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Chapter 1

Introduction

1.1 Epigenetics

A single zygote differentiates into a variety of cells, which have different
morphology and function, in spite of possessing the identical genetic information. During
this process, the amount and timing of gene expression are regulated to gain cell-specific
phenotype. These gene expression patterns are established and maintained mainly by the
mechanism of “epigenetics”, which is defined as follows: “An epigenetic trait is a stably
heritable phenotype resulting from changes in a chromosome without alterations in the
DNA sequence” (Berger et al., 2009). The epigenetic mechanism is based on covalent
bonds of DNA methylation and histone post-transcriptional modifications.

Genome DNA is packed into chromosomes in the nucleus. In eukaryotes, a histone
octamer comprising two sets of core histones H2A, H2B, H3 and H4, is wrapped 1.7
times with 147 base pair-DNA to form a nucleosome (Luger et al., 1997). Nucleosomes
forming “beads on a string” structure are folded into 30 nm chromatin fibers (Margueron
and Reinberg, 2010), and these fibers are condensed into a chromosome. The N-terminal
tail regions of each histone protrude from a nucleosome are subjected to acetylation,
methylation, phosphorylation, ubiquitylation and so on (Kouzarides, 2007). Two different
packing states of chromatin exist; highly condensed heterochromatin containing silenced
genes, and unraveled euchromatin containing modifications that are involved in active
transcription. Combinations of DNA and histone modifications play a role in modulating
chromatin conformation (Cheng and Blumenthal, 2010), and control the access of readers
and modifiers, and thus differences of these modifications result in variation of gene

expression patterns (Ruthenburg et al., 2007).



1.2 DNA methylation and gene regulation

In prokaryote, methylation modification is found in the fifth position of the cytosine
bases (C5), the sixth position of adenine bases (N6), and the fourth position of cytosine
(C4) (Kumar et al., 1994). The C5 methylation plays a role in “restriction-modification
systems” that protects DNA from digestion by restriction enzymes and bacteriophage
infection (Wilson and Murray, 1991). In eukaryote, recently adenine methylation has
been found in clamidomonas, drosophila, and C. elegance (Fu et al., 2015; Zhang et al.,
2015; Greer et al., 2015). However, methylation at the fifth position of cytosine base is
the major modification in eukaryotes. The 5-methylcytosine was first discovered in calf
thymus DNA (Hotchkiss, 1948). Two papers independently proposed that 5-
methylcytosines are inherited during cell divisions, and predicted the existence of two
kinds of enzymes to methylate the un-methylated DNA and the methylated DNA on one
strand, which is so-called “hemi-methylated DNA” (Holliday and Pugh, 1975; Riggs,
1975). In addition, they postulated that 5-methylcytosine contributes to gene silencing.
Thereafter, these postulations have been confirmed in the 1980s. The 5-methylcytosine
in genome DNA plays an important role in development and differentiation (Reik, 2007),
transcriptional silencing of retrotransposons (Walsh et al., 1998; Bourc’his and Bestor,
2004), X-chromosome inactivation in females (Reik and Lewis, 2005), and genomic
imprinting (Li et al., 1993).

DNA methylation in mammals occurs selectively at the cytosine of CpG sequences
(Figure 1.1). DNA methylation at non-CpG sequences, which occurs at the cytosine of
CpT and CpA sequences, is observed in embryonic stem cells (Ramsahoye et al., 2000;
Lister et al., 2009), but this methylation pattern is not maintained by maintenance DNA
methyltransferase DNMT1 during replication. As expected, non-proliferating cell
containing tissues such as ovary (Shirane et al., 2013) and brain (Guo et al., 2014) contain

relatively high level of non-CpG methylation. In plant, in addition to CpG, CpHpG and



CpHpH sequences (in which H = A, T, or C) are also methylated and maintained (Law
and Jacobsen, 2010).

About 70 to 80% of CpG sequences in human somatic tissues are methylated
(Ehrlich et al., 1982). The CpG sequences in satellite DNAs, repetitive elements, non-
repetitive intergenic DNA, and exons of genes (Li and Zhang, 2014) are generally highly
methylated. Approximately 70% of gene promoters in vertebrates contain CpG-enriched
sequences of more than 1,000 base pairs, which are called CpG islands, and most of them
are at the promoters of housekeeping genes (Deaton and Bird, 2011). In somatic cells,
promoter CpG islands of housekeeping genes are under methylated, and these CpG
islands contribute to transcriptionally permissive chromatin environment (Long ef al.,
2013). DNA methylation of CpG islands at gene promoters leads to transcriptionally
inactive (Deaton and Bird, 2011). Unlike CpG islands in promoter regions, most gene
bodies are CpG-poor state in vertebrates, and the CpG sites are frequently methylated
(Jones, 2012). As gene-body methylation level of exons is observed to be higher than that
of introns and transitions of methylation level occur at boundaries between exon and
intron, it was proposed that gene body methylation may contribute to transcript splicing
(Laurent et al., 2010).

DNA methylation plays a role in regulation of gene expression through two
pathways: The methylated target sites in promoters or insulators interfere with the binding
of transcription factors, or the co-repressor complex containing methyl-CpG binding
proteins that selectively bind to methylated DNA establishes silent chromatin. As for the
first mechanism, most of the transcription factors are inhibited the binding to the
methylated CpG in the binding motif or adjacent sequence. Although it is shown that the
transcription factors such as CCCTC-binding factor (CTCF) (Bell et al., 1999), E2F
(Campanero et al., 2000), or CREB (Iguchi-Ariga and Schaftner, 1989) are inhibited by

the methylation of the binding motifs and near, it does not mean that the mechanism is



working in vivo. The methylation of the binding motif of CTCF in the Igf2 and H19
imprinting locus is the only example that is shown to contribute to the in vivo regulation
(Bell and Felsenfeld, 2000; Hark ez al., 2000).

As for the second mechanism, three classes of mammalian methyl-CpG binding
proteins are identified (Hashimoto et al., 2015). MeCP2, MBD1, MBD2, MBD3 and
MBD4 belong to the methyl-CpG-binding domain (MBD) family. MeCP2, MBDI,
MBD2, and MBD4 selectively bind to the methylated DNA, and these proteins contribute
in silencing transcription (Bogdanovi¢ and Veenstra, 2009). MeCP2 interacts with Sin3A
co-repressor complex containing histone deacetylase (Nan et al., 1998). Mecp? is located
on X-chromosome, and its mutation causes Rett syndrome, which is an X-linked neuro-
developmental disorder (Amir et al., 1999). MBDI1 associates with SET domain
bifurcated 1 (SETDB1) and was reported to contribute to maintenance of histone H3
lysine 9 methylation during DNA replication (Sarraf and Stancheva, 2004). The histone
H3 K9 methylation is involved in chromatin silencing. MBD1 also binds to un-
methylated CpG through a CXXC motif, which has similar sequences to that of DNMT1
(Jorgensen et al., 2004). MBD2 forms the complex with nucleosome remodeling and
histone deacetylase (NuRD) co-repressor (Feng and Zhang, 2001).

The second class is Ubiquitin-like, containing plant homeodomain (PHD) and
really interesting new gene (RING) finger domains 1 (UHRF1). UHRF1 binds to hemi-
methylated DNA through Su(var)3-9, En(zeste), and Trithorax (SET) and RING finger-
associated (SRA) domain (Arita et al., 2008; Avvakumov et al., 2008; Hashimoto et al.,
2008).

The third class is the Cys2His2 (C2H2) Zinc finger protein family, which contains
Kaiso, ZBTB4, and ZBTB38. Kaiso binds to nuclear receptor co-repressor (N-CoR)
deacetylase complex (Yoon et al., 2003). ZBTB4 and ZBTB38 show distinct tissue-

specific expression pattern, and are highly expressed in the brain (Filion et al., 2006).
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Figure 1.1 DNA methylation at cytosine base.
In mammals, DNMT methylates the fifth of cytosine in CpG sequences by transfer of a

methyl group from S-adenosyl-L-methionine (AdoMet) to the cytosine.

11



1.3 Mammalian DNA (cytosine-C5) methyltransferases

Mammals possess the three active DNA (cytosine-C5) methyltransferase, which
are DNMT1, DNMT3A, and DNMT3B (Figure 1.2). DNMT1 has the higher methylation
activity toward hemi-methylated CpG than un-methylated CpG (Vilkaitis et al., 2005).
DNMT3A and DNMT3B equally methylate dIdC and dCdG in vivo, and are also subtly
able to methylate the cytosine of CpT and CpA sequences (Suetake et al., 2003). These
DNMT3s are responsible for de novo-type DNA methylation activity, and thus are
responsible in establishing DNA methylation patterns during embryogenesis and
gametogenesis (Okano et al., 1999; Kaneda et al., 2004). In addition, DNMT3 like protein
(DNMT3L), which is a catalytically inactive homolog of the DNMT3 family, is
prerequisite for the de novo methylation in germ cells as a regulatory factor of DNMT3A
(Jia et al., 2007). DNMT3L directly interacts with DNMT3A or DNMT3B through their
C-terminal domains, and these interactions stimulate each DNA methylation activity in
vitro (Suetake et al., 2004). There are two waves of the establishment of DNA methylation
patterns in mammalian life cycle (Rose and Klose, 2014). The first wave of de novo
methylation starts to occur in the inner cell mass cells at around the time of implantation
by DNMT3B (Watanabe et al., 2002). Next, DNA methylation patterns in primordial
germ cell are re-established by DNMT3A2, a short isoform of DNMT3A, and DNMT3L
during germ line development (Sakai et al., 2004). Once genome DNA methylation
patterns are established, DNMT]I inherits these patterns by methylation of hemi-
methylated CpG during cell divisions.

All mammalian DNMTs consist of the N-terminal regulatory region and the C-
terminal catalytic domain. The C-terminal catalytic domains of mammalian DNMTs
share the ten conserved motifs among DNA (cytosine-C5) methyltransferases from
prokaryote to eukaryote. In particular, motifs I, IV, VI, VIII, IX, and X are highly

conserved in all DNA (cytosine-C5) methyltransferases. The nonconserved region
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between motifs VIII and IX contains the target recognition domain (TRD), which is
involved in recognition of DNA substrate sequence. The TRD of DNMTT is larger than
that of DNMT3s, and plays a role in recognizing hemi-methylated CpG. DNA (cytosine-
C5) methyltransferases catalyze the transfer of a methyl group from S-adenosyl-L-
methionine as the supplier of the methyl group to the fifth position of the flipped out
target cytosine of DNA double helix. This transfer mechanism had been researched on
prokaryotic DNA (cytosine-C5) methyltransferases (Figure 1.3) (Wu and Santi, 1987) and
mammalian DNMTs adopt the similar mechanism (Yang et al., 2013). The initial step of
this transfer mechanism is the nucleophilic attack on the sixth carbon of a target cytosine
by the completely conversed cysteine thiol of prolyl-cysteinyl dipeptide in motif IV, and
a covalent DNA-enzyme intermediate is generated. This attack leads to the transfer of the
methyl group in S-adenosyl-L-methionine to the fifth carbon of the target cytosine. Finally,
the fifth proton is abstracted, and the covalent bond between the cysteine thiol and the

sixth carbon of the target cytosine is eliminated by a -elimination.
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Figure 1.2 Schematic illustrations of mouse DNA (cytocin-5)
methyltransferases.

DNMTT1 has the N-terminal independently folded domain (NTD), the replication foci-
targeting sequence (RFTS) domain, the zinc-finger-like (CXXC) motif, two tandem
bromo-adjacent homology (BAH) domains BAH1 and BAH2, the KG repeat liner and
the catalytic domain. The catalytic domain contains the target recognition domain (TRD)
and conserved motifs (I-X). DNMT3A and DNMT3B have the Pro-Trp-Trp-Pro
(PWWP) domain, the alpha thalassaemia/mental retardation syndrome X-linked
homologue (ATRX)-DNMT3-DNMT3L (ADD) domain, and the C-terminal catalytic

domain. DNMTS3L does not have any conserved motifs in the catalytic domain.
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Figure 1.3 The mechanism of cytosine methylation.
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1.4 De novo DNA methylation by DNMT3 family

DNMT3A and DNMT3B have common domain arrangements (Figure 1.2). Both
DNMT3s comprise the Pro-Trp-Trp-Pro (PWWP) domain, the alpha thalassaemia/mental
retardation syndrome X-linked homologue (ATRX)-DNMT3-DNMT3L (ADD) domain,
and the C-terminal catalytic domain. The PWWP domain of DNMT3A or DNMT3B
binds to tri-methylated lysine 36 residues of histone H3 tails (H3K36me3) (Rondelet et
al., 2016), and the PWWP domain of DNMT3B contributes to targeting of DNMT3B to
gene body methylation (Morselli ef al., 2015). The C-terminal domains of DNMT3A and
DNMT3L form a dimer, and then this dimer forms a tetramer with a DNMT3A-
DNMT3A interface and two DNMT3A-DNMT3L interfaces in the crystal structure (Jia
et al., 2007). Recently, the crystal structure of the tetramer of DNMT3A harboring the
ADD domain and DNMT3L in complex with or without histone H3 tail was reported
(Guo et al., 2015). The tetramer without histone H3 tail shows that the ADD domain
interacts with the catalytic domain of DNMT3A and it inhibits DNA methylation activity
of the tetramer. On the other hand, the tetramer in complex with histone H3 tail shows
that the binding of histone H3 tail to the ADD domain disrupts the interaction between
the ADD domain and the catalytic domain of DNMT3A, and DNA methylation activity
of the tetramer increases. In addition, tri-methylated lysine 4 residues of histone H3 tails
(H3K4me3) do not bind to the ADD domain (Otani et al., 2009). These observations
explain the molecular mechanism of the negative correlation between DNA methylation

and H3K4me3 in mammalian genome.
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1.5 Maintenance-type DNA methyltransferase DNMT1

The N-terminal regulatory region of DNMT 1 harbors the N-terminal independently
folded domain (NTD) (Suetake et al., 2006), the replication foci-targeting sequence
(RFTS) domain (Leonhardt et al., 1992), the zinc-finger-like (CXXC) motif, and two
tandem bromo-adjacent homology (BAH) domains. Then, the lysyl-glycyl (KG) repeats
linker connects to the C-terminal catalytic domain (Figure 1.2). The NTD is the N-
terminal about 250 amino acid sequences, and it binds to the DNMT1-associated protein
1 (DMAPI1), which is a transcriptional repressor (Rountree et al., 2000), the
retinoblastoma gene product (Rb), which is a cell cycle regulator (Pradhan and Kim,
2002), DNMT3A and DNMT3B (Kim ef al., 2002), the proliferating cell nuclear antigen
(PCNA), which is an auxiliary factor in DNA replication (Chuang et al., 1997), the cyclin-
dependent kinase-like 5 (CDKLS5 kinase) (Kameshita et al., 2008), the casein kinase 15/¢
(Sugiyama ef al., 2010) and so on. Therefore, it has been speculated that the NTD plays
a role in a platform for interaction with factors to regulate the function and localization
of DNMT1 (Suetake et al., 2006).

DNMTT is highly expressed in early S-phase in cell cycle, and it is decreased
during late S-phase. PCNA recruits DNMTT to replication foci, but it is not absolutely
essential for replication coupled DNA methylation (Garvilles et al., 2015). On the other
hand, UHRF1 is essential for maintenance DNA methylation by DNMT1 in vivo, and it
co-localizes with DNMT1 at replication foci during S-phase (Bostick, et al., 2007; Sharif
et al., 2007). The RING finger domain of UHRF1 possesses E3 ubiquitin ligase activity.
This domain ubiquitinates lysine 18 (Qin et al., 2015) and lysine 23 (Nishiyama et al.,
2013) residues of histone H3 tails (H3K 18 and K23ubq), and these modifications interact
with the RFTS domain and contribute to maintenance DNA methylation in vivo.

The stability and abundance of DNMTI1 are modulated by post-translational

modifications such as methylation, phosphorylation, acetylation and ubiquitination (Qin
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et al., 2011; Kar et al., 2012). Phosphorylation of S143 in human DNMT1 by AKT1
kinase stabilizes the DNMT1 during mid-S-phase. The crystal structure of human
DNMT]1 complex with SET7 suggests that phosphorylated S143 blocks methylation of
the adjacent K142 by SET7, which is a mark to degrade DNMT]1 (Esteve ef al., 2011).
Recently, the crystal structure of human DNMT1 complex with ubiquitin-like domains of
the Ubiquitin-Specific Protease 7 (USP7) was reported, suggesting that the interaction
between ubiquitin-like domains of USP7 and the KG repeat linker of DNMTT1 prevents
acetylation of lysines in the KG repeat linker, which leads to ubiquitination and

degradation of DNMT1, and promotes deubiquitination of DNMT1 (Cheng ef al., 2015).
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1.6 Structural basis for maintenance DNA methylation by DNMT1

Maintenance DNA methylation is the process that genome DNA methylation
patterns are faithfully inherited to next generation. In this process, DNMT]1 is responsible
for methylating the nascent strand CpG of the hemi-methylated CpG that emerges just
after DNA replication (Figure 1.4) (Goll and Bestor, 2005). DNA methylation patterns of
some regions are maintained with 99.9% fidelity per cell division in vivo (Ushijima et al.,
2003). However, the fidelity of maintenance DNA methylation by DNMTI1 in vitro is
about 95% (Vilkaitis et al., 2005). This difference probably results from the regulations
by modifications to DNMTI, the interaction between some factors and the NTD of
DNMT1, and the support by UHRF1, which acts as an essential factor for maintenance
DNA methylation.

Our group determined the crystal structure of mouse DNMT1, which comprises
291-1620 amino acid residues (DNMT1(291-1620)) (Figure 1.5) (Takeshita et al., 2011,
PDB accession number: 3AV4). The RFTS domain occludes in the DNA binding pocket
of the catalytic domain, and the hydrogen bonds between these domains fix the position
of the RFTS domain. Therefore, the plugged RFTS domain should be removed from the
DNA binding pocket to bind the substrate DNA (Takeshita et al., 2011; Syeda et al., 2011,
Berkyurek et al., 2014). In fact, the difference of the activation energy between wild type
DNMT1(291-1620) and DNMT1(602-1620) lacking the RFTS domain on maintenance
DNA methylation activity is about 80 kJ/mol, and several DNMT1(291-1620) mutations
that are impaired these hydrogen bonds lowered the activation energy (Takeshita et al.,
2011; Berkyurek et al., 2014). The RFTS domain of DNMT]1 is mainly responsible for
the replication coupled DNA methylation since DNMTT1 lacking the RFTS domain is not
localized to replication foci and partially does not maintain DNA methylation in vivo
(Garvilles et al., 2015). In addition, the full-length DNMT1 and DNMT1(291-1620)

show equivalent maintenance methylation activity in a processive manner, and therefore
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the NTD is not necessary for maintenance DNA methylation activity in vitro (Vilkaitis et
al., 2005).

The RFTS domain interacts with the SET and RING finger-associated (SRA)
domain of UHRF1 and this interaction increases the maintenance DNA methylation
activity of DNMT1 comprising the RFTS domain (Berkyurek et al., 2014). The SRA
domain specifically binds to hemi-methylated CpG and it plays a role in faithful
maintenance DNA methylation in vivo. These observations indicate that the SRA domain
promotes to release the RFTS domain from the DNA binding pocket (Berkyurek et al.,
2014) and transfers hemi-methylated DNA to DNMT1 (Arita et al., 2008). On the other
hand, DNMT1(291-1620) shows the maintenance DNA methylation activity without the
SRA domain in vitro, and thus the RFTS domain of DNMT1 should be released from the
DNA binding pocket by DNMT]1 itself or DNA substrates. In addition, some mutations
in the RFTS domain surface contacting with the catalytic domain cause the autosomal
dominant cerebellar ataxia, deafness and narcolepsy (ADCA-DN) (Winkelmann et al.,
2012). In these mutations, A554 and V590 in human DNMT 1 form a hydrophobic cluster,
suggesting that these mutations may lead to local structural perturbation of the RFTS
domain surface (Zhang et al., 2015).

The crystal structure of mouse DNMTI1 comprising residues 650-1602
(DNMT1(650-1602)), which lacks the RFTS domain, in complex with un-methylated
DNA shows that the un-methylated DNA binds to the CXXC motif, and a linker between
this CXXC motif and the BAH domain, which is called the auto-inhibition linker, is
pushed to the DNA binding pocket (Figure 1.5) (Song et al., 2011; PDB accession
number: 3PT6). This crystal structure suggests that the CXXC motif and the auto-
inhibition linker inhibit the accession of un-methylated DNA to the DNA binding pocket,
thereby preventing de novo DNA methylation of DNMTI1. The CXXC motif of this

crystal structure is located on a similar position as that of the crystal structure of human
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DNMT]1 comprising residues 601-1600 without DNA (PDB accession number: 3SWR).
However, our DNMT1(291-1620) and DNMT1(602—-1620) shows significant de novo
DNA methylation activity (Takeshita et al., 2011). Therefore, the crystal structure of
mouse DNMT1(650-1602) in complex with un-methylated DNA may be an artifact
structure.

The function of the two BAH domains of DNMTT1 are unclear. The Arabidopsis
thaliana chromomethylase 3 (CMT3) in the plant-specific chromomethylase family,
which methylates the cytosine of CpNpG sequences, possesses the BAH domain. The
aromatic cage of this domain binds to di-methylated lysine 9 residues of histone H3 tails
(H3K9me2) (Du et al., 2012). On the other hand, the binding of the two BAH domains
in DNMT1 to nucleosome is not observed (Onishi et al., 2007), although the N-terminal
BAH domain of DNMT1 has an aromatic cage.

The crystal structure of mouse DNMTI1 comprising residues 731-1602
(DNMT1(731-1602)), which lacks the RFTS domain and the CXXC motif, in complex
with hemi-methylated-mimicking DNA containing 5-fluorocytosine shows that the hemi-
methylated DNA binds to DNA binding pocket of the catalytic domain (Figure 1.5) (Song
etal.,2012; PDB accession number: 4DA4). The TRD in the catalytic domain overhangs
along the hemi-methylated DNA, and the target 5-fluorocytosine is flipped out of double
stranded DNA helix in the catalytic center, in which the sixth carbon of 5-fluorocytosine
forms a covalent bond with the thiol of C1229 of prolyl-cysteinyl dipeptide in motif IV
(Figure 1.6A).

This crystal structure of mouse DNMTI1(731-1602) in complex with hemi-
methylated DNA also shows the interaction manner between the TRD and 5-
methylcytosine of hemi-methylated DNA (Figure 1.6B) (Song et al., 2012). The side
chains of C1501, L1502, W1512, L1515, and M1535 from the TRD loops form a

hydrophobic cage harboring the 5-methyl group of the 5-methylcytosine. The mouse
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DNMT]1 mutants harboring C1501A, L1502A, L1515A, and M1535A show 2- to 4 times
reduction in DNA methylation activity toward hemi-methylated DNA and 3- to 4 times
reduction in DNA methylation activity toward un-methylated DNA, compared with wild
type DNMT1(731-1602) (Song et al., 2012). Also, the indole ring of W1512 partially
makes a base-stacking interaction with the 5-methylcytosine, and the DNMT1 mutant
harboring W1512A or W1512L is almost inactivated in DNA methylation activity,

respectively (Takeshita et al., 2011; Song et al., 2012).
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Figure 1.4 De novo DNA methylation and maintenance DNA
methylation.

Once genome DNA methylation patterns are established by DNMT3A and DNMT3B,
DNMTT inherits these patterns by methylation toward hemi-methylated DNA during

DNA replication.
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Figure 1.5 Crystal structures of DNMT]1.
(A) Schematic illustrations of DNMTT1. (B) The crystal structure models of DNMT].
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Figure 1.6 The binding of hemi-methylated DNA to mouse DNMT]1.

Substrate binding in the crystal structure of mouse DNMT1(731-1602) in complex with
hemi-methylated DNA containing 5-fluorocytosine (PDB accession number: 4DA4). (A)
The catalytic center. C1229 forms a covalent bond to the sixth position of the flipped out
5-fluorocysotine (5fC), and the methyl group is transferred S-adenosyl-L-methionine
(AdoMet) to 5fC. AdoMet is converted to S-adenosyl-L-homocysteine (AdoHcy). (B)
The TRD loop. The side chains of C1501, L1502, W1512, L1515, and M1535 form a
hydrophobic cage for recognition of the 5-methyl group of 5-methylcytosine (SMC) in
hemi-methylated CpG. The indole ring of W1512 stacks the base of 5-methylcytosine,

and W1512 has the hydrogen bond with T1505.
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1.7 Purpose of this study

The multistep process of maintenance DNA methylation by DNMT1 probably
contains (1) the release of the RFTS domain and the CXXC motif to catalytic pocket, (2)
substrate recognition, (3) the transfer of a methyl group, and (4) the processive
methylation or the release of substrate DNA form catalytic pocket. However, the essential
property of DNMT1 regarding how DNMTT retains structural stability of its 180 kDa
molecule during these conformation change, and how DNMT]1 possesses de novo DNA
methylation activity keeping the balance of both activities remains unclear.

Previously, to identify residues which could contribute to structural stability of
DNMTT1, I evaluated the accession of DNA to catalytic pocket for DNMT1(291-1620)
mutants that are impaired the hydrogen bonds the RFTS domain and the catalytic domain,
and found that DNMT1(291-1620) which is replaced T1505 with alanine (DNMT1(291—
1620)T1505A), which are impaired the hydrogen bond L593 and T1505, only scarcely
bound to DNA (My master's thesis, 2014).

On the other hand, the OY of T1505 also has a hydrogen bond with the N€ of this
indole ring of W1512, although the side chains of C1501, L1502, L1515, and M1535
have no intermolecular hydrogen bond in both DNMT1(731-1602) in complex with
hemi-methylated DNA and DNMT1(291-1620), and T1505, together with C1501, L1502,
L1515, W1512 and M 1535, is conserved in the TRD among known DNMT1 homologs
in vertebrates. From the point of these views, T1505 could plays an important role in
structural change of the RFTS domain and substrate recognition of DNMTI, but the
function of T1505 is unclear.

In this study, to understand the further mechanism of DNA methylation activity of

DNMTT1, I analyzed the function and structure of DNMT1(291-1620)T1505A.
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Chapter 2

Materials and methods

2.1 Preparation of recombinant DNMT1

cDNA of mouse DNMT1 harboring 291-1620 amino acid residues (DNMT1(291—
1620)) and the mouse DNMT1(291-1620) that had its T1505 replaced with alanine
(DNMT1(291-1620)T1505A) were subcloned into the EcoRI site of pFastBac-HTb
(Invitrogen) with a GST-tag in the N-terminus. The baculoviruses of each fragment were
constructed by Bac-to-Bac system, and amplified by three rounds in Spodoptera
frugiperda (S19) cells, which were cultured in Grace’s medium or Cosmedium containing
10% (v/v) fetal bovine serum at 27 °C. Baculoviruses harboring cDNA of DNMT1(291—
1620) or DNMT1(291-1620)T1505A were infected into 1 x 10° Sf9 cells, and harvested
72 h after the infection (Takeshita et al., 2011).

The recombinant proteins were purified as described elsewhere (Vilkaitis et al.,
2005; Takeshita et al., 2011; Berkyurek et al., 2014). The harvested cells were washed
twice in Dulbecco’s phosphate buffered saline. The cells were homogenized with a
Dounce homogenizer in buffer containing 10% (w/v) glycerol, 3 mM MgCl,, 0.1% (w/v)
Nikkol, 1/500 (v/v) protease inhibitor cocktail (Nakalai Tesque), 2 mM DTT, and 20 mM
Tris-HCI, pH7.6. Then, 5 M NaCl was added to a final concentration of 0.3 M NacCl, and
the cells were homogenized again. The cell extract was centrifuged at 100,000 rpm for
15 min. The supernatant fraction was salted out by 40% (w/v) saturation with ammonium
sulfate, and precipitates were dissolved in buffer A (0.35 M NaCl, 10% (w/v) glycerol,
0.01% (w/v) Nikkol, 1/1000 (v/v) 2-mercaptoethanol, 1/1000 (v/v) protease inhibitor
cocktail, 20 mM imidazole, and 20 mM PIPES, pH 6.2). Samples were loaded onto
tandem 5-ml HiTrap chelating HP columns (GE Healthcare), which were coordinated

Ni*" and equilibrated with buffer A, and recombinant DNMT1 was eluted with linear
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gradient from 20 mM to 350 mM imidazole in buffer A. The main fractions were loaded
onto glutathione-Sepharose column 4B (GE Healthcare) containing the equilibrium
buffer (0.3 M NaCl, 0.01% (w/v) TritonX-100, 1 mM DTT, and 50 mM Tris-HCI, pH
7.0). The column was washed, and recombinant DNMT 1 was eluted with the equilibrium
buffer containing 10 mM reduced form of glutathione. The eluted fractions were dialyzed
in the equilibrium buffer with 1 mM EDTA and PreScission Protease. After dialysis,
samples were reloaded onto glutathione-Sepharose column 4B to trap GST-tags. Finally,
purified DNMT1 was loaded onto a Superdex 200 (GE Healthcare) in 350 mM NaCl and
20 mM HEPES-Na (pH 7.4). For crystallization, DNMT1(291-1620)T1505A was further
salted out by ammonium sulfate, dissolved, filtered through a 0.22-pum Ultrafree filter
(Merck Millipore), and loaded onto a Superdex 200 in 350 mM NaCl and 20 mM HEPES-
Na (pH 7.0). Purity of both DNMTl1s was assessed by SDS-PAGE (Figure 2.1 for
DNMT1(291-1620); Figure 2.2 for DNMT1(291-1620)T1505A) and by dynamic light
scattering with a Zetasizer (Malvern). DNMT1(291-1620)T1505A was concentrated to 7
mg/ml for crystallization. The concentration of purified DNMT]1s was determined from

the absorbance at 280 nm with a NanoDrop 2000 spectrophotometer (Thermo Scientific).
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Figure 2.1 The chromatogram of final gel filtration chromatography
and SDS-PAGE of DNMT1(291-1620).

(A) Chromatogram. (B) SDS-PAGE. The loaded sample (lane 1) and eluted samples
(lanes 2-15) were subjected to 8% SDS-PAGE. The arrow shows the position of
DNMT1(291-1620) (molecular mass is 150 kDa). The samples of lane 7-12 (red) were

eluted at the position of the red line in (A), in which DNMT1(291-1620) forms a dimer.
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Figure 2.2 The chromatogram of final gel filtration chromatography for
crystallization and SDS-PAGE of DNMT1(291-1620)T1505A.

(A) Chromatogram. (B) SDS-PAGE. The loaded sample (lane 1) and eluted samples
(lanes 2-10) were subjected to 8% SDS-PAGE. The arrow shows the position of
DNMT1(291-1620)T1505A (molecular mass is 150 kDa). The samples of lane 5-8 (red)
were concentrated for crystallization. These samples were eluted at the position of the red

line in (A), in which DNMT1(291-1620)T1505A forms a dimer.
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2.2 Determination of DNA methylation activity

DNA methylation activity of DNMT1(291-1620) and DNMT1(291-1620)T1505A
was determined as described elsewhere (Takeshita ef al., 2011). The reaction mixture was
a total volume of 25 pl with 25 ng DNMT1(291-1620) or DNMT1(291-1620)T1505A,
substrate DNA as described below (Table 2.1), 2.2 uM [*H]-S-adenosyl-L-methionine (18
Ci/mmol) (PerkinElmer Life Sciences) and reaction buffer containing 5 mM EDTA, 2.7
M glycerol, 0.2 mM PMSF, 0.2 mM DTT, and 20 mM Tris-HCI (pH 7.4). The final
concentration of substrate DNA in the reaction mixture was 33 nM for 42-bp DNA
containing 12 hemi-methylated CpGs, 33 nM for 42-bp DNA containing 12 un-
methylated CpGs, or 200 nM for 20-bp DNA containing 1CpG (Table 2.1). Reaction
mixtures were incubated at the indicated temperatures for several different times, and
reactions were stopped by adding 1.6 mM non-radioactive S-adenosyl-L-methionine.
Then, the mixtures were incubated with Proteinase K at 55 °C for 1 h and applied to DES1
filter disks (Whatman). The filters were washed three times with phosphate buffer (pH
7.0). The radioactivity was detected by a scintillation counter (Beckman LS-6500). DNA
methylation activities were calculated as (mol C’Hj transferred to the substrate DNA/h/

mol DNMTT1).
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Table 2.1 Oligonulceotides for determination of DNA methylation

activity

42-bp DNA containing 12 hemi-methylated CpGs

5’ -GATCMGAMGAMGAMGAMGAMGAMGAMGAMGAMGAMGAMGATC-3"

3’ -CTAGGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTAG-5"

42-bp DNA containing 12 un-methylated CpGs

5’ -GATCCGACGACGACGACGACGACGACGACGACGACGACGATC-3"

3’ -CTAGGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTAG-5"

20-bp DNA containing one hemi-methylated CpG

5’ -GAATGAGGCMICCTGCAAGC-3’

3’ -CTTACTCCGGCGGACGTTCG-5"

(M indicates 5-methylcytosine, and I indicates inosine.)
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2.3 Thermal stability assay

The thermal stability of DNMT1(291-1620) and DNMT1(291-1620)T1505A was
monitored with ProteoStat dye (Enzo Life Sciences), which emits a strong red signal at
around 600 nm upon binding to aggregated proteins.

To evaluate thermal stability of DNMT s at 30 °C or 37 °C, 1 mg/ml DNMT1(291-
1620) or DNMT1(291-1620)T1505A was dissolved in a 0.2 ml Hi-8 tube (TaKaRa) with
a total volume of 25 pl mixtures containing 350 mM NaCl, 20 mM HEPES-Na (pH 7.0),
and the ProteoStat dye. Then fluorescence was detected every 30 sec for 255 cycles in a
real-time PCR system (Stratagene Mx3005p, Agilent Technologies).

To determine the midpoint temperature of denaturation (7},), the same mixtures
were gradually heated from 25 °C to 99 °C and fluorescence was detected with
2.98 °C/min in the same PCR system. These data were processed, and 7r, was calculated

by MxPro QPCR software (Agilent Technologies).
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2.4 Crystallization
Initial crystals of DNMT1(291-1620)T1505A were obtained in previous

crystallization conditions (Takeshita et al., 2011). Unlike the crystal of wild type
DNMT1(291-1620), the crystals of DNMT1(291-1620)T1505A were needle shaped
clusters and many crystalline nuclei generated in the above conditions. To decrease
crystalline nuclei, temperature and the concentration of precipitant were decreased, and
the concentration of NaCl was increased. Moreover, wider crystals were generated in
crystallization cocktail containing sodium citrate tribasic dihydrate, which was identified
by using the PEG/ion screen (Hampton Research inc).

DNMT1(291-1620)T1505A solution was mixed with an equal volume of reservoir
solution containing 17% (w/v) PEG3350, 200 mM NaCl, 50 mM sodium citrate tribasic
dihydrate, 20 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI), and 0.1 M
Tris-HCI (pH 9.0), and this mixture was incubated at 298 K for 3.5 h in order to suppress
forming crystal nuclei. Then, the crystals of DNMT1(291-1620)T1505A were grown at
293 K after incubation by the hanging drop vapor diffusion method (Figure 2.3). The
reservoir solution was 500 pl of the crystallization cocktail. The crystals of DNMT1(291—

1620)T1505A appeared after 5 days, and were grown into the maximum size for 20 days.

S

Figure 2.3 Crystals of DNMT1(291-1620)T1505A.
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2.5 X-ray data collection and structure determination
The buffer containing 19% (w/v) PEG3350, 275 mM NaCl, 25 mM sodium citrate

tribasic dihydrate, 10 mM TCEP-HCI, 10 mM HEPES-Na (pH 7.0), and 50 mM Tris-HCl
(pH 9.0) were added to the drops containing the crystals of DNMT1(291-1620)T1505A.
For cryo-protection, this mixture was gradually replaced the buffer containing 2% (w/v)
PEG200 stepwise to 20% (w/v) PEG200. The crystals were lifted by LithoLoops (Protain
Wave) and stored by flash freezing in liquid nitrogen.

All X-ray diffraction data were collected on the BL44XU beamline at SPring-8
(Harima, Japan) by an MX300HE detector (Rayonix) in liquid mist nitrogen. These data
were processed and scaled with HKL.2000 program (Otwinowski and Minor, 1997).

The initial phase was determined by molecular replacement with the program
MOLREDP (Vagin and Teplyakov, 2010) in the Collaborative Computing Project 4 (CCP4)
suite (Winn et al., 2011) by using the crystal structure of mouse DNMT1(291-1620)
(PDB accession number: 3AV4) as a search model. The model building was performed
by using Coot (Emsley et al., 2010), and the structural refinement was carried out with
the program REFMACS (Murshudov et al., 1997) in the CCP4 suite. All crystal structure
figures were created using PyMOL (http://www.pymol.org/).

The coordinates and structure factor files of DNMT1(291-1620)T1505A have been

deposited in Protein Data Bank (PDB) accession number SWY 1.
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Chapter 3
Results

3.1 Maintenance DNA methylation activity of DNMTI1(291-
1620)T1505A

To examine whether DNMT1(291-1620)T1505A affects maintenance DNA
methylation activity, the activity of DNMT1(291-1620) and DNMT1(291-1620)T1505A
toward a 42-bp DNA containing 12 hemi-methylated CpGs was measured at 20 °C, 25 °C,
30 °C and 37 °C (Figure 3.1A). DNMT1(291-1620)T1505A possessed detectable
maintenance DNA methylation activity, but its activity at 20 °C, 25 °C, 30 °C, and 37 °C
was lower than that of DNMT1(291-1620); the maintenance DNA methylation activity
of DNMT1(291-1620) and DNMT1(291-1620)T1505A was 1.48 + 0.59 and 0.68 + 0.1
mol h™' mol” at 20 °C, 1.82 + 0.52 and 1.14 = 0.18 mol h”' mol™ at 25 °C, 3.65 + 1.38
and 1.90 = 0.34 mol h™ mol™ at 30 °C, and 6.22 + 1.31 and 0.95 + 0.15 mol h™' mol™ at
37 °C, respectively. The maintenance DNA methylation activity of DNMT1(291-1620)
was increased in a temperature dependent manner as previous studies (Takeshita, et al.,
2011; Berkyurek, et al., 2014). On the other hand, the maintenance DNA methylation
activity of DNMT1(291-1620)T1505A at 37 °C (0.95 + 0.15 mol h™' mol") was lower
than that at 30 °C (1.90 + 0.34 mol h™ mol™), and was significantly about 6 times lower
than the activity of DNMT1(291-1620) at 37 °C (6.22 + 1.31 mol h™" mol™). This
reduction in DNMT1(291-1620)T1505A activity indicates that the temperature
sensitivity of DNMT1(291-1620)T1505A is different from that of DNMT1(291-1620)
in maintenance DNA methylation activity above 30 °C.

This reduction in maintenance DNA methylation activity of DNMT1(291-
1620)T1505A at 37 °C was postulated to be either due to the following: (i) DNMT1(291—

1620)T1505A linearly increases the DNA methylation amount, but its gradient is gentler
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than that of DNMT1(291-1620); (ii) The DNA methylation amount of DNMT1(291—
1620)T1505A reaches a plateau due to inactivation in a point during 1 h. To determine
whether the reduction in the activity at 37 °C is due to (i) or (ii), the time course of DNA
methylation toward a 20-bp DNA containing one hemi-methylated CpG was measured at
30 °C and 37 °C (Figure 3.1B, C). Both DNA methylation amount by DNMT1(291-1620)
and DNMT1(291-1620)T1505A was continuously increased at 30 °C for at least 30 min
(Figure 3.1B). However, at 37 °C, DNA methylation amount by DNMTI1(291-
1620)T1505A reached a plateau after about 12 min, while the amount by DNMT1(291—
1620) was continuously increased (Figure 3.1C). These results indicate that
DNMT1(291-1620)T1505A stopped DNA methylation reaction after several turnovers
at 37 °C. Moreover, DNMT1(291-1620)T1505A did not restore its maintenance DNA
methylation activity toward a 42-bp DNA containing 12 hemi-methylated CpGs even at
30 °C after pre-incubation at 37 °C for 30 min, 1 h, and 2 h, respectively (Figure 3.1D).
On the other hand, both DNMT1(291-1620) and DNMT1(291-1620)T1505A possessed
the maintenance DNA methylation activity at 30 °C after pre-incubation at 4 °C. These
results demonstrate that the DNA methylation activity of DNMT1(291-1620)T1505A is
irreversibly inactivated at 37 °C. Thus, the reduction in DNMT1(291-1620)T1505A

activity at 37 °C was due to (ii).
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Figure 3.1 Distinct temperature sensitivity of DNMT1(291-1620) and
DNMT1(291-1620)T1505A in maintenance DNA methylation activity.
(A) Maintenance DNA methylation activity of DNMT1(291-1620) (291-WT) (gray
bars) and DNMT1(291-1620)T1505A (291-T1505A) (white bars) toward a 42-bp DNA
containing 12 hemi-methylated CpGs at described temperatures. Averages + S.E. (n = 3).
(B—C) Time course of DNA methylation amount at 30 °C (B) and at 37 °C (C) toward a
20-bp DNA containing one hemi-methylated CpG site. Averages = S.E. (n = 3). Filled
and open circles represent DNMT1(291-1620) (291-WT) and DNMTI1(291-
1620)T1505A (291-T1505A), respectively. (D) Maintenance DNA methylation activity
toward a 42-bp DNA containing 12 hemi-methylated CpGs at 30 °C with DNMT s pre-
incubated at 37 °C. After incubation of DNMTI1(291-1620) (291-WT) (black) and
DNMT1(291-1620)T1505A (291-T1505A) (white) at 37 °C or at 4 °C for the indicated
time periods, each activity was determined at 30 °C and normalized as described at the

vertical axis.
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3.2 Thermal stability of DNMT1(291-1620)T1505A
DNMT1(291-1620)T1505A affected its maintenance DNA methylation activity in
a temperature-dependent manner. The physical property change of DNMTI1(291-
1620)T1505A molecule by heat was postulated to be probably different from that of
DNMT1(291-1620). To this end, thermal stability of both DNMT 1s was monitored using
ProteoStat dye, which emits a signal on binding to aggregated proteins. DNMT1(291—
1620)T1505A drastically increased fluorescent signal at 37 °C in a time-dependent
manner, while DNMT1(291-1620) did not (Figure 3.2A). On the other hand, the
fluorescent signal of DNMT1(291-1620)T1505A at 30 °C was equivalent to that of
DNMT1(291-1620) at 30 °C and at 37 °C. These indicate that DNMTI1(291—
1620)T1505A aggregates at 37 °C, resulting in the irreversible inactivation of
DNMT1(291-1620)T1505A activity. Moreover, the fluorescent signal of DNMT1(291—
1620) and DNMT1(291-1620)T1505A from 25 °C to 99 °C was plotted as the thermal-
melt curve (Figure 3.2B). The fluorescence signal of DNMTI1(291-1620) and
DNMT1(291-1620)T1505A was increased from about 42 °C and 37 °C to 58 °C and
53 °C, respectively. The transition of temperature in aggregating was 16 °C for both
DNMTT1s. Figure 3.2C shows the derivative plots based on the raw fluorescent signal
plots of Figure 3.2B. The midpoint temperature of denaturation (73,), which is the
temperature with the most rapid increase in fluorescence by aggregated protein, was
determined as the first inflection point in Figure 3.2B. The 7, of DNMT1(291-1620) and
DNMT1(291-1620)T1505A was estimated to be 49.6 °C and 44.5 °C, respectively. The
T of DNMT1(291-1620)T1505A was about 5 °C lower than that of DNMT1(291-1620),
indicated that T1505 plays a role in stabilizing the structure of DNMT1 molecule and this
structural stability directly contributes to maintenance DNA methylation activity of

DNMTI.
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Figure 3.2 Thermal instability by T1505A mutation.
(A) Time-dependent aggregation of DNMT1(291-1620) (291-WT) and DNMT1(291—

1620)T1505A (291-T1505A) at 30 °C and 37 °C. Data was detected as fluorescence
signal by using ProteoStat dye. The filled and open circles show DNMT1(291-1620) and
DNMT1(291-1620)T1505A at 30 °C (gray) and 37 °C (black), respectively. The arrows
indicate each sample and temperature. (B) The thermal-melt curves of DNMT1(291-
1620) (291-WT) (filled circles) and DNMT1(291-1620)T1505A (291-T1505A) (open
circles) in a temperature dependent manner (25 °C to 99 °C). (C) The derivative plots

based on (B). The arrows indicate the midpoint temperatures of denaturation (7},)
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3.3 The overall crystal structure of DNMT1(291-1620)T1505A
DNMTI1(291-1620)T1505A aggregated at 37 °C, but it almost retained
maintenance DNA methylation activity at 30 °C. Thus, to examine whether impairments
of hydrogen bonds by T1505A mutation leads to the structural change in DNMT]1 at
below 30 °C, the crystal structure analysis of DNMT1(291-1620)T1505A was performed.
The crystal structure of DNMT1(291-1620)T1505A was determined at 3.26 A
resolution (Table 3.1). This crystal belonged to the space group P2,2,2, and the cell
dimensions of this crystal were a=135.1 A, b=97.9 A, c=130.5 A. These data were almost
similar to those of the crystal of wild type DNMT1(291-1620) (Takeshita et al., 2011).
The phase of DNMT1(291-1620)T1505A was determined by the molecular replacement
method using the crystal structure of DNMT1(291-1620) (PDB accession number:
3AV4) as a search model. The final model of DNMT1(291-1620)T1505A was refined to
Ryork and Rygee 0of 20.3% and 26.3%, respectively (Table 3.2). Similar to DNMT1(291-
1620), the crystal structure of DNMTI1(291-1620)T1505A showed multi-domain
structure, which contained the RFTS domain (328—600), the zinc-finger-like CXXC motif
(650—695), two BAH domains BAH1 (758-897) and BAH2 (911-1103), and the catalytic
domain (1125-1620), and its RFTS domain was held in the DNA-binding pocket (Figure
3.3A, B) (described next section). The amino acid residues (291-356, 394-404, 606616,
642652, 666687, 711-713, 745746, 852-864, 957-963, 982-988, 1109-1137, and
1613-1620) were disordered in both crystal structures of DNMT1(291-1620) and
DNMT1(291-1620)T1505A. Therefore, some residues in the CXXC motif and the KG
repeat linker (1112-1124) were not assigned. The crystal structure models of
DNMT1(291-1620) and DNMT1(291-1620)T1505A were superimposed well (Figure
3.3C). The root mean square deviation (r.m.s.d.) between these crystal structures were
calculated by the SUPERPOSE (Krissinel and Henrick, 2004) in the CCP4 suite. The

r.m.s.d. values of the main chains and the side chains in both the crystal structures were
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0.302 A and 0.505 A, respectively. The percentages in the Ramachandran plots of
DNMT1(291-1620)T1505A were 90% (favored regions), 8% (additionally allowed
regions), and 2% (Outliers), respectively (Table 3.2; Figure 3.4). As a result, the overall
crystal structure of DNMT1(291-1620)T1505A was almost similar to those of wild type

DNMT1(291-1620) (PDB accession number: 3AV4).

Table 3.1 X-ray diffraction data collection statistics of the DNMT1(291-
1620)T1505A

Data collection

Diffraction source BL44XU, SPring-8
Wavelength (A) 0.90000

Detector MX300HE

Space group P2,2,2

Cell dimensions

a, b, c(A) 135.1,97.9, 130.5
Resolution range (A) 50.00-3.26 (3.32-3.26)
Total No. of reflections 118,782
No. of unique reflections 26,720
Completeness (%) 97.5 (96.4)
Redundancy 4.4 (4.4)

(Is(I)) 6.6 (1.6)

Overall B factor from Wilson plot (A%)  73.5

Data for the highest-resolution shell are given in parentheses.
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Table 3.2 Refinement statistics of DNMT1(291-1620)T1505A

Refinement
Ruork/ Riree 20.3/26.3
No. atoms
Protein 9108
Ion 4
Water 23
R.m.s. deviations
Bonds (A) 0.01
Angles (°) 1.42
Average B-factors (A?)
Protein 87.0
Ramachandran plot
Favored regions (%) 90
Additionally allowed regions (%) 8
Outliers (%) 2

Ryork = Zn k1 ||F0b5|— |Fca1C H/Zh ki |F0b5|, where |F0bs| and |Fcalc| are observed and calculated
structure factor amplitudes, respectively.
Riree 1S equivalent to Ry except that 5% of the total reflections are set aside for an

unbiased test of the progress of the refinement.
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Figure 3.3 The crystal structure of DNMT1(291-1620)T1505A

(A) Schematic illustration of DNMT s in this study. The below lines show constructions

of DNMT1(291-1620) (291-WT) and DNMT1(291-1620)T1505A (291-T1505A), and

291-T1505A harbors a point mutation of T1505 to alanine in the TRD loop (cross mark).

(B) The crystal structure of DNMT1(291-1620)T1505A. The RFTS domain (magenta),

the CXXC motif (cyan), the BAHI domain (green), the BAH2 domain (orange), and the

catalytic domain (blue) are shown. (C) Superimposition of the crystal structures of

DNMT1(291-1620) (cyan) (PDB accession number: 3AV4) and DNMTI1(291-

1620)T1505A (magenta).
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Figure 3.4 Ramachandran plots of the crystal structure of DNMT1(291-
1620)T1505A

This analysis was performed by the RAMPAGE (Lovell ef al., 2003). Diagrams show the
phi torsion angle and the psi torsion angle for general case (left above), for Glycine (right
above), for Pre-Proline (left bottom), and for Proline (right bottom). Dark colors show

favored regions, and light colors show additionally allowed regions.
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3.4 The structural properties of DNMT1(291-1620)T1505A

The crystal structure of DNMT1(291-1620) has the hydrogen bond between the
OY of T1505 and the N€ of W1512 (2.8 A) (PDB accession number: 3AV4; Figure 3.5A).
It is reasonable to postulate that the impairment of this hydrogen bond likely affects the
conformation of the indole ring of W1512. However, this hydrogen bond was impaired
with the spatial orientation of W1512 retained in the crystal structure of DNMT1(291—
1620)T1505A (Figure 3.5B). The oa-weighted 2Fobs - Feale €lectron density map of the
crystal structure of DNMT1(291-1620)T1505A did not show the map of the side chain
of T1505 (Figure 3.5C). Therefore, T1505 certainly was replaced with alanine in
DNMT1(291-1620)T1505A. The distance between the CB of the alanine at 1505 and the

NE€ of W1512 was about 3.8 A. This distance change suggests that the side chain of
W1512 in DNMT1(291-1620)T1505A could increase flexibility compared with that in

DNMT1(291-1620).

C1501, L1502, L1515, and M1535 of the crystal structure of DNMTI1(291—
1620)T1505A were assigned as those of the crystal structure of DNMT1(291-1620). The
conformation of these side chains was similar in both crystal structures (Figure 3.6).
DNMT1(291-1620)T1505A may retain the ability to create the hydrophobic cage for
recognition of the 5-methyl group of hemi-methylated CpG.

In the crystal structure of DNMT1(291-1620), the OY of T1505 also forms another
hydrogen bond with the main chain carbonyl oxygen of L593 from the RFTS domain (2.8
A) (PDB accession number: 3AV4; Figure 3.7A). This hydrogen bond, together with
other hydrogen bonds between the RFTS domain and the catalytic domain, anchors the
RFTS domain in the DNA-binding pocket (Takeshita, et al., 2011; Berkyurek, et al.,
2014). Similar to the crystal structure of DNMT1(291-1620), the RFTS domain in the
crystal structure of DNMT1(291-1620)T1505A also inserted into its DNA-binding

pocket (Figure 3.3B, C) in spite of the lack of a hydrogen bond between T1505 and L593
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(Figure 3.7B). The distance between the CB of the alanine at 1505 and the main chain

carbonyl oxygen of L593 was about 3.9 A, but the amino acid residues around L593 were
similar conformation as those of DNMT1(291-1620). In addition, the other hydrogen
bonds between the RFTS domain and the catalytic domain in the crystal structure of
DNMT1(291-1620)T1505A were the interactions between the Of of E531 and the main
chain nitrogen of K1537 (3.0 A), the 09 of D532 and the N" of R1576 (2.9 A), and the

O€ of D554 and the main chain nitrogen of S1495 (3.1 A), respectively. These hydrogen

bonds were similar positions as those in the crystal structure of DNMT1(291-1620)
(Figure 3.7C, D).

Taken together, the position of the RFTS domain and the structure of the
hydrophobic cage for recognition was retained in DNMT1(291-1620)T1505A, its
maintenance DNA methylation activity could be evaluated at below 30 °C without

problems.
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W1512

Figure 3.5 The impairment of the hydrogen bond between T1505 and
W1512 in the crystal structure of DNMT1(291-1620)T1505A

(A) The hydrogen bond between the OY of T1505 and the N€ of W1512 in the crystal
structure of DNMT1(291-1620) (PDB accession number: 3AV4). The dotted line shows
the hydrogen bond. (B) Replacement of T1505 with alanine in the crystal structure of
DNMT1(291-1620)T1505A. (C) Superimposition of DNMT1(291-1620) (cyan) and
DNMT1(291-1620)T1505A (magenta) with the oa-weighted 2Fops - Feae map of the
crystal structure of DNMT1(291-1620)T1505A (contoured at 1.0 ). The dotted line

shows the hydrogen bond in DNMT1(291-1620).
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Figure 3.6 Superimposition of the TRD loops in the crystal structure of
DNMT1 (291-1620) and DNMT1(291-1620)T1505A.
(A) The TRD loop of DNMT1(291-1620) (PDB accession number: 3AV4). The dotted

line shows the hydrogen bond. (B) The TRD loop of DNMT1(291-1620)T1505A. (C)
Superimposition of the TRD loops of DNMT1 (291-1620) (PDB accession number:
3AV4) (cyan) and DNMT1(291-1620)T1505A (magenta). The amino acid residues
involved in holding the 5-methyl group (C1501, L1502, L1515, W1512 and M1535)
(Song et al., 2012) in DNMT1(291-1620)T1505A have similar conformations as those

in DNMT1 (291-1620).
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L593 W1512 L593 W1512

Figure 3.7 The hydrogen bonds between the RFTS domain and the
catalytic domain.

(A) The OY of T1505 also forms another hydrogen bond with the main chain carbonyl
oxygen of L593 from the RFTS domain in the crystal structure of DNMT1(291-1620)
(PDB accession number: 3AV4). Dotted lines indicate hydrogen bonds. (B) The hydrogen
bond between L593 and T1505 is impaired in the crystal structure of DNMT1(291—
1620)T1505A. (C-D) Superimposition of the other hydrogen bonds between the RFTS
domain and the catalytic domain in the crystal structures of DNMT1(291-1620) (cyan)
and DNMT1(291-1620)T1505A (magenta). Dotted lines indicate hydrogen bonds in

DNMT1(291-1620)T1505A.
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3.5 De novo DNA methylation activity of DNMT1(291-1620)T1505A

DNMT1 also possesses significant de novo DNA methylation activity in vitro. To
assess the influence of T1505A mutation on de novo DNA methylation activity by using
maintenance DNA methylation activity of DNMT1(291-1620)T1505A as positive
control (Figure 3.1A), the activity of DNMT1(291-1620)T1505A toward a 42-bp DNA
containing 12 un-methylated CpGs was measured at 20 °C, 25 °C, 30 °C and 37 °C
(Figure 3.8A). The de novo DNA methylation activity of DNMT1(291-1620) and
DNMT1(291-1620)T1505A was 0.12 + 0.05 and 0.01 + 0.004 mol h™ mol™ at 20 °C,
0.25 + 0.06 and 0.03 + 0.01 mol h™' mol™ at 25 °C, 0.64 + 0.05 and 0.08 = 0.01 mol h
mol™ at 30 °C, and 1.23 £ 0.14 and 0.04 + 0.003 mol h™' mol™ at 37 °C, respectively. The
de novo DNA methylation activity of DNMT1(291-1620)T1505A was significantly
lower than that of DNMT1(291-1620) even at below 30 °C, in which DNMT1(291—
1620)T1505A retains its structural stability. The relative activity of DNMT1(291-1620)
to DNMT1(291-1620)T1505A showed that the rate of decline for de novo DNA
methylation activity was higher than that for maintenance DNA methylation activity
(Figure. 3.8B; Table 3.3). Figure 3.8C and Table 3.4 shows the ratio of methylation
activity toward hemi-methylated DNA divided by methylation activity toward un-
methylated DNA for DNMT1(291-1620) and DNMT1(291-1620)T1505A, respectively.
The ratio of DNMT1(291-1620) and DNMT1(291-1620)T1505A was 25+ 11.6 and 77.5
+358at20°C, 7.4+ 0.8 and 40 £ 8.3 at 25 °C, 5.4 £ 1.6 and 23.7 + 2.3 at 30 °C, and
5.0+ 1.0 and 26.7 + 2.5 at 37 °C, respectively. Thus, the specificity for hemi-methylated
DNA of DNMT1(291-1620)T1505A activity was increased as compared with that of wild
type DNMT1(291-1620), implying that T1505 plays a role in recognition of un-

methylated DNA.
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Figure 3.8 Reduction in de novo DNA methylation activity by T1505A
mutation.

(A) De novo DNA methylation activity of DNMT1(291-1620) (291-WT) (gray bars) and
DNMT1(291-1620)T1505A (291-T1505A) (white bars) toward a 42-bp DNA containing
12 un-methylated CpGs at described temperatures. Averages = S.E. (n = 3). (B) Relative
activities of DNMT1(291-1620) (291-WT) to DNMTI1(291-1620)T1505A (291-
T1505A). These ratios were calculated according to data of Figure 3.1A for hemi-
methylated DNA (gray bars) and Figure 3.8A for un-methylated DNA (white bars). (C)
Substrate specificity of DNMT1(291-1620) (291-WT) (gray bars) and DNMT1(291-
1620)T1505A (291-T1505A) (white bars). These were calculated as the ratio of the data
of methylation activity toward hemi-methylated DNA divided by methylation activity

toward un-methylated DNA.
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Table 3.3 Relative activity (291-WT/291-T1505A)

Temperature (°C) 20 25 30 37
hemi/hemi 2.0+£0.6 1.5+0.2 1.9+0.5 6.4+1.0
un/un 15.8+8.8 8.1+1.6 84+0.8 33.7+3.0

Table 3.4 Substrate specificity (hemi-/un-methylated DNA)

Temperature (°C) 20 25 30 37
291-WT 25+11.6 7.4+0.8 54+1.6 50+1.0
291-T1505A 77.5+35.8 40 £ 8.3 23.7+2.3 26.7+2.5
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Chapter 4

Discussion

In previous study, our group determined the crystal structure of mouse
DNMT1(291-1620), which is deleted the NTD (Takeshita ez al., 2011). DNA methylation
activity of DNMT1(291-1620) is equivalent to that of the full-length DNMT]I, and
therefore the NTD does not affect maintenance DNA methylation in vitro and in vivo
(Vilkaitis et al., 2005; Garvilles et al., 2015). Since the crystal structure of full-length
DNMTT1 has not been reported, DNMT1(291-1620) was adopted for the positive control
in this study. Thus, I prepared the same length recombinant mouse DNMTI1(291-
1620)T1505A, and performed its crystal structure analysis. This crystal structure showed
the elimination of two hydrogen bonds between T1505 and L593 and between T1505 and
W1512, but these eliminations did not drastically lead to the conformational changes of
the RFTS domain and the side chain of W1512. To examine the role of T1505 to DNA
methylation activity, I performed biochemical experiments, and showed the mainly two
results: (1) DNMT1(291-1620)T1505A aggregated at physiological temperature and its
DNA methylation activity was inactivated. (2) DNMT1(291-1620)T1505A increased the
substrate specificity for hemi-methylated DNA. I found that T1505 plays a role in the
mechanism of DNMTI activity through the structural stability and contributes to
possessing de novo DNA methylation activity. Thus, I suggested that the structure of
DNMT1 may be supported by the trade-off between structural stability at physiological
temperature and the substrate specificity of DNMT1 activity for hemi-methylated DNA

through T1505.
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4.1 The maintenance DNA methylation mechanism through the
structural stability of DNMT1 molecule

The structural change of DNMT1(291-1620)T1505A was mainly the loss of two
hydrogen bonds between T1505 and W1512 and between T1505 and L593 (Figure 3.7A,
B). Either of these impairments would cause inactivation of DNA methylation activity at
37 °C by the structural instability of DNMT1(291-1620)T1505A (Figure 3.1; Figure 3.2).
The RFTS domain in wild type DNMT1(291-1620) has to be released from the catalytic
pocket in binding of substrate DNA to the catalytic pocket during DNA methylation,
implying that impairments of the hydrogen bonds between the RFTS domain and catalytic
domains make it easy to remove the RFTS domain from the catalytic pocket (Takeshita
et al., 2011; Syeda et al., 2011; Berkyurek et al., 2014). In fact, the DNMT1(291-1620)
mutants with E5S31A/D532A and D554A that are impaired the hydrogen bonds between
the RFTS and catalytic domains, and DNMT1(602-1620) lacking the RFTS domain do
not show significant reduction in the maintenance DNA methylation activity at 37 °C, in
which these activities are higher than those at 30 °C (Berkyurek et al., 2014). Release of
the RFTS domain does not lead to reduction in maintenance DNA methylation activity of
DNMTT1 in a temperature-dependent manner. Therefore, the impairment of the hydrogen
bond between T1505 and L593 does not probably cause inactivation of DNMT1(291—
1620)T1505A activity at 37 °C. Thus, I judged that the impairment of the hydrogen bond
between T1505 and W1512 causes inactivation through the structural instability of
DNMT1(291-1620)T1505A at 37 °C. It is reasonable to speculate that the aggregation of
DNMT1(291-1620)T1505A starts from the surrounding region of the W1512, and this
destabilization directly causes reduction in maintenance DNA methylation activity of
DNMT1(291-1620)T1505A at 37 °C (Figure 3.1). I suggest that the mechanism via
maintaining the structural stability of DNMT1 molecule by T1505 is essential for DNA

methylation activity of DNMT]I.
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4.2 Conservation of T1505 and W1512 among eukaryotic DNMT1
homologs

The conservation of T1505 and W1512 is assessed in alignment of amino acid
sequences around the TRD loops in eukaryotic DNMT1 homologs (Figure 4.1A). The
amino acid sequences of the TRD loops are completely conserved in vertebrate DNMTs.
In addition, the crystal structure of human DNMT1 comprising amino acid residues 351—

1600 (human DNMT1(351-1600)) was reported (Zhang et al., 2015). T1503 and W1510

of human DNMT]1 correspond to T1505 and W1512 of mouse DNMT1, and the OY of

T1503 forms a hydrogen bond with the N& of W1510 (Figure 4.1B) (PDB accession

number: 4WXX). The hydrogen bond between the conserved threonine and tryptophan is
probably structurally conserved among vertebrate DNMT1s.

Apis mellifera, Arabidopsis thaliana, and Orza sativa possess DNMT1A (Wang et
al., 2006; Kucharski et al., 2008), MET1 (Goll and Bestor, 2005; Du et al., 2015;
Niederhuth and Schmitz, 2016), and METIB (Yamauchi et al., 2014), respectively
(Figure 4.1A). Among these DNMT1 homologs, the corresponding threonine of T1505,
together with the corresponding hydrophobic amino acid residues of C1501, L1502,
L1515, W1512, and M1535 for harboring 5-methyl group in hemi-methylated CpG, is
completely conserved. Neurospora crassa possesses the sole DNA (cytosine-5)
methyltranseferase DIM-2, which probably methylates hemi-methylated DNA (Tamaru
and Selker, 2001; Goll and Bestor, 2005; Du et al., 2015), and T1146 and W1153 are just
conserved, respectively.

These conservations imply that the conserved threonine and tryptophan among
eukaryotic DNMT1 homologs could commonly be indispensable to maintaining the

structural stability of each homolog molecule to gain DNA methylation activity.
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Figure 4.1 Conservation of T1505 and W1512.

(A) Amino acid sequence alignment around the TRD loops of DNMT1 homologs by the
Clustal Omega (Goujon et al., 2010; Sievers et al., 2011; McWilliam et al., 2013).
hDNMT1: human Dnmtl (UniProt accession number: P26358), mDNMTI1: mouse
DNMT1 (P13864), GaDNMT1: Gallus gallus DNMT1 (Q92072), XeDNMT1: Xenopus
laevis DNMT1 (P79922), DrDNMT1: Danio rerio DNMT1 (FIRCNO), ApDNMTI1A:
Apis mellifera DNMT1A (AOA088A7M4), ArMETIL: Arabidopsis thaliana MET]1

(P34881), OsMETIB: Oryza sativa subsp. Japonica METIB (B1Q3J6), DIM-2:
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Neurospora crassa DIM-2 (Q3Y3Z1). The conserved threonine and tryptophan among
these species are showed white characters and highlighted in black. The residues forming
the hydrophobic cage are surrounded by rectangular lines and highlighted in gray. The
fully conserved residues are marked asterisks. The residues of strongly and weakly
similar properties are marked colons and periods, respectively. (B) Structural comparison
of the TRD loops of DNMT1(291-1620)T1505A (magenta), mouse DNMT1(291-1620)
(PDB accession number: 3AV4) (cyan), and human DNMT1(351-1600) (PDB accession

number: 4WXX) (white). The dotted line indicates the hydrogen bond.

59



4.3 Comparison of the interaction manner to the essential residue in
recognition of S-methlcytosine

The crystal structures of DNMT1(731-1602) in complex with hemi-methylated
DNA and DNMT1(291-1620) show that the side chain of W1512 has a hydrogen bond
with the other residue, which is T1505, but the hydrophobic cage side chains (C1501,
L1502, L1515, and M1535) do not have a hydrogen bond with the side chains from the
other residues (Figure 1.6B; Figure 3.6A ; Figure 4.2A) (PDB accession number: 3AV4
and 4DA4). The prokaryotic DNA (cytosine-C5) methyltransferases M.Hhal and
M.Haelll, which consist of a catalytic domain alone, also show stronger binding affinity
for hemi-methylated DNA, and each crystal structure in complex with hemi-methylated
DNA has been determined (Reinisch et al., 1995; PDB accession number: 1DCT; O’Gara
etal., 1996; PDB accession number: SMHT). Each 5-methyl group of non-targeted strand
in these complex structures forms the sole hydrophobic interaction with the side chain of
E239 for M.Hhal and with the side chain of N260 for M.Haelll, which are located on the
each TRD loop (Figure 4.2B for M.Hhal; Figure 4.2C for M.Haelll). In M.Hhal, the side
chain of E239 is imposed the spatial constraints; it is hydrogen bonded to the main chains
of K234 and G236. O’Gara et al. reported that these spatial constraints may reflect the
importance of the interaction between E239 and 5-methyl group of hemi-methylated CpG.
Similarly, in M.Haelll, the side chain of N260 forms hydrogen bonds with the side chain
of R225. These interactions and the hydrogen bond between T1505 and W1512 in
DNMTI1 have something in common. The crystal structure and biochemical data of
DNMT1(291-1620)T1505A propose that the intermolecular interaction on the essential
residue in recognition of 5-methylcytosine may play a role in DNA methylation activity
through structural stability of the enzyme or its TRD for some DNA (cytosine-5)

methyltransferases.

60



T1505

Figure 4.2 Comparison of the interaction manner to the essential residue
in recognition of S-methlcytosine.

(A) The crystal structure of mouse DNMT1(731-1602) in complex with hemi-methylated
DNA (PDB accession number: 4DA4). (B) The crystal structure of M. Hhal in complex
with hemi-methylated DNA (PDB accession number: SMHT). (C) The crystal structure
of M. Haelll in complex with hemi-methylated DNA (PDB accession number: 1DCT).

In all figure, dotted lines indicate the hydrogen bonds.
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4.4 The trade-off between structural stability and substrate specificity
of DNMT1

The specificity of DNMT1 activity for hemi-methylated DNA is achieved by the
interaction between the 5-methyl group of hemi-methylated CpG and the hydrophobic
cage in the TRD loop (Song et al., 2012); this interaction is not able to achieve during
DNA methylation toward un-methylated CpG, while DNMT1(291-1620), DNMT1(602—
1620), and DNMT1(731-1602) show de novo DNA methylation activity at about 5-fold
reduction of maintenance DNA methylation activity (Takeshita et al., 2011; Song et al.,
2012). Since W1512 contributes to not only forming of the hydrophobic cage but also the
base-stacking interaction with the base of 5-methylcytosine (Song ef al., 2012), DNMT]1
probably possesses the base-stacking interaction between W1512 and the cytosine of un-
methylated CpG during de novo DNA methylation. Thus, reduction in de novo DNA
methylation activity of DNMT1(291-1620)T1505A at below 30 °C implies that TIS05A
mutation could interfere with the base-stacking interaction between W1512 and the
cytosine (Figure 3.8). On the other hand, since the hydrophobic cage in the TRD loop
could support recognition of 5-methyl group in hemi-methylated CpG, DNMT1(291-
1620)T1505A is able to possess maintenance DNA methylation activity at below 30 °C
(Figure 3.1) and consequently DNMT1(291-1620)T1505A apparently increased the
specificity of maintenance DNA methylation activity (Figure 3.8C). These observations
propose that the hydrogen bond between T1505 and W1512 also probably contributes to
stabilizing the base-stacking interaction between W1512 and the cytosine.

De novo DNA methylation by DNMT1 in vivo was reported (Arand et al., 2012;
Peters et al., 2013; Tajima et al., 2016a; Tajima et al., 2016b), and its activity may
physiologically be meaningful. The hydrogen bond between T1505 and W1512 probably
plays a role in keeping the balance between maintenance and de novo DNA methylation

activity. DNMT1(291-1620)T1505A is superior as maintenance-type DNMT but it is
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inferior from the point of view of the enzyme which functions at physiological
temperature. Since DNMT1 achieves some conformation change during ongoing round
of DNA methylation, the keeping of its structural stability should be a priority matter.
Fundamentally, DNMT1 has to gain itself structure stability to hold stable enzymatic
activity at physiological temperature. DNMT1 may have selected structural stability at
the cost of higher specificity toward hemi-methylated DNA by possessing de novo DNA

methylation activity through T1505.
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