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Summary

DNA methylation plays an essential role in development through regulating
gene expression. Genome-wide DNA methylation patterns are established during early
stage of embryogenesis and germ cells, and are faithfully propagated to next
generations during replication by Dnmtl, which preferentially methylates hemi-
methylated DNA that transiently appears during replication and repair step. Dnmt1 is
recruited to replicating region by its “replication foci targeting sequence” (RFTS)
(Leonhardt et al., 1992). Interestingly, three-dimensional structure of Dnmtl solved by
our group exhibited that the RFTS forms independent domain and is plugging the
catalytic pocket. The position is stabilized by four hydrogen bonds between the RFTS
and catalytic domains (Takeshita et al., 2011). For this, DNA cannot access the
catalytic center, and thus the RFTS should be removed from the catalytic pocket for the
active DNA methylation.

I have found that Dnmtl with the RFTS domain could not methylate DNA
shorter than 12 bp. In addition, the SRA domain of Uhrfl, which is a prerequisite
factor for maintenance DNA methylation and selectively binds to hemi-methylated
DNA (Arita et al., 2008; Sharif et al., 2007), stimulated DNA methylation activity of
Dnmtl in a dose dependent manner. The SRA domain of Uhrf1 directly interacted with
the RFTS domain to stimulate the DNA methylation activity of Dnmtl since the
mutation in the SRA domain that cannot bind to DNA stimulated DNA methylation
activity of Dnmtl to the same extent as to the wild-type SRA domain. The interaction
between the SRA and RFTS domains facilitated DNA accession to the catalytic center
forced the release of hemi-methylated DNA from the SRA domain. From these results
I concluded that the SRA domain removes the RFTS domain from the catalytic pocket
and handovers the DNA bound to the SRA domain to the catalytic center of Dnmtl.
The interaction between the RFTS domain of Dnmtl and the SRA domain of Uhrfl
plays a crucial role in the maintenance DNA methylation. Those results have been

published (Berkyurek et al., 2014).



1. INTRODUCTION

1. 1. Epigenetics

Organisms inherit their characteristic genetic memory to next generations.
During the course of evolution, eukaryotes developed the mechanisms to inherit
genetic memories under the control of “epigenetics” in addition to the nucleotide
sequence inheritance. “Epigenetics” is defined as a change of read out of genomic
information without any alteration in the nucleotide sequence. In addition, importantly,
the information must be inherited to next generation. Methylation at the 5™ carbon of
the cytosine in the CpG sequence is one of the major epigenetic mechanisms together

with histone post-translational modifications and non-coding RNA (Reik, 2007).

Epigenetic mechanisms regulate gene expression via changing the
conformation of chromatin, thereby control the accessibility of RNA polymerase to the
target sequences. Genomic DNA in nucleus is packaged into basic structure called
nucleosome, which comprises two molecules each of core histones H2A, H2B, H3, and
H4, and 147 bp DNA. Beaded nucleosomes on DNA called “beads-on-a-string” form
higher ordered structure of 30 nm fiber (Thomas and Kornberg, 1975). On a wider
scope within the nucleus, chromatin forms coils and loops, thus builds a higher
organization of the chromatin conformation (Huang et al., 2015). Further hierarchical
chromatin packaging gives two distinct conformations, heterochromatin and
euchromatin. Heterochromatin is tightly packed, contains silenced region of the
genome, and positioned and anchored at the periphery of nuclei. Whereas, euchromatin
is more relaxed and contains expressing genes. Increasing evidence suggests that
spatial and temporal adaptation of three dimensional architecture of the chromatin
contributes to the epigenetic regulation (Bell et al., 2011). On the chromatin,
transcriptionally active regions carry post-translational modifications (PTMs) of
histone H3K4 tri-methylation and H3K9 acetylation, whereas inactive genes are mostly
associated with histone H3K9 di- or tri-methylation. Not only the histone
modifications, but also ATP-dependent nucleosome remodeling complexes contribute
to the distribution of histones on the chromatin (Bartova et al., 2008). DNA
methylation and histone modifications are regulating each other via a crosstalk
mechanism (Cedar and Bergman, 2009). Epigenetic mechanisms at the transcriptional

level are not completely elucidated, and often work in concert with other regulatory



pathways such as non-coding RNA. Transcriptional regulatory mechanisms such as
DNA methylation in case of imprinting and histone PTMs are mostly copied during

cell division.
1.2. 5-methylcytosine (SmC)
1.2.1. Discovery and physiological significance of SmC

5mC was first reported in the calf thymus DNA (Hotchkiss, 1948) and later in
wheat DNA (Wyatt, 1951). Following the discovery, its presence was documented in
several other animals and genomes. However, SmC cannot be found in yeast and
nematodes (Steele and Rae, 1980). Though this base modification is widely used as a
defense mechanism in some prokaryotes called “restriction modification system”,
vertebrates adopted SmC in regulating gene expression. Holliday and Pugh (1975),
proposed that methylation modification of cytosine at specific sites might have a role
in developmental regulation by affecting the binding ability of specific (transcription)
factors, and thereby regulate events such as X-chromosome inactivation initiation and
maintenance. DNA methylation patterns are established during early stage of

embryogenesis and then inherited to daughter cells in a cell lineage-specific manner.
1.2.2. Distribution of SmC in the mammalian genome

In vertebrates, cytosine methylation mostly is on the CpG sequence, and 80%
of them in mammals are methylated (Antequera and Bird, 1993). In plants, not only the
CpG sequence but CpHpG and CpHpH sequences are also methylated. The CpG
sequence has been deleted possibly due to the methylation modification during
evolution, is a rare sequence in mammalian genome. However, some part of the
mammalian genome exists in relatively high CpG density, which are mostly found in
the promoter of housekeeping genes and kept under methylated. These regions are
named “CpG islands” (Law and Jacobsen, 2010). The promoters comprising CpG
island are suggested to be a region of transcription start sites and can start transcription
towards both directions (Sandelin et al., 2007). The CpG in CpG island promoters are
methylated only 3%, while non-CpG island promoters, which regulate mostly tissue
specific genes, are frequently methylated unless the genes are actively transcribed

(Weber et al.,, 2005). It is also reported that some classes of CpG islands are



differentially methylated in different tissues and thus play an important role in cellular

differentiation (Illingworth and Bird, 2015).

In addition to CpG methylation, non-CpG methylation is often reported
especially in embryonic stem cells (Lister et al., 2009), brain (Kinde et al., 2015), and
growing oocyte (Shirane et al., 2013). Although the function of non-CpG methylation
is elusive, it is not surprising that those cells possess high level of non-CpG
methylation, as those cells express high levels of de novo-type DNA
methyltransferases Dnmt3a and/or Dnmt3b (Inano et al., 2000; Sakai et al., 2004;
Watanabe et al., 2002), and they methylate not only CpG but CpA and/or CpT (Aoki et
al., 2001; Suetake et al., 2003). Non-CpG methylation is not observed when embryonic
stem cells are induced to become fibroblast cells. This is because that differentiation of
embryonic stem cells quickly down regulates the expression of Dnmt3a and Dnmt3b
(Sato et al., 2006), and the maintenance DNA methyltransferase Dnmtl wipes off the
non-CpG methylation.

Highly expressed genes exhibit low methylation levels in their promoters, but
possess high gene body methylation (Ball et al., 2009). However, weakly expressed
genes have higher methylation levels in both regions (Suzuki and Bird, 2008). These
reports argue that gene body methylation is a common feature in a mammalian genome
and they reflect not only the ancestral DNA methylation, but also a function to reduce
the transcriptional noise (Huh et al., 2013). Others argue that gene body methylation
might have a function in regulating different chromatin conformations (Jjingo et al.,

2012). However, the experimental evidence is not very clear yet (Hahn et al., 2011).

In addition to the spatial distribution of 5-methylcytosine, rewriting of
methylation patterns takes place during two developmental stages; during early stage
of embryogenesis and gametogenesis especially in primordial germ cells. During these
stages global DNA demethylation event, which erases most of the methylation patterns,
occurs (Monk et al., 1987). Nevertheless, some regions in the genome remain resistant
to the global demethylation. Erasure of DNA methylation after fertilization skips the
differentially methylated region (DMR) of imprinting genes, and some repetitive
sequences in primordial germ cells. In primordial germ cells, some retrotransposons
such as /4P partially retain their methylation (Morgan et al., 1999). DNA methylation

patterns in male and female germ cells are reestablished in a sex-specific manner.



Given that the methylation levels are drastically decreased soon after fertilization, new
patterns are written by DNA methyltransferases after implantation stage. During this
stage, promoters which are required for the expression of proteins controlling the
pluripotent state have to be kept un-methylated, while those for cellular differentiation
are highly methylated. In the same way during differentiation, promoter of a gene
required for a specific cell type differentiation has to be reactivated (Hajkova et al.,

2002; Reik, 2007; Rougier et al., 1998).
1.2.3. Regulation of gene expression by DNA methylation

Regulation of gene expression by DNA methylation is performed in two ways;
CpG methylation directly interferes the binding of transcriptional regulator to the target
sequence, or the proteins specifically bind methylated CpG (Table 1) recruit repressor
complexes that modify histone modifications (Clouaire and Stancheva, 2008; Hendrich
and Tweedie, 2015). Former example is CTCF, which is a component of insulator that
cannot bind to the target sequence when the site is methylated (Bell and Felsenfeld,
2000; Hark et al., 2000). As a second category, methyl CpG binding proteins (MBP)
especially the MBD family proteins recruit co-repressor complex, many of which are
ATP-dependent chromatin remodeling factors and/or DNA methyltransferases
(Rottach et al., 2009a). MBP can be categorized into three classes; MBD family, Uhrf
family, and Kaiso family (Table 1). These proteins recognize methylated DNA via

distinct domains.

Among the MBD family, except MBD3, MBDI1, 2, and 4 specifically bind to
5mC via their methylated DNA binding domain (MBD). Actually, mammalian MBD3,
which shows no methylated DNA-binding property, is exceptional. However, MBD3
isolated from Xenopus can selectively bind to methylated CpG, and plays crucial role
in development (Iwano et al., 2004). MBD family member proteins recruit histone
deacetylases (HDAC) containing complex to form or maintain silent chromatin state
(Hendrich and Tweedie, 2015). Different from other MBDs, MBD4 protein has a
catalytic domain, which has T:G mismatch DNA glycosylase activity, in addition to its
MBD. It has been argued that MBD4 might have a direct role in active DNA
demethylation by removing 5SmC (Zhu et al., 2000) and 5-hydroxymethylcytosine
(5hmC), which is produced from 5mC by oxygenase TET and thought to be an

intermediate form for demethylation (Hashimoto et al., 2012; Moréra et al., 2012), as



Table-1: Methyl-CpG binding proteins and their function.
Enzyme Domains involved Specificity
1. MBD family

MBDI1 MBD, CXXC 5mC
MBD2 MBD, TRD 5mC
MBD3 MBD 5mC
MBD4 MBD, Glycosylase 5mC, 5hmC
MeCP2 MBD, TRD 5mC

2. Uhrf family
Uhrfl
Uhrf2

3. Kaiso family

Kaiso

ZBTB4

ZBTB38

Tudor, PHD, SRA, UBL, RING

PHD, SRA, UBL, RING

BTB/POZ, ZnF

BTB/POZ, ZnF, CXXC

BTB/POZ, ZnF, CXXC

hemi-methylated DNA, histone H3K9me3

H3R2me0, ubiquitin E3 ligase
ShmC

SmC

SmC

SmC




MBD4 can bind not only SmC but ShmC (Otani et al., 2013a). Another member of the
MBD family, MeCP2, binds also to histone H3K9 methyltransferases and recruit them
to the genome (Fujita et al., 2003; Sarraf and Stancheva, 2015). MeCP2 mutations is
the major cause of RETT Syndrome, of which gene is on X-chromosome and thus
affecting females (Hite et al., 2009). Mutations on MeCP2 causing RETT Syndrome
are affected the methylated DNA binding or impaired its interaction with other
chromatin binding proteins such as heterochromatin protein 1 (HP1) (Clouaire and

Stancheva, 2008).

Another well characterized MBP is the Uhrf family, Uhrfl and Uhrf2. Uhrfl
was reported to flip out the hemi-methylated CpG with the SET and RING associated
(SRA) domain (Arita et al., 2008; Avvakumov et al., 2008; Hashimoto et al., 2008).
Uhrfl, but not Uhrf2 was shown to be crucial for maintenance DNA methylation
(Pichler et al., 2011). As for knockout of UhrfI, the embryonic stem cells cannot fully
transmit the DNA methylation patterns through consecutive cell divisions and the
embryos show serious development defects in the early stage, which results in
embryonic lethality. These reports do not only show the co-localization of Uhrfl with
Dnmtl in a cell-cycle dependent manner, but also reflect a possible direct interaction
between these proteins (Sharif et al., 2007). However, experimental evidence for a
direct interaction between Dnmtl and Uhrfl is lacking. Uhrfl is reported to interact
with other DNA methyltransferases, Dnmt3a and Dnmt3b (Meilinger et al., 2009).
Uhrfl acts as a crosstalk protein between DNA methylation and histone modifications,
as the tandem-tudor and PHD domains of Uhrfl can bind histone H3R2 un-methylated
and H3K9 tri-methylated state (Hashimoto et al., 2009; Rottach et al., 2009b;
Rajakumara et al., 2011; Arita et al., 2012). Interestingly, Uhrf2 can recognize ShmC
with its SRA domain (Zhou et al., 2015). As for the SRA domain of Uhrfl, there are
controversial reports describing that the SRA domain of Uhrfl also can recognize
ShmC (Frauer et al., 2011), or cannot bind hemi-hydroxymethylated DNA (Otani et al.,
2013b).

In addition to the regulatory function of Uhrfl in chromatin and DNA
methylation, it was reported as a marker for carcinogenesis (Unoki et al., 2009). Uhrfl
is highly expressed in non-small lung cell carcinoma and colon cancer cells with a
global hypomethylation (Daskalos et al., 2011). Since the transient expression of the

Uhrfl that cannot bind hemi-methylated DNA in cancer cells retrieve the expression of
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tumor suppressor genes (Achour et al., 2013), it is reasonable to speculate that hemi-
methylated DNA-binding activity of Uhrfl is necessary for progression of

carcinogenesis.

In contrast to MBD and Uhrf families, Kaiso protein of the Kaiso family
recognizes two consecutive SmC on a DNA strand by its Kruppel-like zinc finger
domain. It was further reported that Kaiso can bind to nuclear corepressor (N-CoR)
(Yoon et al., 2003). Two other members of Kaiso family are ZBTB4 and ZBTB38,
which bind to single methylated CpG. Unlike Kaiso, ZBTB4 and ZBTB38 recruit
Sin3/HDAC complex to Igf2 loci (Filion et al., 2006). Furthermore, Kaiso family

proteins are reported to recognize sequence specific localization (Kim et al., 2004).
1.3. Mammalian DNA methyltransferases

In mammals, the 5" carbon of cytosine in the CpG sequence is often
methylated (Figure 1), which is catalyzed by three distinct DNA methyltransferases,
Dnmtl, Dnmt3a, and Dnmt3b. During early stages of development, DNA methylation
patterns are established by Dnmt3a and Dnmt3b. Once the methylation patterns are
established, Dnmt]l maintains these patterns to the daughter cells during replication
(Goll and Bestor, 2005) (Figure 2). Dnmt2, which was firstly expected to be a de
novo-type DNA methyltransferase, was turned out to be the tRNA methylase (Goll et
al., 2006). Dnmt3L is a homologue of Dnmt3-type DNA methyltransferase, but has no
DNA methylation activity. Instead, it binds to Dnmt3a and Dnmt3b through its C-
terminal half to stimulate their DNA methylation activity (Suetake et al., 2004). All
mammalian DNA methyltransferases possess a highly conserved ten motifs for the
catalytic activity from bacterial DNA methyltransferase (Kumar et al., 1994) (Figure
3).

Dnmtl is the first isolated mammalian DNA methyltransferase (Bestor et al.,
1988). The N-terminal region comprising about 250 amino acid sequences forms
independently folded domain (Suetake et al., 2006), which binds a variety of factors
such as transcription repressor DMAP1 (Rountree et al., 2000), Dnmt3a and Dnmt3b
(Kim et al., 2002), Rb2 (Pradhan and Kim, 2002), proliferating cell nuclear antigen
(PCNA) (Chuang et al., 1997), CDKLS5 kinase (Kameshita et al., 2008), casein kinase
16/e (Sugiyama et al., 2010). For these, it is assumed that the N-terminal independently

folded domain acts as a platform for the factors regulating Dnmt1 through tethering to
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Figure 1. DNA methylation at promoter is associated with gene silencing.
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Figure 3. Schematic illustration of DNA methyltransferase family.

Dnmtl1 consist of N-terminal independently folded domain containing many motifs including
PCNA binding domain (PBD), replication foci-targeting sequence (RFTS) domain, two
bromo-adjacent homology domains (BAH1 and BAH2), and the catalytic domain.



specific regions. Among these factors, PCNA, which binds DNA polymerases and the
factors necessary for replication, and thus is a prerequisite factor for replication, is
thought to contribute to maintenance methylation during replication (Chuang et al.,
1997). Dnmtl deleted the N-terminal independently folded domain has been solved the
crystal structure (Takeshita et al., 2011) (Figure 4). According to the three-
dimensional structure, the replication foci targeting sequence (RFTS) forms a domain
that follows the N-terminal independently folded domain. This RFTS domain is
dispensable for the selective DNA methylation activity towards hemi-methylated DNA
in vitro (Takeshita et al., 2011; Song et al., 2011). The CXXC motif comprising two
Zn-finger motifs follows the RFTS domain. The motif binds un-methylated DNA and
is assumed to inhibit de novo methylation (Song et al., 2011). It was recently reported
that the crystal structure of Dnmtl lacking the CXXC motif allows selective
methylation activity towards hemi-methylated DNA (Song et al., 2012). Two bromo-
adjacent homology (BAH) domains, of which the function is not known, and the
catalytic domain follow the CXXC motif. The catalytic domain is highly homologous
to bacterial DNA methyltransferases containing 10 conserved motifs (Kumar et al.,

1994) (Figure 3).

Dnmtl can bind to long non-coding RNA with a stem loop conformation
through its catalytic pocket. It was further discussed that the affinity of Dnmt1 to RNA
was stronger than that of Dnmtl to DNA (Di Ruscio et al., 2013). In the scope of
current scientific evidence, the biological relevance of Dnmtl and non-coding RNA
interaction remains to be elucidated. One recent study reported that a long non-coding
RNA Dum could interact with Dnmtl and regulate myogenic differentiation and
muscle regeneration (Wang et al., 2015). Despite of these exciting findings, it remains
unclear whether or not there is a specific class of non-coding RNAs interacting with
Dnmtl or different developmental stages require different non-coding RNA and

Dnmtl1 complexes.

Dnmtl is highly expressed during the S phase of the cell cycle (Szyf et al.,
1991), with some exception that it is highly expressed in non-proliferating growing
oocytes (Kimura et al., 1999; Mertineit et al., 1998), and in post-mitotic neurons (Inano
et al., 2000), but are localized in cytoplasm. During the replication, the RFTS domain
brings Dnmtl to the replication foci (Leonhardt et al., 1992).
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Other members of mammalian methyltransferases are Dnmt3a and Dnmt3b,
which are called “de novo” methyltransferases. Different from differentiated cells, de
novo methyltransferases are highly expressed in embryonic stem cells and primordial
germ cells (Watanabe et al., 2002; Sakai et al., 2004). Unlike Dnmtl, they have similar
activity toward hemi- and un-methylated DNA (Aoki et al., 2001; Suetake et al., 2003).
The N-terminal half of Dnnmt3a and 3b contains the PWWP and ATRX-DNMT3-
DNMT3L (ADD) domains (Figure 3). The PWWP domain of Dnmt3b is reported to
be the motif to bind to DNA (Qiu et al., 2002) and, at the same time, the domain
tethers the molecules to heterochromatin (Chen et al., 2004; Ge et al., 2004). The
ADD domain is reported to bind histone H3K4 with no modification (Otani et al.,
2009), and the interaction contributes to the activation of Dnmt3a methylation activity
with histone H3 tail (Zhang et al., 2010). Recent structural study revealed that histone
H3 tail-binding to the ADD domain releases an auto-inhibitory state of Dnmt3a (Guo
etal., 2015).

1.4. Maintenance of DNA methylation

Dnmtl is the responsible enzyme for the maintenance of DNA methylation as it
favors to methylate hemi-methylated DNA produced during replication and repair, and
is tethered to replication and repair regions (Figure 2). As the N-terminal
independently folded and RFTS domains of Dnmt1 is responsible for the recruitment
to the replication foci, there are substantial evidence for the interaction of Dnmt1 with
other proteins for the maintenance DNA methylation (Tajima and Suetake, 1998). In
this regard, PCNA and Uhrfl are the key players (Chuang et al., 1997; Hervouet et al.,
2010). Several independent reports discuss that Uhrfl recruits Dnmtl specifically to
hemi-methylated sites on the nascent strand (Arita et al., 2008; Sharif et al., 2007).
Likewise, PCNA interacts with the N-terminal independently folded domain of Dnmtl,
and allows the interaction with the replication machinery (Chuang et al., 1997). Dnmt1
sequentially methylates hemi-methylated DNA merges during replication. It was
thought that this may be due to the binding of Dnmt1 to PCNA, however, it was shown
that the PCNA binding domain is dispensable in maintenance DNA methylation
(Garvilles et al., unpublished, 2015). Actually, our laboratory has shown that Dnmt1
that lacks the PCNA binding domain can methylate hemi-methylated DNA in a
processive manner, though skips one out of 20 hemi-methylated CpG (Vilkaitis et al.,

2005). However, molecular mechanisms during replication process to maintain DNA
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methylation remains elusive. Its interaction with other factors may enable faithful

propagation of DNA methylation patterns to next generation.
1.4.1. Structure of Dnmt1

Recently, our group solved the three dimensional structure of mouse Dnmtl,
which comprises 1,620 amino acid residues, lacking 1-290 N-terminal independently
folded domain by X-ray crystallography analysis (PDB accession number, 3AV4)
(Takeshita et al., 2011). A striking feature of the structure is that the RFTS domain,
which is responsible for recruiting Dnmtlto the replication foci, is plugging the
catalytic pocket. This structure is not an artifact of the crystal, as the position is fixed
by four hydrogen bonds between the RFTS and catalytic domains (Figure 4). Because
of the steric hindrance, the RFTS domain must be kicked out from the catalytic pocket
to make hemi-methylated DNA access to the catalytic center. Recently, the mutations
increasing the hydrophobic index in the RFTS domain at the interacting surface with
the catalytic domain cause neurological disorders of cerebellar ataxia, deafness and
narcolepsy (ADCA-DN), which is late onset, having no developmental defects
(Winkelmann et al., 2012).

The bromo-adjacent homology domains, BAH1 and BAH2, of which functions
in the maintenance methylation remain to be elucidated, are in close contact with the
catalytic domain. The BAH1 domain has a hydrophobic cage resembles to that of Orcl,
which specifically recognizes histone H4K20 di-methylation state (Yang and Xu,
2012). For this, the BAH1 domain may related to chromatin or histone methylation to
connect Dnmtl with chromatin. The BAH2 domain is connected to the target
recognition domain (TRD) via a linker region. Considering the flexibility of the linker
region between the TRD and the BAH2, the DNA binding ability of Dnmtl might be

regulated by conformational rearrangements.

In addition to the crystal structure published from our group, crystal structures
of a human DNMTI fragment deleted the RFTS domain in complex with un-
methylated DNA has been reported (Song et al., 2011) (Figure 5A). The structure of
human DNMT1(651-1616) in complex with un-methylated DNA (PDB accession
number, 3PT6) shows that DNA is bound to the CXXC motif, and thus the CXXC is
pushed into the catalytic pocket. For this CXXC position with un-methylated DNA,

un-methylated DNA cannot access to the catalytic center. Song et al. proposed that this
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is the auto-inhibition mechanism to inhibit de novo DNA methylation. Human
DNMT1(600-1600) fragment contains CXXC motif in complex with sinefungin (PDB
accession number, 3SWR), which is a S-adenosyl-L-methionine mimicked inhibitor,
shows the CXXC motif in a similar position as to that of the DNMT1-un-methylated
DNA complex. This may raise a question whether or not the CXXC position in that

particular complex is an artifact due to the removal of the RFTS domain.

When the conformations of all available Dnmtl structures are aligned, minor
but significant changes are observed (Figure 5B). One remarkable difference between
the structures of Dnmtl with or without DNA is the position of the CXXC domain.
According to the conformational alignment, the CXXC must be out of the catalytic
pocket as a result of hemi-methylated DNA accession to the catalytic center. Compared
to the DNMT 1-un-methylated DNA complex, DNMT1(732-1616) in complex with
hemi-methylated DNA (PDB accession number, 4DA4) shows different DNA binding
patterns. Interestingly, DNMT]1 flips out the cytosine to be methylated out of the
double stranded DNA.

Another conformational change was the position of the TRD domain. The TRD
in the structures of Dnmt1-DNA complexes is likely to bend over the catalytic pocket
compared to that without a DNA. Importantly, the structure harboring the hemi-
methylated DNA has the TRD closer to the catalytic pocket than that with an un-
methylated DNA. This observation might well explain the preferential binding of
Dnmtl to the hemi-methylated DNA. Notably, a loop connecting the CXXC and the
RFTS to the catalytic pocket exhibits 9A shift upon hemi-methylated DNA binding
(Figure 5C). As well, the structure of the RFTS in free form shows noticeable
conformational deviations than the one interacting with the catalytic pocket (Figure 6).
Conformational differences resulted by hemi-methylated DNA binding may result in

the removal of the RFTS and enable the catalytic pocket to access to DNA.
1.4.2. Structure of the SRA domain of Uhrfl

Up to the present, no crystal structure of a full-length Uhrfl is reported. The
structures of the SRA domain in complex with a hemi-methylated DNA are available
(PDB accession numbers, 2ZKE, 3DWH, and 2Z00) (Arita et al., 2008; Avvakumov et
al., 2008; Hashimoto et al., 2008). According to the structures, the SRA binds to DNA

by two loops in both major and minor groove. SmC completely flipped out is stabilized

18



Hydrogen Bonds

Catalytic Domain

PBD CXXC v 1

I IV VI VI IX X

S

53

2

LJ

~
~

'IJ

531

28

\

S

PDB: 3AV4

Figure 4. Crystal Structure of the mouse Dnmt1 coding 291-1620.

The RFTS domain plugs the catalytic pocket, which is stabilized by four hydrogen bonds
between the RFTS and catalytic domains (Takeshita et al., 2011). Reported disease mutations
(Winkelmann et al. 2011) on the RFTS domain increases local hydrophobicity at the interface
of the RFTS and catalytic domain.
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Dnmt1 (291-1620) DNMT1 (651-1600) DNMT1 (732-1600) DNMT1 (600-1600)
PDB: 3AV4 PDB: 3PT6 PDB: 4DA4 PDB: 3SWR

Without DNA (3AV4)

Unmethylated DNA(3PT6)

Hemi-methylated DNA(4DA4)

Figure S. Crystal structures of Dnmt1 reported from different groups.
A. Tllustration of published crystal structures of mouse Dnmt1 and human DNMT1.
B. Conformational changes as a result of DNA binding.
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RFTS (Extracted from PDB:3AV4)
RFTS (PDB: 3EPZ)

Figure 6. RFTS domain structures, independently expressed or in the Dnmt1.
The RFTS domain plugging the catalytic pocket of Dnmtl and independently
expressed form slightly different conformations.
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by hydrogen bonds and van der Waals interactions. Furthermore, the orphanated
guanine resulted by flipping out of the 5SmC is captured by another loop to stabilize the
position of the SRA on DNA. Mouse and human SRA in complex with hemi-
methylated DNA display similar folding patterns (Figure 7).

1.5. Aims of This Work

Requirement of Dnmtl in the maintenance DNA methylation is well
established and there is substantial numbers of reports regarding the interacting
partners of Dnmtl. Dnmtl is necessary but not sufficient for faithful propagation of
maintenance DNA methylation. According to the widely accepted model, Dnmtl is
recruited to the hemi-methylated sites by Uhrfl. However, detailed molecular
mechanisms regarding how Dnmt1 is loaded onto the replication foci, and how Dnmtl
specifically finds the hemi-methylated sites are remain to be investigated. The aim of

the present study is to reveal mechanistic aspects of the maintenance DNA methylation.
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Figure 7. Schematic illustration of Uhrfl and crystal structures of the SRA domain.

A. Uhrfl is a multifunctional protein which mediates the crosstalk between epigenetic marks.

B. Crystal structures of the SRA and DNA complex.

C. Structural alignment of the SRA and DNA complexes.

D. Amino acid residues responsible for holding SmC and guanine recognition in mouse SRA:DNA complex.
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2. MATERIALS AND METHODS

2.1. Preparation of Recombinant Dnmt1:

Truncated and mutated mouse Dnmtl cDNAs were subcloned into pFastBac-
Htb (Invitrogen) with the GST cDNA inserted in frame at the 5° end. All the DNA
sequences were confirmed by the dideoxy method (Sanger et al., 1977). The
baculovirus harboring Dnmtl ¢cDNAs coding 291-1620 or 602-1620 was expressed in
S19 cells and purified as described elsewhere (Takeshita et al., 2011; Berkyurek et al.,
2014). The mutant Dnmtl coding 291-1620 {Dnmt1(291)} with E531A and D532A,
E531K and D532K, and D554K were purified as wild-type Dnmt1. The concentrations
of purified Dnmt1 were determined from the absorbance at 280 nm with a NanoDrop

2000 spectrophotometer (Thermo Scientific).
2.2. Preparation of recombinant SRA of Uhrfl:

Mouse Uhrfl, the SRA domain coding 409-617, or with mutations was
subcloned into the BamHI and Xhol sites of pGEX6P-1 or pET30a with a GST
sequence added at the 5° end in frame. DNA sequences were confirmed by the dideoxy
method (Sanger et al., 1977). All the proteins were induced the expression in
Escherichia coli BL21(DE3) CondonPlus-RIL with 0.5 mM IPTG and then further
cultured at 18°C for 16 h. The expressed proteins were purified with a HiTrap
Chelating column (GE Healthcare) and/or GSH-Sepharose column. To remove the
GST tag, PreScission protease was used. The RFTS protein concentrations were

determined with a BCA Protein Assay Kit.
2.3. Synthesized DNA:

The following DNA sequences show the methylated strands of the hemi-
methylated DNA used for methylation activity measurements (Gene Design, Mino,

Osaka);

12-bp: 5’~-GCAATCMGGTAG-3’,

16-bp: 5’~-CGGCAATCMGGTAGAC-3,

20-bp: 5’~-GACGGCAATCMGGTAGACGA-3’,

30-bp: 5’ACGACGACGGCAATCMGGTAGACGACGACG-3’,
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42-bp: 5’~-GATCCGACGACGACGGCAATCMGGTAGACGACGACGACGATC-3’,

M in the sequences denotes SmC. As for the 12-bp F-DNA, anti-sense strand of
the hemi-methylated CpG’s un-methylated cytosine was replaced by 5-fluorocytosine.
Equal amounts of the methylated and complementary strand oligomers (100 uM each)
in 50 mM NaCl, 1 mM EDTA, and 10 mM Tris-HCI, pH 8.0, were incubated at 97°C
for 5 min, and then gradually targeted to 70°C after 2 h, 50°C after 4 h, and then to
15°C after 2 h. The annealed DNA concentrations were determined with a NanoDrop

2000 spectrophotometer. The DNA was stored at -80°C until use.
2.4. DNA methylation reaction:

DNA methylation activities were determined as described elsewhere (Vilkaitis
et al., 2005). In brief, 6.4 nM Dnmtl, 66 nM DNA, and 2.2 uM [’H]-S-adenosyl-L-
methionine (AdoMet) (10,15 or 18 Ci/mmol) (Perkin Elmer) were incubated at
indicated temperature in a total volume of 25 pl of reaction buffer comprising 5 mM
EDTA, 50 mM NacCl, 2.7 M glycerol, 0.2 mM PMSF, and 20 mM Tris-HCI, pH 7.4
unless otherwise stated. After the incubation, radioactivity incorporated into DNA was
determined in a liquid scintillation counter. The specific activities (mol CHjs transferred

to DNA/h/mol Dnmt1 enzyme) were determined within a linear time-course range.

To determine the effect of the SRA domain on the DNA methylation activity,
the SRA was pre-incubated for 30 min on ice with DNA unless otherwise indicated in

the figure legends.
2.5. Effect of the SRA domain on the DNA binding activity to Dnmt1:

The 5’ end of 12-bp F-DNA was labeled with T4 polynucleotide kinase
(Toyobo) and [y-*P]-ATP (6,000 Ci/mmol, MP Biomedicals). Dnmt1(291) or
Dnmt1(602) (6.4 pmol) was incubated with 10 pmol of labeled F-DNA and 60 pmol
AdoMet, in the absence or presence of 5 or 20 pmol of the SRA in a 25 ul reaction
mixture comprising 50 mM NaCl, 20% glycerol (w/v), 0.2 mM EDTA, 0.2 mM PMSF,
ImM DTT, and 20 mM Tris-HCI pH 7.4, followed by incubation at 37°C for 1 h. After
the incubation, the mixtures were subjected to SDS-polyacrylamide gel electrophoresis
in a 7.5% gel. The protein bands were visualized with Coomassie Brilliant Blue R250

(CBB) (Nacalai Tesque) staining and a BAS2000 Bioimage analyzer (Fuji Film), and
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then exposed to X-ray film (Fuji Film). The amount of F-DNA bound to Dnmt1 was
quantitated with Image-Gauge software (Fuji Film), and the protein band stained with

CBB was quantitated with Quantity One (BioRad).
2.6. Pull-down assaying of Dnmt1 with Uhrfl:

SRA or SRA(D474A, R496A) (1.5 ng) was mixed with GST-Dnmt1(291) (1.2
ug), GST-Dnmt1(602) (1 wng), or GST-RFTS (2.3 ug) coupled to GSH-Sepharose,
respectively, and then incubated at 25°C for 30 min in a 40 pl of binding buffer
comprising 50 mM NaCl, 10% glycerol, 0.1% (w/v) Nonidet P-40, and 50 mM Tris-
HCI, pH 7.4. Dnmt1(291) (1 ug) or Dnmt1(602) (0.8 ug) was mixed with GST-SRA (3
ug) coupled to GSH-Sepharose, and then incubated under the same conditions to as
above. Then, the beads were washed three times with binding buffer. The bound,
unbound, and washed fractions were precipitated with 10% (w/v) trichloroacetic acid.
The protein bands were separated by SDS-polyacrylamide gel electrophoresis in a 12%
gel. The protein bands were visualized with CBB.

2.7. Gel shift assaying:

Indicated amounts of the RFTS, SRA, or SRA and RFTS domains were
incubated with 12-bp or 42-bp DNA with one hemi-methylated CpG (0.2 uM) in a
solution comprising 50 mM NaCl, 20% glycerol (w/v), 0.2 mM EDTA, 0.2 mM PMSF,
1 mM DTT, and 20 mM Tris-HCI, pH 7.4, at 4°C for 30 min. After the incubation, the
mixtures were subjected to 0.8% agarose gel electrophoresis in 0.2 x TBE and 2%
glycerol at 4°C with 150 V for 10 min. DNA was stained with GelGreen (Biotium),
and visualized in a fluoro-imager, Typhoon FLA 9500 (GE Healthcare).

2.8. Competition of the SRA domain with Dnmt1 on the DNA binding:

The SRA (0.6 uM) and 0.2 uM 12-bp hemi-methylated DNA were mixed in a
total volume of 25 pul comprising 50 mM NaCl, 20 % glycerol (w/v), 0.2 mM EDTA,
0.2 mM PMSF, 1 mM DTT, and 20 mM Tris-HCI, pH 7.4, without or with 1 to 50
folds higher concentrations of the RFTS to that of SRA domains, and then incubated at
4°C for 30 min. After the incubation, the mixtures were subjected to 0.8% agarose gel

electrophoresis in 0.25x TBE and 2.5% glycerol at 4°C with 150 V for 10 min. DNA
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was stained with GelGreen (Biotium), and visualized with a fluoro-imager, Tyhoon

FLA9500 (GE Healthcare).
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3. RESULTS

3.1. Dnmt1 containing the RFTS domain cannot methylate short hemi-methylated
DNA

According to the X-ray crystal structure of mouse Dnmtl(291), the RFTS
domain is plugging the catalytic pocket (Takeshita et al., 2011). This indicates that the
RFTS has to be removed from its position to perform the DNA methylation.
Interestingly, however, even in the presence of the RFTS, Dnmt1 can methylate hemi-
methylated DNA (Takeshita et al., 2011; Vilkaitis et al., 2005). On the contrary, Syeda
et al. reported that the recombinant Dnmtl containing the RFTS has no DNA
methylation activity when a short hairpin hemi-methylated DNA was used as the
methyl acceptor (Syeda et al., 2011). I assumed that the difference between our and
Syeda’s results may due to the length of the methyl-group acceptor DNA. Short DNA
may not be able to access catalytic center when the RFTS is plugging the catalytic
pocket.

To determine whether or not the DNA length is the determinant for the
accession of DNA to the catalytic pocket for DNA methylation activity, I prepared 12,
16, 20, 30, and 42-bp double-stranded hemi-methylated DNA, each of which contained
one hemi-methylated CpG site. Recombinant Dnmt1(291) and Dnmt1(602) (Figure
8A), containing and lacking the RFTS, respectively, were purified and determined the
DNA methylation activity towards these substrates. As shown in Figure 8B,
Dnmt1(291) could not methylate 12-bp hemi-methylated DNA, but showed significant
activity toward the DNA longer than 16-bp hemi-methylated DNA, and then increased
the activity as the DNA length increased. Different from Dnmt1(291), Dnmt1(602)
lacking the RFTS domain showed significant DNA methylation activity even when 12-
bp hemi-methylated DNA was used as methyl group acceptor. Increase in the DNA
length only mildly increased the DNA methylation activity of Dnmt1(602). These
results indicate that 12-bp short hemi-methylated DNA used in the present study
cannot access the catalytic center by replacing the RFTS from the catalytic pocket to

be methylated. To access the catalytic center, DNA length must be longer than 12-bp.

The RFTS was separately purified and added to Dnmt1(602), and determined
the DNA methylation activity towards 12-bp and 42-bp hemi-methylated DNA. The
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RFTS domain added to the reaction mixture did not affect the DNA methylation
activity when 42-bp hemi-methylated DNA was used as methyl-group acceptor. On the
contrary, the RFTS domain inhibited the DNA methylation activity towards 12-bp
hemi-methylated DNA in a dose-dependent manner (Figure 8C). The result suggests
that short DNA such as 12-bp cannot efficiently access the catalytic center when the
RFTS domain occupies the catalytic pocket, while long DNA does.
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Figure 8. DNA length-dependent DNA methylation activities of Dnmt1(291) and
Dnmt1(602). A. Schematic illustration of Dnmt1: Dnmt1 has a multi-domain structure.
Two Dnmt1 constructs (291) and (602) are indicated. B. DNA length-dependent activity
of Dnmtl (291) and (602) towards 12, 16, 20, 30, and 42-bp hemi-methylated DNA
with one CpG. C. Dnmt1(602) was incubated with the RFTS, and then the DNA methyl-
ation activity towards 12-bp (blue) and 42-bp hemi-methylated DNA (red) was deter-
mined. Specific activities of DNA methylation (mol CH3 transferred/h/mol Dnmt1)
were determined. The average activities £ SD (n=3) are shown. The inhibition of
Dnmt1(602) was statistically significant at 50, 100 and 200 uM RFTS (P<0.001).
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3.2. Mutant Dnmt1(291) impaired the hydrogen bonds between the RFTS and
catalytic domains significantly methylates 12-bp hemi-methylated DNA

The RFTS is anchored to the catalytic pocked with four hydrogen bonds
between E531, D532, D554, L593 in the RFTS domain and K1537, R1576, S1495,
T1505 in the catalytic domain, respectively. For this, there exists an energy barrier in
removing the RFTS domain from the catalytic pocket to make DNA accessible to the
catalytic center. The difference in energy barrier between Dnmt1(291) and Dnmt1(602)
for DNA methylation is about 80 kJ/mol (Takeshita et al., 2011). It is, therefore,
expected that impairment of the hydrogen bonds formed between the RFTS and
catalytic domains makes the RFTS rather easy to be removed from the catalytic pocket
by lowering the activation barrier, which means that even the 12-bp DNA may access

the catalytic center.

I replaced the amino acid residues, E531 and D532, or D554 in the RFTS
domain, which form hydrogen bonds through their side chains (Figure 9A), purified
the recombinants, and determined the DNA methylation activity of Dnmtl(291)
containing the RFTS domain. As shown in Figure 9B, the Dnmt1(291) mutations
harboring E531A and D532A, and D554K in the RFTS significantly lowered the
activation barrier for the DNA methylation activity, which were calculated to be 97
and 90 kJ/mol, respectively. Under identical conditions, the activation energy of
Dnmt1(291) and Dnmt1(602) were 133 and 34 kJ/mol, respectively. Expectedly, the
replacement of E531 and D532 with alanine or lysine, or D554 with lysine in the RFTS
domain of Dnmtl(291) partially but significantly exhibited the DNA methylation
activity towards 12-bp hemi-methylated DNA (Figure 9C). The result further supports
that the 12-bp short hemi-methylated DNA cannot remove the RFTS from the catalytic
pocket of wild-type Dnmt1(291), and thus cannot access the catalytic center of Dnmt1.

As shown in Figure 8C, the addition of separately prepared RFTS to the
reaction mixture inhibited the DNA methylation activity of Dnmt1(602) toward 12-bp
hemi-methylated DNA. This is consistent with the report that the DNA methylation
activity of Dnmtl lacking the RFTS domain is inhibited by the addition of the RFTS
when a short hemi-methylated hairpin DNA was used as a substrate (Syeda et al.,
2011). The inhibition by the RFTS domain carrying the mutations of ES31A and
D532A, or D554K was less effective compared to that of the wild-type RFTS domain
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(Figure 9D). Considering that the RFTS cannot stably bind to substrate DNA by itself
(Figure 9E), this result can be the reflection that the mutants RFTS were less stably
anchored into the catalytic pocket due to their impairment in the hydrogen bond

formations with the catalytic domain.
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Figure 9. Disruption of the hydrogen bonds facilitates the removal of the RFTS
domain from the catalytic pocket of Dnmt1(291). A. Four hydrogen bonds between
the RFTS (light violet) and catalytic domains (light blue) of Dnmtl (PDB accession
number, 3AV6). The hydrogen bonds between the side chains of E531, D532, and
D554, and the main chain of L593 in the RFTS, and K1537, R1576, S1495, and T1505
in the catalytic domain, respectively, are shown. B. DNA methylation activities of
Dnmt1(291) (291), Dnmt1(602) (602), and Dnmt1(291) with ES31A and D532A, and
D554K were determined at 37, 30, 25, and 20°C (bars from left to right), respectively,
towards 42-bp DNA with 12 hemi-methylated CpG. Average activities = SD (n=3)
are shown (left panel). The logarithms of DNA methylation activities obtained {In(D-
NA methylation activity), ordinate axis} against inverse temperatures (1/T, abscissa)
are plotted (Arrhenius plot) (right panel). C. DNA methylation activities of Dn-
mt1(291) (291), Dnmt1(602) (602), and Dnmtl(291) with the mutations ES31A
and D532A (ES31A, D532A), D554K (D554K), and E531K and D532A (ES31K,
D532K) were determined towards 12-bp hemi-methylated DNA as in Figure 1. D.
Dnmt1(602) was incubated with the RFTS domain without any mutation (WT, red), or
with mutation ES31A, D532A (dark green) or D544K (light green), and then the DNA
methylation activity toward 12-bp hemi-methylated DNA was determined. The aver-
age values + SD (n=3) are plotted. E. The indicated amounts of the RFTS were
incubated with 12-bp or 42-bp DNA with one hemi-methylated CpG (0.2 uM). After
the incubation, the mixtures were subjected to gel electrophoresis, and then DNA was
visualized.
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3.3. The SRA domain of Uhrfl promotes DNA methylation

Uhrfl is a prerequisite factor for the maintenance DNA methylation in vivo
(Sharif et al., 2007). The SRA domain of Uhrfl specifically binds hemi-methylated
CpG containing DNA and flips the methylated cytosine out of the double-stranded
DNA (Arita et al., 2008; Avvakumov et al., 2008; Hashimoto et al., 2008). Since the
RFTS domain is responsible in bringing Dnmtl to the replicating region (Leonhardt et
al., 1992) and Uhrfl is co-localized with Dnmtl at replication region (Sharif et al.,
2007), it is reasonable to speculate that direct or indirect interaction of the RFTS and
SRA domains contributes to the removal of the RFTS domain from the catalytic pocket,
and thus making DNA access to the catalytic center. According to the in vitro binding
study, the SRA domain bound to Dnmt1(291) containing the RFTS and the RFTS
domain itself. On the other hand, the SRA domain did not bind to the Dnmt1 lacking
the RFTS domain (Figure 10A and B). The results indicate that the RFTS is directly
interacting with the SRA domain.

As described above, Dnmt1(291) could not methylate 12-bp hemi-methylated
DNA but Dnmt1(602) could. If the SRA domain contributes to the removal of the
RFTS domain from the catalytic pocket, Dnmt1(291) containing the RFTS domain
may exhibit DNA methylation activity toward the 12-bp DNA by the addition of the
SRA domain. As shown in Figure 10C, the DNA methylation activity of Dnmt1(291)
exhibited significant level of DNA methylation activity depending on the addition of
the SRA domain in a dose-dependent manner. Under the conditions, the DNA
methylation activity of Dnmt1(602) was not affected by the addition of the SRA. The
result indicates that the SRA domain contributes in making 12-bp hemi-methylated
DNA access to the catalytic center possibly by removing the RFTS domain from the
catalytic pocket. Dnmtl1(291) activity was determined under three different
concentrations of Dnmtl titrating with the SRA domain with a fixed amount of 12-bp
hemi-methylated DNA (Figure 10D). The SRA concentrations necessary for the
maximum activation were high when the Dnmt1(291) concentrations used for the DNA
methylation activity measurement were high. Interestingly, when the SRA
concentrations were normalized with that of Dnmt1(291) and re-plotted, the titration
curves using different concentrations of Dnmt1(291) fitted almost into an identical

curve (Figure 10E). The results strongly suggest that direct interaction between the
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SRA and RFTS domains is crucial for the 12-bp hemi-methylated DNA methylation

activity.
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Figure 10. The SRA domain of Uhrfl binds to the RFTS domain of Dnmtl and
induces DNA methylation activity toward 12-bp hemi-methylated DNA. A. The
SRA was incubated with GST-tagged Dnmt1(291) (GST-291), Dnmt1(602) (GST-602),
or RFTS (GST-RFTS) bound to GSH-Sepahrose. After the incubation, input (I),
unbound (U), wash (W), and bound (B) fractions were analyzed by SDS-polyacryl-
amide gel electrophoresis. The protein bands were visualized by CBB staining. Equiva-
lent amounts of samples were loaded, other than for the input (I) fractions, the amounts
loaded being 1/4 of those of the other fractions. B. Dnmt1(291) (291) or Dnmt1(602)
(602) was incubated with GST-tagged SRA (GST-SRA) bound to GSH-Sepharose.
Input (I), unbound (U), wash (W), and bound (B) fractions were analyzed as in panel
A. C. DNA methylation activities of Dnmt1(291) (blue) and Dnmt1(602) (red) toward
12-bp hemi-methylated DNA were titrated with the SRA. The specific activities of
DNA methylation (mol CH3 transferred/h/mol Dnmt1) were determined, and the aver-
age activities = SD (n=3) are shown. Stimulation of the DNA methylation activities of
Dnmt1(291) was statistically significant at all the SRA concentrations examined
(P<0.001), except for 0.05 uM SRA where P<0.01. D. DNA methylation activities
toward 12-bp hemi-methylated DNA were determined by titrating with the SRA with
a fixed amount of DNA and three different concentrations of Dnmt1(291); 6.4 (light
brown), 19.2 (light green), and 57.6 nM (blue). Average activities = SD (n=3) are
shown (upper panel). The concentrations of SRA in the upper panel were normalized
with Dnmt] and the DNA methylation activities are re-plotted.
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3.4. SRA-dependent short DNA methylation activity is due to direct interaction
between the SRA and RFTS domains

Because it is known that the SRA domain specifically binds to hemi-methylated
DNA by flipping out the 5SmC out of the double stranded DNA (Arita et al., 2008;
Avvakumov et al., 2008; Hashimoto et al., 2008), we next asked whether or not the
SRA domain could still activate Dnmt1 without binding to DNA. Based on the crystal
structure of the SRA in complex with a hemi-methylated DNA, we introduced site-
directed mutagenesis on D474 and R496 residues of Uhrfl, which recognize SmC and
orphanated guanine, respectively (Figure 11A). The mutant SRA domain with D474A
and 496A did not show significant 12-bp DNA binding activity (Figure 11B). The
methylation activity of Dnmt1(291) was titrated against the mutant SRA domain.
Despite the lack of DNA binding activity, the mutant SRA stimulated the DNA
methylation activity of Dnmt1(291) (Figure 11C). As shown in Figure 11D, the
mutant SRA domain significantly bound to Dnmt1(291) although its amount was
apparently less compared to that of the wild-type SRA domain. The result clearly
indicates that the interaction between the RFTS and DNA-free SRA domains solely

acts on the stimulation of the DNA methylation activity.
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Figure 11. A mutant SRA which cannot bind to hemi-methylated DNA stimulates
DNA methylation activity of Dnmt1. A. Image of the structure of the SRA bound to
hemi-methylated DNA and flipping out of the SmC of the double-stranded DNA is
shown. D474 is holding SmC and R496 is stabilizing the orphaned G. The red arrow
indicates the flipping of SmC. The structure data was taken from PDB accession
number 2ZKD. B. Gel-shift assaying of the SRA and that with D474A, R496A was
performed as in Figure 9E. 12-bp hemi-methylated DNA (0.2 uM) was incubated
with the indicated amounts of the SRA or the mutant. Free DNA (arrows) and
DNA-bound SRA (arrowheads) are shown. C. DNA methylation activities of
Dnmt1(291) (12.8 pM) towards 12-bp hemi-methylated DNA were determined by
titrated with SRA (WT, red) or SRA (D474A, R496A, blue). The average activities +
SD (n=4) are shown. Stimulation of the DNA methylation activities of Dnmt1(291)
was statistically significant at all the SRA (D474A, R496A) concentrations examined
(P<0.001), except for 0.1 uM SRA (D474A, R496A) where P<0.05. D. The SRA or
mutant was incubated with GSTtagged Dnmtl1(291) (GST291) bound to
GSH-Sepahrose. After the incubation, input (I), unbound (U), wash (W), and bound
(B) fractions were analyzed by SDS-polyacrylamide gel electrophoresis. The protein
bands were visualized by CBB staining. Equivalent amounts of samples were loaded,
other than for the input (I) fractions, the amounts loaded being 1/4 of those of the other
fractions.
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3.5. The interaction between the SRA and RFTS domains promotes accession of

DNA to the catalytic center

Since the effect of the SRA domain was examined by DNA methylation
activity, the assay system involves multi-steps; removal of the RFTS domain from the
catalytic pocket, accession of hemi-methylated DNA to the catalytic center, and
transfer of methyl group to cytosine. However, it was reported that the SRA domain
and Dnmt1 cannot bind to the same hemi-methylated DNA at the same time, due to
steric hindrance (Arita et al., 2008). In order to utilize the hemi-methylated DNA
bound to the SRA domain, the SRA domain must release the DNA. To this end, the
SRA binding to DNA was competed with the RFTS. As shown in Figure 12A, the
RFTS domain significantly inhibited the DNA binding of the SRA in a dose-dependent
manner. The result strongly suggests that the direct interaction between the RFTS and
SRA domains forces to release the hemi-methylated DNA from the SRA domain to
provide it to the catalytic center as a substrate for DNA methylation. The interaction
between the RFTS and SRA domains may facilitate not only the removal of the RFTS
domain from the catalytic pocket but also promotes handover of the substrate hemi-

methylated DNA to the catalytic center.

It was reported that the cysteine residue at the catalytic center of Dnmtl
covalently traps F-DNA, in which the un-methylated cytosine in the anti-sense strand
of hemi-methylated CpG was replaced with fluorocytosine (Brank et al., 2002). To
evaluate directly the accession of short hemi-methylated DNA to the catalytic center,
12-bp F-DNA was synthesized. The DNA methylation reactions were performed for
Dnmt1(291) and Dnmt1(602) using 12-bp F-DNA, of which 5’ end was labeled with
2P, in the absence and presence of the SRA domain. The reaction mixtures were
subjected to SDS-polyacrylamide gel electrophoresis, and determined the radioactive
bands associated with Dnmtl. As shown in Figure 12B, F-DNA scarcely bound to
Dnmt1(291) and significantly increased the binding in the presence of the SRA domain.
On the contrary, Dnmt1(602) that lacks the RFTS domain showed F-DNA-bound
bands regardless of the presence of the SRA domain. The results clearly indicate that
the interaction between the RFTS and SRA domains makes the short 12-bp DNA
access to the catalytic center. Since the SRA domain with D474A and R496A
mutations could enhance the DNA methylation of the 12-bp hemi-methylated DNA

(see Figure 11C), it can be expected that the mutant SRA domain also can make
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access the 12-bp DNA to the catalytic center of Dnmtl. To confirm this, I asked
whether or not the SRA domain with D474A, R496A could promote the 12-bp F-DNA
binding of Dnmt1(291). Under identical conditions, the SRA domain with D474A and
R496A mutations enhanced the 12-bp F-DNA accession to the catalytic center of
Dnmt1(291) (Figure 12C).

Because Dnmtl(291) exhibited a DNA-length  dependent activity, and
Dnmt1(291) showed significant DNA methylation activity towards 20-bp hemi-
methylated DNA, it can be expected that Dnmt1(291) must significantly bind 20-bp
hemi-methylated F-DNA. I performed binding experiment of Dnmt1(291) towards 20-
bp hemi-methylated F-DNA. Expectedly, Dnmt1(291) showed significant binding
activity to 20-bp hemi-methylated F-DNA even in the absence of the SRA domain.
This was again observed for the mutant SRA domain with D474A and R496A
(Supplementary Figure S1).
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Figure 12. The RFTS and SRA interaction enables the catalytic pocket to access the
DNA-1. A. The SRA binding to 12-bp hemi-methylated DNA was competed for by the
RFTS in a dose-dependent manner. SRA (0.6 uM) and 12-bp hemi-methylated DNA
(0.2 pM) binding was competed for with 1 to 50-fold higher concentrations of RFTS,
and then analyzed by gel shift assaying. B. Dnmt1(291) or Dnmt1(602) was incubated
with 12-bp 3?P-labeled F-DNA in the absence or presence of the SRA. C. Dnmt1(291)
or Dnmt1(602) was incubated with 12-bp 3’P-labeled F-DNA in the absence or pres-
ence of the SRA (D474A, R496A), which is the DNA binding mutant of the SRA
domain. After the reaction, samples were subjected to SDS-polyacrylamide gel elec-
trophoresis, and the protein bands and radiolabeled F-DNA were visualized with CBB
(upper panel) and autoradiography (middle panel), respectively. Arrows and arrow-
heads indicate free Dnmtl and Dnmt1 bound to F-DNA, respectively. The radioactive
bands visualized with a BAS2000 were quantitated and normalized as to those of the

CBB-stained Dnmt1 bands (lower panel).
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4. DISCUSSION

As described in the previous study, there exists an energy barrier in removing
the RFTS domain from the catalytic pocket to provide a room for DNA (Takeshita et
al., 2011). This energy barrier is due to the hydrogen bonds formed between the RFTS
and catalytic domains. In the present study, DNA longer than 16-bp and the interaction
of the RFTS of Dnmt1 with the SRA domain in Uhrfl are shown to be contributing to
the relocation of the RFTS from the catalytic pocket and making hemi-methylated

DNA access to the catalytic center.
4.1. DNA length-dependent DNA methylation activity of Dnmt1

Dnmt1(602) could but Dnmtl(291) scarcely methylated 12-bp short hemi-
methylated DNA (Figure 8B). Since Dnmtl(602) deleted the RFTS domain
methylated 12-bp hemi-methylated DNA, the catalytic domain of Dnmt1(602) by itself
is able to recognize 12-bp hemi-methylated DNA as methyl group acceptor. Contrarily,
hemi-methylated DNA longer than 16-bp was able to be methylated even by
Dnmt1(291). Dnnmt1(291) harboring the mutations in the RFTS domain involved in
the hydrogen bonds with the catalytic domain showed significant DNA methylation
activity towards 12-bp hemi-methylated DNA (Figure 9B and C), indicating that the
impairment in the hydrogen bonds between the RFTS and catalytic domains cannot
inhibit completely the accession of 12-bp hemi-methylated DNA to the catalytic center.
Longer the hemi-methylated DNA, the DNA apparently removes the RFTS domain
from the catalytic pocket for the DNA methylation activity. This is supported by the
observation that the exogenously added RFTS domain effectively inhibited the DNA
methylation activity of Dnmt1(602) not for 42-bp but short 12-bp hemi-methylated
DNA as methyl group acceptor (Figure 8C). In addition, mutations of the RFTS in the
residues involved in the hydrogen bond formation was less effective in inhibiting the
DNA methylation activity (Figure 9D). Apparently, DNA methylation activity of
Dnmt1(291) reached maximal when the DNA was longer than 30-bp (Figure 8B). It
was reported that 12-bp hemi-methylated DNA is fitted into the catalytic pocket of
Dnmt1 and thus DNA is not protruded from the Dnmt1 (Song et al., 2012). The present
study suggests that hemi-methylated DNA longer than 16-bp can interact directly with
the Dnmt1(291) to remove the RFTS domain from the catalytic pocket. Considering
that Dnmt1(291-1620) can processively methylate hemi-methylated DNA (Vilkaitis et
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al., 2005), the extra DNA sequence longer than 16-bp that is estimated to interact with
Dnmtl’s catalytic pocket may contribute to the processive methylation property and

the initial loading onto a replication foci of Dnmtl on genomic DNA.

In addition, I noticed that there was a gap between the enhancement of DNA
methylation activity and F-DNA binding of the SRA domain with DNA binding
mutant (see Figures 11 and 12). Although the enhancing by the mutant SRA domain is
almost identical to that of the wild-type SRA domain but the F-DNA binding level was
significantly less for the mutant SRA domain. This may indicate that Dnmtl moving
away from the already methylation site seems to be the rate limiting step. In order to
move away from the methylation site, it can be speculated that Dnmtl may require
longer DNA length than 12-bp. Not only for the initial interaction, but also for the

moving away, Dnmt1 may require long DNA for the methylation.
4.2. Significance of the interaction between the RFTS and the SRA

The RFTS domain is responsible in recruiting Dnmtl to the replication region
(Leonhardt et al., 1992), and interacts with Uhrfl during replication (Sharif et al.,
2007). Uhrfl is the prerequisite factor for the maintenance DNA methylation in vivo
(Sharif et al., 2007), and the removal of the RFTS from the catalytic pocket was
dependent on the interaction of Dnmtl with Uhrfl at the replicating region (This work;
Berkyurek et al., 2014). The interaction of the SRA domain of Uhrfl with the RFTS
domain of Dnmt1 to remove the RFTS from the catalytic pocket and providing hemi-
methylated DNA to the catalytic center can be a fail-safe mechanism that contributes to
the faithful inheritance of the methylation patterns to next generation. Since the SRA
binds selectively to hemi-methylated DNA (Arita et al., 2008; Avvakumov et al., 2008;
Hashimoto et al., 2008), the function of the SRA may not only be limited to the
replacement of the RFTS domain from the catalytic pocket of the Dnmt1 but also to the
handover step of hemi-methylated DNA. The RFTS and SRA interaction-dependent
release of hemi-methylated DNA (Figure 12A) following the removal of the RFTS
domain from the catalytic pocket is an important step of the handover of hemi-

methylated DNA to the catalytic center of Dnmtl1.
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4.3. Proposed model and future aspects

Based on the present study, we propose that Dnmt1 loads onto the replication
foci by DNA-length dependent activity and methylates DNA in a processive manner.
Yet the detailed mechanisms of how a long DNA pushes the RFTS domain out of the
catalytic pocket remain to be investigated. A structural study of a Dnmtl fragment in
complex with a long hemi-methylated DNA may provide answer to reveal the
mechanism. As discussed earlier in this chapter, the CXXC domain might have a

crucial role in this mechanism.
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Supplementary Figure-S1. The RFTS and SRA interaction enables the catalytic
pocket to access the DNA-2. A. Dnmt1(291) or Dnmt1(602) was incubated with
20-bp 3?P-labeled F-DNA in the absence or presence of the SRA. B. Dnmt1(291) or
Dnmt1(602) was incubated with 12-bp 3?P-labeled F-DNA in the absence or presence
of the SRA (D474A, R496A), which is the DNA binding mutant of the SRA domain.
After the reaction, samples were subjected to SDS-polyacrylamide gel electrophoresis,
and the protein bands and radiolabeled F-DNA were visualized with CBB (upper
panel) and autoradiography (middle panel), respectively. Arrows and arrowheads indi-
cate free Dnmtl and Dnmtl bound to F-DNA, respectively. The radioactive bands
visualized with a BAS2000 were quantitated and normalized as to those of the
CBB-stained Dnmt1 bands (lower panel).
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Supplementary Figure-S2. Proposed model of interaction between Dnmtl and
Uhrfl. A. Dnmtl is loaded on the replication foci by its DNA-length dependent func-
tion and prosessively methyltes DNA. B. The SRA domain of Uhrfl binds to a
hemi-methylated CpG and interacts with the RFTS domain of Dnmtl by keeping
Dnmtl in open conformation. Then, the SRA domain of Uhrfl hands over the
hemi-methylated CpG to the catalytic pocket of Dnmt].
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