native nucleosomes in the absence (dark gray bars) and the presence (light gray bars) of anti-H3K36me3 antibody. The error bars
indicate standard deviations derived from at least three independent experiments. B, schematic picture showing how the H3 tail interactions of the Dnmt3a
ADD domain (dark grey rectangle) binding to the end of the H3 tail (12) and the PWWP domain (light grey hexagon) binding to Lys>® (black triangle) may anchor
the catalytic domain of the enzyme (dark grey oval) to methylate DNA preferentially in linker region (12).

situation. Demethylated nucleosomes were methylated with
Dnmt3a2, a shorter isoform of Dnmt3a lacking the N-terminal
variable region (23), the Dnmt3a2 D329A mutant (Dnmt3a2-
D329A), and the catalytic domain of Dnmt3a (Dnmt3a-CD)
using radioactively labeled S-adenosyl-L-methionine as co-
factor. The amounts of Dnmt3a2, Dnmt3a2-D329A, and
Dnmt3a-CD enzymes used in the nucleosome methylation
experiments were normalized to have similar activity on oligo-
nucleotide substrates (supplemental Fig. S6). Using the native
chromatin as substrate, we observed that Dnmt3a2 is ~2.5-fold
more active than Dnmt3a-CD (Fig. 4 and supplemental Fig. S6).
The Dnmt3a2 enzyme containing the mutated D329A-
PWWP domain, which fails to interact with the H3K36me3
mark, only showed a basal level of activity similar to
Dnmt3a-CD (Fig. 4).

To confirm that the increase in activity of the wild type
Dnmt3a2 is due to the PWWP-H3K36me3 interaction, we per-
formed the chromatin methylation experiments in the pres-
ence of an anti-H3K36me3 antibody. Although the addition of
the anti-H3K36me3 antibody had no effect on the activity of
Dnmt3a2-D329A or Dnmt3a-CD, it decreased the activity
of Dnmt3a2 to a basal level, similar to the level of activity
observed with the Dnmt3a2-D329A or Dnmt3a-CD (Fig. 4).
Additional unrelated antibodies used as controls had no
effect or a very weak effect on the catalytic activity of Dnmt3a2
(supplemental Fig. S6). Taken together, these results demon-
strate that the PWWP domain-H3K36me3 interaction
increases the activity of Dnmt3a2 for methylation of native
nucleosomal DNA.

DISCUSSION

We show here that the Dnmt3a PWWP domain specifically
interacts with H3 tails containing the K36me3 mark. Peptide
binding is weak but in the range of binding constants seen with
other individual domains interacting with histone peptides. In
the cell binding may be further supported by an interaction of
the PWWP domain with DNA, because the Lys®® position of
the H3 tail is very close to the DNA, such that the PWWP
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domain could interact with both epitopes simultaneously.
Interestingly, the DNA binding and peptide binding properties
of the PWWP domains from Dnmt3a and 3b seem to be inverse;
we detected peptide binding of the Dnmt3a-PWWP domain
but not for Dnmt3b (data not shown), whereas DNA binding of
the Dnmt3b-PWWP domain has been reported to be stronger
than that of Dnmt3a (17).

We show that the H3K36me3-PWWP interaction mediates
chromatin binding, because the heterochromatic localization
of Dnmt3a was disturbed in the D329A mutant, which no
longer binds to H3K36me3. Targeting of Dnmt3a by an
H3K36me3-PWWP interaction is in agreement with previous
results showing that the Dnmt3a PWWP domain is necessary
for heterochromatic localization of Dnmt3a (17, 18). In con-
trast, the ADD domain of Dnmt3a, which binds to H3 tails
unmethylated at Lys* (11, 12), does not have a role in hetero-
chromatic localization (17, 18).

We show that the PWWP-H3K36me3 interaction stimulates
the methylation activity of Dnmt3a on chromatin-bound DNA
isolated from human cells, because the catalytic activity of the
D329A mutant dropped to levels similar to the isolated catalytic
domain. This result suggests an important role for the PWWP
domain in guiding DNA methylation to chromatin carrying the
H3K36me3 mark, which is in agreement with the observation
that the PWWP domain is required for the activity of Dnmt3a
in the cell (17, 39). This model is further supported by the
observation that the genome-wide distribution of DNA meth-
ylation is very similar to that of K36me3 methylation. Many
studies have found that H3K36me3 accumulates in euchroma-
tin in the body of active genes, and its distribution is anticorre-
lated with H3K4me3 (37, 40-43). Similarly, active genes
showed high DNA methylation in the gene bodies, whereas
inactive genes did not (44, 45). The strong correlation of DNA
methylation, absence of H3K4me3, and presence of H3K36me3
were also observed in two recent genome-wide studies (14, 16).
Additionally, a correlation of H3K36me3 and DNA methyla-
tion was observed at exon-intron boundaries where exons were
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shown to have increased levels of both H3K36me3 (46) and
DNA methylation (16).

Like DNA methylation, H3K36me3 is a silencing mark that
recruits histone deacetylation and represses intragenic tran-
scriptional initiation (47). Consequently, the Smyd2 histone
methlyltransferase (which generates K36me2) has a repressive
effect on reporter gene expression (48). In Schizosaccharomyces
pombe the Set2 histone methyltransferase methylates histone
H3 lysine 36 at repeat loci during the S phase (49). Conse-
quently, heterochromatic H3K36me3 transiently peaks in
the S phase and has an important role in the re-establish-
ment of heterochromatin after DNA replication thatactsina
pathway parallel to Clr4. It has been proposed that in mam-
mals Dnmt3a contributes to the maintenance of the DNA
methylation at highly methylated regions (like repeats) (50).
H3K36 methylation is an evolutionarily conserved mark,
suggesting that a transient methylation of H3K36 might
occur in mammalian genomes as well and that transient
H3K36 methylation might be one of the modifications that
recruit Dnmt3a to heterochromatin.

Dnmt3a has been shown to bind tightly to chromatin (9).
When combined with the previous findings, our data indicate
that there are several mechanisms that contribute to the inter-
action of Dnmt3a with chromatin; Dnmt3a is engaged in two
interactions with the H3 tail, mediated by its ADD domain,
which binds to the end of the H3 tail unmodified at Lys* (11, 12),
and by its PWWP domain, which interacts with H3K36me3
located at the more basal region of the H3 tail (Fig. 4B). The
anticorrelation of the H3K4me3 and H3K36me3 marks sug-
gests that in the cell most H3 tails will either bind to both ADD
and PWWP or neither of them, such that the targeting effects of
both domains are synergistic. In addition, the catalytic domain
of Dnmt3a binds to DNA and polymerizes on the DNA (22, 51),
and it interacts with many other proteins including Dnmt3L
and Dnmt3b (52), which provide additional contact points to
chromatin (10, 53), suggesting that a complex network of inter-
actions is involved in targeting DNA methylation.
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comments and valuable discussions.
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THE DNMT3A PWWP DOMAIN READS HISTONE 3 LYSINE 36
TRIMETHYLATION AND GUIDES DNA METHYLATION
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Jurkowska, Sergey Ragozin & Albert Jeltsch

Supplemental Figures

Supplemental Figure 1: A) Structure of murine Dnmt3b PWWP domain (red) (ref. 29)
superimposed with Saccharomyces cerevisiae Eaf3 (green) in complex with H3 peptide (blue)
containing an H3K36me2 analog (cyan) (ref. 30). Dnmt3b D273 (corresponding to D329 in the
murine Dnmt3a PWWP domain) is colored purple, Dnmt3b D234 (corresponding to E290 in the
murine Dnmt3a PWWP domain) is colored yellow. The superposition shows that D329, which is
essential for the specific interaction of PWWP with H3K36me3, closely approaches the
methylated lysine residue. In contrast E290, exchange of which did not have an effect on
H3K36me3 interaction, is located on the opposite side of the protein. B) D273 surface pocket in
the structure of the murine Dnmt3b PWWP domain. D273 (colored red) is next to a hydrophobic
pocket composed by two aromatic residues (W270 and W246) and one isoleucine (1240) all
colored green and P247 (colored pink), which is part of the conserved PWWP motif. Ser277,
which corresponds to the S282P ICF mutation in human Dnmt3b, is colored yellow. The side
chains of K214 and K275 which partially hide but do not occupy this pocket were omitted for

clarity.




Supplemental Figure 2: Purification of GST-tagged PWWP domain variants. A) Coomassie
stained gel of purified GST-tagged PWWP domain and its E290A and D329A variants. B)
Circular dichroism spectrum of wildtype GST-PWWP and its D329A variant showing identical

secondary structure composition.
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Supplemental Figure 3: Native nucleosome and histone preparation from HEK293 cells. A)
Native nucleosomes were run on 1 % agarose gel and stained with ethidium bromide. The gel
shows the presence of mononucleosomes, dinucleosomes, trinucleosomes and higher molecular
weight chromatin with mononucleosomes representing the major part of the preparation (about
90%). Lane 1: DNA molecular weight standard, lane 2: native nucleosomes. B) Native histones
run on SDS polyacylamide gel stained with Coomassie blue. Lane 1: native histones, lane 2:

recombinant histone H3 purchased from NEB, lane 3: protein molecular weight standard.
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Supplemental Figure 4: Loading controls for Figure 2. A) and B) show a different parts of the
same blots as shown in Fig. 2A and 2C, respectively, after probing with anti-GST antibody. The
bands correspond to GST and the GST-PWWP domain proteins. The staining shows that similar
amounts of GST and GST-PWWP domains were loaded for the pull-down. C) Ponceau S staining
of the blot shown in Fig. 2B prior to the antibody staining. The bands correspond to the GST-

PWWP domain ensuring equal loading of the lanes.
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Supplemental Figure 5: Exemplary cell images documenting that Dnmt3a foci coincide with
DAPI dense heterochromatic foci in NIH3T3 cells as already observed previously (refs. 16 and

17). The bars correspond to 5 uM.




Supplemental Figure 6: Methylation activity normalization of Dnmt3a2, Dnmt3a2-D329A and
Dnmt3a-CD with oligonucleotide substrates. A) Time courses of methylation. B) Averages of
methylation activities and standard deviations derived from at least three independent
experiments. C) Repetition of the experiments shown in Fig. 4, including additional unrelated
antibodies (anti-H3K4me3, anti-H3K9me3 and anti-H3-K27me3) that were used as controls.

Error bars indicate standard deviations derived from at least three independent experiments.
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ABSTRACT

Using peptide arrays and binding to native histone
proteins, we show that the ADD domain of Dnmt3a
specifically interacts with the H3 histone 1-19 tail.
Binding is disrupted by di- and trimethylation of K4,
phosphorylation of T3, S10 or T11 and acetylation of
K4. We did not observe binding to the H4 1-19 tail.
The ADD domain of Dnmt3b shows the same
binding specificity, suggesting that the distinct bio-
logical functions of both enzymes are not related to
their ADD domains. To establish a functional role of
the ADD domain binding to unmodified H3 tails, we
analyzed the DNA methylation of in vitro
reconstituted chromatin with Dnmt3a2, the
Dnmt3a2/Dnmt3L complex, and the catalytic
domain of Dnmt3a. All Dnmi3a complexes
preferentially methylated linker DNA regions.
Chromatin substrates with unmodified H3 tail or
with H3K9me3 modification were methylated more
efficiently by full-length Dnmt3a and full-length
Dnmt3a/3L complexes than chromatin trimethylated
at H3K4. In contrast, the catalytic domain of Dnmt3a
was not affected by the H3K4me3 modification.
These results demonstrate that the binding of the
ADD domain to H3 tails unmethylated at K4 leads
to the preferential methylation of DNA bound to
chromatin with this modification state. Our in vitro
results recapitulate DNA methylation patterns
observed in genome-wide DNA methylation studies.

INTRODUCTION

DNA methylation is a major form of epigenetic modifica-
tion and plays essential roles in gene expression regulation
and chromatin structure remodeling (1-3). The methyla-
tion state of DNA is closely connected to other epigenetic
signals including histone modifications, such as methyla-
tion or acetylation, which are known to activate or silence
gene expression (4). The methylation of CpG dinucleo-
tides (CpG) in mammalian cells is catalyzed by DNA
methyltransferases (Dnmts), comprising Dnmt3a and 3b,
which establish DNA methylation patterns during embry-
onic development and Dnmtl, which maintains the
methylation pattern after DNA replication (1,2,5).
Dnmt3a and 3b contain large N-terminal parts including
a PWWP domain and a PHD-like ADD domain, which
interact with other proteins, and a C-terminal domain har-
boring the catalytic center. The isolated catalytic domains
of Dnmt3a and 3b are enzymatically active (6). Another
member of the Dnmt3 family, Dnmt3L (Dnmt3-like), is
homologous to the Dnmt3 enzymes, but lacks catalytic
activity. It acts as a regulatory factor and can stimulate
the catalytic activity of Dnmt3a and 3b (7-10).

The ADD domain of Dnmt3L was shown to interact
specifically with histone H3 tails that are unmethylated
at lysine 4 (11). The Dnmt3a/3L complex forms a
heterotetramer (12), suggesting that the interaction of
the Dnmt3L ADD domain with the H3 tail could direct
DNA methylation by Dnmt3a (11). The ADD domains
of Dnmt3a and 3b share considerable homology
with Dnmt3L and recently binding of the Dnmt3a ADD
domain to H3 tails unmodified at K4 has been shown and
the structure of this complex solved (13). In addition, an
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interaction of the Dnmt3a ADD with H4R3me2s peptides
has been reported as well (14). Here, we studied the inter-
action of the Dnmt3a and 3b ADD domains with
modified histone tails by applying a hypothesis free
peptide array binding approach.

Independent experimental evidence suggesting an influ-
ence of histone tail modification on DNA methylation
has been provided through several epigenomic studies.
Genome-wide DNA methylation and histone modification
studies revealed a strong anti-correlation of DNA
methylation and histone H3 lysine 4 trimethylation
(H3K4me3) (15-18), and a correlation of H3K9me3 with
DNA methylation (16). A functional connection of these
two silencing marks (DNA methylation and H3K9
methylation) has been observed before in Neurospora
crassa (19,20), plants (21) and mammalian cells (22),
where disruption of the H3K9me3 signal led to a loss of
DNA methylation. As described above, biochemical and
structural data suggest a direct role of the ADD domain of
Dnmt3L in the targeting of Dnmt3a to chromatin
unmethylated at H3K4 (11). However, so far experimental
evidence for preferential methylation of DNA bound
to chromatin, which carries a particular modification
pattern, has not been provided. In order to establish the
molecular mechanism of DNA methylation guidance by
histone modification states, we set up a complete in vitro
system that allowed us to study the influence of chromatin
modifications on the activity of purified Dnmt3a or
Dnmt3a/3L. To this end, histones were generated by
native peptide ligation to contain specifically H3K4 and
H3K9 methylation. The modified histones were assembled
into octamers, bound to DNA and the reconstituted
oligonucleosomes were used as substrates for methylation
with Dnmt3a and Dnmt3a/3L.

MATERIALS AND METHODS

For details of ‘Materials and Methods’ section; see
Supplementary Data.

Recombinant chromatin preparation

Expression and purification of Xenopus laevis histones
were performed as described (23). H3K4me3 and
H3K9me3 were generated by native protein ligation.
Ligation of the activated H3 peptide to the truncated H3
histone and purification of the ligation product was per-
formed as described (24). Assembly of histone octamers
containing H3unmod, H3K4me3 and H3K9me3, as well
as reconstitution of recombinant oligonucleosomes was
performed by salt dialysis as described, using the 12x
200 x 601 template (23,25).

Purification of Dnmt enzymes

The Dnmt3a and Dnmt3b ADD domains (amino acids
472-610 of murine Dnmt3a and 422-560 of murine
Dnmt3bl) were cloned as GST fusion proteins and
purified by standard procedures. The expression and puri-
fication of Dnmt3a2, Dnmt3L and Dnmt3a-C were
carried out as described (10,12). The purity of the
proteins was determined on 12% sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) gel to be
better than 90% (Supplementary Figure S4).

Binding of protein domains to peptides arrays

CelluSpots arrays were provided by Intavis AG (Koln,
Germany). The array was blocked, incubated with
purified GST-tagged ADD domains of Dnmt3a or 3b
(1 uM) and the binding detected by anti-GST antibody.
We confirmed the correct synthesis of the spots containing
T3P, K4me2, K4me3, S10P, T11P and H4R3me2s by
incubation with modification specific antibodies
(Supplementary Figure S5), methylation of the array
with different histone lysine methyltransferases and by
high-performance liquid chromatography (HPLC) and
mass spectrometric analysis of peptides synthesized in
parallel and cleaved off from the matrix for characteriza-
tion (data not shown).

Bisulfite conversion, subcloning and sequencing

The modified chromatin was methylated with Dnmt3a
complexes and the DNA was purified and treated with
bisulfite as described (26).

RESULTS

Binding of the Dnmt3a ADD domain to modified histone
tail peptides

We used an array comprising 384 peptide spots prepared
by the CelluSpots method (27) to study the interaction of
the purified Dnmt3a and 3b ADD domains with modified
histone tails (Figure 1). The array contains peptides from
eight different regions of the N-terminal tails of hist-
ones, namely H3 1-19, 7-26, 16-35 and 26-45, H4 1-19
and 11-30, H2A 1-19 and H2B 1-19 (Figure 1 and
Supplementary Data S1), featuring 59 post-translational
modifications in many different combinations. Each array
was presenting the same peptides in duplicate for quality
control. Binding to the internal duplicates was highly
reproducible (Supplementary Figure S1). In addition, the
results were confirmed by binding of the ADD domain to
peptide arrays originating from an independent peptide
synthesis (data not shown).

Peptide binding of the ADD domains from Dnmt3a and
3b was very similar (Figure 1). In general, we observed
highly specific binding of the Dnmt3a and 3b ADD
domains to differentially modified H3 tails (Figure 1A).
Binding to H2A and H2B tails was not observed.
Binding at H4 tails was only observed at H4Kl6ac, if
they contained additional modifications in different com-
binations. Binding of the ADD domain to H4R3me2s
peptides that has been reported recently (14) could not
be detected (Supplementary Figure S2). We tested
binding of the ADD domain to native histones isolated
from human cells by western blotting and detected strong
binding to the H3 tail, but no binding to H4, H2A or H2B
tails (Figure 1D). This result suggests that the special com-
binations of modifications on H4 leading to ADD binding
on the peptide array are not frequent in chromatin
isolated from human cells. Based on these results, we
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Figure 1. Binding of the Dnmt3a and Dnmt3b ADD domains to
peptide arrays and native histones. (A) Binding of Dnmt3a ADD
domain to peptide arrays comprising 384 different peptides. The
enlargement shows the binding to the H3 1-19 peptides. Peptides con-
taining H3K4me2 or me3, H3T3P, H3S10P or H3TIIP are shaded
green, red and blue, respectively. The positions of the unmodified H3
1-19 as well as the peptides di- and trimethylated at K4 are annotated.
(B) Design of the CelluSpots histone tail peptide arrays. For a detailed
annotation of all spots cf. Supplementary Data S1. (C) Binding of
Dnmt3b ADD domain to peptide arrays comprising 384 different
peptides. (D) Binding of ADD domains to native histones isolated
from human cells. Histones were separated by polyacrylamide gel
electrophoresis and blotted to Nitrocellulose membrane. The
membrane was stained with Ponceau S (PS). Then, membranes were
incubated with GST tagged ADD domains, washed and ADD binding
detected with anti-GST antibody staining (AS).

focused on the H3 tail interaction for the further func-
tional studies.

Binding of H3 tails was disrupted by modification of
H3K4 other than monomethylation. In addition, the
phosphorylation of T3, S10 or TI11 inhibited peptide
binding. As shown clearly in Figure 1A, binding of the
ADD domain to H3 1-19 peptides is only possible if
none of these inhibiting modifications is present.
Monomethylation of K4 reduced binding, but did not
completely prevent the interaction. In addition, non-
natural acetylation of the N-terminus completely dis-
rupted binding, indicating that the free amino terminus
is an important contact point as well (Supplementary
Figure S3). These results agree with equilibrium peptide
binding results for the Dnmt3a ADD domain reported by
Otani et al. (13), who showed that H3K4me2, H3K4me3
and N-acetylation inhibit H3 tail binding, while
trimethylation at K9 has no influence on binding.
Also in their experiments, binding to H4 1-19 tails and
H4 1-19 modified by R3me2s was very weak or
undetectable. Other modifications were not tested in that
study.

We conclude that similar to the ADD domain of
Dnmt3L, the Dnmt3a and Dnmt3b ADD domains bind
to the H3 tail. With Dnmt3L, mono-, di- and trimethy-
lation of K4 was shown to inhibit binding, but the effect
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of monomethylation was weaker than that of di- or
trimethylation (11). Since we have available active
full-length Dnmt3a2 [which is an isoform of Dnmt3a
(28) containing the ADD domain] and its catalytic
domain (not containing the ADD) (6), we focused our
functional studies on the targeting of DNA methylation
activity of Dnmt3a2 by its ADD domain.

Reconstitution of specifically modified oligonucleosomes

With the aim to study the interaction of DNA methylation
and histone modifications in nucleosomes, we generated
recombinant unmodified chromatin and chromatin con-
taining H3K4me3 and H3K9me3 modifications. Wild-
type Xenopus laevis histones were expressed and purified.
Histone H3 proteins modified at H3K4me3 and H3K9me3
were generated by native protein ligation (24). The
assembly of histone octamers containing unmodified H3,
H3K4me3 and H3K9me3 and the reconstitution of
recombinant oligonucleosomes was performed using the
12 x 200 x 601 template (12 tandem repeats of a 200 bp
601 DNA sequence). The nucleosome positioning
sequence locates at the center of each monomeric 200 bp
of the 601 repeat, and the 12 repeats were arranged on the
array in a head to tail manner (25,29). The successful
assembly of chromatin was verified by native gel
electrophoresis (Figure 2A) and analytical ultracentrifu-
gation (data not shown). Identity and purity of the
histone proteins was confirmed by SDS-PAGE
(Figure 2B) and by mass spectrometry. To further
control the saturation level of the oligonucleosomal
reconstitution, assembled material was analyzed after
digestion with micrococcal nuclease (Figure 2C). In
addition, samples were analyzed by scanning force micros-
copy after mild fixation with glutaraldehyde and deposi-
tion on mica support (Figure 2D) (30). At a 1.1 to 1
octamer:DNA ratio, all samples showed the MNase diges-
tion pattern characteristic for nucleosome bound DNA;
11 £ 1 nucleosomes on arrays were observed in SFM,
confirming the successful reconstitution of recombinant
chromatin.

Methylation of DNA bound to oligonucleosomes

In the next step, the recombinant chromatin was
methylated by full-length Dnmt3a2, the C-terminal
catalytic domain of Dnmt3a, and the complex of full-
length Dnmt3a2 and Dnmt3L. For methylation analysis,
the DNA was isolated and treated with bisulfite. By using
primers specific for the DNA sequence of the monomeric
601 repeat (Figure 3), we amplified the PCR products,
which represent a mixture of the DNA repeat in all 12
nucleosomes, and analyzed the DNA methylation
pattern by sequencing of individual clones. The analyzed
region spanned the nucleosome and included 16 out of the
18 CpG sites of each 601 repeat. DNA methylation was
investigated in both DNA strands. Control methylation
reactions were performed with naked DNA from the 12
x 200 x 601 template, which was used for the chromatin
reconstitution. The Dnmt3a2/3L complex methylated
DNA with about 1.5-fold enhanced rate as compared to
Dnmt3a2 alone, which is a similar level of stimulation of
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Figure 2. Analysis of reconstituted oligonucleosomes. (A) Native
agarose gel (0.5%, 0.2x TBE) of free DNA or oligonucleosomes
after reconstitution on 12 x 200 x 601 sequence containing uniformly
the indicated H3 species. Gel was stained post-running with ethidium
bromide (M, molecular size markers). (B) Reconstituted oligo-
nucleosomes containing the indicated H3 species were run on SDS
PAGE gel and analyzed by western blotting using the indicated
antibodies. A separately run gel was stained with Coomassie blue.
(C) DNA used for reconstitution or assembled oligonucleosomes con-
taining different H3 species were digested with MNase for varying
times. Samples were run on agarose gels (1.5%, 1x TBE) and stained
with ethidium bromide (M, molecular size markers). (D) Scanning force
microscopy images of reconstituted oligonucleosomes. At a 1.1:1
octamer : DNA ratio the number of visible nucleosomes on one DNA
molecule typically ranged from 10 to 12.

Dnmt3a by Dnmt3L on long DNA substrates as reported
in the literature (31). We observed in all reactions that
nucleosome bound DNA was methylated with a strong
preference at the first three CpG sites, which are located
in the linker DNA region immediately upstream of the
nucleosomal bound DNA (Figure 3). The activities of all
enzymes were reduced on chromatin when compared to
naked DNA, with Dnmt3a-C showing stronger reduction
than full-length enzymes (Figure 3). In addition, the naked
DNA showed a totally different methylation pattern,
indicating that the preference for methylation of the first
three sites was not related to the DNA sequence.

Methylation of DNA bound to specifically modified
oligonucleosomes

Next, we investigated the methylation of the oligo-
nucleosomes carrying H3K4me3 or H3K9me3 modifica-
tions following the same approach (Figure 4). Since we
observed the strongest methylation in the first three
CpG sites, we restricted the analysis to these sites
(Figure 5). Introduction of the H3K9me3 modification

did not significantly change the methylation levels—an
observation that is in agreement with previous results
obtained using mononucleosomes (32) and with the lack
of any effect of H3K9me3 on ADD binding to H3 tails. In
contrast, the DNA methylation level introduced into the
H3K4me3 modified chromatin by full-length Dnmt3a2 or
the complex of full-length Dnmt3a2 with Dnmt3L was
strongly decreased when compared to the unmodified
chromatin. To analyze whether this reduction of methyla-
tion of H3K4me3 modified chromatin was related to the
ADD domain of Dnmt3a, we methylated the recombinant
chromatin using only the catalytic domain of Dnmt3a
(Dnmt3a-C). The results showed that without the ADD
domain there was no significant methylation difference
between the unmodified chromatin and the chromatin
containing H3K4me3, suggesting that it is the K4
methylation specific H3 tail binding of the ADD domain
that guides methylation of full-length Dnmt3a in this
experiment. This observation also confirms that the differ-
ent modified chromatin substrates used here are of com-
parable quality.

DISCUSSION

It is an open question how DNA methylation patterns are
generated by DNA methyltransferases. For the catalytic
domain of Dnmt3a it has been observed that it shows
some flanking sequence preferences (33,34) and it favors
the methylation of CpG sites in a distance equal to one
helical turn of DNA (12,35). Both these properties were
shown to influence the DNA methylation in cells, but they
cannot explain the generation of a specific DNA
methylation pattern during embryogenesis and germ cell
development. In addition, being an epigenetic signal, the
DNA methylation pattern cannot be determined only by
the primary DNA sequence alone.

We have shown that the ADD domains of Dnmt3a and
Dnmt3b interact with the H3-tail unmethylated at K4
similar as the ADD domain of Dnmt3L (11). Thereby,
these domains assist the binding of full-length Dnmt3a
(or the Dnmt3a/Dnmt3L complex) to chromatin. Using
designer nucleosomes containing defined modifications,
we investigated whether H3K4me3 or H3K9me3 modifi-
cations influence the methylation of the chromatin bound
DNA by Dnmt3a2 and its catalytic domain (which lacks
the N-terminal part including the ADD domain).
Nucleosome bound DNA was methylated with a strong
preference for the linker DNA region. This finding
confirms a previous results obtained with full-length
Dnmt3a and Dnmt3a-C using mononucleosomes recons-
tituted with a different DNA template and a different
method to study methylation of chromatin bound DNA
(32). We conclude that the core nucleosome is protected
against DNA methylation by Dnmt3a, but the linker
regions of the DNA are accessible. The finding that
histone bound DNA is protected from methylation is con-
sistent with results obtained with chromatin isolated from
mammalian cells (36) also showing that addition of HI
further inhibits DNA methylation. We observed that the
catalytic domain of Dnmt3a showed a higher activity than
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Figure 3. DNA methylation of unmodified chromatin and naked DNA by full-length Dnmt3a2, full-length Dnmt3a2/Dnmt3L complex and
Dnmt3a-C. DNA methylation analysis was performed for both strands of DNA in chromatin substrates and DNA. Results shown are the
average of three independent experiments. Altogether about 250 clones were sequenced for each strand and each data point. (A) Methylation
levels of single CpG sites in the upper and lower strand of the DNA. (B) DNA sequence of the 601 monomeric unit (200 bp). The grey color
shades the sequences of the forward and reverse primers. The red-color-labeled CpG sites were analyzed in this study. The nucleosome positioning

sequence (147 bp) is underlined.

Dnmt3a2. This result was reproducible over many purifi-
cations and many years. It may suggest that the
N-terminal part of Dnmt3a2 has a repressive regulatory
function on the catalytic domain, as it is often seen in
other regulated enzymes like proteases or kinases.

The preferential methylation of linker DNA is observed
for Dnmt3a2 and its isolated catalytic domain, indicating
that it is not mediated by the ADD domain. However,
with Dnmt3a2 the DNA methylation levels of chromatin
with unmodified H3 tail or with the H3K9me3 modifica-
tion is four to five times higher than methylation of
H3K4me3 containing chromatin. This difference was not
seen with the isolated catalytic domain of Dnmt3a. This
result indicates that the disruption of the ADD-H3 tail
interaction by di- or tri-methylation of H3K4 interferes
with the chromatin recruitment of Dnmt3a2 and
methylation of DNA. With Dnmt3a2/3L, methylation of
unmodified and H3K9me3 methylated chromatin was
about three times higher than with H3K4me3 chromatin.

The reduced stimulation might be explained by the fact
that in the Dnmt3a/3L tetramer the Dnmt3L ADD
domains also interact with the H3 tails, but Dnmt3L
does not contribute a catalytic domain. In contrast, in
case of Dnmt3a2, each ADD-H3 tail interaction leads to
the recruitment of one catalytic domain to the chromatin
bound DNA.

Using peptide array containing several hundred
peptides in different modification states, we identified
additional modifications of the H3 tail that interfere
with  binding, namely acetylation of K4 and
phosphorylation of T3, S10 or T11. The effects at T3
and K4 can be readily explained in the light of the
Dnmt3a ADD structure (13): T3 is in 4.4 A distance to
Glu545, an interaction that would be disrupted by
phosphorylation of the threonine. K4 is inserted into a
very tight acidic pocket formed by Asp529 and Asp531
that does not allow for its acetylation. The effects in the
C-terminal part of the H3 peptide cannot be easily
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Figure 5. Methylation of DNA on modified oligonucleosomes. (A) Methylation of the first three CpG sites by full-length Dnmt3a2, full-length
Dnmt3a2/Dnmt3L, but not Dnmt3a-C is stimulated by the absence of H3K4me3 (data taken from Figures 3 and 4). For each comparison, the
methylation levels were normalized to H3K4me3, which showed the lowest methylation. Results shown are the average of three independent
experiments; error bars indicate the standard deviations. (B) Schematic picture showing how the H3 tail interaction of Dnmt3a’s ADD domain
(orange) anchors the catalytic domain (red) to methylate the linker DNA regions of nucleosomes.

interpreted, but in the structure the peptide was covalently
bound to the N-terminus of the ADD domain, such that
the positioning of the C-terminal part of the H3 peptide
might not be fully reliable.

Our data provide the first evidence that preferential
binding of a DNA methyltransferase to histone tails
carrying specific post-translational modification patterns
directly leads to the favored methylation of DNA bound
to the modified chromatin (Figure 5B). Here, we

demonstrate that this effect can be achieved by the ADD
domain in Dnmt3a, which binds to chromatin with the
same specificity as the Dnmt3L ADD domain. However,
other domains and factors may further contribute to the
targeting of Dnmt3a. For example, the PWWP domain of
Dnmt3a has been shown to be involved in
heterochromatin targeting of the enzyme (37,38). Our
unpublished data suggest that this domain is also
directly engaged in an interaction with histone tails



(manuscript in preparation). Together with the DNA
binding of the catalytic domains, these interactions may
be responsible for the strong and direct interaction of
Dnmt3a with chromatin (39). Another silencing mark
that is associated with DNA methylation is H3K9me3
(19-22). Our results make a direct interaction of
Dnmt3a with H3K9me3 (via the ADD domain or any
other part of the enzyme) unlikely, suggesting that this
correlation might be mediated by additional proteins,
like HP1, which reads H3K9me3 and has been shown to
directly interact with Dnmt3a (40).

It is interesting that the ADD domains of Dnmt3L (11),
Dnmt3a (this work and Ref. 13) and Dnmt3b (this work)
all basically have the same preference for binding to H3
tails unmodified at K4. Dnmt3a and 3b show clearly
distinct biological functions with Dnmt3a being involved
in the setting of parental imprints (41,42) and Dnmt3b in
the methylation of pericentromeric repeats (41,43). Our
results suggest that the ADD domains of both proteins
are not responsible for this difference in function.
The finding that the ADD domains from Dnmt3a and
Dnmt3L bind to H3 tails with the same specificity
suggests that the recruitment of Dnmt3a to chromatin
with unmethylated H3 tail may not be the primary
function of Dnmt3L.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

The DFG (JE 252/6 and JE 252/7); NIH grant DK08267;
and by the Max Planck Society (to W.F. and R.R.). S. S.
was recipient of a Bochringer Ingelheim predoctoral
fellowship. Funding for open access charge: DFG.

Conflict of interest statement. None declared.

REFERENCES

1. GolLM.G. and Bestor,T.H. (2005) Eukaryotic cytosine
methyltransferases. Annu. Rev. Biochem., 74, 481-514.

2. Klose,R.J. and Bird,A.P. (2006) Genomic DNA methylation: the
mark and its mediators. Trends Biochem. Sci., 31, 89-97.

3. Reik,W. (2007) Stability and flexibility of epigenetic gene
regulation in mammalian development. Nature, 447, 425-432.

4. Kouzarides,T. (2007) Chromatin modifications and their function.

Cell, 128, 693-705.

. Hermann,A., Gowher,H. and Jeltsch,A. (2004) Biochemistry and
biology of mammalian DNA methyltransferases. Cell. Mol. Life
Sci., 61, 2571-2587.

6. Gowher,H. and Jeltsch,A. (2002) Molecular enzymology of

the catalytic domains of the Dnmt3a and Dnmt3b DNA
methyltransferases. J. Biol. Chem., 277, 20409-20414.

7. Bourc’his,D., Xu,G.L., Lin,C.S., Bollman,B. and Bestor,T.H.
(2001) Dnmt3L and the establishment of maternal genomic
imprints. Science, 294, 2536-2539.

8. Hata,K., Okano,M., Lei,H. and Li,E. (2002) Dnmt3L cooperates
with the Dnmt3 family of de novo DNA methyltransferases to
establish maternal imprints in mice. Development, 129, 1983-1993.

9. Chedin,F., Lieber,M.R. and Hsieh,C.L. (2002) The DNA
methyltransferase-like protein DNMT3L stimulates de novo
methylation by Dnmt3a. Proc. Natl Acad. Sci. USA, 99,
16916-16921.

i

19.

21.

22.

23.

24.

25.

26.

27.

28.

Nucleic Acids Research, 2010 7

. Gowher,H., Liebert,K., Hermann,A., Xu,G. and Jeltsch,A. (2005)

Mechanism of stimulation of catalytic activity of Dnmt3A and
Dnmt3B DNA-(cytosine-C5)-methyltransferases by Dnmt3L.
J. Biol. Chem., 280, 13341-13348.

. 001,S.K., Qiu,C., Bernstein,E., Li,K., Jia,D., Yang,Z.,

Erdjument-Bromage,H., Tempst,P., Lin,S.P., Allis,C.D. et al.
(2007) DNMT3L connects unmethylated lysine 4 of histone H3
to de novo methylation of DNA. Nature, 448, 714-717.

.Jia,D., Jurkowska,R.Z., Zhang,X., Jeltsch,A. and Cheng,X. (2007)

Structure of Dnmt3a bound to Dnmt3L suggests a model for de
novo DNA methylation. Nature, 449, 248-251.

. Otani,J., Nankumo,T., Arita,K., Inamoto,S., Ariyoshi,M. and

Shirakawa,M. (2009) Structural basis for recognition of H3K4
methylation status by the DNA methyltransferase 3A
ATRX-DNMT3-DNMT3L domain. EMBO Rep., 10, 1235-1241.

. Zhao,Q., Rank,G., Tan,Y.T., Li,H., Moritz,R.L., Simpson,R.J.,

Cerruti,L., Curtis,D.J., Patel,D.J., Allis,C.D. et al. (2009)
PRMT5-mediated methylation of histone H4R3 recruits
DNMT3A, coupling histone and DNA methylation in gene
silencing. Nat. Struct. Mol. Biol., 16, 304-311.

. Weber,M., Hellmann,I., Stadler,M.B., Ramos,L., Paabo,S.,

Rebhan,M. and Schubeler,D. (2007) Distribution, silencing
potential and evolutionary impact of promoter DNA methylation
in the human genome. Nar. Genet., 39, 457-466.

. Meissner,A., Mikkelsen,T.S., Gu,H., Wernig,M., Hanna,J.,

Sivachenko,A., Zhang,X., Bernstein,B.E., Nusbaum,C., Jaffe,D.B.
et al. (2008) Genome-scale DNA methylation maps of pluripotent
and differentiated cells. Nature, 454, 766-770.

. Zhang,Y., Rohde,C., Tierling,S., Jurkowski,T.P., Bock,C.,

Santacruz,D., Ragozin,S., Reinhardt,R., Groth,M., Walter,J. et al.
(2009) DNA methylation analysis of chromosome 21 gene
promoters at single base pair and single allele resolution.

PLoS Genet., 5, e1000438.

. Hodges,E., Smith,A.D., Kendall,J., Xuan,Z., Ravi,K., Rooks,M.,

Zhang,M.Q., Ye,K., Bhattacharjee,A., Brizuela,L. et al. (2009)
High definition profiling of mammalian DNA methylation by
array capture and single molecule bisulfite sequencing.
Genome Res., 19, 1593-1605.

Tamaru,H. and Selker,E.U. (2001) A histone H3
methyltransferase controls DNA methylation in Neurospora
crassa. Nature, 414, 277-283.

. Tamaru,H., Zhang,X., McMillen,D., Singh,P.B., Nakayama,J.,

Grewal,S.1., Allis,C.D., Cheng,X. and Selker,E.U. (2003)
Trimethylated lysine 9 of histone H3 is a mark for DNA
methylation in Neurospora crassa. Nature Genet., 34, 75-79.
Jackson,J.P., Lindroth,A.M., Cao,X. and Jacobsen,S.E. (2002)
Control of CpNpG DNA methylation by the KRYPTONITE
histone H3 methyltransferase. Narure, 416, 556-560.

Lehnertz,B., Ueda,Y., Derijck,A.A., Braunschweig,U.,
Perez-Burgos,L., Kubicek,S., Chen,T., Li,E., Jenuwein,T. and
Peters,A.H. (2003) Suv39h-mediated histone H3 lysine 9
methylation directs DNA methylation to major satellite repeats
at pericentric heterochromatin. Curr. Biol., 13, 1192-1200.
Luger,K., Rechsteiner,T.J., Flaus,A.J., Waye,M.M. and
Richmond,T.J. (1997) Characterization of nucleosome core
particles containing histone proteins made in bacteria.

J. Mol. Biol., 272, 301-311.

Shogren-Knaak,M.A. and Peterson,C.L. (2004) Creating designer
histones by native chemical ligation. Methods Enzymol., 375,
62-76.

Huynh,V.A., Robinson,P.J. and Rhodes,D. (2005) A method for
the in vitro reconstitution of a defined 30 nm” chromatin fibre
containing stoichiometric amounts of the linker histone.

J. zzMol. Biol., 345, 957-968.

Zhang,Y., Rohde,C., Tierling,S., Stamerjohanns,H., Reinhardt,R.,
Walter,J. and Jeltsch,A. (2009) DNA methylation analysis by
bisulfite conversion, cloning, and sequencing of individual clones.
Methods Mol. Biol., 507, 177-187.

Winkler,D.F., Hilpert,K., Brandt,O. and Hancock,R.E. (2009)
Synthesis of peptide arrays using SPOT-technology and the
CelluSpots method. Methods Mol. Biol., 570, 157-174.

Chen,T., Ueda,Y., Xie,S. and Li,E. (2002) A novel Dnmt3a
isoform produced from an alternative promoter localizes to



8

29.

30.

31.

32.

33.

34.

35.

36.

Nucleic Acids Research, 2010

euchromatin and its expression correlates with active de novo
methylation. J. Biol. Chem., 277, 38746-38754.

Lowary,P.T. and Widom,J. (1998) New DNA sequence rules for
high affinity binding to histone octamer and sequence-directed
nucleosome positioning. J. Mol. Biol., 276, 19-42.

Leuba,S.H. and Bustamante,C. (1999) Analysis of chromatin by
scanning force microscopy. Methods Mol. Biol., 119, 143-160.
Suetake,I., Shinozaki,F., Miyagawa,J., Takeshima,H. and
Tajima,S. (2004) DNMT3L stimulates the DNA methylation
activity of Dnmt3a and Dnmt3b through a direct interaction.

J. Biol. Chem., 279, 27816-27823.

Gowher,H., Stockdale,C.J., Goyal,R., Ferreira,H., Owen-
Hughes, T. and Jeltsch,A. (2005) De novo methylation of
nucleosomal DNA by the mammalian Dnmtl and Dnmt3A DNA
methyltransferases. Biochemistry, 44, 9899-9904.

Handa,V. and Jeltsch,A. (2005) Profound flanking sequence
preference of Dnmt3a and Dnmt3b mammalian DNA
methyltransferases shape the human epigenome. J. Mol. Biol.,
348, 1103-1112.

Oka,M., Rodic,N., Graddy,J., Chang,L.J. and Terada,N. (2006)
CpG sites preferentially methylated by Dnmt3a in vivo. J. Biol.
Chem., 281, 9901-9908.

Jurkowska,R.Z., Anspach,N., Urbanke,C., Jia,D., Reinhardt,R.,
Nellen,W., Cheng,X. and Jeltsch,A. (2008) Formation of
nucleoprotein filaments by mammalian DNA methyltransferase
Dnmt3a in complex with regulator Dnmt3L. Nucleic Acids Res.,
36, 6656-6663.

Takeshima,H., Suetake,I. and Tajima,S. (2008) Mouse Dnmt3a
preferentially methylates linker DNA and is inhibited by histone
HI1. J. Mol. Biol., 383, 810-821.

37.

38.

39.

40.

41.

42.

43.

Ge,Y.Z., PuM.T., Gowher,H., Wu,H.P., Ding,J.P., Jeltsch,A. and
Xu,G.L. (2004) Chromatin targeting of de novo DNA
methyltransferases by the PWWP domain. J. Biol. Chem., 279,
25447-25454.

Chen,T., Tsujimoto,N. and Li,E. (2004) The PWWP domain of
Dnmt3a and Dnmt3b is required for directing DNA methylation
to the major satellite repeats at pericentric heterochromatin.
Mol. Cell. Biol., 24, 9048-9058.

Jeong,S., Liang,G., Sharma,S., Lin,J.C., Choi,S.H., Han,H.,
Yoo0,C.B., Egger,G., Yang,A.S. and Jones,P.A. (2009) Selective
anchoring of DNA methyltransferases 3A and 3B to
nucleosomes containing methylated DNA. Mol. Cell. Biol., 29,
5366-5376.

Fuks,F., Hurd,P.J., Deplus,R. and Kouzarides,T. (2003) The
DNA methyltransferases associate with HP1 and the SUV39H1
histone methyltransferase. Nucleic Acids Res., 31, 2305-2312.
Okano,M., Bell,D.W., Haber,D.A. and Li,E. (1999) DNA
methyltransferases Dnmt3a and Dnmt3b are essential for de novo
methylation and mammalian development. Cell, 99, 247-257.
Kaneda,M., Okano,M., Hata,K., Sado.T., Tsujimoto,N., Li,E.
and Sasaki,H. (2004) Essential role for de novo DNA
methyltransferase Dnmt3a in paternal and maternal imprinting.
Nature, 429, 900-903.

Xu,G.L., Bestor,T.H., Bourc’his,D., Hsieh,C.L., Tommerup,N.,
Bugge,M., Hulten,M., Qu,X., Russo,J.J. and Viegas-Pequignot,E.
(1999) Chromosome instability and immunodeficiency syndrome
caused by mutations in a DNA methyltransferase gene. Nature,
402, 187-191.



Chromatin methylation activity of Dnmt3a and Dnmt3a/3L is guided

by interaction of the ADD domain with the histone H3 tail

Yingying Zhang, Renata Jurkowska, Szabolcs Soeroes, Arumugam Rajavelu,
Arunkumar Dhayalan, Ina Bock, Philipp Rathert, Ole Brandt, Richard Reinhardt,
Wolfgang Fischle & Albert Jeltsch

Supplemental Information

Materials and methods

Recombinant chromatin preparation

Expression and purification of wt Xenopus laevis histones was performed as described
(1). H3K4me3 and H3K9me3 were generated by native protein ligation (2). The
coding sequence for X.laevis H3A1-20 C21A was amplified by PCR and cloned into
the pET3d expression vector. The truncated H3 protein was expressed and purified
like the wt histones. The H3 N-terminal peptide containing residues 1-20 and
tri-methylated lysines 4 or 9 were synthesized using Fmoc-based solid-phase
synthesis and activated at the C-terminus by thioesterification. Ligation of the
activated H3 peptide to the truncated H3 histone and purification of the ligation
product was performed as described (2). Identity and purity of histones was verified

by SDS-PAGE as well as by mass spectrometry.

Assembly of histone octamers containing H3unmod, H3K4me3, and H3K9me3 as
well as reconstitution of recombinant oligonucleosomes was performed by salt
dialysis as described using the 12x200x601 template (1,3). Briefly, octamers were
reconstituted using H3unmod, H3K4me3, or H3K9me3 and purified by gel filtration
on Superdex 200 (GE Healthcare). Scavenger DNA corresponding to a fragment of
148 bp length PCR amplified from pUC18 was used in all reconstitutions. Assembly

reactions were titrated at different octamer:DNA ratios. Reproducibly, a octamer:DNA



ratio of 1.1:1 resulted in saturated nucleosomal arrays. Reconstituted material was
used for all assays without further purification after extensive dialysis against 10 mM

TEA, 0.1 mM EDTA, pH 7.5.

Binding of ADD domains to peptides arrays

CelluSpots arrays were provided by Intavis AG (Koéln, Germany). The array was
blocked by incubation in TTBS buffer (10 mM Tris/HCI pH 8.3, 0.05% Tween-20 and
150 mM NacCl) containing 5% non-fat dried milk at 4 °C overnight, then washed three
times with TTBS buffer, and incubated with purified GST-tagged ADD domain of
Dnmt3a or 3b (1 M) at room temperature for 2 hours in interaction buffer (100 mM
KCI, 20 mM HEPES, pH 7.5, 1 mM EDTA, 0.1 mM DTT and 10% glycerol). After
washing with TTBS buffer three times, the array was incubated with goat anti-GST
antibody (GE Healthcare #27- 4577-01) 1:5000 dilution in TTBS buffer for 1 h at
room temperature. Then, the array was washed three times with TTBS and incubated
with horseradish peroxidase conjugated anti-Goat antibody (Invitrogen #81-1620)
1:12000 in TTBS for 1 h at room temperature. Finally, the array was washed three
times with TTBS and submerged in ECL developing solution (Thermo Fisher

Scientific) and image was captured in X-ray film.

Binding of ADD domains to native histones

Native histones were isolated from HEK293 cell line by acid extraction method as
described (4). For the binding specificity analysis of ADD domains, 7.5 ug of native
histones were separated in 16% SDS-PAGE and the histones transferred to the
Nitrocellulose membrane by western blotting. After staining with Ponceau S, the
Nitrocellulose membrane was blocked by incubation in TTBS buffer (10 mM
Tris/HCI pH 8.3, 0.05% Tween-20 and 150 mM NaCl) containing 5% non-fat dried
milk at 4 °C overnight. The membrane was then washed once with TTBS buffer, and
incubated with purified GST-tagged ADD domain of Dnmt3a or Dnmt3b (1 uM) at
room temperature for 90 min in interaction buffer (200 mM KCI, 20 mM HEPES pH



7.5, 1 mM EDTA, 0.1 mM DTT and 10% glycerol). After washing in TTBS buffer,
the membrane was incubated with goat anti-GST antibody (GE Healthcare #27-
4577-01 at 1:3000 dilution) in TTBS buffer for 1 h at room temperature. Then, the
membrane was washed three times with TTBS and incubated with horseradish
peroxidase conjugated anti-Goat antibody (Invitrogen #81-1620 1:3000) in TTBS for
1 h at room temperature. Finally, the membrane was submerged in ECL developing

solution (Thermo Scientific) and image was captured in X-ray film.

Methylation of the DNA in recombinant chromatin

16 nM chromatin (unmodified and modified with H3K4me3, and H3K9me3) were
methylated using 2 uM Dnmt3a2 or Dnmt3a-C, in reaction buffer (20 mM Hepes pH
7.2, 1 mM EDTA, 100 mM KClI) in the presence of S-adenosyl-L-methionine (0.32
mM) for 2 h at 37°C. Naked DNA was methylated as a control. Dnmt3a2/3L complex
was formed by pre-incubation of equimolar amounts of both proteins at room
temperature for 30 min, then used to methylate the chromatin. Duplicate reactions
were set up in parallel for each sample type. The reaction was stopped by freezing in
liquid nitrogen. Afterwards, proteinase K digestion was performed, followed by

clean-up of DNA using DNA purification Kit (Macherey Nagel, Duren, Germany).

Bisulfite conversion, subcloning and sequencing

The purified DNA was treated with bisulfite as described (5). The bisulfite converted
DNA was used as template for PCR using primers designed for the single nucleosome
(Top strand: forward GGT TAT GTG ATG GAT TTT ATA and reverse CTATTC AAY
ACA TAC ACA AAA TATA,; bottom strand: forward TAA TAT ATG TAT AGG ATG
TAT ATA TTT GA and reverse TCR AAT TAT ATA ATA AAC CCT ATAC; with Y
representing C or T and R representing A or G). The PCR program was: 95°C, 3 min;
(94°C 45s,43°C 355, 72 °C 20 s) 35 cycles, 72°C 5 min. The PCR products were
purified by ChargeSwitch® PCR Clean-Up Kit (Invitrogen) and subcloned using the
StrataClone™ Kit (Stratagene). Around 100 clones for each PCR product were picked
for each individual experiment and sequenced using ABI BigDye Terminator

3



chemistry (BigDye Terminator v3.1 K) using 3730xlI ABI 96-capillary sequencer
systems equipped with capillaries of 50 cm separation length. BISMA and BDPC was
used to perform quality control, derive DNA methylation patterns from the
sequencing results, calculate the average methylation level of single CpG sites and

present the DNA methylation pattern (6-8).



Supplemental Figures

Suppl. Fig. 1: Reproducibility of ADD binding to peptide arrays. A) The arrays
contain two identical sets of peptides. B) Plots of the binding intensities to the two
corresponding spots in the two replicates of the array. C) The relative deviation of

intensities to the two corresponding spots after normalization of activity to the

strongest spot on the array.
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Suppl. Fig. 2: Binding of the Dnmt3a ADD domain to non-H3 1-19 spots. The left
part shows the binding pattern of the ADD domain on the histone tail array. On the

right side some H4 tail spots are annotated.
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Suppl. Fig. 3: The Dnmt3a ADD domain did not bind to H3 1-19 peptides, if they
were methylated at the N-terminus. The picture shows the same array design as in all
other figures, with the only difference that the N-termini of all peptides were
acetylated. We confirmed by antibody binding, that the peptides spotted in this array

are fully functional (data not shown).

N-terminus acetylated

Suppl. Fig 4: Examples of Coomassie stained SDS polyacrylamide gel pictures of the

protein preparations used in this study.
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Suppl. Fig. 5: Binding of control antibodies to the peptide arrays used in this study. In
the left panel, binding of the Dnmt3a ADD domain is shown. Peptides which carry a
modification that prevents binding are shaded in green red and blue. On the right side,
the binding of two different antibodies to the arrays is shown, with shading same as
for the ADD domain. These results clearly illustrate that the spots containing the

H3K4me3 or H3S10 modifications are present on the array.
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