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ABSTRACT

DNA methylation is an epigenetic modification that is nearly ubiquitous. Eukaryotic DNA
methylation contributes to the regulation of gene expression and maintaining genome integrity. In
mammals, DNA methylation occurs primarily on the C5 carbon of cytosine in a CpG dinucleotide
context and is catalyzed by the DNA methyltransferases, DNMT1, DNMT3A and DNMT3B.
While dnmt3a and dnmt3b genes are highly homologous, the enzymes have distinct functions.
Some previous reports suggested differences in the enzymatic behavior of DNMT3A and 3B,
which could affect their biological roles. The goal of my thesis work was to characterize kinetics
mechanisms of DNMT3A and 3B, and to identify the similarities and differences in their catalytic
properties that contribute to their distinct biological functions. Given the sequence similarity
between the enzymes, we asked whether DNMT3B was kinetically similar to DNMT3A. In a
series of experiments designed to distinguish between various kinetics mechanisms, we reported
that unlike DNMT3A, DNMT3B methylated tandem CpG on DNA in a processive manner. We
also reported that the disruption of the R-D interface, critical for the cooperativity of DNMT3A,
had no effect on DNMT3B activity, supporting the non-cooperative mechanism of this enzyme.
DNMT3A is frequently mutated in numerous cancers. Acute Myeloid Leukemia (AML) is
a malignancy of hematopoietic stem cells in which numerous patients exhibit a high frequency of
the heterozygous somatic mutation Arg882His in DNMT3A. Through thorough consensus motif
building, we discovered a strong similarity in CpG flanking sequence preference between
DNMT3A Arg882His variant and DNMT3B enzyme. Moreover, we found that the variant enzyme
has the same kinetics mechanism as DNMT3B, indicating a gain-of-function effect caused by the
mutation. This change is significant because the variant enzyme can aberrantly methylate
DNMT3B targets in AML cells and effect global gene expression. In particular, given that
DNMT3B has been shown to have oncogenic properties, this suggests that the Arg882His variant
can acquire similar oncogenic properties and drive AML development.
Taken together, my thesis work provides novel insights into the relationship between the
biochemical properties and the biological functions of DNMT3A and 3B.
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INTRODUCTION

1.1

The genome
The genetic material of all organisms is made either from DNA or RNA. Genomic DNA in

prokaryotes and eukaryotes is organized into genes and intergenic regions that may influence
nearby gene expression (1, 2). Through the process of transcription and translation, the information
in genes is used for the synthesis of all proteins, which maintains the viability of the cell. Besides
the sequence that codes for a protein, genes contain elements that control transcription. At the
5’end of the coding region there is a proximal regulatory sequence known as the promoter, where
transcription machinery can bind (3). In higher organisms, the coding region consists of exons,
coding information, and introns, non-coding information, and the 3’end of the gene contains a
termination sequence that signals for the dissociation of the transcription machinery (4). Many
genes also have distal regulatory elements such as enhancers, which serve as the binding site for
activator proteins to increase gene transcription (5). The complex organization of the gene allows
for precise regulation of its expression, which is necessary for the development of complex
organisms.

1.2

Regulation of Gene Transcription
The transcription of DNA into the messenger RNA molecule is the first step in gene

expression, which is initiated by a family of proteins known as transcription factors (TFs) (6).
These proteins contain at least one DNA-binding domain that recognizes specific DNA sequences
(consensus motifs) and assemble on the gene promoter in a sequence dependent manner (7, 8).
Once bound, TFs recruits RNA polymerase (RNAP) and its associated transcriptional activators
to the promoter through protein-protein interactions that forms the transcriptional initiation
complex (9). There are three transcriptional stages of the RNAP complex, paused, elongating, and
terminating (10, 11). RNAP pausing plays an important role in regulating transcription by allowing
for the recruitment of additional protein complexes such as elongation regulators (12). After the
paused RNAP complex is released, RNAP performs elongation through uninterrupted synthesis of
the nascent RNA molecule (13, 14). Transcription is disrupted at the termination site and RNAP
dissociates from the DNA and releases the nascent messenger RNA transcript for processing (15).
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Further regulation of gene transcription can occur prior to the initiation stage through the
accessibility of regulatory elements. The binding of transcriptional repressors to regulatory
elements blocks transcription by preventing RNAP association to the gene (16, 17). While these
mechanisms provide direct control over gene expression through TF binding, cell specialization
and the need to respond to environmental signals necessitate additional layers of regulating gene
transcription.
In order to fine tune and ensure proper gene transcription, epigenetic mechanism regulate
gene expression without changing the DNA sequence. Epigenetic mechanisms in eukaryotes
include chemical modifications to the DNA or nearby histones, expression of non-coding RNA,
and chromatin conformation. The deposition of a methyl group on DNA is known as DNA
methylation and plays an important role in regulating gene expression in bacteria (18). In
eukaryotes, 147-bp of DNA wrap around histone octamers to make nucleosomes, which are spaced
by 20-30-bp linker DNA. This pattern creates beads on strong structure, which condense into a
fiber-like nucleoprotein complex called chromatin (19, 20). The histone octamer consists of two
copies of each of the core histone proteins (H2A, H2B, H3, and H4), and the wrapped nucleosomes
are stabilized by linker histone H1 (21). The N-terminal residues of the histone proteins can be
chemically modified to alter the charge state of the chromatin (22-25). These modifications
regulate the stricture of chromatin making the DNA either accessible (euchromatin) or inaccessible
(heterochromatin) to the transcriptional machinery (26, 27). Collectively, these epigenetic
mechanisms allow for dynamic control over gene expression that results in changes in an organism
or cell’s biological function. DNA methylation is largely associated with gene repression when
deposited at the regulatory elements (28). Bulk DNA methylation in the genome is found in the
pericentromeric and centromeric regions of the heterochromatin where it is critical for the
suppression of retroviral particles and transposons (28). Furthermore, the conservation of DNA
methylation from bacteria to higher eukaryotes highlights its importance in regulating gene
expression during growth and development.

1.3

DNA Methylation
DNA methylation is the covalent addition of a methyl group (CH3) to the DNA molecule

that provides stable epigenetic control of the genetic program (29). The methyl group attached to
the DNA protrudes from the major groove of the double helix and may be recognized by some
14

DNA-binding proteins and regulate gene expression (30). Enzymatic DNA methylation takes
places at various positions on adenine and cytosine bases. In bacteria DNA methylation includes
N6-methyl-adenine (6mA), C5-methyl-cytosine (5mC), and N4-methyl-cytosine (4mC) (30-32).
The roles of 6mA and 5mC in bacterial physiology are well characterized, however very little is
known about the function of 4mC. In eukaryotes, DNA methylation occurs almost exclusively as
5mC (33) and is predominantly found in a CpG dinucleotide context. About 70-80% of cytosine
residues in CpG dinucleotides are methylated in mammals (34). Methylation of CpG sites is critical
for cellular development and differentiation. Non-CpG methylation such as CpA, CpT, and CpC
has also been identified in mammals on a genome-wide level in neuronal cells, however its
function is not yet elucidated (34). The conservation of DNA methylation in prokaryotes and
eukaryotes allows it to play a vital role in growth, development, and environmental response (35,
36).
1.3.1 Prokaryotic DNA Methylation
In prokaryotes, the 6mA and 5mC modifications have two main roles in bacterial
physiology: defense against viral infection and regulating gene expression (37). To protect itself
from phage DNA incorporation into its genome, bacteria evolved a restriction modification system
to differentiate between self and exogenous DNA. The DNA methyltransferases target the host
genome for methylation, and the resultant methylation mark blocks the cognate endonuclease
activity (38). When phage DNA enters the bacteria, it is unmodified and targeted by the
endonucleases for degradation to prevent it from becoming incorporated into the host’s genome.
This restriction modification system is often considered a primitive immune system in bacteria,
and has been adopted for genetic engineering (39-41).
DNA methylation in bacteria, particularly at the 6mA site, also regulates gene transcription.
When 6mA is located in the gene promoter, it can modulate the binding of RNA polymerase and
transcription factors to regulate the expression of the nearby gene clusters (18, 42). Studies looking
at the regulatory mechanisms behind 6mA sites have classified them as either clock-like or switchlike controls (43). During clock-like control, the methylation state of the DNA is used as a signal
to couple gene expression to a cell cycle specific stage. For switch-like control, the 6mA pattern
is used to regulate gene expression in a positive or negative manner by regulating the interaction
of DNA-binding proteins to the DNA (18). In this case, DNA-binding proteins determine the 6mA
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landscape by blocking the deposition of 6mA, which creates distinct regions of methylation.
Comparatively, less is known about the role of 5mC in regulating bacterial gene expression,
however it seems to be necessary for virulence in some pathogenic bacteria (44). Depletion of 5mC
in these bacteria lead to increased expression of stress response genes and decreased motility,
demonstrating the importance of 5mC for bacterial gene expression (44, 45).
1.3.2 Eukaryotic DNA Methylation
Eukaryotic DNA methylation occurs primarily as 5mC in the CpG dinucleotide context,
whereas non-CpG methylation occurs at a much lower rate (46). 5mC levels vary across different
taxa, as does the genomic context (46). For example, eukaryotes like fungi have very low levels
of 5mC, which is limited to the repetitive elements to keep them in a repressed state (47, 48).
Conversely, mammals have much higher levels of genomic methylation, with >70% of CpG sites
being methylated (36, 46). When deposited at gene regulatory elements like enhancers and
promoters, 5mC is typically associated in transcriptional repression, in part by preventing the
association of activating TFs (49, 50). This system is similar to what is observed in bacteria with
the switch-like mechanism to regulate gene expression. The highest levels of 5mC are present at
the repetitive regions of the genome, which are made up of retroviral sequences and transposable
elements (51). In these regions, 5mC prevents the transcription of these transposable elements and
contributes to heterochromatin formation by targeting the binding of methyl-binding domain
(MBD) proteins (52, 53). The histone modifiers such as methyltransferases and deacetylases in
complex with MBD proteins can then work in tandem to condense the chromatin that prevents
transcription (54).
Gene bodies also contain 5mC deposition, however its functional role in gene expression
is less well known (36). Gene body methylation is typically found in actively transcribing genes
and some studies have shown that it prevents spurious transcription outside the transcription start
site (55, 56). Further studies have suggested that gene body 5mC influences splicing when it occurs
at exon/intron borders by altering the activity of RNAP (57, 58). However, alternative splicing
events are controlled by numerous mechanisms, so the direct role of 5mC in this still needs to be
fully elucidated (59).
(49). CpG sites are underrepresented in the genome, and it is speculated that this is due to
the spontaneous deamination of 5mC to thymine, which increases mutations due to mis-matched
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base repair (60). Regions of high CpG density (>60%) do occur in the mammalian genome, known
as CpG islands (CGIs), but typically remain unmethylated (61, 62). Over two-thirds of all
mammalian promoters contain CGIs, which encompasses almost all ubiquitously expressed
housekeeping genes and a few development genes (63, 64) Aberrant CGI hyper-methylation and
dysregulation of gene expression is commonly found in many types of cancer, indicating the
importance of their unmethylated state in maintaining proper gene expression (49).

1.4

DNA Methyltransferases
DNA methyltransferases are a family of enzymes that catalyze the transfer of the methyl

moiety from the donor S-adenosylmethionine (AdoMet) to the target site on the DNA (35). These
enzymes follow multi-substrate enzymes kinetics, in which the two substrates, AdoMet and DNA,
are converted into two products, S-adenosylhomocysteine (AdoHcy) and methylated DNA, known
as a bi bi reaction (65). Multi-substrate kinetics follows either ping-pong or sequential mechanism,
which is dictated by the binding order and release of the substrates and products (66). DNA
methyltransferases follow a sequential mechanism because the enzyme needs to bind both
substrates before the first product can be formed. Sequential substrate binding can happen in an
ordered or random manner, which is determined by the preferential binding order of the substrates
to the enzyme. Both mechanisms are used by DNA methyltransferases (67) although, DNA
methyltransferases with high sequence similarity utilize the same mechanism. For example, the
bacterial cytosine C5 methyltransferase M.HhaI is highly homologous to the catalytic domain of
the mammalian de novo C5 methyltransferase DNMT3 family, and they follow an ordered bi-bi
reaction mechanism (68). These intrinsic properties help specialize methyltransferases for their
specific function.
The DNA methyltransferases contain ten conserved amino acids motifs that determine their
catalytic mechanism (69, 70). These motifs are involved in AdoMet binding (I, II, III), catalysis
(IV – VI), and DNA binding (VII – X) (30, 70). Additionally, there is a highly variable region
between motifs VIII and IV that defines sequence specificity around the target cytosine known as
the target recognition domain (TRD). While these motifs are important for catalytic activity, there
are distinct amino acids that play a direct role in catalysis in motifs IV, VI, and VIII. Once the
enzyme is bound to the DNA and AdoMet, the target base is flipped into the catalytic site and
stabilized by Arg residues in motif VIII (71). For methylation at the C5 position of cytosine base,
17

the Cys residue of motif IV performs the initial nucleophilic attack on C6 of cytosine (30). The
Glu of motif VI interacts with N3 of the cytosine and the amine group of C4 positions the
nucleotide in the active site. This stabilizes C5 to perform nucleophilic attack on the methyl moiety
of the AdoMet bound to motifs I – III. Finally, C5 is deprotonated and there is a beta elimination
of the Cys residue.
Mammalian DNA methyltransferases methylate DNA at C5 position of cytosine largely in
CpG dinucleotide context. Two families of mammalian DNA methyltransferases have been
discovered: Dnmt1 and Dnmt3. DNMT3 family has three members, DNMT3A, DNMT3B and
DNMT3L. (72).

1.4.1 DNMT1 Maintenance Methyltransferase
DNMT1 is the mammalian maintenance methyltransferase that is highly expressed in
dividing cells and found at the DNA replication foci (73). It is a multi-modular enzyme comprising
an N-terminal domain that contains a replication foci-targeting sequence (RFTS), a DNA binding
CXXC domain, two bromo-adjacent homology (BAH) domains, and a C-terminal catalytic domain
with an intrinsic preference for hemi-methylated DNA (74, 75). The RFTS and CXXC domains
further contribute to specificity through auto-inhibition. The CXXC domain binds to unmethylated
CpG sites and pushes an autoinhibitory linker between the DNA and the catalytic site to prevent
interaction (76). The autoinhibition by the RFTS domain is relieved through the interaction with
UHRF1 (ubiquitin-like, containing PHD and RING finger domains 1), which binds hemimethylated DNA sites (77). While the direct mode of transfer is unknown, it has been suggested
that UHRF1 passes the hemi-methylated DNA to the DNMT1 active site once RFTS has been
displaced. Despite being conserved in all mammalian DNMT1 homologs, little is known about the
role of the BAH domains (78). Some BAH domains have been reported to bind to histone tails in
a modification dependent manner, so it has been suggested that these domains may play a role in
DNMT1 localization (79). The BAH domains are required for DNMT1 to localize to the
replication fork, but the mechanism by which it accomplishes this remains unknown (78).
Post replication, CpG sites are hemimethylated and DNMT1 recognizes hemimethylated
DNA at 100 fold higher efficiency than unmethylated sites (80). This feature allows the enzyme
to copy the methylation from parent to the daughter strand. DNMT1 is a highly processive enzyme
that can methylate up to 30 CpG sites before dissociating from the DNA (80). DNMT1 diffuses
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along the DNA through electrostatic interactions and methylates each target site it encounters (80,
81). Studies have shown that this mechanism prevents DNMT1 from swapping DNA strands,
allowing it to keep its orientation during catalysis (80, 82). While DNMT1 has a high preference
for hemi-methylated DNA, it is also capable of performing de novo DNA methylation at CCGG
sites, and potentially plays a role in methylating CGIs during development (80, 83, 84). The
mechanism for this reaction remains unknown, but it has been suggested that DNMT1 does this
by cooperating with the de novo DNMT3 family of methyltransferases (85).

1.4.2 The DNMT3 De Novo Methyltransferases
The de novo DNA methyltransferases responsible for establishing methylation patterns in
mammals are the DNMT3 enzymes (86-88). This family of enzymes consists of two catalytically
active members, DNMT3A and DNMT3B, and a catalytically inactive member, DNMT3L (87).
These enzymes are primarily expressed during early development and during stem cell
differentiation to reestablish methylation patterns after a genome-wide loss of methylation (89).
DNMT3A and DNMT3B are highly homologous with similar domain organizations that include
an N-terminal regulatory region and a C-terminal catalytic domain (90). These enzymes have a
high preference for unmethylated CpG sites and several common target sites (86). However,
murine knockouts for DNMT3A or DNMT3B showed that they cannot fully compensate for the
loss of one another. DNMT3B knock out mice die at 9 days post implantation, while DNMT3A
knock out mice survive to term, but died at 6 weeks old (86). Genome-wide DNA methylation
analysis of the knockout mice revealed specific targets for these enzymes. DNMT3A showed a
preference to methylate the major satellite repeats, while DNMT3B preferably methylated the
minor satellite repeats. These data suggest that despite their high homology, DNMT3A and
DNMT3B have unique biochemical properties that differentiate their substrate specificity.
DNMT3L is inactive as a DNA methyltransferase, but still plays an important role in
establishing methylation patterns and organism development (91-93). DNMT3L is specifically
expressed during male and female germ cell development and not in somatic cells (94, 95).
Knockout DNMT3L mice are viable, however, males are sterile and oocytes from female
knockouts show hypomethylation at the maternal imprints (96-99). Global DNA hypomethylation
at the repetitive regions was also observed in DNMT3L -/- murine embryonic stem cells (mESCs).
Co-immunoprecipitation experiments showed that DNMT3L interacts with DNMT3A and
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DNMT3B, and biochemical studies found that these interactions stimulate the catalytic activity of
DNMT3A and DNMT3B (93, 97, 100). Therefore, despite being catalytically inactive, DNMT3L
is critical for establishing DNA methylation patterns in germ cells and during early development.

1.5

Structural Comparison of the DNMT3 Enzymes
DNMT3A and DNMT3B are highly homologous with roughly 40% sequence identity and

have similar domain organizations. Their N-terminal regulatory region consists of two domains, a
Pro-Trp-Trp-Pro (PWWP) domain followed by a Cys-rich Zn-binding region called the ARTXDNMT3-DNMT3L (ADD) domain (90). The C-terminal region consists of the methyltransferase
domain (MTase). The PWWP domain targets DNMT3A and DNMT3B activity by interacting with
the DNA and histone H3 methylated at the Lysine 36 residue (H3K36me2/3) (101-103). The
PWWP domain of DNMT3A targets both H3K36me2 and H3K36me3, with a preference for
H3K36me2, to be recruited to genic/intergenic regions and gene bodies, respectively (104, 105).
The PWWP domain of DNMT3B binds to H3K36me3 to target methylation at gene bodies of
actively transcribing genes by DNMT3B (56). The ADD domain of DNMT3A binds to the histone
H3 at lysine 4 when it is unmethylated (H3K4me0) to recruit DNMT3A to gene regulatory
elements. In the absence of an unmodified H3K4 tail, the ADD domain interacts with the DNA
binding region of the MTase domain and autoinhibits catalytic activity (106). This prevents DNA
methylation from being deposited at regions adjacent to methylated H3K4 sites, which are
typically associated with active gene transcription. This mechanism was only shown for
DNMT3A, but has been speculated for DNMT3B as well (106, 107).
The MTase domains of DNMT3A and DNMT3B contain the conserved motifs also found
in bacterial DNA methyltransferases. Motifs I – III are involved in AdoMet binding, while motifs
IV and VI are required for the catalysis. The region between motifs VIII and IX are used for target
recognition (TRD) and binds DNA. The MTase domain of DNMT3A and DNMT3B have >80%
sequence similarity and can function independently of their N-terminal region (108). The highest
variability between the MTase domains of DNMT3A and DNMT3B occurs in the TRD. The TRD
binds to the major groove of the DNA for a direct readout of the target sequence to dictate substrate
specificity (65). Conversely, DNMT3L lacks motifs IX and X and the TRD, making it unable to
bind DNA and catalytically inactive (107).
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Co-crystallization of DNMT3A and DNMT3L revealed an elongated, butterfly shaped
hetero-tetrameric structure (109). Two DNMT3A monomers form the center of the complex that
are flanked by two DNMT3L monomers on either side, forming a 3L – 3A – 3A – 3L structure.
The DNMT3A – 3L interaction is mediated by two Phe residues, called the F-F interface. In the
absence of DNMT3L, DNMT3A forms homo-tetramers, which interact to form long oligomers
(55, 110). The DNMT3A-3A interaction occurs primarily through two pairs of Arg and Asp
residues at the RD interface. Additionally, two His residues interact through base stacking, and a
hydrophobic pocket is formed with two pairs of Trp and Asn residues to further stabilize the RD
interface (111). The importance of the DNMT3A RD interface is highlighted by the 40 – 100 %
loss in catalytic activity of the variant enzymes with mutations in the interface residues. Cocrystallization of DNMT3B with DNMT3L revealed a similar hetero-tetrameric structure mediated
by conserved residues, however almost no oligomerization was observed (55, 112). These data
role of variant residues in DNMT3A and DNMT3B in oligomerization process.

1.6

Kinetics mechanisms of the DNMT3 Enzymes
DNA methyltransferases use various kinetics mechanisms to methylate multiple target sites

on DNA. In a distributive mechanism, the enzyme locates its target sites in a random diffusion
process and after methylating the target base dissociates from methylated DNA. (113). Processive
enzymes can bind locate target sites by sliding along the DNA and after methylating the target
base stay bound to the DNA sliding across to find the next target. (114-116). A perfectly processive
enzyme would methylate all sites on a DNA molecule before dissociating whereas the distributive
enzyme dissociates and randomly binds to the same or a different DNA molecule after ever
catalytic event. (116). Typically, processive enzymes are considered advantageous for multiple
turnover kinetics, although some distributive enzymes mitigate this by oligomerizing on DNA to
methylate multiple targets in a cooperative manner. Cooperativity occurs when the binding of one
enzyme to the substrate alters the enzyme’s structure to allow for the second enzyme to bind
efficiently, increasing catalytic activity (117)(118).
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1.6.1 DNMT3A is a Distributive Enzyme that Functions in a Cooperative Manner
DNMT3A oligomerization along the DNA has been observed both in vitro and in vivo, and
this mechanism was suggested to support a cooperative mechanism for methylating multiple CpG
sites (109, 119). Mutations in TRD of DNMT3A that disrupt oligomerization but not DNA binding
cause >2-fold loss of catalytic activity, supporting a cooperative mechanism (120). Biochemical
studies were performed using long and short DNA substrate which could accommodate multiple
or single enzyme binding respectively (118). The methylation rate on a long DNA substrate had
an exponential relationship with the concentration of DNMT3A, while the short substrate had a
linear relationship. This data supports a cooperative mechanism in which as higher enzyme
concentrations stimulates the catalytic activity. Further studies also confirmed that at lower
concentrations, DNMT3A methylated multiple CpG sites using a distributive catalytic mechanism.

1.6.2 Sequence Specificity of DNMT3 Enzymes
While DNMT3A and DNMT3B preferably methylate CpG sites over non-CpG sites, data
from the Human Epigenome Project suggested that these enzymes have a flanking sequence
preference that extends beyond the target site (121, 122). Regions with highest levels of DNA
methylation were analyzed for nucleotide sequences flanking the target CpG up to ± 4 base-pairs.
Sites with highest methylation had 5’-CTTGCGCAAG-3’ flanking sequence, while the lowest
methylated sites had 5’-TGTTCGCGTGG-3’ flanking sequence. Multiple studies showed that
DNMT3A prefers CpG sites flanked by pyrimidines (5’-YNCGY-3’), particularly at the N+1
position (5’-CGY-3’). Conversely, DNMT3B had a preference for purines at the N+1 (5’-CGR3’) compared to DNMT3A.
Co-crystallization of DNMT3A with DNA demonstrated a mechanism by which the flanking
sequence could influence catalytic activity (123). DNMT3A makes direct contacts with the DNA
from the N-2 position to the N+6 position. The TRD mediates interactions on the 3’ end of the
CpG site by adopting an ordered structure that is stabilized by an Arg residue, forming a hydrogen
bond network with the surrounding amino acids (112). Crosstalk between the residues of the TRD
and RD interface create a hydrogen bond network that stabilizes protein-DNA interactions (124).
These data suggest a mechanism by which mutations in the R-D interface result in a reduced DNA
binding. While other regions of DNMT3A also interact with the DNA, such as the catalytic loop,
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these interactions are only involved in CpG recognition. The TRD and RD interface play major
roles in dictating the flanking sequence preference.

1.7

Disease Causing Mutations in the DNMTs
Aberrant DNA methylation patterns are a hallmark of several diseases and all types of cancer,

which can be caused by either mis-regulation of DNMT expression or loss of function (49, 125).
Advances in whole genome association studies have helped identify mutations of the DNMT
enzymes in various diseases that alter biological functions and catalytic activity of these enzymes.
Although mutations have been found across DNMT genes, most mutations tend to cluster in their
functional domains. Among the DNMTs, disease-causing mutations were first discovered in
DNMT3B in patients with immunodeficiency, centromeric instability, and facial anomalies (ICF)
syndrome. Advances in whole-genome sequencing studies have identified numerous somatic
mutations in DNMT1 and DNMT3A that cause colorectal carcinoma and acute myeloid leukemia
(AML), respectively. Many of these mutations have been well characterized and their impact on
DNMT catalytic activity is partially understood.

1.7.1 ICF Syndrome
ICF syndrome is a rare, recessive disease that induces chromosome breakage and DNA
rearrangements (126). Symptoms of the disease include mild facial dysmorphism, growth
retardation and immunoglobulin deficiency, and patients often die in infancy or childhood (127,
128). ICF patients show DNA hypomethylation at the satellite sequences centromere-adjacent in
heterochromatin, which is a specific target of DNMT3B. This disease is typically caused by monoor bi-allelic missense mutations in DNMT3B that can occur throughout the gene (129). In a total
of 50 ICF patients identified worldwide, about 15 distinct DNMT3B variants have been reported,
with the majority of these substitutions occurring as missense mutations (126). In the PWWP
domain of DNMT3B, only one substitution was identified, Ser282Pro, which impairs H3K36me3
binding and DNMT3B localization (130, 131).
Other ICF DNMT3B variants are found in the MTase domain near the conserved catalytic
motifs and can be grouped based on their effect on enzyme function (112, 126). Three mutations
are located near motifs I and II (AdoMet binding) and three other mutations are located in motifs
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IV and VI (catalysis). Eight mutations are located in motifs involved in DNA binding, four near
the DNA binding regions of motifs VIII and X, and the TRD, and four at the RD interface. These
DNMT3B ICF variants have reduced catalytic activity, and some perturbed the enzyme’s ability
to interact with and be stimulated by DNMT3L, providing a mechanism for the hypomethylation
patterns observed in ICF patients (129, 132).

1.7.2 DNMT Mutations in Cancer
Somatic DNMT1 mutations have been identified in patients with colorectal cancer (133).
Two different mutations were detected through exome sequencing: a single nucleotide deletion
that results in a stop codon causing truncation of the MTase domain and one amino acid
substitution in the MTase domain. The biochemical effects of the amino acid substitution, Tyr-toCys, on DNMT1 structure and catalytic activity are not known. However, both mutations lead to
genome-wide alterations in DNA methylation in colorectal cancer patients, (133, 134).
Interestingly, none of the patients with hereditary neurological disorders harboring DNMT1
germline mutations developed colorectal cancer (135, 136). These observations demonstrate the
different effects of germline and somatic DNMT1 mutations on growth and development.
Besides being a de novo MTase and establishing DNA methylation patterns during
development, DNMT3A also plays an important role in somatic stem cell differentiation. In
hematopoietic stem cells (HSCs), DNMT3A is recruited to the regulatory elements of HSC
specific genes for DNA methylation. Knocking out DNMT3A in HSCs leads to a decrease in cell
differentiation and increased self-renewal (137). These cells display significant genome-wide
hypomethylation with focal areas of hypermethylation (125, 138). The phenotype of these cells is
similar to what is observed in human hematological malignancies harboring DNMT3A loss of
function mutations.
Genome studies identified somatic DNMT3A mutations in 22% of adult patients with acute
myeloid leukemia (AML), which are associated with poor prognosis (139, 140). Over 50 unique
mutations have been mapped to all three domains of DNMT3A, and include a range of nonsense,
frameshift, and missense mutations. The PWWP and ADD domains harbor the majority of the
nonsense and frameshift mutations, while the MTase domain mostly acquires missense mutations.
Similar to the DNMT3B mutations found in patients with ICF, most of the DNMT3A MTase
mutations mapped to the conserved motifs, RD interface, or the TRD.
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In AML, about 65% of DNMT3A heterozygous missense mutations affect Arg882, with the
majority being an Arg-to-His substitution. This variant is typically found in older patients with
AML that had significantly lower rates of overall and disease-free survival (141). The DNMT3A
Arg882His variant typically arises during the early stages of cancer development and causes a 4080% loss of catalytic activity (142, 143). The co-crystallization of DNMT3A with DNA showed
that Arg882 is located close to the R-D interface and interacts with the phosphate backbone of the
nucleotide at the N+3 position (123). Biochemical studies found that this variant disrupts
intermolecular interactions at the R-D interface and decreases DNA binding (110, 111).
Additionally, DNMT3A Arg882His was shown to have an altered flanking sequence preference
around the target CpG site compared to wild type DNMT3A (144). Based on its prominent effect
on genomic methylation levels, the Arg882His variant is suggested to have a dominant-negative
effect on the wild type enzyme, however this was not confirmed by in vitro experiments (142, 143,
145). Other variants of Arg882 also occur in AML patients, such as Arg882Cys, Arg882Ser, and
Arg882Pro, which have similarly reduced catalytic activity and altered flanking sequence
preferences (146).
Over 10 other DNMT3A missense mutations have been identified in AML patients, but they
occur at lower frequencies compared to Arg882His. In vitro studies uncovered a range of
functional consequences of other DNMT3A variants, which displayed reduced stimulation by
DNMT3L and decreased catalytic activity (147). Dnmt3a-/- mouse embryonic stem cells (mESCs)
expressing these variants showed widespread hypomethylation, suggesting that other DNMT3A
missense mutations have a similar effect on biochemical properties as the Arg882His variant.

1.8

Methods to Detect DNMT Activity
Several tools have been developed to quantify DNA methylation and detect DNMT activity.

In vitro DNA methylation assays allow for characterization of DNMT enzymatic properties
without the influence of other cellular complexes. Additionally, DNMT assays provide a platform
for screening putative DNMT inhibitors as therapeutics for cancer or other diseases (148).
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1.8.1 Bisulfite Sequencing
Bisulfite sequencing is the gold standard technique used for detecting DNA methylation.
It is based on the selective deamination of cytosine residues by treating the DNA with sodium
bisulfite (149, 150). Sodium bisulfite solution will deaminate cytosine to uracil but will not alter
5-methylated cytosine. The modified DNA is PCR amplified and sequenced. This method is
commonly used to study DNA methylation in vivo (151, 152), however it can also be used to study
DNMT activity in vitro (144). During in vitro DNMT assays, the DNA substrate is methylated by
the DNMT enzymes in the presence of the methyl group donor AdoMet, and the reaction is stopped
by flash freezing with liquid nitrogen. The DNA purified from in vitro reaction or genomic DNA
purified from cells is subjected to bisulfite conversion. The sample is then purified and amplified
by PCR with primers specific for the bisulfite converted DNA. During this process, the uracil
residues will be amplified as thymine, while 5-methylcytosine will be amplified as cytosine. The
DNA is sequenced and compared to the reference DNA sequence using specific alignment
programs such as Bowtie to determine methylated cytosine bases. Genome wide bisulfite
sequencing has revealed changes methylation patterns across mammalian genome during
development and in various diseases, thus contributing immensely in our understanding of the role
of DNA methylation in various biological processes.

1.8.2 Biotin-Avidin Elisa Plate Assay
The biotin-avidin microplate assay is a medium-throughput method to measure methylation
activity of DNMTs (153, 154). The methylation reaction is performed using 3[H]-labeled AdoMet
as the methyl group donor, which is transferred to a biotinylated DNA substrate by the DNMTs.
The reaction is quenched by high concentrations of unlabeled AdoMet and DNA substrate is
immobilized on avidin coated ELISA plate. The wells are washed with a high salt buffer to remove
excess enzyme and 3[H]-labeled AdoMet. The 3[H]-labelled CH3 group is detected by liquid
scintillation counting and converted into the amount of methylation in nmoles. This method is
extremely sensitive and can detect very low DNMT activity in an inexpensive and robust manner.
This method has been used to characterize the kinetics mechanisms of the DNMTs and test the
activity of DNMT variants.
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1.9

Summary

1.9.1 Elucidating the Catalytic Properties of DNMT3B and the DNMT3A Arg882His variant
Our studies showed that DNMT3B has a unique kinetics mechanism compared to DNMT3A,
but has similar biochemical properties as the DNMT3A Arg882His variant found in AML patients.
We demonstrated that DNMT3B is a non-cooperative enzyme and methylates DNA in a processive
manner. Most residues in the R-D interface that are critical for DNMT3A activity are conserved
in DNMT3B, but perturbations of the R-D interface had no effect on DNMT3B. This suggests that
these interface interactions are not critical for DNMT3B activity, unlike DNMT3A. Based on these
data, we investigated the effect of the AML variant, DNMT3A Arg882His, on the kinetics
mechanism of DNMT3A. The Arg882 residue is located in the R-D interface and plays a role in
DNMT3A tetramer formation. We showed for the first time that the Arg882His substitution
disrupts the cooperative mechanism of DNMT3A. This residue is conserved in DNMT3B
(Arg829), and we predicted that the Arg829His substitution will have no effect on DNMT3B due
to its non-cooperative mechanism. Our data show that DNMT3B wild type and the Arg829His
variant have similar levels of catalytic activity and processivity. Taken together, we propose that
DNMT3A and DNMT3B have distinct kinetics mechanisms, which could contribute to their target
specificity observed in vivo.
A previous study showed that the DNMT3A Arg882His variant has an altered flanking
sequence preference compared to the wild type enzyme. We hypothesized that the loss of
cooperativity in the Arg882His variant modulates the flanking sequence preference. Under
conditions where cooperativity is disfavored, we found that wild type DNMT3A has a similar
flanking sequence preference to the Arg882His variant. Since DNMT3B is a non-cooperative
enzyme, we anticipated its flanking sequence preference to be similar to the DNMT3A Arg882His
variant. Our data showed similar flanking sequence preference between DNMT3B and DNMT3A
Arg882His and suggested that the Arg882His variant could target DNMT3B specific sites in vivo.
We preformed rescue experiments in DNMT3A/3B double knockout mESCs, which showed that
the corresponding Arg878His mutation in mouse DNMT3A fails to rescue DNA methylation at
the major satellite repeats, a DNMT3A specific site. Conversely, the Arg878His mutation had no
effect on its ability to methylate the minor satellite repeats, a DNMT3B specific target. Analysis
of the consensus sequences of the major and minor satellite repeats revealed a previously
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unappreciated flanking sequence bias, consistent with DNMT3A and DNMT3B specificity. Taken
together, these data suggest that DNA methylation patterns are guided by the sequence preferences
of these enzymes.

1.9.2 Significance
Although an extensive investigation has shown that the DNMTs play important roles in
development and disease formation, there are still unsolved questions about the kinetics properties
of DNMT3A and DNMT3B (155). Our studies demonstrate the fundamental differences between
these homologous enzymes that contribute to their target specificity, and suggest that intrinsic
specificity of DNMTs guides genome wide methylation patterns. Mutations in either DNMT3A or
DNMT3B have been reported in several diseases, and aberrant DNMT expression can be found in
nearly all types of cancer. Therefore, understanding the biochemical properties of the DNMT3
enzymes and their variants is paramount for our understanding of disease development. We
showed that the DNMT3A Arg882His variant gains DNMT3B-like activity and can target
DNMT3B specific sites, suggesting a mechanism for the global hypomethylation and focal
hypermethylated regions observed in AML patients. Our data also highlight the importance of the
cooperative mechanism for DNMT3A activity and suggest that disrupting the kinetics mechanisms
of the DNMT3 enzymes contributes to disease pathogenesis. In the long term, the biochemical
properties determined in these studies for the DNMT3 wild type and variant enzymes could be
used to discover new therapeutics to rescue DNMT3 activity and restore proper DNA methylation
patterns.
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DNMT3B METHYLATES DNA BY A
NONCOOPERATIVE MECHANISM, AND ITS ACTIVITY IS
UNAFFECTED BY MANIPULATIONS AT THE PREDICTED DIMER
INTERFACE
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2.2

Abstract

The MTase domains of the de novo DNA methyltransferases, DNMT3A-C and DNMT3B-C are
highly homologous. However, their unique biochemical properties could potentially contribute to
differences in the substrate preferences or biological functions of these enzymes. DNMT3A-C
forms tetramers through interactions at the R-D interface, which also promote multimerization on
DNA and cooperativity. Similar to processive enzymes, cooperativity allows DNMT3A-C to
methylate multiple sites on the same DNA molecule, however it is unclear whether DNMT3B-C
methylates DNA by cooperative or processive mechanism. The importance of the tetramer
structure and cooperative mechanism is emphasized by the observation that Arg882His mutation
in the R-D interface of DNMT3A is highly prevalent in acute myeloid leukemia (AML), and leads
to a substantial loss of its activity. Under conditions that distinguish between cooperativity and
processivity, we show that in contrast to DNMT3A-C, the activity of DNMT3B-C is not
cooperative and confirm processivity of the DNMT3B-C and the full length DNMT3B enzyme.
Whereas the mutation Arg878His (mouse homolog of Arg882His) led to the loss of cooperativity
of DNMT3A-C, the activity and processivity of the analogous DNMT3B-C Arg829His variant
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was comparable to WT enzyme. Additionally, buffer acidification that attenuates the R-D interface
interactions of DNMT3A-C had no effect on DNMT3B-C activity. Taken together, these results
demonstrate an important mechanistic difference between DNMT3B and DNMT3A and suggest
that interactions at the R-D interface may play a limited role in regulating DNMT3B-C activity.
These new insights have potential implications for the distinct biological roles of DNMT3A and
3B.

2.3

Introduction
In mammals, DNA methylation at the C5 position of cytosine bases is catalyzed by three

known DNA methyltransferases (DNMTs): DNMT1, DNMT3A, and DNMT3B. Although
mammalian DNMTs use a conserved catalytic mechanism that involves base flipping to methylate
largely at CpG dinucleotides, these enzymes are structurally and functionally distinct (35, 72, 75,
156). DNMT1 is primarily responsible for the post-replication maintenance of DNA methylation
by copying it from the parent to daughter strand (157). DNMT3A and DNMT3B, together with
their catalytically inactive homologue, DNMT3L, establish DNA methylation de novo (75).
DNMT3A and DNMT3B have different functions, supported by the distinct phenotypes of their
respective murine knockouts, (86) their tissue specific expression patterns, and their unique roles
in the development of cancer and other epigenetic disorders (49, 138, 158-163). However, the
distinct biochemical properties of DNMT3A and DNMT3B that potentially contribute to their
unique roles in vivo have not been fully examined.
A common feature of all mammalian DNMTs is the presence of a C-terminal MTase domain
that contains 10 motifs conserved among prokaryotic and eukaryotic C5 DNA methyltransferases.
The C-terminal MTase domains of DNMT3A and DNMT3B (DNMT3A-C and DNMT3B-C,
respectively) share approximately 85% sequence similarity and are active methyltransferases in
the absence of their respective N terminal regulatory domains (108). Another member of the
DNMT3 family is DNMT3L, in which the key catalytic residues required for binding of AdoMet
and DNA are absent; DNMT3L is therefore enzymatically inactive. DNMT3L interacts with both
DNMT3A and DNMT3B and allosterically stimulates their catalytic activity, therefore acting as a
positive regulator of de novo DNA methylation (100, 164). The crystal structure of the DNMT3A
MTase domain (DNMT3A-C) alone and complexed with DNMT3L exhibits a hetero-tetrameric
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structure of DNMT3A-C/3L or a homodimer of DNMT3A-C that can self-tetramerize through two
interaction surfaces, the R−D dimer interface and the F−F tetramer interface (106, 109). The
interactions at the dimer interface of DNMT3A-C tetramers support its multimerization on DNA
forming nucleoprotein filaments. This allows the enzyme to bind and methylate multiple CpG sites
on DNA in a cooperative manner, thus increasing its activity (110, 119, 165). Although
controversial, some evidence also supports a processive mechanism for DNMT3A (108, 118, 166,
167). Similar to the case for a processive enzyme, cooperative binding of multiple DNMT3A
molecules to DNA would allow it to methylate multiple sites on the same DNA molecule,
complicating data analysis. However, the processivity of DNMTs is defined by their ability to
diffuse along the DNA and methylate multiple sites before dissociation (82, 168). Therefore, it is
important to use methods that differentiate processivity and cooperative activity of DNMTs.
Previous studies have shown that DNMT3A-C methylates DNA in a distributive manner.
Supporting its cooperative mechanism, its activity was shown to increase exponentially with a 2fold increase in enzyme concentration, however only with long DNA substrates (118, 169). The
critical role of the tetramer formation and cooperative mechanism of DNMT3A in its biological
activity is apparent in acute myeloid leukemia (AML) cells that have a high frequency of mutation
Arg882His present at the dimer interface of DNMT3A (82). In vitro studies show that the
Arg882His mutant protein has only ∼20% activity (142, 170) and is suggested to cause genome
wide hypomethylation in AML cells (139, 143).
Multiple-sequence alignment reveals that most residues in the dimer interface are conserved
between DNMT3A and DNMT3B. However, the role of the dimer interface and that of
cooperativity of DNMT3B-C has not been evaluated. An earlier investigation using methylationdependent restriction protection analysis of a 430-mer DNA showed that DNMT3B-C methylates
its substrate in a processive manner (108). However, it is not clear from this study whether the
activity of DNMT3B-C was influenced by cooperativity in a manner similar to that reported for
DNMT3A-C. In the study presented here, we performed experiments that distinguish between
cooperative and processive mechanisms. Our data show that in contrast to DNMT3AC, DNMT3BC methylates DNA in a non-cooperative manner and by a processive mechanism on both
unmethylated and hemimethylated substrates at physiological pH and ionic strength and confirms
the processivity of the full length DNMT3B enzyme. Experiments further characterizing the
catalytic mechanism of DNMT3B-C show that whereas pre-incubation of the enzyme with DNA
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reduces its activity, pre-incubation with AdoMet decreases its KM by 10-fold, indicating that the
cofactor AdoMet-bound form has an increased specificity for target sites. To further confirm the
non-cooperative mechanism of DNMT3B-C, we tested the role of the Arg829 residue of
DNMT3B-C that is analogous to dimer interface residue Arg882 of DNMT3A-C. Our data here
show that whereas the reduced activity of the DNMT3A-C Arg882His variant could be partially
attributed to the loss of its cooperativity, mutation of the conserved analogous arginine Arg829
had no effect on the activity or processivity of DNMT3B-C, thus supporting its non-cooperative
mechanism. Similarly, disruption of interactions at the dimer interface of DNMT3A-C, with a
decrease in the pH of buffer, causes a 2−3-fold loss of DNMT3AC activity (118, 169); however, it
has no effect on the DNA binding or catalytic activity of DNMT3B-C. These data suggest that
formation of tetramers may not be critical for the processive activity of DNMT3B-C. Collectively,
these data reveal important biochemical differences between DNMT3A and DNMT3B that can
potentially impact their activity and function during development and in cancer cells.

2.4

Materials and Methods

2.4.1 Protein Purification
Mouse DNMT3A-C, DNMT3B-C, DNMT3B-C Glu703Ala, DNMT3A-C Arg878His,
DNMT3B-C Arg829His, and DNMT3L cloned in pET28a with a six-His tag were expressed and
purified using affinity chromatography as described previously (167). Briefly, transformed BL21DE3 cells were induced with 1 mM IPTG and grown for 2 h at 32 °C. Harvested cells were washed
with STE buffer [10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, and 0.1 M NaCl] and suspended in
buffer A [20 mM potassium phosphate (pH 7.5), 0.5 M NaCl, 10% (v/v) glycerol, 1 mM EDTA,
0.1 mM DTT, and 80 mM imidazole]. Cells were disrupted by sonication, followed by removal of
cell debris by centrifugation. The clarified lysate was incubated with 0.75 mL of Ni-NTA agarose
for 3 h at 4 °C. The protein-bound slurry was packed in a 2 mL Bio-Rad column and washed with
50 mL of buffer A. Protein (5−10 μM) was eluted using 200 mM imidazole in buffer A at pH 7.5
and then stored in 20 mM HEPES (pH 7.5), 40 mM KCl, 0.2 mM DTT, 1 mM EDTA, and 20%
glycerol at −80 °C. The purity and integrity of recombinant proteins were checked by SDS−PAGE
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and Western blot analysis using a mouse monoclonal anti-His antibody (Invitrogen, MA1-21315).
M.SssI methyltransferase was obtained from New England Biolabs.

2.4.2 Enzyme Assays
Most methylation assays for determining kinetics parameters of recombinant enzymes were
performed using 3[H]-labeled S-adenosylmethionine (AdoMet) as a cofactor and biotinylated
oligonucleotides of varying sizes bound on avidin-coated high-binding ELISA plates (Corning) as
described previously (153). The DNA methylation reaction was performed using either 250 nM
30-mer/32-mer DNA substrate or 150 nM 509-mer/719-mer DNA substrate in methylation buffer
[20 mM HEPES (pH 7.5), 50 mM KCl, and 1 mM EDTA supplemented with 5 μg/mL BSA]. The
methylation reaction included 0.76 μM [methyl-3H] AdoMet (PerkinElmer Life Sciences). Storage
buffer was added to compensate for the different enzyme volumes in all reaction mixtures. The
substrates consisted of biotinylated oligonucleotides, including (1) a 30-bp oligonucleotide
containing one CpG site, (2) a 32-bp oligonucleotide containing two CpG sites, (3) a 509-mer with
58 CpGs (amplified from the human SUHW1 gene promoter), or (4) a 719-mer DNA fragment
with 46 CpGs (amplified from the mouse Aprt gene promoter). Primers used to amplify these
substrates are listed in Table 2.1.
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Table 2.1 Oligomers used for DNA methylation analysis. List of DNA oligomers used in this
study. For the DNA binding experiments, the 30-mer oligomers used Cy5 5’ end labels in place
of the biotin modification (/5BiosG/).

For steady state kinetics analysis, the larger amounts of the substrate could not be
accommodated in the standard plate assay, which has a maximal binding capacity per well for
DNA substrate of 2 μM. These methylation assays were, therefore, performed using a filter binding
assay (171). Briefly, 10 μL of reaction mix was spotted on a 1.5 cm DE81 filter that was then
washed three to five times in 0.2 M ammonium bicarbonate, followed by 100% ethanol, and airdried. Incorporated radioactivity was quantified by scintillation counting.

2.4.3 Cooperativity Assays
To examine cooperativity, the following changes were made to the plate assay described
above. Increasing concentrations of enzyme were pre-incubated with DNA substrate for 10 min at
room temperature prior to the addition of AdoMet to start the reaction. AdoMet was a mixture of
unlabeled and 0.76 μM 3H-labeled AdoMet, which yielded a final concentration of 2 μM.
Methylation assays were performed using 30-mer, 509-mer, and 719-mer DNA substrates. On the
basis of the structural studies of DNMT3AC, it was estimated that the 30-mer substrate is too short
to allow potential multimerization of the enzyme (109, 165) and could therefore be used as a
control. Additionally, cooperativity assays using 100 ng of the pUC19 plasmid as a substrate were
performed using the filter binding assay described above. For these assays, unmethylated pUC19
was purified from the dam−/dcm− Escherichia coli strain (C2925I, NEB).
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2.4.4 Stimulation of DNMT3B-C by the Inactive Mutant Glu703Ala
For assays aiming to investigate the ability of an inactive mutant to stimulate wild-type
(WT) DNMT3B-C activity, the activity of a 1:1 μM mixture of DNMT3B-C Glu703Ala mutant
and WT DNMT3B-C was compared to the activity of WT DNMT3B-C (1 or 2 μM), using two
different DNA substrates, 1 μM 30-mer substrate with 1 CpG or 150 nM 509-mer substrate with
56 CpGs. Reactions were initiated by addition of enzyme. The WT and/or Glu703Ala enzymes
were mixed together and incubated for 5 min at room temperature before addition to the reaction
mix. A mixture of unlabeled and 0.76 μM 3[H]-labeled AdoMet was used at a final concentration
of 2 μM. Methylation rates were determined by using linear regression to analyze data. The fold
change in methylation rate compared to that for 1 μM WT enzyme was plotted for each enzyme
treatment.

2.4.5 Processivity Assays
Methylation kinetics analyses were performed using a range of enzyme concentrations and
short oligonucleotide 30- and 32-mer substrates with one and two CpG sites, respectively. Low
enzyme concentrations relative to DNA substrate concentrations were included to ensure that the
reaction occurred under multiple-turnover conditions. Each DNA substrate was used at a
concentration of 250 nM, and a 1:1 ratio of labeled and unlabeled AdoMet (final concentration of
1.5 μM) was used. To compare the identical CpG molarity, a parallel reaction using 500 nM 30mer was also performed. Reactions were started by enzyme addition. M.SssI and DNMT3A-C
were used as positive and negative controls, respectively.

2.4.6 DNA Binding Assays
DNA binding of DNMT3B-C was performed using Cy5-labeled 30-mer DNA containing
one CpG site (Table 2.1) in nitrocellulose filter binding assays. Binding reactions were performed
in 20 mM HEPES (pH 7.5), 100 mM KCl, 1 mM EDTA buffer, in the presence of 0.2 mM Sadenosylhomocysteine (AdoHcy) and 30 nM DNA, and increasing concentrations of DNMT3BC. Reaction mixtures were incubated at room temperature for 15 minutes prior to being spotted on
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the nitrocellulose membrane in a dot blot apparatus, followed by three washes with binding buffer.
The enzyme bound fraction of Cy5-DNA was quantified by fluorescence measurement (Typhoon).

2.4.7 Data Analysis
Data were analyzed using Prism software (GraphPad). For time-dependent kinetics
measurements, values were fitted using linear regression of a nonlinear fit, which was weighted by
1/Y2. Each time point for methylation kinetics was an average and standard deviation of three to
six experimental replicates. For secondary plots, a least-squares fitting method was used to plot
the data, and the linear regression was not weighted. To determine the equilibrium binding constant,
data were fitted to a one-site binding model with a Hill coefficient. Standard errors of the mean
were calculated for three to six independent experiments, as described in the figure legends.

2.5

Results
N-Terminally His-tagged DNMT3B-C, DNMT3B-C Glu703Ala, and DNMT3L were

overexpressed and purified on Ni-NTA agarose to 90−95% purity as estimated by the Coomassiestained SDS gel (Figure 2.1A). The KM and the turnover rate constant (Kcat) value for purified
DNMT3B-C were determined to be (3.4 ± 1) × 10−7 M and (3.3 ± 0.3) × 10−4 s−1, respectively (Figure
2.1B), and catalytic efficiency Kcat/KM ∼ 103 M−1 s−1. To confirm the catalytic robustness of the
enzyme, we assessed the allosteric activation of DNMT3B-C by DNMT3L (170). Consistent with
earlier observations, we observed ∼6-fold activation of DNMT3B activity in the presence of
DNMT3L (170). This DNMT3B-C protein was next used to determine the catalytic mechanism.
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Figure 2.1 Expression of DNMT3A-C, DNMT3B-C and their respective mutants. (A) WT: wild
type; Coomassie stained SDS-PAGE gel and Western Blot showing purified His-tagged WT
DNMT3A-C, inactive mutant DNMT3A-C E752Q, WT DNMT3B-C, and the inactive mutant
DNMT3B-C Glu703Ala. Mouse monoclonal Anti-His antibody was used to detect proteins on
the western blot. (B) Steady-state kinetics analysis of DNMT3B-C activity. Methylation
reactions were performed for 10 min and initial velocities were calculated as methyl groups
transferred per min per μM enzyme for varying concentrations of 30-mer substrate ranging from
0.031-4 μM in the presence of 0.75 μM AdoMet. The reactions were started by addition of
enzyme to the substrate cocktail. The data were fit to the Michaelis-Menten equation to yield the
kinetics parameters. The data are average +/- standard error of the mean (n ≥ 3 independent
experiments).
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Figure 2.2 Allosteric activation of the DNMT3 enzymes. (A) DNMT3B-C is allosterically
activated by DNMT3L. Analysis of the fold change in activation of DNMT3B-C by DNMT3L
toward 30-mer DNA (500 nM). Time points were taken at 2, 4, 8, and 16 min in the presence of
1 μM of either DNMT3B-C alone or with DNMT3L. Average +/- SEM of three independent
experiments. B, Cooperative mechanism of DNMT3A-C. DNA methylation by DNMT3A-C at
various enzyme concentrations. For 30-mer with 1 CpG and 509-mer with 58 CpGs. Data were
fit to linear regression (30-mer) or second order polynomial (509-mer).
2.5.1 Investigating the Cooperativity of DNMT3B-C
DNMT3A-C monomers interact with each other through two interfaces, the
DNMT3A−DNMT3L interface (F−F interface) and the DNMT3A−DNMT3A dimer interface
(R−D interface), to form tetramers (109). DNMT3A-C tetramers multimerize on DNA potentially
through interactions along the dimer interface, which supports cooperativity of DNMT3A (118).
Many amino acids known to be critical for the dimer and tetramer interface mediated interactions
of DNMT3A are conserved in DNMT3B (106, 109). However, the cooperativity of DNMT3B has
not been tested. The activity of a cooperative enzyme like DNMT3A increases in a nonlinear
manner at higher enzyme concentrations because of the allosteric effect of enzyme subunit
interactions (118), in contrast to a non-cooperative enzyme for which the activity is expected to
increase in a linear manner as a function of enzyme concentration. Previous studies showing
cooperativity of DNMT3A-C used a 509-bp DNA substrate to allow the binding of multiple
protein molecules at higher enzyme concentrations (118). To compare the cooperativity of
DNMT3A-C and DNMT3B-C, DNA methylation analysis was performed using the same 509-mer
DNA substrate. Increasing concentrations of the DNMT3A-C and DNMT3B-C enzymes ranging
from 0 to 2 μM were pre-incubated with 509-mer DNA substrate for 10 min to allow the formation
of nucleoprotein complexes. The methylation reaction was initiated by the addition of radiolabeled
AdoMet and was monitored by incorporation of radioactivity into DNA for an additional 10
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minutes. The methylation activity was plotted against DNMT3A-C and DNMT3B-C enzyme
concentrations (Figure 2.3A). The data show that for DNMT3A-C with an increase in
concentration from 1 to 2 μM the activity increased ∼5-fold, whereas for DNMT3BC, there was
only ∼2-fold increase in activity for every 2-fold increase in enzyme concentration. As shown
previously (118), this exponential increase in methylation activity of DNMT3A-C was specific for
only the long DNA substrate (509-mer) and was absent for a short 30-mer DNA substrate (Figure
2.2B). On the basis of the structural studies of DNMT3A-C, the 30-mer DNA substrate is not
expected to accommodate more than one or two tetramers and thus cannot support multimerization
and cooperativity (109, 118, 165). To test if DNMT3B-C cooperativity could be supported on
longer DNA substrates, we repeated the methylation assays using the pUC19 plasmid as a substrate.
As shown in Figure 2.3B, whereas the activity of DNMT3A-C was cooperative, the activity of
DNMT3B-C increased linearly with the increase in enzyme concentration similar to the data
shown in Figure 2.3A. We also noticed that compared to the 509-mer, the plasmid substrate
stimulated cooperativity of DNMT3A-C at lower enzyme concentrations, suggesting cooperativity
of DNMT3A-C may be influenced by substrate length. To confirm the results for DNMT3B-C, we
performed a time course of DNA methylation to determine the initial rate of DNA methylation
using three biotinylated substrates, a 30-mer with one CpG site at 250 nM, a 509-bp DNA substrate
with 58 CpGs, and a 719-bp substrate with 46 CpG sites at concentrations of 150 nM each.
Increasing concentrations of the DNMT3B-C enzyme ranging from 0.5 to 2 μM were preincubated with the DNA, and the reaction was initiated via the addition of radiolabeled AdoMet
and was monitored by the incorporation of radioactivity into the DNA (Figure 2.3C−E).
Irrespective of the substrate length, the methylation rate increased linearly with the increase in
DNMT3B concentration (Figure 2.3F), with a ∼2fold increase in the rate of methylation for every
2-fold increase in enzyme concentration. We observed rates of methylation slightly lower than
expected at the lowest enzyme concentration for all three substrates potentially because of the slow
turnover under these conditions. At higher enzyme concentrations in which cooperative
methylation was observed for DNMT3A-C (118) (Figure 2.3A), the absence of an exponential or
nonlinear increase in the methylation rate for DNMT3B-C suggests that DNMT3B methylates
DNA by a non-cooperative mechanism.
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Figure 2.3 Catalytic mechanism of DNMT3B-C. (A and B) Methylation activity of DNMT3A-C
and DNMT3B-C enzymes was measured for 10 min with the 509-bp or pUC19 substrate in the
presence of 0.25 to 2 μM or 0.25 to 1 μM enzyme respectively. The enzymes were pre-incubated
with DNA for 10 min at room temperature and the reaction was initiated by addition of AdoMet.
Total methylation activity was plotted against enzyme concentration using an average and
standard deviation (n≥3 independent experiments). (C, D and E) Time course of DNA
methylation with 30-mer, 509-mer, and 719-mer DNA substrates in the presence of 0.5, 1, 1.5, or
2 μM DNMT3B-C enzyme which was pre-incubated with DNA for 10 min at room temperature
and the reaction was initiated by addition of AdoMet. The data were fitted by linear regression,
weighted by 1/Y2. (F) Methylation rates for all three DNA substrates were plotted against
enzyme concentrations using linear regression without weighting. Average +/- standard error of
the mean are shown (n ≥ 3 independent experiments).
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2.5.2 DNMT3B-C is Not Stimulated by the Catalytically Inactive Mutant
Addition of a catalytically inactive mutant to WT DNMT3A-C was shown to stimulate its
catalytic activity because it contributes to the cooperativity of DNMT3A on long DNA substrates,
resulting in an allosteric effect (118). This variant carries a mutation in conserved motif IV (ENV)
that is required for catalysis, but this mutation does not affect the DNA binding activity of the
methyltransferase enzymes (118). The corresponding mutant DNMT3B-C Glu703Ala has very
low residual activity (Figure 2.4). As an additional test of cooperative stimulation, we tested the
influence of the DNMT3B-C Glu703Ala mutant on the activity of WT DNMT3B-C. Methylation
kinetics reactions were performed with two biotinylated substrates at near saturating
concentrations: a 30-bp substrate with one CpG site at 1 μM and a 509-bp substrate at 150 nM
using either 1 μM WT enzyme or 1 μM WT mixed with 1 μM inactive mutant (Figure 2.5A,B).
The fold change in the rates of DNA methylation compared to that of 1 μM WT enzyme alone was
then plotted (Figure 2.5C). A 2-fold increase in activity was observed when the enzyme
concentration was increased from 1 to 2 μM for both substrates. The 1:1 WT/inactive mutant
mixture yielded a small increase in activity, however, with both short (30-mer) and long (509-mer)
DNA substrates. Because the short DNA substrate cannot bind multiple enzyme units (109, 118,
165), this increase in activity is not likely due to cooperativity but may be due to interactions at the
tetramer interface (F−F interface) as shown previously for DNMT3A-C (100, 118). These data
provide further support for the non-cooperative mechanism of DNMT3B activity.

Figure 2.4 DNMT3B-C Glu703Ala is catalytically inactive. Catalytic activity of WT
DNMT3B-C and DNMT3B-C Glu703Ala. Methylation assays were performed as described in
Materials and Methods using 250 nM of the 30-mer substrate and data were fit to linear
regression. Average +/- SEM of four independent experiments.
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Figure 2.5. DNMT3B-C is not cooperatively stimulated by addition of inactive DNMT3B-C
Glu703Ala. (A and B) Methylation kinetics of 30-mer and 509-mer substrates, respectively by
WT (DNMT3B-C); and mutant (catalytically inactive DNMT3B-C Glu703Ala). Methylation
was carried out using 1 µM WT, a ratio of 1 µM WT: 1 µM Glu703Ala, and 2 µM WT with
either 1 μM 30-mer or 150 nM 509-mer substrates. The reaction was initiated by addition of
enzyme to the substrate mix and data were fitted by linear regression, weighted by 1/Y2. (C)
Methylation rates were measured from the slopes in A and B. Rate of methylation for each
substrate was normalized to the rate for 1 μM enzyme and plotted in the bar graph with
normalized error. Average +/- standard error of the mean is shown (n ≥ 4 independent
experiments).
2.5.3 DNMT3B-C and Full Length DNMT3B Methylate DNA in a Processive Manner
Unlike a previous method that used methylation-dependent restriction protection to test the
processivity of DNMT3B (108), here we assayed the processivity using two DNA substrates of
the same sequence, 30 and 32-bp in length, except that one substrate contained one CpG and the
second contained two CpGs (167). In a processive reaction, the second site on the two-site DNA
substrate is expected to be methylated faster, so the methylation rate for the two-site substrate
would be expected to be ∼2-fold higher than that for the one-site substrate. This effect should be
prominent at a low enzyme:DNA ratio, in which each DNA molecule is occupied by only one
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enzyme molecule, in other words, under multiple turnover conditions. Therefore, methylation
reactions were performed using a range of DNMT3B-C enzyme concentrations at near saturating
substrate (DNA and AdoMet) concentrations. Unlike the cooperativity assays, the enzyme was
not pre-incubated with DNA, and the methylation reactions were initiated by addition of enzyme
to a buffer/substrate cocktail. This allowed the enzyme to bind to its preferred substrate first and
catalysis to proceed at maximal efficiency. Short oligonucleotides were used as substrates to
eliminate any potential cooperativity from occurring, because they cannot bind more than a few
molecules of the enzyme. Assays of DNMT3A-C and DNMT3B-C (0.0625−2 μM) were
performed with 0.25 μM one-site and two-site substrates (0.5 and 1 μM CpG sites). As
previously reported, DNMT3A-C methylated one and two-site substrates to the same degree,
indicating a distributive mechanism of DNA methylation (108, 118). In contrast, DNMT3B-C
methylated the two-site substrate with a 2-fold higher efficiency (Figure 2.6A). Because this
effect was evident at the lowest concentration of enzyme assayed, the data indicate that the
DNMT3B enzyme methylates DNA in a processive fashion. We also demonstrated the
processive activity of DNMT3B by using the full length DNMT3B enzyme (DNMT3B-FL) in
the assays described above (Figure 2.6A and Figure 2.7A). Our data show that similar to the
truncated DNMT3B-C, at lower enzyme concentrations DNMT3B-FL methylates DNA in a
processive manner. Because of its large size and tendency to precipitate, DNMT3B-FL could be
purified at a maximal concentration of 0.5−1 μM; consequently, the assays at higher
concentrations could not be performed. A similar effect was observed for the known processive
methyltransferase M.SssI (Figure 2.7B). To determine if these results were influenced by the
presence of a 2-fold higher CpG molarity of the two-site substrate, we performed a parallel
reaction at an equal CpG molarity by comparing methylation of 0.5 μM one-site substrate and
0.25 μM two-site substrate. The ratio of DNA methylation at either 0.25 or 0.5 μM DNMT3B-C
remained at 2, confirming its processive mechanism of DNA methylation (Figure 2.7C). We next
tested the effect of ionic strength on the processivity of the DNMT3B-C enzyme. Figure 2.6B
shows that increasing the ionic strength from 50 to 150 mM KCl had no effect on the degree of
methylation of one- or two-site substrate, indicating that DNMT3B can methylate DNA
processively at a physiological ionic strength ranging from 100 to 150 mM, Salt concentrations
of >250 mM disrupted enzyme activity. DNMT3B has been shown to collaborate with DNMT1
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for the maintenance of DNA methylation (172). We therefore tested the processivity of
DNMT3B-C on one- or two-site hemimethylated substrates. Similar to the unmethylated
substrate, DNMT3B methylated the two-site hemimethylated substrate with an efficiency 2-fold
higher than that of the one-site substrate (Figure 2.6C).
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Figure 2.6 DNMT3B-C exhibits processivity on DNA substrate with 2 CpG sites. (A) Steady
state DNA methylation levels were measured for 1 h at various concentrations of DNMT3B-C,
DNMT3B- FL, or DNMT3A-C enzymes using 1.5 μM 3H-labeled AdoMet (1:1 mixture of
labeled and unlabeled) and 250 nM of 1-site or 2-site substrate. For each enzyme concentration,
the methylation of 2-site substrate was normalized to that of 1-site substrate to show the relative
change in methylation level. (B and C) Relative DNA methylation as described in (A) at
physiologically relevant salt concentrations and with 250 nM of hemimethylated 1-site and 2-site
substrates. (D) Initial velocity of methylation was measured at early time points (2, 4, 8, and 16
min) for 1-site (solid line) and 2-site (dashed line) substrates. Concentration of DNMT3B-C
ranged from 0.5 to 1.5 μM and the data were fit to linear regression, weighted by 1/Y2. (E) DNA
methylation rates measured in (D) were plotted against enzyme concentration and the slopes
were determined from the linear regression without weighting. Data are an average +/- standard
error of the mean (n ≥ 3 independent experiments).
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Figure 2.7 Variable processivity conditions of M.SssI and DNMT3B-C. A, WT: wild type;
Coomassie stained SDS-PAGE gel showing purified His-tagged WT DNMT3B-FL. B, As a
positive control for processivity, steady state DNA methylation levels were measured for 1 h at
various concentrations of M.SssI using 1.5 μM 3H-labeled AdoMet (1:1 mixture of labeled and
unlabeled) and either 1-site or 2-site substrates. For each enzyme concentration, the methylation
of 2-site substrate was normalized to that of 1-site substrate to show the relative change in
methylation level. C, DNMT3B-C is processive when 1 and 2-site substrates contain the same
[CpG]. Steady state DNA methylation levels were measured after 500 nM of 1-site and 250 nM
of 2-site substrate were incubated with DNMT3B-C and 1.5 μM (0.75 μM of 3H-labeled and
0.75 μM of unlabeled) AdoMet. The methylation level for 2-site substrate was normalized to that
of 1-site substrate to show the relative change. Average +/- SEM of three experiments.
2.5.4 Processivity of the Initial Phase of the Reaction
To confirm our conclusion from the steady state experiments described above, we next
examined the processivity of DNMT3B-C during the initial phase of the reaction. The initial rate
of catalysis of a processive enzyme is also expected to be 2-fold higher with a two-site substrate
than with a one-site substrate. DNA methylation using different enzyme concentrations was
measured as a function of time, and initial rates were calculated from the slope after fitting the data
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by linear regression (Figure 2.6D). Methylation rates increased linearly with enzyme concentration,
indicting multiple-turnover conditions. As shown in the secondary plot, DNA methylation rates
for the two-site substrate were 2-fold higher than those for the one-site substrate, strongly
suggesting that DNMT3B-C operates in a processive fashion by methylating multiple CpGs on the
same molecule of DNA before dissociation (Figure 2.6E).
Taken together, our data here confirm the processive mechanism of DNMT3B and validate
an important difference between the catalytic mechanism of DNMT3A and DNMT3B.

2.5.5 Effect of Pre-incubation with DNA on Catalytic Activity
Processivity is expected to increase the catalytic activity of a methyltransferase toward long
DNA substrates with multiple target sites. However, for experiments in which DNMT3B-C was
pre-incubated with DNA, we did not observe a substantial increase in the methylation rate for long
DNA substrates compared to that with the 30-mer (Figure 2.3F). Although pre-incubation with
DNA may simply lead to a decrease in the active fraction of the enzyme, it is also possible that in
the absence of AdoMet, nonspecific DNA binding by DNMT3B-C keeps it in a nonproductive
complex. This can potentially slow the methylation reaction and influence the processivity of the
enzyme. To investigate the effect of pre-incubation with DNA on the processivity of DNMT3B,
the rate of DNA methylation for the 509-bp DNA substrate was compared under two conditions.
The first condition, in which various concentrations of DNMT3B-C were pre-incubated with DNA
substrate and the methylation reaction was initiated with AdoMet, is represented in Figure 2.3D.
For the second condition, no pre-incubation was performed and methylation was initiated by
addition of enzyme to the substrate cocktail. Kinetics of DNA methylation at each enzyme
concentration was performed, and the initial methylation rates were determined by linear
regression (Figure 2.8A). At all the tested enzyme concentrations, methylation rates were
significantly slower when DNA was pre-incubated with enzyme than when it was not (Figure
2.8B), confirming a negative effect of pre-incubation with DNA on the catalytic activity of
DNMT3B-C. This is not intuitive for a processive enzyme, because during multiple reactions the
exchange of AdoHcy with AdoMet should not require the enzyme to be dislodged from the DNA.
We speculate that in the absence of a cofactor (AdoMet or AdoHcy), the enzyme pre-incubated
with DNA binds strongly to nonspecific sites, which slows catalysis suggesting that the enzyme
prefers to bind AdoMet for the first turnover.
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Figure 2.8 Pre-incubation with DNA decreases the methylation activity of DNMT3B-C.
(A) Methylation activity of DNMT3B-C for the 509-mer was measured without pre-incubation
with DNA for a range of enzyme concentrations. The reaction was initiated with addition of
enzyme to substrate cocktail. The data, which is the average +/- standard error of the mean (n ≥ 3
independent experiments), were fit to linear regression, weighted by 1/Y2. (B) Rates of DNA
methylation calculated from (A) were plotted against enzyme concentrations and compared to
the rates obtained from assays with pre-incubated enzyme from Figure 2.3D. (C and D) Steadystate kinetics analysis of methylation by DNMT3B-C. Methylation reactions were performed for
10 min and initial velocities were calculated as methyl groups transferred per min per μM
enzyme for varying concentrations of 30-mer substrate ranging from 0.031-4 μM and 0.75 μM
AdoMet. The enzyme was pre-incubated with DNA for 15 min and the reaction was started with
AdoMet (C), or the enzyme was pre-incubated with AdoMet for 15 min and initiated with DNA
(D). The data, which are an average +/- standard error of the mean (n ≥ 3 independent
experiments), were fit to the Michaelis-Menten equation and the significance was estimated
using Student’s paired t-test yielding a p-value= 0.014.
2.5.6 Order of Addition for Steady State Kinetics Analysis
To determine the effect of pre-incubation with the substrate and cofactor, we analyzed the
steady state methylation activity of DNMT3B-C. The avidin plate assay used for methylation
assays has a maximal DNA binding capacity of 2 μM (153); therefore, we used a filter binding
assay for this experiment (171). Using a 30-mer substrate with one CpG site and 0.5 μM enzyme,
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steady state kinetics experiments were performed, and data were fitted to the Michaelis−Menten
equation. Three different experimental conditions were used, one in which the enzyme was preincubated with DNA or AdoMet for 15 min before the reaction was started by addition of AdoMet
or DNA, respectively, or the reaction was initiated by adding enzyme to a substrate/cofactor mix.
All data sets fit well to the hyperbolic curve (Figures 2.1B and 2.8C, D). However, the data set for
pre-incubation with DNA (Figure 2.8D) also fitted to a sigmoidal curve, indicating a slower
reaction at lower substrate concentrations that recovers at higher enzyme concentrations. The
comparison using Akaike’s Information Criteria (AICc) or the extra sum of squares F-test suggests
that the hyperbolic Michaelis−Menten model is a better fit with a 71.5% higher probability of being
correct. The estimated Vmax under all the conditions showed no significant change. Under these
three conditions, the KM value was estimated to be (3.4 ± 1) × 10−7 M for the reaction with nonpre-incubated enzyme (Figure 2.1B) and (7.0 ± 2) × 10−7 and (4.7 ± 0.8) × 10−8 M when the enzyme
was pre-incubated with DNA and AdoMet, respectively (Figure 2.8C, D). A 10-fold decrease in
the KM of the enzyme upon pre-incubation with AdoMet demonstrates that the cofactor-bound
DNMT3B-C enzyme exists in a conformation that favors catalysis, potentially by enhancing the
specific interaction of DNMT3B-C with DNA. On the basis of these results, we propose that the
binding of DNMT3B-C to DNA in the absence of AdoMet may lead to the formation of a
nonspecific DNA−enzyme binary complex in a conformation that limits or restricts binding of the
cofactor AdoMet, thus slowing the reaction. This may have a stronger influence on initial or presteady state rates, thus influencing the processivity of the enzyme at earlier time points as seen in
Figure 2.8B. We propose that in vivo most enzyme exists in the AdoMet-bound state and that
during processive DNA methylation, cofactor exchange takes place without dissociation of the
enzyme from the DNA.

2.5.7 Activity and Processivity of DNMT3B-C are Not Affected by pH
Under various physiological conditions, changes in the intracellular pH can influence
protein−protein and protein−DNA interactions (173). Previous studies have shown that the
interaction of DNMT3A through its dimer interface can be disrupted by a change in pH from 7.5
to 6.5, which results in a decrease in its activity and cooperativity (169). Our data showing that
DNMT3B methylates DNA in a non-cooperative manner suggest that the activity of DNMT3B
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may not be strongly dependent on interactions involving the dimer interface. We tested this by
assessing the effect of pH on the processivity of DNMT3B-C. Methylation assays were performed
at pH 7.5 and 6.5 for one- and two-CpG site substrates for 60 min with varying concentrations of
enzyme. As shown in Figure 2.9A, the steady state level of DNA methylation using a one-site
substrate was slightly higher at pH 6.5 than at pH 7.5. As a consequence, the ratios of methylation
between one- and two-site substrates were reduced to <2 (Figure 2.9B). We checked whether this
difference in methylation activity was due to the impact of pH on the initial rate of DNA
methylation. Methylation kinetics at various enzyme concentrations was performed with one- and
two-site substrates at pH 6.5 and 7.5, and initial rates were measured (Figure 2.9C, D). The rates
of DNA methylation for the one-site substrate at various enzyme concentrations were slightly
higher at pH 6.5 compared to those at pH 7.5 (Figure 2.9E). We speculate that this higher
methylation rate under pre-steady state conditions could be responsible for the difference observed
at the steady state levels. However, the rates of methylation of the two-site substrate remained ∼2fold higher than those for the one-site substrate at all enzyme concentrations tested at pH 7.5 and
6.5, indicating that the activity and processivity of DNMT3B-C are not affected by lower pH. This
behavior is in contrast to that of DNMT3A-C, for which lowering the pH to 6.5 decreased its
methylation activity by disruption of the dimer interface (169).
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Figure 2.9. pH sensitivity of the DNMT3B-C processive catalysis. (A) Methylation at 1-site and
2-site substrates by DNMT3B-C was measured for 1 hour at pH 6.5 or 7.5. (B) Ratio of the
methylation levels was calculated as the fold change at 2-site versus 1-site substrate. (C and D)
Time course of DNA methylation by DNMT3B-C at pH 6.5 for 1-site and 2-site substrates. For
each substrate, time course of DNA methylation reaction was done in the presence of 0.5- 2 μM
DNMT3B-C. The reaction was started by the addition of enzyme and the data were fitted by
linear regression which was weighted by 1/Y2. E The calculated methylation rates at pH 6.5 were
plotted against enzyme concentration and compared to those at pH 7.5. Data are an average +/standard error of the mean (n ≥ 4 independent experiments).
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2.5.8 Influence of pH on the Dissociation Constant
To test the effect of lower pH on DNA binding by DNMT3B-C, we performed DNA
binding assays using Cy5-labeled 30-mer DNA with one CpG site. An increasing amount of
DNMT3B-C ranging from 0.5 to 2 μM was incubated with 30 nM DNA substrate, and the binding
assay was performed using a dot blot assay. The binding was measured by trapping the
protein−DNA complexes on a nitrocellulose membrane. The intensity of the spots was measured,
and data were fitted to a one-site specific binding saturation curve. Binding curves were hyperbolic,
and the data could also be fitted well with the Hill coefficient constrained to 1 (Figure 2.10A, B).
The dissociation constants at pH 7.5 and 6.5 showed no significant difference, indicating that the
binding of DNMT3B-C to DNA is not sensitive to lower pH and there is potentially a limited
contribution of the dimer interface to the activity of DNMT3B-C.
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Figure 2.10 Effect of pH on DNA binding by DNMT3B-C. For DNA binding analysis
DNMT3B-C enzyme was incubated with 30 nM of Cy5-labelled 30-mer DNA in the presence of
0.2 mM AdoHcy (S-Adenosylhomocysteine) in binding buffer at pH 6.5 or 7.5. (A)
Representative blot for DNA binding. (B) Signal intensity on the blot was quantified using
ImageQuant software and data which were an average +/- standard error of the mean (n ≥ 3
independent experiments) were fitted to a one site binding saturation model and binding
constants were determined. The binding constants are within an error of <20%.
2.5.9 The Processivity of DNMT3B-C is Not Affected by Mutation of the Arg829His Residue
The Arg882His mutation, which is close to the dimer interface of DNMT3A, is highly
prevalent in human AML cells. This mutation, as well as the equivalent Arg878His mutation in
mouse, disrupts tetramer formation and leads to a significant decrease in enzymatic activity (139,
143, 170). Although this residue is implicated in tetramer formation, its effect on the cooperativity
of DNMT3A has not been tested. We performed the cooperativity assays as described above using
various concentrations of WT DNMT3AC and DNMT3A-C Arg878His enzyme (Figure 2.11A).
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Methylation assays were performed using 32-mer, 509-mer, and pUC19 DNA as substrates of
various lengths. Loss of 64% activity for the 32-mer substrate at two tested enzyme concentrations
(0.5 and 1 μM) confirms the previous observation that the mutation affects tetramer formation and
that the tetrameric form is the most catalytically active form of DNMT3A-C (111, 142) (Figure
2.11B, C). Interestingly, on longer DNA substrates, although the activity was rescued at a lower
enzyme concentration (0.5 μM) (Figure 2.11D), at a higher enzyme concentration, the enzymatic
activity did not demonstrate an exponential increase that is expected because of cooperativity
(Figure 2.12A,B). These data support our observation for the WT enzyme that the length of DNA
positively affects the cooperative behavior of DNMT3A. Destabilization of the tetramer structure
due to the absence of Arg878 can be partially rescued by long DNA substrates, however not to the
extent that it can restore cooperativity. Loss of cooperativity resulted in 78 and 63% losses of
activity for 509-mer and pUC19, respectively, at higher enzyme concentrations. These data suggest
that the human Arg882His mutation of DNMT3A affects its cooperative mechanism at multiple
CpG sites, which would have a substantial effect on its activity in vivo. We next tested the effect
of the analogous mutation of the conserved Arg829 in DNMT3B-C. On the basis of our data
showing that the non-cooperative and processive mechanism of DNMT3B-C is not affected by
acidification, we predicted that the mutation of Arg829 will not affect the processivity of
DNMT3B-C. Our data in Figure 2.12C−E demonstrate that the variant enzyme Arg829His has
activity and processivity comparable to those of the WT enzyme.
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Figure 2.11. Loss of catalytic activity of the DNMT3A-C Arg878His variant. A, WT: wild type;
Coomassie stained SDS-PAGE gel showing purified His-tagged WT DNMT3A-C, AML mutant
DNMT3A-C Arg878His, WT DNMT3B-C, and the AML analogue mutant DNMT3B-C
Arg829His. B, Initial velocity of methylation was measured at early time points (2, 4, 8, and 16
min) for 2-site substrates to compare WT and Arg878His activity, in the presence of 0.5 or 1 μM
of enzyme. The data were fit to linear regression which was weighted by 1/Y2. C, Methylation
rates for the 32-mer of WT enzyme were set to 1 and the relative change in rate of methylation
for the Arg878His mutant at different enzyme concentrations was plotted in the bar graph with
normalized error. D, Methylation rates for the 0.5 μM of WT enzyme were set to 1 and the
relative change in rate of methylation for the Arg878His mutant on different DNA substrates was
plotted in the bar graph with normalized error. Average +/-SD for each time point is derived
from two to four independent experiments.

55

Figure 2.12 The Arg829His mutation of DNMT3B-C does not reduce its activity and
processivity. (A and B) Methylation activity of the WT and the Arg878His mutant DNMT3A-C
enzymes was measured for 10 minutes with the 509-bp or pUC19 substrate in the presence of
0.25 to 2 μM and 0.25 to 1 μM enzyme respectively. Enzymes were pre-incubated with DNA for
10 min at room temperature and the reaction was initiated by addition of AdoMet. Total
methylation activity was plotted against enzyme concentration using an average and standard
deviation (n≥3 independent experiments). (C) Methylation activity was measured for 10 minutes
with the 30-mer substrate at enzyme concentrations ranging from 0.015 to 1 μM of the WT and
the mutant Arg829His DNMT3B-C enzymes. (D) Initial velocity of methylation was measured
for 1-site (solid line) and 2-site (dashed line) substrates, in the presence of 0.5 and 1 μM of
DNMT3B-C Arg829His mutant enzyme. The data were fit to linear regression, weighted by
1/Y2. (E) Methylation rates for the 1-site substrate were normalized to 1, and the relative change
in rate of methylation for the 2-site substrate at different enzyme concentrations were plotted
with normalized error. For all the experiments average +/- standard error of the mean is derived
(n ≥ 4 independent experiments).
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Taken together, these data show that DNMT3B-C methylates DNA in a non-cooperative
and processive manner and suggest that DNMT3B-C may not require the interaction of DNMT3B
monomers or dimers along the dimer interface for optimal activity.

2.6

Discussion
DNA methylation together with specific histone modifications plays an important role in

regulating chromatin structure and thereby controlling gene expression. DNA methylation has a
major role in regulation of epigenetic processes, including genomic imprinting, X-chromosome
inactivation, nuclear reprogramming, and carcinogenesis (33, 174). Recent studies of the functions
of the mammalian de novo methyltransferases DNMT3A and DNMT3B reveal both redundant and
specific functions, highlighting the importance of differentiating their individual contributions to
normal and diseased epigenomes (175). Whereas several biochemical studies have elucidated the
structure−function relationship of DNMT3A, less is known about the biochemical properties of
DNMT3B. Studies characterizing the enzymatic properties of DNMT3A-C have provided critical
information that facilitates our understanding of the biochemical basis of DNMT3A function in
vivo. This is underscored by the recent finding that ∼20% of acute myeloid leukemia (AML)
patients have mutations in DNMT3A of which many are present in the dimer or tetramer interface
of the enzyme (111, 139, 142, 176, 177). These mutations were shown to disrupt oligomerization
of DNMT3A and alter its catalytic properties in vitro and in vivo. Likewise, a high frequency of
DNMT3B mutations is found in ICF syndrome, which is a rare genetic disease-causing
immunodeficiency, centromeric instabilities, and facial abnormalities. Many of these mutations
are present in the DNMT3B MTase domain and result in reduced catalytic activity in vitro,
potentially linking the mutations to hypomethylation of DNA in the diseased state (86, 108, 127,
178-180). Some of these mutations are present in the potential DNA binding region of DNMT3B,
and these residues are conserved in the dimer interface of DNMT3A. In the absence of a
DNMT3B-C crystal structure, the detailed characterization of the catalytic mechanism of
DNMT3B-C here provides important insights into the impact of these mutations on the catalytic
mechanism of DNMT3B compared to that of DNMT3A and highlights its properties that are
distinct from those of DNMT3A. Our findings suggest that the reduced activity of DNMT3B
mutants in ICF syndrome may not be because of the dimer-interface disruption.
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Processivity of DNMT3B-C has been reported previously; however, it was not clear whether
the results reflected cooperative methylation of multiple sites by a multimerized enzyme or one
enzyme unit processively methylating multiple sites (108). By using DNA substrates of various
lengths, our assays in this study distinguish processivity from cooperativity and show that
DNMT3B-C methylates DNA by a processive mechanism in a non-cooperative manner. We also
show that DNMT3B can methylate both unmethylated and hemimethylated sites processively,
consistent with its collaborative function with DNMT1 during the maintenance of DNA
methylation. The non-cooperative mechanism is further supported by our data showing that on the
longer DNA substrates, the catalytic activity of DNMT3B is not enhanced by the addition of its
inactive mutant. Surprisingly, in our assays using DNA substrates of various lengths to examine
the cooperativity of DNMT3B-C, the methylation rate was not higher for the long DNA, which
would be expected from a processive enzyme. Because these experiments were performed by preincubating the enzyme with DNA, this could be explained if the enzyme prefers binding AdoMet
before binding to DNA. Our data demonstrating a 10-fold decrease in the KM of DNMT3B-C when
it is pre-incubated with AdoMet support this conclusion. Our data are consistent with the model in
which the binding of the enzyme to specific sites on DNA is favored by AdoMet binding, and
during the processive catalysis, DNMT3B is capable of cofactor exchange without dissociating
from DNA.
Perturbations in the intracellular microenvironment including pH has a regulatory effect in
several DNA binding proteins and enzymes. These regulatory mechanisms are expected to be
prominent during tumor progression and also during development. Acidification has been shown
to disrupt cooperativity and reduce the catalytic activity of DNMT3A. Interestingly, again in
contrast to that of DNMT3A, the catalytic activity of DNMT3B was not significantly affected at
pH 6.5 and instead showed a slight increase in activity for a one-site substrate. We speculate that
this may be because DNMT3B-C has a slightly higher KD value at pH 6.5. This difference between
DNMT3A and DNMT3B mechanisms could be explained by the differences in their amino acid
sequences, especially in the DNA binding region and the dimer interface. The interaction of several
DNA binding proteins involves either water mediated or direct H-bond interactions between the
Arg and His residues and the DNA backbone. The protonation of His residues is pH sensitive,
which can alter its interaction with DNA and affect the activity of the protein. The activity of
DNMT3A decreases at lower pH because of the disruption of its dimer interface involving His821
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and/or His873 (169). However, in DNMT3B, the residues at the equivalent positions are replaced
by Tyr821 and Leu847, respectively, both of which are also a part of DNA binding loop L2 (106,
109) (Figure 2.13). Compared to DNMT3A, this makes the enzymatic activity of DNMT3B
potentially less dependent on protein−protein interaction at the dimer interface and less sensitive
to changes in pH. A high level of expression of DNMT3B has been implicated in the initiation and
progression of several cancers and in some cases contributes to CpG island promoter methylation
(162). Its ability to function under low-pH conditions can be exploited by cancer cells in which the
intracellular environment is typically more acidic than that of normal cells.

Figure 2.13 Illustration of the histidine bases that are not conserved in DNMT3B. (A) Interface
of the symmetrical DNMT3A dimer in DNMT3A-DNMT3L hetero-tetramer based on the crystal
structure (PDB, 2QRV). DNMT3A monomers are shown in blue and pink, while flanking
DNMT3L is shown in yellow. Labeled histidine bases are located in the second DNA binding
loop and are not conserved in DNMT3B. H821 is predicted to contribute to the pH sensitivity of
DNMT3A (169). (B) Sequence alignment of DNMT3A and DNMT3B adapted from Guo. X, et
al. 2015 (106). Red arrows mark DNMT3A H821 and H847, showing these residues are not
conserved in DNMT3B.
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Further supporting a non-cooperative mechanism, our data here show for the first time that
the DNMT3A Arg878His mutation disrupts the cooperativity of the enzyme whereas the
analogous Arg829His mutation in DNMT3B-C has no effect on its processivity. Although the SNP
causing the Arg to His mutation in human DNMT3A was shown to be present at a very high
frequency in AML cells (181), the analogous mutation is not reported for DNMT3B in any
epigenetic diseases. Therefore, we speculate that a smaller contribution of the dimer interface
would promote the processivity of DNMT3B, which may work efficiently for enzymes that do not
form oligomers on DNA. These observations also emphasize that the minor difference in the amino
acid sequence of DNMT3A and DNMT3B catalytic domains dictates a processive versus a
cooperative mechanism.

Figure 2.14 . Model showing the different kinetics mechanisms of DNMT3A-C and DNMT3BC.
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3.2

Abstract
We have previously shown that the highly prevalent acute myeloid leukemia (AML)

mutation, Arg882His, in DNMT3A disrupts its cooperative mechanism and leads to reduced
enzymatic activity, thus explaining the genomic hypomethylation in AML cells. However, the
underlying cause of the oncogenic effect of Arg882His in DNMT3A is not fully understood. Here,
we discovered that DNMT3A WT enzyme under conditions that favor non-cooperative kinetics
mechanism as well as DNMT3A Arg882His variant acquire CpG flanking sequence preference
akin to that of DNMT3B, which is non-cooperative. We tested if DNMT3A Arg882His could
preferably methylate DNMT3B-specific target sites in vivo. Rescue experiments in DNMT3A/3B
double knockout mouse embryonic stem cells show that the corresponding Arg878His mutation
in mouse DNMT3A severely impairs its ability to methylate major satellite DNA, a DNMT3Apreferred target, but has no overt effect on the ability to methylate minor satellite DNA, a
DNMT3B-preferred target. We also observed a previously unappreciated CpG flanking sequence
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bias in major and minor satellite repeats that is consistent with DNMT3A and DNMT3B specificity
suggesting that DNA methylation patterns are guided by the sequence preference of these enzymes.
We speculate that aberrant methylation of DNMT3B target sites could contribute to its oncogenic
potential of DNMT3A AML variant.

3.3

Introduction
DNA methylation in mammals is critical for development and maintenance of the somatic

cell state (182, 183). DNA methylation has diverse functions including regulation of gene
expression and silencing of repetitive elements (184-186). In mammals, CpG methylation is
established and maintained by DNA methyltransferases (DNMTs) (187). DNMT1 largely
functions as a maintenance methyltransferase by copying the methylation pattern from parent to
daughter strand during DNA replication (188, 189). The DNMT3 family includes two active
homologs, DNMT3A and DNMT3B, and an inactive homolog DNMT3L (86, 91). These enzymes
perform de novo DNA methylation, which predominantly takes place during early embryogenesis
and stem cell differentiation (86, 190, 191). Whereas DNMT3A is expressed ubiquitously,
DNMT3B is highly expressed during early embryogenesis and largely silenced in somatic cell
types (89, 159, 192). Despite having a high sequence similarity (>40%), DNMT3A and DNMT3B
have distinct preferences for some target sites, although many sites can be methylated redundantly
(33). This is represented by a preference of DNMT3A for major satellite repeats and a preference
of DNMT3B for minor satellite repeats (86, 190).
Mutations in DNMT3A and DNMT3B have been identified in several diseases. Germline
transmitted mutations of DNMT3A and DNMT3B cause Tatton-Brown-Rahman syndrome and
ICF (Immunodeficiency, Centromeric instability, and Facial anomalies) syndrome, respectively
(86, 126, 127, 178, 193). Somatic mutations in DNMT3A are commonly found in patients with
acute myeloid leukemia (AML) and other hematologic neoplasms (125, 139). Detailed studies
revealed that ~20% of AML cases have heterozygous DNMT3A mutations, with the majority
(~60-70%) carrying the Arg882His mutation, which cause genome-wide hypomethylation (139,
194-196). Given that genetic knockout of one copy of DNMT3A exhibits no obvious phenotype,
the heterozygous DNMT3A Arg882His mutation was suggested to have a dominant negative
effect (86, 139). The observation that the expression of the murine DNMT3A Arg878His variant
(equivalent to Arg882His in human DNMT3A) in mouse embryonic stem cells (mESCs) causes
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genome-wide loss of DNA methylation further supported the dominant negative activity of this
variant (142, 143). In contrast, DNMT3B mutations have not been identified in cancer. However,
aberrant overexpression of DNMT3B is highly tumorigenic, including in AML (192, 197-199).
Overexpression of DNMT3B in AML leads to disease prognosis similar to that of patients with
DNMT3A Arg882His mutation (198, 199).
The effect of Arg882His on the activity of DNMT3A could be predicted from the crystal
structure of the DNMT3A MTase domain (DNMT3A-C), which shows that DNMT3A forms
homodimers and tetramers through two interaction surfaces (106, 109). Several AML-associated
DNMT3A mutations, including Arg882His, are present at or close to the protein-protein interface
and disrupt tetramer formation. This leads to reduced catalytic activity in vitro (111, 139, 140, 142,
147, 200). Further, DNMT3A-C tetramers can oligomerize on DNA, forming nucleoprotein
filaments (120, 165). This oligomerization allows the enzyme to bind and methylate multiple CpG
sites in a cooperative manner, thus exponentially increasing its catalytic activity (118). Our
previous biochemical studies show that in DNMT3A-C, the Arg882His substitution results in loss
of cooperativity, causing a significant decrease in its catalytic activity. Interestingly, we also
reported that in DNMT3B, which is a non-cooperative enzyme, the homologous mutation,
Arg829His, has no effect on its catalytic activity in vitro (201). Further, the DNMT3A-C
Arg882His variant was shown to have a bias for G at N+3 position from CpG site (N=CG
dinucleotide) (144). This is supported by the interaction of Arg882 with phosphate backbone at
the N+3 position observed in co-crystal structure of the DNMT3A-C/DNA complex (123).
However, it is unclear whether change in flanking sequence preference is directly due to the
substitution of Arg with His or caused by loss of cooperative mechanism in the variant enzyme.
Our data show that all variants of Arg882 found in AML patients have low catalytic activity
and lack a cooperative mechanism. We further show that in the absence of cooperative mechanism
at low enzyme concentrations, the WT DNMT3A-C enzyme prefers G at the N+3 position, thus
behaving like the AML variant, DNMT3A-C Arg882His. To test the role of cooperativity, we
compared the flanking sequence preference of non-cooperative enzyme DNMT3B, with that of the
DNMT3A-C WT and the Arg882His variant. DNA methylation of 124 CpGs in four different
substrates was rank ordered to compute consensus sequence motifs that are preferred by these
enzymes. Interestingly, our data show that the Arg882His variant and DNMT3B-C have a similar
preference for nucleotides at N+1, 2 and 3 positions flanking the CpG site. These data strongly
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support that the gain of flanking sequence preference is due to loss of cooperative mechanism in
DNMT3A-C Arg882His enzyme and suggest that the variant could methylate DNMT3B-C
preferred sites. We tested this “gain of function” prediction by expressing WT mouse DNMT3A
or the Arg878His (corresponding to Arg882His in human DNMT3A) in DNMT3A/3B double
knockout (DKO) mESCs. Our data show that whereas the DNMT3A Arg878His variant failed to
rescue methylation at the major satellite repeats (DNMT3A preferred target sites), its ability to
methylate the minor satellite repeats (DNMT3B preferred target sites) was comparable to that of
DNMT3A WT enzyme. Further, our analysis of the CpG flanking sequences of the satellite repeats
show that whereas major satellite repeats have an A or T at the N+3 position, the minor satellite
repeats are enriched in G at N+3 position. This observation provides the previously unknown
explanation for the substrate specificity of DNMT3A and DNMT3B for major and minor satellite
repeats, respectively. Taken together, our data provide novel mechanistic insights into DNMT3A
and DNMT3B substrate specificities that could influence the oncogenic potential of these enzymes.
We suggest that in leukemia, DNMT3A Arg882His substitution establishes a DNMT3B-like
activity, the tumorigenic properties of which are exploited by cancer cells.

3.4

Materials and Methods

3.4.1 Protein Purification
Human DNMT3A-C WT, DNMT3A-C Arg882His, DNMT3A-C Arg882Cys, and
DNMT3A-C Arg882Ser, and mouse DNMT3B-C WT, DNMT3B-C Arg829His, and DNMT3BC Glu703Ala in pET28a(+) with a 6X His tag, were expressed and purified using affinity
chromatography as described (201). Briefly, transformed BL21 (DE3) pLys cells were induced
with 1 mM IPTG at OD600 0.3 and expressed for 2 h at 32°C. Harvested cells were washed with
STE buffer (10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, 0.1 M NaCl), and suspended in Buffer A
(20 mM Potassium Phosphate (pH 7.5), 0.5 M NaCl, 10% (v/v) glycerol, 1 mM EDTA, 0.1 mM
DTT, 40 mM imidazole). Cells were disrupted by sonication, followed by removal of cell debris
by centrifugation. Clarified lysate was incubated with 0.4 mL Ni-NTA agarose for 3 h at 4°C. The
protein bound slurry was packed in a 2 ml BioRad column and washed with 150 ml Buffer A.
Protein was eluted using 200 mM imidazole in Buffer A at pH 7.5, then stored in 20 mM HEPES
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pH 7.5, 40 mM KCl, 1 mM EDTA, 0.2 mM DTT and 20% (v/v) glycerol at -80°C. The purity and
integrity of recombinant proteins were checked by SDS-PAGE gel.

3.4.2 DNA Methylation assays using radiolabeled AdoMet
Radioactive methylation assays to determine kinetics parameters of recombinant enzymes
were performed using 3H-labelled S-Adenosylmethionine (AdoMet) as a methyl group donor and
biotinylated oligonucleotides of varying sizes bound on avidin-coated high-binding Elisa plates
(Corning) as described(153). The DNA methylation reactions were carried out using either 250
nM 30-bp/32-bp DNA substrate in methylation buffer (20 mM HEPES pH 7.5, 50 mM KCl, and
1 mM EDTA, 5 μg/ml BSA). The methylation reaction included 0.76 μM [methyl-3H] AdoMet
(PerkinElmer Life Sciences). Storage buffer was added to compensate for the different enzyme
volumes in all reactions. Incorporated radioactivity was quantified by scintillation counting.

3.4.3 Processivity Assays
Methylation kinetics analyses were performed using two enzyme concentrations and short
oligonucleotide 30-bp and 32-bp substrates with 1 and 2 CpG sites, respectively. Low enzyme
concentrations relative to DNA substrate concentrations were used to ensure that the reaction
occurred under multiple turnover conditions. Each DNA substrate was used at 250 nM, and a 1:1
ratio of labelled and unlabeled AdoMet (final concentration 1.5 μM) was used.

3.4.4 Cooperativity Assays
To examine cooperativity, increasing concentrations of enzyme were pre-incubated with
DNA substrate for 10 minutes at room temperature prior to the addition of AdoMet to start the
reaction. AdoMet was a mixture of unlabeled and 0.76 µM 3[H]-labeled AdoMet to yield a final
concentration of 2 μM. Methylation assays were performed using 100 ng of an unmethylated
pUC19 plasmid purified from dam-/dcm- E.coli strain (C2925I, NEB) or a 1-kb fragment
containing 14 CpG sites amplified from the Meis1 enhancer were used as DNA substrates for filter
binding assays. Briefly, 10 µl reaction mix was spotted on 0.5 in DE81 filter that was then washed
5 times in 0.2 M ammonium bicarbonate (NH4HCO3), washed 2-3 times with 100% ethanol, and
air dried. Incorporated radioactivity was quantified by scintillation counting (202).
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3.4.5 Flanking Sequence Preference
In vitro DNA methylation reactions were carried out using 100ng of a 509-bp DNA
fragment amplified from the SUHW1 promoter, 100 ng of a 1-kb DNA fragment amplified from
the Meis1 enhancer region, 100 ng of a 721-bp DNA fragment amplified from the Sirt4 enhancer
region, or 100 ng of a 1092-bp region of the pUC19 plasmid. Methylation reactions were carried
out in methylation buffer (20 mM HEPES pH 7.5, 50 mM KCl, 1 mM EDTA, and 0.05 mg/ml
BSA using varying concentrations of each enzyme at 37°C. Samples were taken at 10, 30, or 60
minutes and reaction was stopped by freeze/thaw. DNA methylation was analyzed by bisulfite
sequencing as described below.
Flanking sequence preference was also measured using short oligonucleotides and DNA
methylation assays using radiolabeled AdoMet as described above. Sixteen different 30-bp
substrates were used with varying combinations of the second and third nucleotide around the CpG
site on either side (Table 3.1).

66

Table 3.1 Table containing the sequences of each 30-bp substrate used to determine substrate
specificity at the N+2 and N+3 nucleotide positions. To make sure each side of the substrate is
methylated equally, the flanking sequencing is the same on each side of the CpG site.

3.4.6 Bisulfite Sequencing
Bisulfite conversion was performed using EpiTect Fast Bisulfite Conversion Kit (Qiagen,
59802) according to the manufacturer’s protocol. PCR amplifications were performed with
primers as described (118). The pooled samples were sequenced using NGS on Wide-Seq platform.
The reads were assembled and analyzed by Bismark and Bowtie2. Methylated and unmethylated
CpGs for each target were quantified, averaged, and presented as percent CpG methylation.
Methylation assays were done at least 3 times using 3 different enzyme preparations and average
percent methylation for each CpG was used to calculate preference. The standard error of the mean
(SEM) for total percent methylation at all CpGs for each enzyme was also reported.
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3.4.7 Rescue Experiments in mESCs
WT (J1) and DNMT3A/3B DKO mESCs were cultured on gelatin-coated petri dishes in
mESC medium (DMEM supplemented with 15% fetal bovine serum, 0.1 mM nonessential amino
acids, 0.1 mM -mercaptoethanol, 50 U/mL penicillin, 50 g/mL streptomycin, and 103 U/mL
leukemia inhibitory factor) (86). For the generation of stable clones expressing DNMT3A or
DNMT3B proteins, mESCs were transfected with plasmid vectors using Lipofectamine 2000
(Invitrogen) and then seeded at low density on dishes coated with feeder cells, selected with 6
g/mL of Blasticidin S HCl (Gibco) for 7-10 days, and individual colonies were picked. Southern
blot analysis of DNA methylation at the major and minor satellite repeats were performed as
previously described (143, 190).

3.4.8 Comparative Flanking Sequence Preference Analysis
To compare the flanking sequence preference of different enzymes, we first calculated
average percent methylation of all CpG sites in the substrate. The fractional variance (v) at each
CpG site was calculated by dividing in the percent methylation of each site by average methylation.
The preference for a site by an enzyme (B) over enzyme (A) was calculated as relative change (vB
– vA)/ vA, Positive values indicate a preference of enzyme B for a site and values greater than or
equal to 1 were considered significant given the preference is more than 2-fold (Table 3.2).
To determine the fractional distribution of nucleotides at preferred sites the occurrence of each
nucleotide at N+1/2/3 positions was calculated as a fraction (N=CG dinucleotide). At each position,
the number of times each nucleotide occurred was divided by the total number of preferred sites
to compute the fractional occurrence.
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Table 3.2 Data analysis for Figures 3.4B and 3.6A.
Data from Fig 2b.
Base
Site No. DNMT3A-C WT 1 µM% Fractional Variance (A) DNMT3A-C WT 0.25 µM% Fractional Variance (B) Relative Change ((B-A)/A) Fold Change 2^((B-A)/A)
71
1
9.5
0.526367864
1.5
1.019417476
0.936701584
1.914146941
89
2
34.9
1.93370931
2.4
1.631067961
-0.156508193
0.897193956
94
3
30.5
1.689917879
2.6
1.766990291
0.045607194
1.03211748
100
4
7.1
0.393390719
1.6
1.087378641
1.764118693
3.396664423
104
5
21.3
1.180172158
2.3
1.563106796
0.32447354
1.252207407
112
6
5.5
0.30473929
1.1
0.747572816
1.45315534
2.738062427
114
7
4.8
0.265954289
1.1
0.747572816
1.81090716
3.508628402
120
8
19.8
1.097061443
1.3
0.883495146
-0.194671227
0.873771996
122
9
9.2
0.509745721
1
0.67961165
0.333236598
1.259836572
127
10
10.5
0.581775007
1.2
0.815533981
0.401803051
1.321158036
137
11
24.4
1.351934303
1.7
1.155339806
-0.145417197
0.904117888
142
12
37.6
2.083308598
2.2
1.495145631
-0.282321576
0.822266765
176
13
10.6
0.587315722
1.1
0.747572816
0.27286362
1.208203625
185
14
13.4
0.742455724
1.5
1.019417476
0.373034705
1.295074152
187
15
29.6
1.640051449
1.6
1.087378641
-0.336985043
0.791694073
192
16
38.5
2.133175027
2.1
1.427184466
-0.330957635
0.795008596
198
17
45.5
2.521025032
2.3
1.563106796
-0.379971727
0.76845265
212
18
14.4
0.797862867
1.2
0.815533981
0.022148058
1.015470309
228
19
29.9
1.656673593
1.8
1.223300971
-0.261592038
0.834166894
230
20
12.6
0.698130009
1.3
0.883495146
0.265516644
1.202066444
238
21
15.7
0.869892154
1.4
0.951456311
0.093763527
1.067150407
244
22
25.1
1.390719303
1.4
0.951456311
-0.315853092
0.803375799
255
23
5.7
0.315820718
0.7
0.475728155
0.506323454
1.420425784
261
24
19.1
1.058276442
1.3
0.883495146
-0.16515656
0.891831734
267
25
11.7
0.64826358
1.3
0.883495146
0.362864078
1.285976321
278
26
8.7
0.482042149
1.5
1.019417476
1.114789086
2.165633464
281
27
8.8
0.487582863
1.1
0.747572816
0.533222087
1.447157643
284
28
8.7
0.482042149
0.8
0.54368932
0.127887513
1.092692538
290
29
52.1
2.88671218
3.6
2.446601942
-0.152460727
0.899714559
306
30
22.2
1.230038587
1.5
1.019417476
-0.171231304
0.8880844
309
31
16.4
0.908677154
1.4
0.951456311
0.047078499
1.033170602
312
32
18.8
1.041654299
1.7
1.155339806
0.109139382
1.078584631
315
33
9.2
0.509745721
0.9
0.611650485
0.199912938
1.148629037
318
34
8.3
0.459879292
1.1
0.747572816
0.625584864
1.542836159
320
35
14.3
0.792322153
1.2
0.815533981
0.029295947
1.020513981
324
36
41.6
2.304937172
2.9
1.970873786
-0.144933836
0.904420855
334
37
20.1
1.113683586
1.7
1.155339806
0.037403999
1.026265491
336
38
18.4
1.019491442
1.6
1.087378641
0.066589278
1.047237946
338
39
14.8
0.820025725
1.2
0.815533981
-0.005477565
0.99621044
340
40
24.5
1.357475017
1.5
1.019417476
-0.24903408
0.841459605
357
41
13.5
0.747996438
1.6
1.087378641
0.453721683
1.369568744
375
42
15.3
0.847729297
1.4
0.951456311
0.122358652
1.088513011
378
43
13.5
0.747996438
1.6
1.087378641
0.453721683
1.369568744
380
44
10.5
0.581775007
1.4
0.951456311
0.635436893
1.553408099
386
45
6.4
0.354605719
0.6
0.40776699
0.149916566
1.109505305
389
46
5.6
0.310280004
0.8
0.54368932
0.752253814
1.684422222
391
47
11.3
0.626100722
0.9
0.611650485
-0.023079732
0.984129632
397
48
30.5
1.689917879
1.7
1.155339806
-0.316333758
0.803108182
412
49
31.3
1.734243594
2.6
1.766990291
0.01888241
1.013174315
414
50
18.4
1.019491442
1.4
0.951456311
-0.066734382
0.954796788
416
51
25.3
1.401800732
1.5
1.019417476
-0.272780038
0.827723006
424
52
17.9
0.99178787
1.2
0.815533981
-0.177713294
0.884103211
436
53
13.9
0.770159296
0.7
0.475728155
-0.382299015
0.767214018
439
54
12.1
0.670426437
0.9
0.611650485
-0.087669502
0.94104166
447
55
5.7
0.315820718
0.6
0.40776699
0.291134389
1.223602016
449
56
5.7
0.315820718
0.8
0.54368932
0.721512519
1.648909843
AVG
18.04821429
1.471428571
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Sites preferred by DNMT3B-C WT compared to DNMT3A-C WT
N+1
N+2
N+3
G
T
G
C
A
C
C
G
G
G
C
G
Fractional distribution of bases at the preferred sites
N+1
N+2
N+3
A
0
0.25
0
C
0.5
0.25
0.25
G
0.5
0.25
0.75
T
0
0.25
0

Table 3.2 continued
Data from Fig 3a
Base
Site No. DNMT3A-C WT % Fractional Variance (A) DNMT3B-C WT % Fractional Variance (B) Relative Change ((B-A)/A) Fold Change 2^((B-A)/A)
71
1
9.5
0.526367864
2.8
1.154639175
1.193597396
2.287223575
89
2
34.9
1.93370931
0.8
0.329896907
-0.829396846
0.562764471
94
3
30.5
1.689917879
11.9
4.907216495
1.903819503
3.742025794
100
4
7.1
0.393390719
1
0.412371134
0.048248252
1.034008648
104
5
21.3
1.180172158
7.1
2.927835052
1.480854197
2.791139434
112
6
5.5
0.30473929
1.8
0.742268041
1.435747757
2.705223436
114
7
4.8
0.265954289
0.9
0.371134021
0.395480486
1.315380772
120
8
19.8
1.097061443
2
0.824742268
-0.248226001
0.841931053
122
9
9.2
0.509745721
2.1
0.865979381
0.698845809
1.623205669
127
10
10.5
0.581775007
1.1
0.453608247
-0.220302967
0.858385156
137
11
24.4
1.351934303
4.2
1.731958763
0.28109684
1.215118353
142
12
37.6
2.083308598
0.9
0.371134021
-0.821853555
0.565714653
176
13
10.6
0.587315722
2.9
1.195876289
1.036172785
2.050780073
185
14
13.4
0.742455724
0.9
0.371134021
-0.500126393
0.707044835
187
15
29.6
1.640051449
1.8
0.742268041
-0.547411734
0.6842466
192
16
38.5
2.133175027
3
1.237113402
-0.420060058
0.747393511
198
17
45.5
2.521025032
2
0.824742268
-0.672854392
0.627264408
212
18
14.4
0.797862867
1.6
0.659793814
-0.173048601
0.886966425
228
19
29.9
1.656673593
1.3
0.536082474
-0.676410322
0.625720241
230
20
12.6
0.698130009
1.6
0.659793814
-0.054912687
0.962652702
238
21
15.7
0.869892154
2.1
0.865979381
-0.004497997
0.996887081
244
22
25.1
1.390719303
1.5
0.618556701
-0.555225343
0.680550751
255
23
5.7
0.315820718
0.9
0.371134021
0.175141462
1.12907511
261
24
19.1
1.058276442
0.8
0.329896907
-0.68826963
0.62059775
267
25
11.7
0.64826358
1.4
0.577319588
-0.109436955
0.926949755
278
26
8.7
0.482042149
1.6
0.659793814
0.368747143
1.29123102
281
27
8.8
0.487582863
2.3
0.948453608
0.945215223
1.92547611
284
28
8.7
0.482042149
1.3
0.536082474
0.112107054
1.080805599
290
29
52.1
2.88671218
2.8
1.154639175
-0.60001583
0.659746716
306
30
22.2
1.230038587
5.4
2.226804124
0.810353063
1.753640549
309
31
16.4
0.908677154
0.9
0.371134021
-0.591566687
0.663621859
312
32
18.8
1.041654299
1.1
0.453608247
-0.564530912
0.676175237
315
33
9.2
0.509745721
1.4
0.577319588
0.132563873
1.096240145
318
34
8.3
0.459879292
1.4
0.577319588
0.255372003
1.193643488
320
35
14.3
0.792322153
1.2
0.494845361
-0.375449293
0.770865308
324
36
41.6
2.304937172
2.6
1.072164948
-0.534839838
0.690235299
334
37
20.1
1.113683586
2.7
1.113402062
-0.000252786
0.999824797
336
38
18.4
1.019491442
2.2
0.907216495
-0.110128386
0.926505608
338
39
14.8
0.820025725
1.3
0.536082474
-0.346261394
0.786619909
340
40
24.5
1.357475017
1.6
0.659793814
-0.513955096
0.700299957
357
41
13.5
0.747996438
2.5
1.030927835
0.378252332
1.299766376
375
42
15.3
0.847729297
2
0.824742268
-0.027116001
0.981380152
378
43
13.5
0.747996438
1.6
0.659793814
-0.117918508
0.921516238
380
44
10.5
0.581775007
2.7
1.113402062
0.913801809
1.884003715
386
45
6.4
0.354605719
4.4
1.81443299
4.116761782
17.34877367
389
46
5.6
0.310280004
1.5
0.618556701
0.993543551
1.99106946
391
47
11.3
0.626100722
3.3
1.360824742
1.17349173
2.255569485
397
48
30.5
1.689917879
4.3
1.773195876
0.049279316
1.034747897
412
49
31.3
1.734243594
2.4
0.989690722
-0.429324274
0.742609525
414
50
18.4
1.019491442
2.6
1.072164948
0.051666453
1.036461447
416
51
25.3
1.401800732
2.2
0.907216495
-0.352820644
0.783051639
424
52
17.9
0.99178787
3.2
1.319587629
0.330513983
1.257461285
436
53
13.9
0.770159296
1.5
0.618556701
-0.196845763
0.872455974
439
54
12.1
0.670426437
6.2
2.556701031
2.813544469
7.030096382
447
55
5.7
0.315820718
2
0.824742268
1.611425471
3.055535983
449
56
5.7
0.315820718
5.2
2.144329897
5.789706224
55.31911704
AVG
18.04821429
2.425
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Sites preferred by DNMT3B-C WT compared to DNMT3A-C WT
N+1
N+2
N+3
G
G
G
G
C
G
G
C
T
G
C
A
C
G
G
G
C
C
C
G
G
G
C
T
G
C
T
C
T
G
C
G
G
Fractional distribution of bases at the preferred sites
N+1
N+2
N+3
A
0
0 0.090909
C
0.363636 0.545455 0.090909
G
0.636364 0.363636 0.545455
T
0 0.090909 0.272727

3.4.9 Individual Flanking Sequence Preference Analysis
Analysis of the bisulfite sequencing data was performed to determine optimal flanking
sequence preferred by each enzyme. To consider the uneven distribution of nucleotides flanking
the CpG site, the occurrence of each nucleotide at the N+1/2/3 positions (p1n, p2n, and p3n) was
calculated by dividing the number of times it occurred by the total number of CpG sites (s(p1n),
s(p2n), s(p3n)). The expected occurrence of a trinucleotide set (O) was computed by multiplying
the occurrence of three nucleotides as described by equation (1). This created an expected value,
which would predict the probability at which this trinucleotide set would be methylated if there
were no flanking sequence preference by the enzyme. With the data obtained from bisulfite
sequencing, the fractional methylation (f) for each CpG site was calculated by dividing percent
methylation at a site by sum of percent methylation at all sites as described by equation (2).
Fractional methylation was sorted by nucleotides at position N+1/2/3 (f(p1n), f(p2n), and f(p3n))
and summed for each nucleotide at a position (Σf(p1n), Σf(p2n), and Σf(p3n)). The methylation for
the flanking trinucleotide sets (M) was calculated then multiplying the summed value for a
nucleotide at the three positions as described by equation (3). This gives us the value for observed
methylation value at a CpG with a specific flanking trinucleotide. The preference for a flanking
trinucleotide by an enzyme was calculated by determining the fold change between the observed
and expected values as described by equation (4) (Table 3.3).
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Table 3.3 Data for Figure 3.9A, DNMT3A-C WT at 10 minutes on the 509-bp substrate.
Data from Fig 5a
Base
N +1

N +2

N +3

Occurrence (O)

No. of sites /56 (s)

Trinucleotide Seq Occurrence (O= s(p1n)*s(p2n)*s(p3n))

71 G

C

T

9.5

0.009399426

N + 1 position (p1)

s(p1n)

AAA

0.001912625

0.001727035

1.69313967

89 C

T

C

DNMT3A WT % Fractional Methylation (f)
34.9

0.034530523

A (p1A)

0.142857143

AAC

0.005737875

0.003251841

1.364222573

94 G

C

A

30.5

0.030177105

C (p1C)

0.517857143

AAG

0.004911621

0.001937353

0.135002855

100 C

A

C

7.1

0.007024834

G (p1G)

0.303571429

AAT

0.002738879

0.001913086

1.220831198

104 G
112 C
114 G

C
G
T

C
G
G

21.3
5.5
4.8

0.021074503
0.005441773
0.004749184

T (p1T)

0.035714286

ACA
ACC
ACG

0.008294
0.024882
0.021298992

0.013750278
0.025890453
0.015424785

0.98310352
0.74090418
-0.164236381

120 C

G

A

19.8

0.019590383

A (p2A)

0.107142857

ACT

0.011877008

0.015231572

0.635317401

122 A

C

C

9.2

0.009102602

C (p2C)

0.464285714

AGA

0.005737875

0.006666135

127 C

A

G

10.5

0.010388839

G (p2G)

0.321428571

AGC

0.017213625

0.012551692

0.312625156

137 G
142 C
176 C

C
C
T

T
A
G

24.4
37.6
10.6

0.024141684
0.037201939
0.010487781

T (p2T)

0.107142857

AGG
AGT
ATA

0.014734863
0.008216637
0.001912625

0.007477936
0.007384266
0.001870038

-0.369842198
0.233013732
0.45999212

185 C

G

C

13.4

0.013258138

A (p3A)

0.125

ATC

0.005737875

0.003521102

0.281681141

187 C

C

A

29.6

0.029286633

C (p3C)

0.375

ATG

0.004911621

0.002097771

-0.384697629

192 C

C

C

38.5

0.038092411

G (p3G)

0.321428571

ATT

0.002738879

0.002071494

0.203946488

198 T
212 G
228 C
230 A
238 G

C
A
G
G
C

C
T
A
C
C

45.5
14.4
29.9
12.6
15.7

0.045018304
0.014247551
0.029583457
0.012466607
0.015533788

T (p3T)

0.178571429

CAA
CAC
CAG
CAT
CCA

0.006848
0.020544
0.017585664
0.009806336
0.029696

0.00617995
0.011636252
0.006932543
0.006845705
0.04920342

1.094252843
0.838478672
-0.11739336
0.726973948
0.542110954

244 C

A

C

25.1

0.024834273

A (p1A)

0.106955575 Σf(p1A)

CCC

0.089088

0.092645315

0.353770682

255 G

A

G

5.7

0.005639656

C (p1C)

0.597704561 Σf(p1C)

CCG

0.076259328

0.055195405

-0.350089282

261 C

T

C

19.1

0.018897794

G (p1G)

0.226080934 Σf(p1G)

CCT

0.042524672

0.054504022

0.271663759

267 G
278 G
281 G

G
C
C

G
G
G

11.7
8.7
8.8

0.011576135
0.008607896
0.008706837

T (p1T)

0.069258929 Σf(p1T)

CGA
CGC
CGG

0.020544
0.061632
0.052756992

0.023853818
0.044914449
0.026758732

0.162736959
0.020730189
-0.509973514

284 A

C

T

8.7

0.008607896

A (p2A)

0.076283764 Σf(p2A)

CGT

0.029419008

0.02642355

-0.041177647

290 C

C

T

52.1

0.051548432

C (p2C)

0.543880479 Σf(p2C)

CTA

0.006848

0.006691665

0.13532643

306 G

C

G

22.2

0.021964975

G (p2G)

0.272781241 Σf(p2G)

CTC

0.020544

0.012599763

-0.003332652

309 C
312 C
315 A

C
C
C

G
G
G

16.4
18.8
9.2

0.016226378
0.01860097
0.009102602

T (p2T)

0.107054517 Σf(p2T)

CTG
CTT
GAA

0.017585664
0.009806336
0.004052625

0.007506575
0.007412547
0.005580643

-0.521525469
-0.063781064
0.544628536

318 C

G

C

8.3

0.00821213

A (p3A)

0.169585436 Σf(p3A)

GAC

0.012157875

0.010507814

0.355980788

320 C

A

C

14.3

0.01414861

C (p3C)

0.446621154 Σf(p3C)

GAG

0.010407141

0.006260253

-0.349028267

324 C

C

T

41.6

0.041159592

G (p3G)

0.183536163 Σf(p3G)

GAT

0.005803359

0.006181836

0.273739821

334 C
336 C
338 C
340 T
357 A
375 G
378 C
380 A
386 G
389 C
391 G
397 A
412 C
414 C
416 C
424 C
436 A
439 G
447 C
449 G

G
G
G
C
T
C
G
G
C
G
C
G
G
G
T
C
C
C
G
G

C
C
T
C
T
G
A
A
G
G
T
C
C
C
C
C
G
T
G
G
SUM

20.1
18.4
14.8
24.5
13.5
15.3
13.5
10.5
6.4
5.6
11.3
30.5
31.3
18.4
25.3
17.9
13.9
12.1
5.7
5.7
1010.7

0.019887207
0.018205204
0.014643317
0.024240625
0.013357079
0.015138023
0.013357079
0.010388839
0.006332245
0.005540714
0.01118037
0.030177105
0.030968636
0.018205204
0.025032156
0.017710498
0.013752845
0.011971901
0.005639656
0.005639656

T (p3T)

0.200257247 Σf(p3T)

GCA
GCC
GCG
GCT
GGA
GGC
GGG
GGT
GTA
GTC
GTG
GTT
TAA
TAC
TAG
TAT
TCA
TCC
TCG
TCT
TGA
TGC
TGG
TGT
TTA
TTC
TTG
TTT

0.017574
0.052722
0.045130032
0.025165968
0.012157875
0.036473625
0.031221423
0.017410077
0.004052625
0.012157875
0.010407141
0.005803359
0.0004815
0.0014445
0.001236492
0.000689508
0.002088
0.006264
0.005361984
0.002990016
0.0014445
0.0043335
0.003709476
0.002068524
0.0004815
0.0014445
0.001236492
0.000689508

0.044431868
0.083660941
0.049842775
0.049218439
0.02154057
0.040558824
0.024163777
0.023861099
0.006042734
0.011377888
0.006778617
0.006693708
0.000579974
0.001092036
0.000650604
0.000642454
0.004617631
0.008694555
0.005179965
0.00511508
0.002238627
0.00421512
0.002511247
0.002479791
0.000627998
0.001182459
0.000704475
0.000695651

0.137393029
-0.001518449
-0.520654517
-0.062076894
-0.142416498
-0.247154429
-0.638578075
-0.292814919
-0.162633295
-0.264902119
-0.647098288
-0.309486202
0.540693657
0.352526481
-0.350686591
0.27049502
0.134495566
-0.004062041
-0.52187563
-0.064466215
-0.144601157
-0.249072272
-0.639498783
-0.294616444
-0.164766453
-0.266774751
-0.647997291
-0.311245258

N + 2 position (p2)

N + 3 position (p3)

Methylated (M)
N + 1 position (p1)

N + 2 position (p2)

N + 3 position (p3)

s(p2n)

s(p3n)

Σf(p1n)

Σf(p2n)

Σf(p3n)
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Methylated ( M = Σf(p1n)*Σf(p2n)*Σf(p3n))

Fold Change ((M-O)/O)

0.495241151

3.4.10 Equations
v = fractional variance
f = fractional methylation
n = any nucleotide
A,C,G,T = specific nucleotides
s = fraction (number of sites out / 56)
p1 = nucleotide at position N+1
p2 = nucleotide at position N+2
p3 = nucleotide at position N+3
M = observed methylation based on fractional methylation
O = normalized occurrence of each site based on their frequency in the DNA substrate
Σ = sum
O = s(p1n)* s(p2n)* s(p3n)
f=

% 𝑀𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑒𝑎𝑐ℎ 𝐶𝑝𝐺
𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛

M = Σf(p1n)* Σf(p2n)* Σf(p3n)
Relative Change =

𝑀−𝑂
𝑂

(1)
(2)
(3)
(4)

3.4.11 Consensus Sequence Analysis of Major and Minor Satellite Repeats
From the mm9 genome, three regions, chr9: 3000466 – 3028144, chr9: 3033472 – 3037264,
and chr2: 98506820 – 98507474, were used for the sequences of the major satellite repeats. The
minor satellite repeat sequences were obtained from chr2:98505036-98505275 and
chr2:98506495-98506615. Additionally, more sequences were obtained from GenBank and used
for analysis (accession no. X14462.1, X14463.1, X14464.1, X14465.1, X14466.1, X14468.1,
X14469.1, X14470.1). Consensus sequences of the CpG sites and flanking regions in the major
and minor satellite repeats were built using WebLogo (https://weblogo.berkeley.edu/logo.cgi).
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3.4.12 Line and Bar Graphs
Data were analyzed using the Prism software (GraphPad). For cooperativity graphs, data
were fit with nonlinear, second order polynomial regression curves. Errors were calculated as
standard error of the mean (SEM) for two to four independent experiments, as described in the
figure legends. P-values for the relative change in flanking sequence preference was calculated
with the following formula with Excel.
p- value = 1 – BINOM.DIST(number_s, trials, probability_s, TRUE)

3.5

(5)

Results

3.5.1 The cooperative kinetics mechanism is absent in DNMT3A Arg882 variants
DNMT3A-C WT methylates neighboring CpGs on DNA by a cooperative kinetics
mechanism, in which the DNA bound tetramer promotes successive binding events through
protein-protein interaction (118). Our previous studies also show that the DNMT3A-C Arg882His
variant fails to methylate DNA by a cooperative mechanism, which could be due to impaired
tetramerization (111, 143, 201). It is not clear, however, whether this is due to the loss of Arg or
gain of His at this position. Based on the observation that many AML patients have mutations that
lead to substitution of Arg882 to Cys or Ser, we asked if these variant enzymes could methylate
multiple CpGs on a single DNA molecule in a cooperative manner. His-tagged recombinant
DNMT3A-C (MTase domain) WT and Arg882 variants were produced in E. coli and purified
using Ni-NTA affinity chromatography to about 90 – 95% purity (Figure 3.1A) (108). The
catalytic activity of DNMT3A-C Arg882 variants was compared to the WT enzyme by performing
DNA methylation assays using a 30-bp substrate containing one CpG site. Consistent with
previous reports, a 60 - 80% loss of catalytic activity was observed in all variants compared to WT
enzyme (Figure 3.2A) (111, 140, 142, 144, 200, 201). We next assayed the cooperative kinetics
mechanism of these enzymes. This is observed as an exponential relationship between the catalytic
activity and enzyme concentrations as shown for DNMT3A-C WT enzyme. However, all Arg882
variant enzymes failed to methylate the substrate in a cooperative fashion (Figure 3.2B). From
these data, we conclude that the Arg882 residue plays a key role in the cooperative mechanism of
DNMT3A-C.
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Figure 3.1 Coomassie-stained SDS-PAGE gel showing purified recombinant His-tagged
DNMT3 enzymes. (A) DNMT3A-C WT, Arg882His, Arg882C, and Arg882S. (B) DNMT3B-C
WT and DNMT3B-C Arg829His.

Figure 3.2 Relative activity and kinetics mechanism of DNMT3A-C WT and Arg882 variants.
(A) Methylation activity of 1 μM DNMT3A-C WT and Arg882 variants was measured for 5 and
10 minutes using 3[H] labelled S-Adenosylmethionine (AdoMet). The transfer of radiolabeled –
CH3 group to DNA was measured as counts per minute (CPM) using the MicroBeta scintillation
counter. (B) Methylation activity of DNMT3A-C WT and Arg882 variants was measured for 10
minutes using 100 ngs of pUC19 plasmid as a substrate, at concentrations of enzymes varying
from 0.25 to 1 μM. The enzymes were pre-incubated with DNA for 10 minutes at room
temperature and the reaction was initiated by addition of AdoMet. Each data point is an average
and standard error of the mean (n≥3 independent experiments). The data shows reduced activity
and loss of cooperativity for all the variant enzymes.
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3.5.2 Loss of cooperativity modulates flanking sequences preference of DNMT3A
Recent co-crystal structure of DNMT3A with DNA shows that the Arg882 residue interacts
with the phosphate backbone of the nucleotide at N+3 position (N=CG dinucleotide) (123). It was
also shown that Arg882His has a preference for G at the N+3 position compared to the WT enzyme
by in vitro methylation assays where a 509-bp DNA fragment containing 56 CpG sites (SUHW1
promoter region) was used to compute relative preference of nucleotides at positions flanking the
central CpG (144). Given that the Arg882 residue is also necessary for the cooperative kinetics
mechanism of DNMT3A, we used the same experimental system and method of calculation to test
if this preference was affected by cooperative kinetics mechanism of DNMT3A (Table 3.1). We
performed in vitro methylation of the SUHW1 DNA substrate using the WT and the Arg882His
variant enzymes (Figure 3.3A). DNA methylation was quantified by bisulfite conversion and high
throughput sequencing. The preference of sites is represented by a relative change greater than 1.
Our data confirmed the previously reported G preference at N+3 for Arg882His variant compared
to the WT enzyme (Figure 3.4A). We next tested the relationship between loss of cooperative
mechanism and flanking sequence preference. We have previously shown that at a low
concentration (0.25 µM), DNMT3A-C does not multimerize on the SUHW1 promoter DNA
substrate and therefore cannot methylate multiple CpGs using cooperative mechanism, which is
observed at a higher concentration (1 µM) of the enzyme (201). DNA methylation assays were
performed using 0.25 µM and 1 µM enzyme, and the flanking sequence preferences were
compared. Strikingly, 6 out of 7 sites preferred by DNMT3A-C at 0.25 µM have G at N+3 position,
which matches the flanking sequence preference of the DNMT3A-C Arg882His variant (Figure
3.4B, Figure 3.3B). Our data therefore suggest the role of cooperativity in modulating the
interaction of the Arg882 residue with DNA.
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Figure 3.3 Bisulfite sequencing of the 509-bp substrate. (A) Sequence of the 509-bp (SUHW1
promoter region) DNA substrate used for DNA methylation assays. Underlined sequence
indicates primer-binding site for bisulfite sequencing. (B) p-values of enrichment for each base at
N+1/2/3, corresponding with Figure 3.4B.
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Figure 3.4 Effect of cooperativity on flanking sequence preference by DNMT3A-C. (A,B) DNA
methylation of the 56 CpG sites in the SUHW1 promoter region (509-bp) substrate was analyzed
using bisulfite sequencing. Methylation reaction was carried out using 1 µM DNMT3A-C WT,
and 1 µM DNMT3A-C Arg882His in (A), and 0.25 µM and 1 µM DNMT3A-C WT in (B). Top
panel shows relative preference calculated for each CpG site (1-56) by the DNMT3A-C
Arg882His compared to DNMT3A-C WT in (A), and 0.25 µM compared to 1 µM of DNMT3AC WT in (B). Relative preference of 1 is equal to a 2-fold change, and is represented by blue and
light pink bars, respectively. Bottom panel shows the fractional distribution of nucleotides at the
preferred sites. Each bar represents nucleotides at positions N+1/2/3 respectively from the CpG
site. Data presented are an average n=3 independent experiments. The data show DNMT3A-C
WT at low concentrations have flanking sequence preference similar to DNMT3A-C Arg882His
variant.

78

3.5.3 Flanking sequence of DNMT3B has similarity to that of DNMT3A Arg882His
DNMT3B is a homolog of DNMT3A that is frequently overexpressed in tumors, including
AML (192, 198). Similar to DNMT3A-C Arg882His variant, DNMT3B-C functions as a noncooperative enzyme (201). Therefore, we asked if DNMT3B-C and the DNMT3A-C Arg882His
variant have a similar flanking sequence preference. Although the nucleotide preference of
DNMT3B is reported for N+1 position (G), the extended flanking sequence preference has not
been thoroughly evaluated (122). Using recombinant DNMT3B-C WT and the Arg829His variant
(homologous to DNMT3A Arg882His), we performed in vitro methylation assays using 4 different
DNA substrate ranging in size from 500-1000-bp. As DNMT3B and DNMT3A Arg882His have
lower activity compared to DNMT3A WT, we used catalytically dead DNMT3B Glu703Ala
variant to detect the background of methylation analysis by bisulfite sequencing. The methylation
level was significantly higher for all the enzymes compared to the control. The SEM for the percent
methylation at all CpG sites was in the same range for all the active enzymes (Figure 3.5A, B).
Therefore, using the average percent methylation at each CpG site we computed the relative
preference for each CpG site by DNMT3A-C WT, DNMT3A-C Arg882His, and DNMT3B-C WT.
The preferred sites of DNMT3A-C Arg882His compared to DNMT3A-C WT showed pronounced
increase at 17 sites, of which 9 had G at the N+3 position and 11 had G at N+1 position (Figure
3.6A - C). Simultaneously, there were 21 sites preferred by DNMT3B-C WT compared to
DNMT3A-C WT, of which 10 had G at the N+3 position and 12 had G at N+1 position (Figure
3.6D – F). Therefore, we discovered a strong overlap in the fractional distribution of bases
preferred by DNMT3B-C with those preferred by DNMT3A-C Arg882His over the DNMT3A-C
enzyme. This was confirmed by a direct comparison of the preferred sites of DNMT3B-C WT and
the DNMT3A-C Arg882His enzyme, which showed no significant preference for a specific
nucleotide at examined CpG flanking positions at the 19 preferred sites (Figure 3.6G - I). These
data suggest that the Arg882His substitution alters the specificity of DNMT3A to be like that of
DNMT3B. Furthermore, a comparison between DNMT3B-C Arg829His variant and DNMT3B-C
WT showed a very similar flanking sequence preference between the two enzymes, suggesting
little or no effect of the Arg829 mutation on DNMT3B-C (Figure 3.5C, D). DNMT3B methylates
DNA using a processive kinetics mechanism (201), therefore, we assayed the kinetics mechanism
of the DNMT3A-C Arg882His variant. Our data confirmed that the Arg882His variant, like the
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WT enzyme, is non-processive, suggesting a specific effect of Arg882His mutation on the flanking
sequence preference of DNMT3A (Figure 3.5E).
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Figure 3.5 Methyltransferase activity of wild type and variant DNMT3 enzymes on multiple
substrates. (A) Sequences of the DNA substrates used for in vitro DNA methylation assays. In
the Meis1 enhancer sequence, the CpG site in red is commonly preferred by both DNMT3A-C
Arg882His and DNMT3B-C WT compared to DNMT3A-C WT from Figures 6B, C. (B) Scatter
plot of the average methylation of all four substrates by DNMT3A-C WT (3A WT), DNMT3AC Arg882His (3A RH), DNMT3B-C WT(3B WT), and catalytically inactive DNMT3B-C
Glu703Ala (3B EA). Each data point is calculated from the 50,000-80,000 reads and the average
is represented by the black line. The average methylation by active enzymes ranged between
4.13 – 12.64%, and the average methylation background recorded using 3B EA mutant is 0.73%.
SEM was calculated for percent methylation for at least three replicates. (C) Methylation
reaction was carried out using 1 µM DNMT3B-C WT, and 1 µM DNMT3B-C Arg829His using
the SUHW1 DNA substrate for 10 minutes. DNA methylation of the 56 CpG was analyzed using
bisulfite sequencing. Relative preference calculated for each CpG site (1-56) by the DNMT3B-C
Arg829His compared to DNMT3B-C WT is represented by orange bars. (D) Fractional
distribution of nucleotides at the preferred sites. Each bar represents nucleotides at positions
N+1/2/3 respectively from the CpG site. (E) Methylation of a 1-site and 2-site substrate at two
different enzyme concentrations. All reactions were carried out using 0.25 μM of DNA substrate
and a 1:1 ratio of radioactively labelled and unlabeled AdoMet. Samples were incubated for 60
minutes and the incorporation of radioactivity was measured as counts per minute using
scintillation counter. The ratio of incorporated methylation of the 2-site substrate compared to
the 1-site substrate was plotted at different concentrations for each enzyme. Data presented are
an average n=3 independent experiments.
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Figure 3.5 continued
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Figure 3.6 Comparative analysis of the flanking sequence preferences of DNMT3A-C WT,
DNMT3A-C Arg882His and DNMT3B-C WT. DNA methylation of 124 CpG sites in 4
substrates, SUHW1 promoter region (509-bp), Meis1 (1000-bp) and Sirt4 (721-bp) enhancer
regions, and pUC19 fragment (1092-bp), was analyzed using bisulfite sequencing. Methylation
reaction was carried out using 1 µM enzyme for 10 minutes and relative preference was
calculated for each CpG site represented on X axis from 1-124. A 2 fold or more change in
substrate preference is represented by bars (colored) greater than 1. Preferred CpG sites are
shown in pink for SUHW1, blue for Meis1, green for Sirt4, and purple for the pUC19 substrate.
DNMT3A-C Arg882His compared to DNMT3A-C WT in (A), DNMT3B-C WT compared to
DNMT3A-C WT in (D), and DNMT3B-C WT compared to DNMT3A-C Arg882His in (G). The
distribution of nucleotides at positions N+1/2/3 respectively was plotted from 17 preferred CpG
sites by DNMT3A-C Arg882His in (B), 21 preferred sites by DNMT3B-C WT in (E), and the 19
sites preferred by DNMT3B-C WT in (H). p-values of enrichment for each base at N+1/2/3,
corresponding to B, E, and H, are shown in C, F, and I respectively. Data presented are an
average n=3 independent experiments. These data show that substrate preference of DNMT3A-C
Arg882His variant is similar to that of DNMT3B-C WT.
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3.5.4 The DNMT3A Arg882His variant acquires DNMT3B-like substrate preference
The methylation assays to determine the flanking sequence preference described above
were performed for 10 minutes, which represents initial enzyme kinetics. To evaluate the substrate
preference under multiple turnover conditions, the methylation assays were carried out for 30 and
60 minutes, allowing the enzyme kinetics to enter the steady state. Compared to the flanking
sequence preference at 10 minutes, DNMT3A-C Arg882His and DNMT3B-C both showed a slight
decrease in relative preference for G at the N+3 as well as at N+1 position (Figure 3.7A-D, Figure
3.8A-C, E-G). This indicates that after methylating the preferred sites during the initial reaction,
the enzyme methylates other sites under multiple turnover conditions. A similar comparison of site
preference of DNMT3B-C WT over DNMT3A-C Arg882His variant showed no change in the
preference during the steady state reaction that is decreased at the 30 and 60 minute time points
(Figure 3.7E-F, Figure 3.8D, H). These data confirm the similarity between the DNMT3A-C
Arg882His variant and DNMT3B-C WT both in the initial and steady state reaction conditions.
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Figure 3.7 Flanking sequence preference at steady state kinetics. Methylation reactions were
carried out using 1 µM enzyme and 4 DNA substrates for 30 minutes and 60 minutes. DNA
methylation of the 124 CpG sites was analyzed using bisulfite sequencing. Top panels show the
relative preference calculated for each CpG site (1-124) at 30 min and 60 minutes by DNMT3AC WT compared to the DNMT3A-C Arg882His variant in (A, B), DNMT3B-C WT compared
to DNMT3A-C WT in (C, D), and DNMT3B-C WT compared to DNMT3A-C Arg882His in (E,
F). A 2 fold or more change in substrate preference is represented by bars (colored) greater than
1. Preferred CpG sites are shown in pink for SUWH1, blue for Meis1, green for Sirt4, and purple
for the pUC19 substrate. Bottom panels show the fractional distribution of nucleotides at the
preferred sites. Each bar represents nucleotides at positions N+1/2/3 respectively from the CpG
site. Data presented are an average n=3 independent experiments. The data show that the
similarity in flanking sequence preference between DNMT3A-C Arg882His and DNMT3B-C is
maintained during steady state kinetics.
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Figure 3.8 Enrichment for each relative site preference. (A, E) Scatter plot of the methylation of
the 509-bp substrate by each enzyme represented in Figure 4 after 30 minutes (A) or 60 minutes
(E). Each dot represents the % methylation of a CpG site, calculated from the 50,000-80,000
reads the average is represented by the black line which ranges from 6.3-15.4% for 30 minutes
and 6.7-17.5% for 60 minutes reactions. The background methylation using 3.6B EA was 0.93%
for 30 minutes and 0.91% for 60 minute time points. (B - D) p-values of enrichment for each
base at N+1/2/3 at 30 minutes, corresponding to Figure 3.7A, C, and E, respectively. (F - H) pvalues of enrichment for each base at N+1/2/3 at 60 minutes, corresponding to Figure 3.7B, D,
and F, respectively.
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Figure 3.8 continued
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3.5.5 Temporal change in flanking sequence preference by WT and variant DNMT3 enzymes
We extended the analysis of the flanking sequence preference to determine the preferred
trinucleotides at the N+1/2/3 and N-1/2/3 positions by DNMT3A-C WT, DNMT3A-C Arg882His,
and DNMT3B-C WT. The bisulfite sequencing data of four DNA substrates was used for this
analysis. Based on the occurrence of different sites, the methylation at a site was calculated as a
ratio of observed to expected fractional methylation for the specific substrate (See Methods, Table
3.2).
The top 10 preferred sites were used in WebLogo application (203) to determine the
consensus sequence logo flanking the CpG site for each enzyme. The analysis was performed for
methylation data collected at the 10, 30, and 60-minute time points to monitor the temporal order
of site preference by these enzymes (Figure 3.9A, B). As expected, the data again show a dramatic
difference in flanking sequence preference between DNMT3A-C and DNMT3B-C. Whereas
DNMT3A-C WT shows a preference for C or T at the N+1/2/3 positions, DNMT3B-C WT prefers
G and A. The preferred sequence of the DNMT3A-C Arg882His variant strikingly resembles that
of DNMT3B-C, particularly at N+1, where it loses preference for T and gains a preference for G,
and at N+2, where it gains a preference for C. Consistent with previous observations (122), the
sites with T at the N+1 position are most preferred by DNMT3A-C WT which is evident by its
preference at 10 minutes (Figure 3.9B). DNMT3A-C WT enzyme has the least preference for sites
with G at the N+1 position, evident by its appearance at 60 minutes. Comparatively, the preference
pattern at the flanking positions is similar for DNMT3B-C and DNMT3A-C Arg882His, but
different from that of DNMT3A-C WT. Both DNMT3B-C and DNMT3A-C Arg882His enzymes
prefer G at the N+1 position and C at N+2, and disfavor sites with T at the N+1 position. The
preference of all three enzymes for nucleotides at position N-1/2/3 showed a weak or no preference
(Figure 3.9B). This is in agreement with crystal structure data showing fewer interactions between
DNMT3A and the nucleotides upstream of CpG site (123).
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Figure 3.9 Trinucleotide sequence flanking CpG preferred by WT and variant DNMT3
enzymes. (A) Heat-map showing the preference of different trinucleotide sets by DNMT3A-C
WT (3AWT), DNMT3A-C Arg882His (3ARH), DNMT3B-C WT (3BWT) at 10, 30, and 60
minutes. Sequences with values greater or equal to 1 are considered as preferred. Upper panels in
blue represent the flanking sequence preference at the N +1/2/3 positions. Lower panels in purple
represent the flanking sequence preference at the N-1/2/3 positions. (B) Consensus sequence
generated by WebLogo from top ten preferred sequences by each enzyme as methylation
reaction proceeds from 10 to 60 minutes. (C) Consensus flanking sequence for methylated sites
with a G at the N+3 position. The data show that for the DNMT3A-C Arg882His variant the
nucleotide preference at N+1 and N+3 matches that of DNMT3B-C. Similarly, at methylated
sites with G at the N+3 position, inner flanking sequence are similar between DNMT3A-C
Arg882His and DNMT3B-C, whereas it is different for DNMT3A-C WT enzyme.
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Figure 3.9 continued
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We next selected CpG sites that had G at the N+3 position and generated the preferred
flanking sequence logo using the WebLogo application (203). A comparison between the
consensus sequences again show a striking similarity between DNMT3A-C Arg882His and
DNMT3B-C WT enzymes. Whereas G at the N+1 position is the most preferred nucleotide by
these enzymes, it is the least preferred by the DNMT3A-C WT enzyme. The consensus flanking
sequence of DNMT3A-C WT has a T at the N+1 position. These observations uncover the
importance of the nucleotide at the N+1 position, which can affect the interaction of DNMT3
enzymes with DNA (Figure 3.9C). We therefore tested if T at the N+1 position affects the
preference for G at the N+3 position by DNMT3B-C and DNMT3A-C Arg882His enzymes.
Methylation assays were performed using 30-bp oligonucleotide substrates, which contain a
central CpG site, and varying combinations of nucleotides at N+2/3 or N-2/3 positions. The
positions N+1 and N-1 were held constant with T and A, respectively (Table 3.3). Radiolabeled
AdoMet was used in enzyme assays and total methylation at 10 minutes was measured. Our data
show that for these substrates, the preference of DNMT3B-C and the DNMT3A-C Arg882 variants
for G at the N+3 position is lost (Figure 3.10A-E). DNMT3A-C and its variants show rather strong
preference for sites with A at the N+2 position, whereas DNMT3B-C shows a weak preference for
sites with A or C occupying the N+2 position (Figure 3.10E). Interestingly, DNMT3B-C
Arg829His shows reduced activity when compared to the WT enzyme, indicating an adverse effect
of T at N+1 position on its activity (Figure 3.10F). These data confirm our previous observations
that the interaction of DNMT3A-C Arg882His at the N+3 position is strongly influenced by the
nucleotide at the N+1 position.
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Figure 3.10 Methylation activity using short DNA substrates with varying N +2 and N +3
nucleotide sequences with T at the N +1 position. Each enzyme at 1 μM concentration was
incubated with 250 nM 30-bp substrate and a mixture of labeled and unlabeled AdoMet for 10
minutes. Total methylation activity was plotted for each dinucleotide set grouped by second
nucleotide. Error bars represent SEM of three independent experiments with two different
enzyme purifications.
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3.5.6 DNMT3A-C Arg882His and DNMT3B-C preferably methylate the same CpG site in the
Meis1 enhancer
We next tested if the change in sequence preference of DNMT3A-C Arg882His could
affect methylation of the regions that are known to be spuriously hypomethylated in AML patients
(204). The Meis1 gene is expressed during development and, by promoting the self-renewal of
progenitor-like cells, it regulates leukemogenesis and hematopoiesis (205, 206). The enhancer of
Meis1 is methylated by DNMT3A during normal hematopoietic stem cell (HSC) differentiation,
whereas in AML patients expressing the DNMT3A Arg882His variant, this region is largely
hypomethylated (204, 207). A 1-kb region of the Meis1 enhancer was used as a substrate for
methylation reactions (Figure 3.5A). The average methylation by DNMT3A-C Arg882His and
DNMT3B-C WT was significantly lower than by DNMT3A-C WT (Figure 3.11A). Examination
of the flanking sequence preference showed that DNMT3B methylated with a strong bias for one
site (#7), which had G at N+1 and A at the N+3 position (Figure 3.11B, Figure 3.5A). Interestingly,
this site was one of the two sites preferred by DNMT3A-C Arg882His (Figure 3.11C). A
comparison between DNMT3B-C and DNMT3A-C Arg882His confirmed that DNMT3B-C has a
higher preference for this site (Figure 3.11D). Although there are 3 sites in this substrate with G at
N+3 position, these sites have either T, C, or A at the N+1 position, which are weakly preferred
by DNMT3B-C as well as by the DNMT3A-C Arg882His variant. The data again confirms the
effect of the nucleotide at the N+1 position on the flanking sequence preference of DNMT3
enzymes and the effect of DNMT3A-C Arg882His on target site specificity.
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Figure 3.11 Relative activity and site preference of DNMT3 WT and mutant enzymes on Meis1
enhancer substrate. A 1-kb Meis1 enhancer region was used as substrate for in vitro methylation
reactions by DNMT3A-C WT, the Arg882His variant, and DNMT3B-C WT. (A) Methylation
activity of DNMT3A-C WT, DNMT3A-C Arg882His, DNMT3B-C WT, and catalytically
inactive DNMT3B-C Glu703Ala on the Meis1 substrate at 10 minutes, analyzed by bisulfite
sequencing. Relative preference for each of the 14 CpG sites was calculated for DNMT3B-C
compared to DNMT3A-C in (B), DNMT3A-C Arg882His compared to DNMT3A-C WT in (C),
and DNMT3B-C WT compared to DNMT3A-C Arg882His in (D). Relative preference of 1
which is equal to a 2-fold change, is represented by green, blue and pink bars, respectively. Data
presented are an average n=3 independent experiments. DNMT3A-C Arg882His and DNMT3BC prefer to methylate same site in this substrate, however DNMT3B-C shows a very strong
preference compared to the DNMT3A-C Arg882His variant.
3.5.7 Mouse DNMT3A Arg878His retains its activity for minor satellite DNA in mESCs
While DNMT3A and DNMT3B redundantly methylate many genomic regions in cells,
they also have preferred and specific targets (86, 138, 190). For example, in murine cells,
DNMT3A preferentially methylates the major satellite repeats in pericentric regions, whereas
DNMT3B preferentially methylates the minor satellite repeats in centromeric regions (86, 190).
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Based on our observations, we predicted that DNMT3A Arg882His would prefer DNMT3Bspecific targets. To test the idea, we carried out rescue experiments in late-passage DNMT3A/3B
DKO mESCs, which show severe loss of global DNA methylation, including at the major and
minor satellite repeats (190). mESCs express two major DNMT3A isoforms, DNMT3A1 (full
length) and DNMT3A2 (a shorter form that lacks the N terminus of DNMT3A1), with both
showing identical activity (143, 190, 208). We transfected DNMT3A/3B DKO mESCs with
plasmid vectors and generated stable lines expressing mouse DNMT3A1 WT, DNMT3A1
Arg878His, DNMT3B1 WT, or DNMT3B1 Arg829His (catalytically inactive DNMT3A1 and
DNMT3B1, with their PC motif in the catalytic center being mutated (101), were included as
negative controls) (Figure 3.12A). The genomic DNA from these cell lines was harvested, and
DNA methylation at the major and minor satellite repeats was analyzed by digestion with
methylation-sensitive restriction enzymes followed by Southern blot. Consistent with our previous
results (143), the ability of DNMT3A1 to rescue methylation at the major satellite repeats is
severely impaired with the Arg878His substitution (Figure 3.12B). However, at the minor satellite
repeats, which are largely methylated by DNMT3B, DNMT3A Arg878His rescues DNA
methylation comparable to the DNMT3A WT enzyme (Figure 3.12C). These data demonstrate
that the DNMT3A AML mutant specifically retains its ability to methylate DNMT3B-preferred
target sites, while losing preference for sites methylated by DNMT3A.
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Figure 3.12 Rescue of DNA methylation at the major and minor satellite repeats in DNMT3A/3B
DKO mESCs. (A) DNMT3A/3B DKO mESCs were transfected with plasmids encoding mouse
DNMT3A1 WT, DNMT3A1 Arg878His (3A1:RH), DNMT3A Pro705Val/Cys706Asp
(3A1:PC), DNMT3B1 WT, DNMT3B1 Arg829His (3B1:RH), or DNMT3B1
Pro656Gly/Cys657Thr (3B1:PC), and stable clones were derived. Total cell lysates were used to
analyze the expression of DNMT3A or DNMT3B proteins by western blot with anti-DNMT3A,
anti-DNMT3B, and anti--Actin antibodies. A long exposure of the DNMT3A blot is included to
show endogenous DNMT3A1 in WT (J1) mESCs. Note that stable clones showing similar
expression levels to those of endogenous DNMT3A or DNMT3B were used for the experiments.
(B, C) DNA methylation was analyzed by Southern blot. Genomic DNA was digested with
MaeII (major satellite repeats) or HpaII (minor satellite repeats), and probed for the major (B) or
minor (C) satellite repeats. J1 (WT) and untransfected DKO mESCs were used as controls. The
numbers on the top indicate clone#. Complete digestion due to low or no DNA methylation is
indicated by low molecular weight bands as seen in untransfected DKOs, and high molecular
weight bands as seen in J1 indicate high DNA methylation and protection from digestion.
Comparing the activity of DNMT3A1 clones 19/22 with 3A1:RH clones 15/16 at major and
minor satellite repeats shows that 15/16 methylate minor repeats similar to 19/22 whereas at
major satellite repeats the activity of 15/16 is severely impaired. (D) Consensus sequence of the
nucleotides flanking the CpG site in either the major or minor satellite repeats, created using
WebLogo shows high prevalence G at N+1 and N+3 positions at minor repeats.
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Figure 3.12 continued
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To test if the preference of DNMT3A and DNMT3B was driven by a potential sequence
bias in the major or minor satellite repeats, we computed the consensus sequence logo for +3 and
-3 flanking nucleotides around the CpG sites using the WebLogo application (138) (Figure 3.12D).
The analysis shows that the major satellite repeats are enriched with CpG sites carrying T at N+1
and A at N+3 and are depleted in CpG sites carrying G at the N+1 and N+3 positions. However,
the minor satellite repeats have a high percentage of sites with G at the N+1 and N+3 positions,
which are highly preferred by DNMT3B as well as DNMT3A Arg882His. These data confirm that
DNMT3A Arg878His acquires catalytic properties analogous to DNMT3B, which may allow it to
target DNMT3B-specific sites in somatic cells and contribute to cancer development.
Our data also show that unlike the WT enzyme, the DNMT3B Arg829His variant was
unable to rescue methylation of the major satellite repeats and only partially rescued methylation
of the minor satellite repeats (Figure 3.12B, C). This is explained by the observation that substrates
with T at the N+1 position are strongly disfavored by the DNMT3B-C Arg829His variant (Figure
3.10F), and, about half of the CpG sites in both the major and minor satellite repeats have T at the
N+1 position.
Taken together, we propose a model in which substrate specificity and kinetics mechanism
of DNMT3A and DNMT3B regulate the DNA methylation of various genomic regions. At
repetitive elements where CpG content is intermediate to high, DNMT3A WT enzyme acts
cooperatively on multiple CpGs where it prefers A and T at N+1 and N+3 positions, respectively.
Loss of cooperativity in the DNMT3A WT or DNMT3A Arg882His variant modifies the
specificity to G at both N+1 and N+3 analogous to DNMT3B (Figure 3.13). Whereas DNMT3B
methylates its targets in a processive manner, DNMT3A WT and Arg882His methylate these sites
distributively explaining the lower activity of these enzymes at these sites. Given that the DNA
methylation at repetitive elements represents the bulk of DNA methylation in mammalian genomes,
these data indicate that besides being targeted by protein-protein interaction and chromatin
modifications, DNA methylation by DNMT3A and DNMT3B is largely guided by their intrinsic
sequence preference.
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Figure 3.13 Model showing the different kinetics mechanisms of DNMT3A and DNMT3B and
their influence their flanking sequence preferences. At high concentrations, DNMT3A
methylates multiple CpG sites rapidly by using cooperative mechanism and has no strong
preference at N+1 and N+3, and a minor preference for A at N+2. However, in absence of
cooperative kinetics mechanism at low concentrations of DNMT3A enzyme, for the Arg882His
variant, and DNMT3B, the flanking sequence preference for G at the N+1 and C at the N+2
position is observed.
3.6

Discussion
Despite numerous studies addressing the biological roles of DNMT3A and DNMT3B in

development and diseases, the differences and similarities in their kinetics mechanisms remain
poorly understood. Germline mutations in DNMT3A and DNMT3B have deleterious effects and
are associated with congenital diseases (126, 193). In AML and other types of leukemia, the
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majority of somatic mutations in DNMT3A affects Arg882, mostly leading to an Arg-to-His
substitution (139). Because of its high prevalence (~20% in AML) and early occurrence during
disease development, the Arg882His variant is considered a founder mutation (209). Therefore,
the variant enzyme has been the subject of many studies. Through these studies, the Arg882His
substitution was shown to alter DNA binding properties, attenuate tetramerization, disrupt
cooperativity, and change the flanking sequence preference of the DNMT3A enzyme (111, 125,
142, 144, 201). In this study we show that the altered sequence preference of the AML variant can
potentially cause aberrant methylation of DNMT3B target sites, thus contributing to its oncogenic
potential.
We show that disruption of cooperativity alters the flanking sequence preference of
DNMT3A-C WT to match the sequence preferred by DNMT3A-C Arg882His variant,
demonstrating the effect of kinetics mechanism on substrate specificity. Using the DNA
methylation analysis of 124 CpG sites, we systematically computed the temporal order of site
preference for the DNMT3A-C WT, DNMT3A-C Arg882His, and DNMT3B-C WT enzymes. The
most important finding in this study is the discovery that the altered flanking sequence preference
of the DNMT3A-C Arg882His variant is nearly identical to the preferred substrate sequence of
DNMT3B-C. Consequently, we predicted that the DNMT3A Arg882His variant would potentially
methylate DNMT3B-specific targets. Indeed, DNA methylation of major and minor satellite
repeats rescued by the WT or mutant DNMTs in DNMT3A/3B DKO mESCs provide strong
evidence supporting this prediction. The data revealed that, compared to the DNMT3A WT, the
mouse DNMT3A Arg878His (equivalent to human DNMT3A Arg882His) variant has little effect
in rescuing DNA methylation at major satellite repeats. However, its ability to methylate the minor
satellite repeats is almost fully retained. These data demonstrated that target site specificity of
DNMT3A and DNMT3B in vivo could be strongly influenced by their respective CpG flanking
sequence preference. Consistent with this, we observed that at the minor satellite repeats CpG
flanking sequence showed an overrepresentation of G at N+1 and N+3 positions that is preferred
by DNMT3B and the DNMT3A Arg882His variant. The major satellite repeats have high
percentages of T and A at the N+1 and N+3 positions, respectively, which are preferred by
DNMT3A WT enzyme and disfavored by DNMT3B WT and the Arg829His variant.
Given that under conditions favoring non-cooperative mechanism, the flanking sequence
preference of DNMT3A WT is modified to match that of DNMT3A Arg878His variant, we
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propose that DNMT3A methylates minor satellite repeats using a non-cooperative kinetics
mechanism. This prediction also explains the rationale behind the lower activity of DNMT3A at
minor satellite repeats compared to that of DNMT3B, which methylates its target sites using
processive kinetics mechanism. Similarly, although DNMT3A Arg878His variant prefers
DNMT3B sites, it methylates these sites using a non-cooperative distributive mechanism,
explaining an incomplete rescue by the variant enzyme compared to DNMT3B. A high activity of
DNMT3A at the major satellite repeats could be justified by the cooperative mechanism used to
methylate multiple CpG sites. Therefore, these data also provide evidence for the role of distinct
kinetics properties and substrate specificity of DNMT3A and DNMT3B in selection of their
genomic target sites.
These observations also suggest that at genomic regions with sparse or dispersed CpG sites,
the absence of cooperativity would favor methylation of sequences with Gs at N+1, 3 by both
DNMT3A and DNMT3B at common target sites. However, the distinct tissue specific expression
of DNMT3A and DNMT3B ensures that these enzymes methylate their specific targets, thus
regulating their biological activity. The importance of this regulation is highlighted by aberrant
expression of DNMT3B in various types of cancer, including AML (192, 197-199). The effect of
DNMT3B overexpression in AML is similar to that of DNMT3A Arg882His mutation, leading to
an increase in stemness, downregulation in apoptotic genes, and poor patient prognosis (142, 198).
Our data here reveal a mechanism by which the DNMT3A Arg882His variant acts like the
DNMT3B enzyme, thus providing a mechanistic explanation to the aforementioned observations
in AML patients. We speculate that the oncogenic potential of DNMT3A Arg882His variant may
not be only due to its lower activity causing DNA hypomethylation in AML cells, but also due to
the gain of DNMT3B-like activity generating aberrant patterns of DNA methylation. While the
DNMT3A Arg882 mutation may have other effects, these data suggest that changes of substrate
specificity contribute to leukemogenesis caused by the DNMT3A Arg882His mutation. Thus, our
observations provide novel insights into consequences of cancer-causing mutations on the
enzymatic activity of DNMT3 enzymes.
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4.2

Abstract
Despite a large body of evidence supporting the role of aberrant DNA methylation in

etiology of several human diseases, the fundamental mechanisms that regulate the activity of
mammalian DNA methyltransferases (DNMTs) are not fully understood. Recent advances in
whole genome association studies have helped identify mutations and genetic alterations of
DNMTs in various diseases that have a potential to affect the biological function and activity of
these enzymes. Several of these mutations are germline-transmitted and associated with a number
of hereditary disorders, which are potentially caused by aberrant DNA methylation patterns in the
regulatory compartments of the genome. These hereditary disorders usually cause neurological
dysfunction, growth defects, and inherited cancers. Biochemical and biological characterization of
DNMT variants can reveal the molecular mechanism of these enzymes and give insights on their
specific functions. In this review, we introduce roles and regulation of DNA methylation and
DNMTs. We discuss DNMT mutations that are associated with rare diseases, the characterized
effects of these mutations on enzyme activity and provide insights on their potential effects based
on the known crystal structure of these proteins.

4.3

Introduction
DNA methylation is a highly conserved epigenetic modification in mammals and takes place

at the 5’ position of cytosine, largely at the CpG dinucleotide (28, 35). The distribution of DNA
methylation in mammalian genome is bimodal such that the repetitive elements and transposons
are most densely methylated and the regions with highest propensity of CpG (CpG islands) are
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least methylated (49). DNA methylation increases the information content of the genome through
its potential to control gene expression. At regulatory elements of genes, including promoters and
enhancers, DNA methylation is largely associated with repressed genes and is often tissue specific.
Conversely, high DNA methylation is found in gene bodies of highly transcribing genes. All these
observations indicate that interpretation of DNA methylation is dependent on the genomic context.
Despite the complexity of DNA demethylation, the active loss of DNA methylation has been
observed both during early development and at certain inducible genes in later adulthood (210).
Although a functional demethylase that can directly remove –CH3 groups from the 5’C of cytosine
has not been discovered, reversal of DNA methylation can be mediated by the conversion of
methyl to hydoxymethyl and higher oxidation states by TET family of methylcytosine
dioxygenases. This can lead to progressive loss of the modification because these oxidized states
unlike DNA methylation cannot be maintained. Besides being an intermediate of DNA
demethylation process, hydroxymethylation at regulatory elements, which are in the “primed state”,
alters the signal output of DNA methylation by changing its detectability (136, 211-213).
DNA methyltransferases (DNMTs) are a class of enzymes that catalyze transfer of a methyl
group from S-adenosyl-L-methionine (AdoMet) to DNA. Mammalian DNMTs belong to two
structurally and functionally distinct families, DNMT1 and DNMT3 (214-216). In somatic cells,
60-80% of CpG sites are methylated and DNMT1 diligently copies the methylation pattern from
the parent to the daughter strand post-replication and repair (35, 217, 218). This activity,
particularly, ensures the maintenance of the unmethylated regions by averting spurious de novo
DNA methylation. The DNMT3 family includes DNMT3A and DNMT3B, which are the de novo
methyltransferases, and one regulatory factor, DNMT3-Like protein (DNMT3L) (216). DNMT3L
is catalytically inactive but interacts with both DNMT3A and 3B to enhance their enzymatic
activity (100). The DNMT3 proteins are required for the establishment of genomic DNA
methylation during embryogenesis after its erasure at the preimplantation stage (218). Whereas
DNMT1 is ubiquitously expressed, DNMT3 enzymes show distinct tissue specific expression and
methylate the regulatory elements of the transcriptionally inactive genes. Several lines of evidence
including distinct phenotype of DNMT3A and DNMT3B KO mice indicate distinct biological
functions of these enzymes (86). Studies of molecular and cellular phenotypes resulting from
DNMT mutations have largely contributed to our understanding of the biological roles of DNA
methylation (187).
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Mammalian DNMTs constitute a C-terminal MTase domain, the structure of which is highly
conserved from bacteria to humans (214, 219). Given mammalian DNMTs have weak sequence
specificity, their target site recognition is guided by the N-terminal regulatory region, which
interacts with transcription factors, chromatin binding proteins, and histone-tail modifications
(220). Consequently, these interactions regulate site-specific DNA methylation leading to
differential gene expression. Abnormal pattern of DNA methylation has been observed in several
diseases and in all types of cancer. This could be caused by either loss of function of DNMTs or
their interactions with modulators (125, 221). Recent high throughput sequencing have revealed
mutations in DNMTs associated with several diseased states. Interestingly, in all reported disorders
only one of the three enzymes accumulates the mutations, leading to distinct phenotypes (222).
Although these mutations are distributed throughout the DNMT gene, most of them tend to cluster
in the functional domains of these enzymes. The adverse effect of these mutations on the catalytic
activity and function of DNMTs has been established in multiple reports (144, 145, 223-225). The
following content will discuss recent advancements in the investigation of etiological
consequences of germline - transmitted mutations in DNMT1 and DNMT3A and the effect of
these mutations on catalytic and targeting mechanism of the enzymes.

4.4

Structural and functional alterations of DNMT1 by disease associated mutations
The eukaryotic DNMT1 is a multimodular protein comprising of a replication foci-targeting

sequence (RFTS), a DNA binding CXXC domain, two bromo-adjacent homology (BAH) domains
and a C-terminal MTase domain (Figure 4.1A) (226). DNMT1 has an intrinsic preference for
hemimethylated CpG sites. This preference is further modulated by interactions of both CXXC
and RFTS domains with the DNA binding region of DNMT1 leading to autoinhibition. The CXXC
domain binds to unmethylated CpG dinucleotides and sandwiches a section of highly acidic amino
acids (the autoinhibitory BAH1-CXXC linker) between the DNA and DNMT1 active site. The
autoinhibition by RFTS is relieved by its interaction with UHRF1 (ubiquitin-like, containing PHD
and RING finger domains 1), which binds to hemimethylated CpG dinucleotides. It is suggested
that hemimethylated DNA from UHRF1 is transferred to the active site of DNMT1 after the
inhibitory RFTS has been displaced by UHRF1/hemimethylated DNA complex (227). The
multiple functional domains of the N- terminus have different roles including coordination of
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methylation and replication during S-phase, partial suppression of de novo methylation and nuclear
localization (28, 216, 228).
Exome sequencing studies revealed several mutations in DNMT1 that result in two adult
onset, progressive neurological disorders. These mutations are germline dominant and include 13
amino acid substitutions in the RFTS domain that potentially disrupt the catalytic activity of the
enzyme (Figure 4.1A). The first is hereditary sensory neuropathy with dementia and hearing loss
(HSAN1E) and the second is autosomal dominant cerebellar ataxia, deafness and narcolepsy
(ADCA-DN), caused by progressive loss of sensory neuron function (229-231).
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Figure 4.1 HSAN1E and ADCA-DN mutations in DNMT1 (A) Left Schematic representation of
the hDNMT1 gene. HSAN1E mutations are listed above the gene in light blue, while ADCA-DN
mutations are listed below the gene in red. Right Nucleotide sequence of the RFTS domain, with
the mutations highlighted in color corresponding to the schematic. (B) Crystal structure of
hDNMT1 (351 – 1600) from PDB: 4WXX. The cartoon structure of the RFTS domain is green,
the CXXC domain is purple, and the MTase domain is yellow. All disease mutations are located
in the RFTS domain, and are shown as stick structures in red. The positions of HSAN1E and
ADCA-DN mutations are shown in the left and right DNMT1 structure respectively. (C) Overlay
of the hDNMT1 RFTS domain bound (light blue) and unbound (green) to two molecules of
ubiquitin (dark blue) from PDB: 4WXX and 5YDR. When ubiquitin is bound, the RFTS domain
bends about 30° at Met502. The HSAN1E mutation Lys505del and Met502 are shown in red in
RFTS domain bound to ubiquitin and in orange in the unbound RFTS domain. (D) Model
showing the effect of mutations in the RFTS domain on the catalytic mechanism of DNMT1.
DNMT1 is auto-inhibited by the interaction of its RFTS domain with TRD in MTase domain that
prevents DNA binding. When RFTS interacts with ubiquitin, auto-inhibition is released allowing
TRD to interact with the hemi-methylated DNA. However, mutations in the RFTS that alter its
binding to ubiquitin will prevent enzyme activation, while mutations that alter its binding to the
TRD will leave the enzyme in a hyperactive state.
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4.4.1 HSAN1E
To date nine heterozygous mutations of DNMT1 gene have been identified in HSAN1E
patients. These mutations are located mostly in exon 20, which encodes part of the RFTS domain
(Figure 4.1A). The first discovered mutations include substitution of two contiguous amino acids
Asp490Glu and Pro491Arg, and a Tyr495Cys substitution. Systematic investigation revealed that
these mutations lead to protein degradation, reduced DNMT1 activity and defective binding to
heterochromatin in G2 phase (231). This ultimately leads to widespread DNA hypomethylation
including pericentromeric satellite 2 sequences, other repetitive elements, intergenic regions,
imprinted genes, and transcriptional start sites. At some CpG islands, site-specific
hypermethylation was also reported (232). In cancer cells, the deletion of RFTS domain was shown
to make DNMT1 hyperactive and available for euchromatic binding. Further, the binding to
heterochromatin was decreased, potentially due to a missing interaction of RFTS with an unknown
heterochromatin binding protein (233). Studies in mouse embryonic stem cells (ESCs) revealed
that DNMT1 mutations Pro491Tyr and Tyr495Cys lead to decreased binding with UHRF1. The
ESCs overexpressing the variant DNMT1 enzymes failed to properly differentiate into neuronal
progenitor cells, suggesting a developmental defect as a possible mechanism for disease
progression (234). In addition to the aforementioned mutations, six other mutations in RFTS
domain were identified in HSAN1E patients (Figure 4.1A) (229, 235-237). However, in absence
of their biochemical characterization, the role of several of these mutations in disease development
is not understood. Based on crystal structure analysis, we speculate that these mutations may lead
to altered domain structure or interfere with protein-protein interactions (Figure 4.1B) (238). The
UHRF1 interaction region spans from residues 458 – 500, suggesting that Thr481Pro mutation
may also cause decreased UHRF1 binding. Biochemical studies however show no effect of this
mutation on its localization to replication foci (229). Crystal structure of RFTS domain cocrystalized with ubiquitin shows interaction with two ubiquitin molecules (239). To accommodate
the binding of two ubiquitin molecules, the RFTS domain undergoes a drastic conformational
change, bending an alpha helix by about 30° at Met502 (Figure 4.1C) (239). Deletion of Lys505
may prevent the conformational change and affect the RFTS-ubiquitin interaction (239) (Figure
4.1C). His553, which is located in exon 21, interacts with Glu504 and Lys505 and may facilitate
this conformational change, which can be affected by His553Arg mutation (237) (Figure 4.1C).
Based on its position in RFTS domain, the Cys353Phe substitution may perturb zinc binding in
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the RFTS domain and/or affect protein stability (Figure 4.1B). Indeed a study using recombinant
expression of many of these variants showed cytosolic aggregation and early degradation of the
GFP-tagged mutant proteins (229). Given that, DNMT1 protein is present in appreciable levels in
neurons, cellular toxicity caused by protein aggregates, may underlie the clinical manifestations
(229). This speculation is supported by the fact that adult neurons are post-mitotic performing little
to no maintenance methylation and that the conditional deletion of DNMT1 gene in post-mitotic
neurons of mice show no obvious phenotype (240). Together these studies support the conclusion
that loss of DNMT1 targeting causes site-specific changes in DNA methylation in the HSAN1E
patients.

4.4.2 ADCA-DN
ADCA-DN patients are reported to have four missense substitutions, Ala554Val,
Cys580Arg, Gly589Ala, and Val590Phe. Similar to HSAN1E, all four mutations map to the RFTS
domain of DNMT1, however they occur exclusively in exon 21 (230, 236, 241). All four mutations
are located in the alpha helical bundle of the RFTS C-lobe, which has a hydrophobic pocket at the
center. Therefore substitutions, Ala554Val and Val590Phe, present in the hydrophobic pocket and
Gly589Ala, closely located to hydrophobic pocket, may destabilize the RFTS domain (Figure
4.1B). Further, these substitutions could also impair autoinhibition by weakening the interaction
of the RFTS C-lobe with the DNA binding region of the MTase domain, rendering the enzyme
hyperactive with the potential to be mis-targeted (Figure 4.1D). This speculation is supported by
data showing that truncation of RFTS domain leads to dysregulation of DNMT1 activity (233).
Methylation

profiling

of

ADCA-DN

patients

showed

global

hypomethylation

and

hypermethylation specifically at around 80 CpG islands of which nearly half were associated with
promoters and rest were inter- or intragenic (242). However, the effect of these changes on
expression of associated genes and consequent biological function is unknown.
Besides HSAN1E and ADCA-DN disorders, previous work has established the role of aberrant
DNA methylation in neurological disorders, such as Alzheimer’s and Parkinson’s disease (243247). However the methylation defects are potentially caused by mis-regulation of DNMTs and/or
interactions of MBD proteins, such as, MeCP2 with methylated DNA (248). Mutation of DNMT1
also cause alterations in the genome-wide DNA methylation patterns in colorectal cancer patients
(133), however none of the patients with neurological disorders were shown to develop cancer
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(136, 249). Conversely, mice carrying DNMT1 alleles with partial loss of function have
developmental delays and high incidences of leukemia without discernible neurological defects.
In summary, these studies support that germline versus somatic mutations have a spatiotemporal
effect on the activity of DNMT1 during development and adulthood.

4.5

Structural and functional alterations of DNMT3 by disease associated mutations
The DNMT3 family consists of two catalytically active DNMTs, DNMT3A and DNMT3B

and a catalytically inactive protein, DNMT3L. DNMT3A and DNMT3B have similar domain
organization; both have a variable region at the N-terminus, followed by the Pro-Trp-Trp-Pro
(PWWP) domain, a Cys-rich Zn-binding domain also called ATRX-DNMT3-DNMT3L (ADD)
domain and a C-terminal methyltransferase (MTase) domain (250). The PWWP domain targets
DNMT3A activity by binding to DNA and histone H3 methylated at Lys36 residue (H3K36me2/3)
(101-103). Co-crystal structure of the DNMT3L –ADD domain with histone H3 peptide shows
that it specifically interacts with the Lys4 residue only when it is unmethylated (H3K4me0).
Methylation of histone H3K4 (H3K4me1/2/3) disrupts this interaction (107). Interaction of the
ADD domain with the DNA binding region of the DNMT3A MTase domain was revealed in a
recent crystal structure suggesting its role in autoinhibition of the DNMT3A enzymatic activity.
This autoinhibition is relieved by the interaction of the DNMT3A-ADD domain with histone
H3K4me0 (251). The dynamic role of this regulatory mechanism was shown to regulate DNA
methylation at the enhancers of pluripotency genes during embryonic stem cell differentiation
(252).
The MTase domain comprises ten sequence motifs, which are conserved in all cytosine
DNMTs and have direct role in the catalysis (214, 219). Motifs I – III are involved in binding to
the AdoMet, whereas motifs IV and VI are required for the catalysis. The region between and
including motifs VIII and IX is called the target recognition domain (TRD) and is responsible for
DNA binding in DNMT3A (253, 254). DNMT3A forms a hetero-tetrameric structure with
DNMT3L in which two DNMT3A monomers form the center of the complex, flanked by two
DNMT3L monomers on either side (255). In the heterotetramer, the DNMT3A – 3L interaction is
mediated by two Phe residue and DNMT3A –3A interaction surface comprises Arg and Asp,
therefore named as the RD interface (100, 255). In the absence of DNMT3L, DNMT3A forms
homo-tetramers and can oligomerize on DNA (225, 254). This property facilitates DNMT3A’s
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cooperativity, where multiple enzyme units interact with DNA to methylate it at a faster rate (256).
Mutations in RD interface disrupts DNMT3A DNA binding and activity demonstrating the critical
role of protein dimerization in catalysis (225).
While there are only a handful of diseases caused by DNMT3 germline mutations, these
diseases are caused by a plethora of mutations. Among all DNMTs, the disease-causing mutations
were first discovered in DNMT3B in patients with immunodeficiency, centromeric instability, and
facial anomalies (ICF) syndrome (86, 127, 178). The implications of these mutations on DNMT3B
activity and on the etiology of ICF has been extensively investigated and reviewed (257). More
recently, a high prevalence of DNMT3A somatic mutations were observed in hematological
malignancies, Acute Myeloid Leukemia (AML) and Myelodysplastic syndrome (MDS). A series
of germline mutations in DNMT3A were discovered in patients with growth syndromes, TattonBrown-Rahman syndrome (TBRS) and microcephalic dwarfism (MD). Some of these mutations
were also found in hereditary tumors, pheochromocytomas PCC) and paragangliomas (PGL).

4.5.1 Tatton-Brown-Rahman syndrome
DNMT3A related overgrowth syndrome, also known as Tatton-Brown-Rahman syndrome
(TBRS) is an autosomal dominant condition characterized by overgrowth, distinctive facial
appearance, and intellectual disability. It is caused by heterozygous mutations in DNMT3A that
are transmitted through the germ line. In 55 TBRS patients, more than 40 distinct DNMT3A
variants have been reported. Of these, most are missense mutations (30 variants), and the rest are
nonsense variants, frameshift variants or whole gene deletions (258-265). The TBRS mutations
are specifically localized in each of the three functional domains of DNMT3A, 11 of which overlap
with the somatic DNMT3A variants found in hematological malignancies (Figure 4.2A). A recent
study performed genome-wide DNA methylation analysis of 16 TBRS patients and detailed
analysis of the methylation distribution in one patient with Arg771Gln substitution. Their data
showed widespread DNA hypomethylation at specific genomic sites located near genes involved
in morphogenesis, development, differentiation, and malignancy predisposition pathways, thus
providing an important insight into developmental mechanisms that are dysregulated in the disease
(266).
In the PWWP domain, several frameshift mutations, one deletion, and five missense
substitutions were reported (Figure 4.2A). Analysis of the crystal structure shows that the missense
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mutations cluster around the aromatic cage which interacts with H3K36me2/3 (103). Notable
mutations include Arg301Trp, Gly298Trp/Arg, Tyr365Cys and Trp297del, which are near to or
interact with the aromatic cage residues, and therefore may disrupt its binding to H3K36me2/3
(Figure 4.2B).

Figure 4.2 TBRS mutations in the PWWP and ADD domain of DNMT3A (A) Left Schematic
representation of the hDNMT3A gene, with mutations listed in different domains. Variants
unique to TBRS are highlighted in yellow, TBRS variants overlapping with hematologic
malignancies are highlighted in green, and TBRS variants at the codon that are altered to
different amino acids in hematologic malignancies are highlighted in grey. In the schematic, (*)
is used to indicate a stop codon replacement, Ffs indicates a frame-shift mutation, and CS
indicates the catalytic site. Right Nucleotide sequence of the PWWP and ADD domain, with the
mutations highlighted in the color corresponding to the schematic. (B) Two orientations of the
DNMT3A PWWP domain (PDB: 3LLR). The positions of TBRS mutations are shown as stick
structures in red, whereas residues part of the aromatic cage that bind to H3K36me2/3 shown as
stick structures in green. (C) Crystal Structure of the DNMT3A ADD domain (PDB: 4U7T), in
green bound to an unmodified H3 peptide shown as a stick structure in yellow. Grey spheres
represent bound zinc. The positions of TBRS mutations are shown as a stick structure in red.
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In TBRS patients, mutations in the ADD domain cluster around the H3K4 binding site.
Crystal structure of DNMT3A bound to H3K4me0 shows that Asp529 in the ADD domain makes
direct contact with the Lys4 of the histone H3 (251). In absence of the histone H3 peptide, Asp529
also interacts with the DNA binding region, suggesting its involvement in regulation of the
autoinhibited state. The TBRS variant Asp529Asn therefore could potentially be hyperactive and
mis-targeted. Biochemical data showing that the variant Asp529Ala is neither autoinhibited by the
ADD domain nor activated by unmethylated H3 peptide support this speculation (251). Met548
and Trp581 also make direct contact with the H3 tail, and therefore the variants Met548Thr and
Trp581Cys may have reduced interaction with histone H3. Indeed, as reported, Met548Trp variant
cannot be released from the autoinhibited state in the presence of unmethylated H3 peptide (251).
Besides these mutations Cys549, Cys562, and Cys583 are present in the zinc finger regions. These
residues mediate zinc binding and the mutations could potentially alter the DNMT3A structure or
stability.
In TBRS patients, 15 substitutions and 2 frameshift mutations in the MTase domain are
distributed in all sequence motifs (Figure 4.3A) (258, 259). We analyzed the crystal structure of
DNMT3A to predict the potential effects of TBRS mutations on its activity (Figure 4.3B). As
visualized in the structure of DNMT3A, Trp698, Pro700 and Arg736, are spatially located near
Motifs I – III, and therefore the mutations at these residues could affect the AdoMet binding and
catalysis (Figure 4.3C). Pro700 interacts with Arg635 in Motif I, and Arg736 contacts the
backbones of Arg688 in Motif III (Figure 4.3C). The most recent co-crystal structure of DNMT3A
bound to DNA shows that Ser714 interacts with phosphodiester backbone and Arg749 interacts
with Asp702 of motif IV, which is involved in catalysis (Figure 4.3D) (267). Biochemical
investigation of the TBRS substitutions Arg736His and Ser714Cys were recently reported (223).
The data show that Arg736His variant, interestingly, has a threefold increase in catalytic turnover
but is weakly stimulated by DNMT3L, and has an increased preference for non-CpG sites.
However, Ser714Cys has reduced activity as well as reduced stimulation by DNMT3L (223, 267).
These data suggest that besides having a direct effect on catalysis, these mutations could alter the
structure disrupting the interaction of DNMT3A with DNMT3L. The regions where DNMT3A
interacts with the DNA (TRD) spans from motif VIII – IX. Residues that are mutated in or near
this region include Val778, Met801, Asn838, Arg882, Phe902, and Pro904. Val778 and Met801
are spatially located near motif VIII, so their mutations to Gly and Val, respectively, may alter

112

DNMT3A’s ability to bind to DNA (Figure 4.3E). Asn838 interacts with the phosphodiester bond
between nucleotides at N+2 and N+3 from the target CpG site, suggesting that the Asn838Asp
variant may have a weak binding to DNA (Figure 4.3F) (254, 267). Phe902, Pro904 and Leu648
are spatially located near motif X (Figure 4.3G). In vitro studies show that Pro904Leu variant has
higher catalytic turnover and negligible effect on DNMT3L mediated DNMT3A stimulation (223).
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Figure 4.3 TBRS mutations in the catalytic domain of DNMT3A (A) Nucleotide sequence of the
hDNMT3A MTase domain. As seen in Figure 4.2A, variants unique to TBRS are highlighted in
yellow, TBRS variants overlapping with hematologic malignancies are highlighted in green, and
TBRS variants at the codon that are altered to different amino acids in hematologic malignancies
are highlighted in grey. (B) Crystal structure of DNMT3A bound to DNA, zoomed in to show
only one of the two monomers in the tetrameric structure (PDB: 5YX2). The MTase domain is
shown in a pink cartoon structure and the positions of TBRS mutations are shown as stick
structures in red. The second monomer of the MTase is shown in grey. (C - G) Magnified view
of the motifs I-III (C), motif IV (D - E), motif VIII (F), the TRD (G), and motif X (H) shown as
stick structures in blue and the positions of TBRS mutations shown as stick structures in red. The
black dotted lines represent interactions with nearby residues or with the DNA. (H) The interface
between DNMT3A, pink cartoon, and DNMT3L, orange cartoon. The positions of TBRS
mutations shown as stick structures in red. The black dotted lines represent interactions with
nearby residues of DNMT3L shown as stick structures in orange.
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The TBRS variant, Arg882His, which is also the most prominent somatic variant of
DNMT3A in acute myeloid leukemia (AML) patients, has been extensively studied (Figure 4.3F)
(125). Interestingly mutation of Arg882 is found in 25% AML patients and 25% of TBRS patients
indicating this to be a hotspot (265). Given the majority of TBRS patients are pediatric or young
adults, it is difficult to determine the risk of AML, because of its late onset. More recently, two
TBRS patients were diagnosed with AML in childhood supporting potential risk and susceptibility
of TBRS patients to develop AML (259).
The effect of Arg882His substitution on DNMT3A activity, reported by several studies,
causes 40%-80% loss of catalytic activity (268, 269). Arg882 interacts with the phosphodiester
bond of the nucleotide at N+3 from the target CpG site. Given the position of R882 close to the
RD interface, the mutation disrupts intermolecular interactions, thus preventing the enzyme to
form tetramers (Figure 4.3F). This in turn negatively affects DNMT3A cooperativity and decreases
its DNA binding capacity (224). More recently, the variant was shown to have altered flanking
sequence preference around the CpG site (144). However, it is not clear whether altered flanking
sequence preference is a direct consequence of the amino acid substitution or an indirect effect of
the loss of cooperativity. Based on its effect on genomic DNA methylation, Arg882His is also
suggested to have a dominant-negative effect on the wild type enzyme, however this activity was
not confirmed by in vitro experiments (144, 269, 270).
Another group of TBRS mutations includes residues Tyr735, Ser770, and Arg771,
involved in intermolecular interactions with DNMT3L (Figure 4.3H). Tyr735 and Arg771 make
direct contact with His and Asp residues in DNMT3L, respectively, so their mutation may alter
the stability of this interface. Biochemical analysis of Arg771Gln variant interestingly shows an
increase in the catalytic activity of the enzyme by 6 fold and no change in the level of stimulation
by DNMT3L (223). However other substitutions of this residue resulted in a decrease in the
stimulation by DNMT3L showing the role of this residue in stabilization of the DNMT3A-3L
interactions.
It is interesting to note that while majority of the mutated residues are highly conserved in
DNMT3B, three residues Leu648, Ser714, and Arg736 are conserved in bacterial DNA cytosine
methyltransferases including M.HhaI and M.HaeIII, suggesting the effect of substitutions on their
conserved structure and catalytic mechanism. However, compared to the level of overlap between
DNMT3A mutations found in hematologic malignancies and growth syndromes, very few
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coincide with mutations of DNMT3B found in ICF patients. Further, the effect of TBRS mutation,
Arg736His, on the activity of DNMT3A is notable given that this substitution occurs normally in
DNMT3B. This suggests that Arg736 in DNMT3A is important for the catalytic mechanism,
which has common and distinct features from that of DNMT3B. These observations suggest that
the catalytic mechanisms of DNMT3A and DNMT3B are critical for their unique biological
functions. While this speculation is anticipated, effects of these substitutions on the catalytic
mechanism of DNMT3A compared to DNMT3B need to be further elucidated.

4.5.2 Hereditary tumors and Microcephalic dwarfism
Pheochromocytoma/paraganglioma (PCC/PGL) is a rare neuroendocrine malignancy that
may develop at various body sites, including the head, neck, and abdomen, and has a five-year
survival rate of only 40% patients (271, 272). PCC/PGL is the most heritable of all tumors and
carries both germline and somatic mutations in 1 of 20 known genes including metabolic genes.
Recently de novo germline mutations in DNMT3A were reported in PCC/PGLs. The mutations
occur in the PWWP domain, and result in substitutions Lys299Ile and Arg318Trp (Figure 4.4A).
Although these residues are not the part of the aromatic cage, crystal structure analysis shows that
Lys299 interacts with the backbone of Phe303, which stabilizes the interaction of PWWP domain
with H3K36me2/3 (Figure 4.4B). Conversely, Arg318 interacts with the Val35 of the H3 tail, so
the substitution Arg318Trp may effect H3 binding. However, future biochemical studies will be
needed to show the effect of these mutations on the activity of the enzymes. Methylation profiling
of PCC/PGL patients and of HeLa cells carrying CRISPR/Cas9- mediated knock-in of the
PGG/PCL DNMT3A mutation show site-specific hypermethylation at homeobox genes, genes
involved in dopaminergic neurogenesis, neural crest differentiation, and embryonic
morphogenesis. Given that previously known mutations in DNMT3A causing overgrowth
syndrome result in genome-wide hypomethylation, the PWWP mutation in PCC/PGL leading to
hypermethylation is described as gain-of-function mutation.
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Figure 4.4 PCC/PGL and MD mutations in PWWP domain of DNMT3A (A, C) Top Schematic
representation of the hDNMT3A gene, showing PCC/PGL and MD mutations in the PWWP
domain. Below Nucleotide sequence of the PWWP domain, with the mutations highlighted in
pink and blue respectively. (B, D) Crystal structure of DNMT3A PWWP domain shown in blue
(PDB: 3LLR). The positions of PCC/PGL mutation (B) and MD mutations (D) shown as stick
structures in red. The aromatic cage residues are shown in green.
Similar DNMT3A heterozygous gain-of-function mutations were recently shown to cause
microcephalic dwarfism, a hypocellular disorder of extreme global growth failure, including a
reduction in head size and height (273). The mutations result in substitutions Trp330Arg and
Asp333Asn, both of which are located in the DNMT3A PWWP domain (Figure 4.4C). Both
residues are part of the aromatic cage that interacts with H3K36me2/3, and when mutated, the
interaction with chromatin is abrogated (Figure 4.4D) (273). In contrast to some TBRS mutations,
which lead to PWWP domain instability, MD mutations do not affect the stability of this domain
(273). Genome-wide DNA methylation analysis of patients’ fibroblasts showed that similar to
PCC/PGL, the majority of differentially methylated regions (DMRs) were hypermethylated
compared to wild type samples, and these DMRs were associated with developmental transcription
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factors and morphogen genes. In the control fibroblasts these regions were marked by trimethylation of lysine 27 on histone H3 (H3K27), established by the PRC2 complex, and the DNA
remains unmethylated (273). Notably, many of the hypermethylated regions were identified
previously as broad non-methylated islands or differentially methylated valleys and often
associated with polycomb–regulated developmental genes (274-277). Reduced H3K27me3 at
these hypermethylated sites occurs despite normal levels of EZH2. Previous observations have
shown an antagonism between DNA methylation and deposition of H3K27me3, and that DNA
methylation can abrogate SUZ12 binding to nucleosomes (275, 278). These observations support
the speculation that PRC2 binding is impaired by DNA methylation at hypermethylated regions in
MD patients. Further based on the data that MD DNMT3A variants cannot be targeted to
H3K36me3 chromatin domains, they are speculated to methylate transcriptionally repressed
regions spuriously, which are otherwise regulated by the PRC2 complex. Compared to PRC
mediated repression, which supports plasticity and allows reactivation of genes under various
developmental cues, DNA methylation is considered to silence genes stably. Whereas loss of
DNMT3A increases the stemness with reduced developmental potential of stem cells, loss of
EZH2 promotes premature differentiation. The DNMT3A MD variants are proposed to be a gainof- function mutations, which might increase cellular differentiation causing premature depletion
of stem/progenitor cell pools. This in turn could affect the growth of tissues and lead to reduced
organism size (273).

4.6

Conclusion and Perspectives
DNA methylation defects in absence of DNMT mutations have been reported in plethora

of disorders. However, with exception of DNMT3B germline transmitted mutations that cause ICF,
disease-causing mutations in DNMT1 and DNMT3A were recently discovered. These mutations
cause growth disorders, HSAN1E, ADCA-DN, TBRS and MD that have distinct clinical
manifestations.
The ADCA-DN and HSAN1E mutations were mapped to the regions that could potentially
impair the interaction of DNMT1-RFTS domain either with the ubiquitin or with the DNA binding
region of the MTase domain. The former will render the enzyme in an autoinhibited state, and the
latter will lead to an unregulated activity of DNMT1 enzyme making it hyperactive (Figure 4.1D).
Methylome mapping of the patients show aberrant DNA methylation including both widespread
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hypomethylation and site-specific hypermethylation. This methylation pattern is similar to the one
observed in various cancers indicating a similar loss of DNMT1 function, however none of the
HSAN1E and ADCA-DN patients develop cancer. It is speculated that in these patients, a gradual
loss of DNA methylation over time may cause late onset and progressive neurological disabilities.
However, given that post mitotic neurons are terminally differentiated and do not perform
maintenance methylation, the effect of RFTS mutations on the activity of DNMT1 could be due
to protein misfolding and aggregation (229). Interestingly, ADCA-DN and HSN1E have some
overlapping clinical features typical of mitochondrial diseases, which is supported by biochemical
evidence of mitochondrial dysfunction (232, 236, 279). Given that presence of methyl cytosine in
mtDNA is still debated, it is not clear how DNMT1 mutations can cause mitochondrial dysfunction
through its effect on mtDNA methylation. Taken together, these data suggest that DNMT1 mutants
could exert their damaging effect through at least two mechanisms including impairment of
epigenetic pathways, and cellular stress by the protein misfolding (229, 231, 232).
Compared to TBRS in which DNMT3A mutations are present in all functional domains of
the protein, in MD, the two mutations map only to the PWWP domain. However, in contrast to
MD-specific PWWP mutations, the TBRS-specific PWWP mutations affected protein stability
resulting in loss of protein function. Based on the observation that the MD variant, DNMT3A
Trp330Arg, is unable to interact with H3K36me2/3, it was proposed to be “available” to methylate
sites that are normally polycomb repressed (273). This is consistent with the observation that
polycomb repressed developmental genes in ESCs gain DNA methylation during differentiation
and are often found hypermethylated in cancer cells (217, 276, 280). It is possible that by
interacting with PRC2, DNMT3A Trp330Arg is targeted to these regions in MD patients (274,
277). In addition, once the DNA methylation is established, it could potentially block the activity
of PRC2 by interfering with the binding of SUZ12 (275) and result in stable repression of the
developmental genes (278). Furthermore, mutations of epigenetic modulators, EZH2 and NSD1,
cause the overgrowth syndromes Weaver and Sotos syndrome respectively, which supports a
critical role of epigenetic regulation in organism size.
The discovery of DNMT mutations in rare diseases has shaped our understanding of the
cause and consequence of aberrant DNA methylation in various disorders. It is clear that global
hypomethylation, often found in cancers as well as growth disorders, may not be a direct
consequence of DNMT loss of function, rather an indirect response to a diseased state. Targeted
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hypermethylation seems to be direct consequence of aberrant DNMT activity. This is also
supported by inconsistency between the biochemical outcomes of DNMT mutations and their
effect on genomic methylation. Future studies designed to address the direct effect of DNMT
mutations on genomic DNA methylation patterns will help understand the contribution of DNMTs
in pathogenesis.
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PERSPECTIVES

5.1

Outlook on Characterizing the Biochemical Properties of the DNMT3 Enzymes

5.1.1 Conclusions
Several studies have highlighted the role of the specific enzymatic properties of DNMTs
in regulation of their activity in vivo. Although DNMTs are targeted to specific genomic locations
through their interactions with various proteins and modified histidine tails, the intrinsic specificity
of DNMTs for specific sequences can dictate their target site specificity. In our studies, we
demonstrated that unique enzymatic properties of DNMT3A and DNMT3B control their choice of
genomic targets. Our studies demonstrated that DNMT3B has a distinct kinetics mechanism
compared to DNMT3A, and is a non-cooperative, processive enzyme (118, 120). Cooperativity of
DNMT3A is disrupted in the AML Arg882His variant, while the conserved mutation in DNMT3B
had no effect on its processivity. Based on these data, we predicted that the observed change in
flanking sequence preference of the DNMT3A Arg882His variant was due to the loss of its kinetics
mechanism. Under conditions that favor non-cooperativity, wild type DNMT3A had a similar
flanking sequence preference as the Arg882His variant, suggesting the role of cooperativity in
influencing flanking sequence preference. Further, we showed that the non-cooperative DNMT3B
has a similar flanking sequence preference as the DNMT3A Arg882His variant. Based on these
data, we predicted that the DNMT3A Arg882His variant could target DNMT3B specific sites.
DNMT3A methylates major satellite repeats whereas DNMT3B methylates minor satellite repeats
(86). In DNMT3A/3B double knock out mESCs, the DNMT3A Arg882His variant rescued
methylation at the minor satellite repeats to a similar level as the wild type enzyme. From these
data, we found a previously unappreciated sequence bias in the consensus motifs of the major and
minor satellite repeats that matches the preferences of DNMT3A and DNMT3B, respectively.
These studies provide a mechanism by which the substrate specificity and kinetics mechanisms of
DNMT3A and DNMT3B regulate DNA methylation are various genomic regions. Mutations to
DNMT3A and DNMT3B have been identified in germ-line diseases as well as cancer, and our
findings demonstrate how these mutations could disrupt the kinetics mechanisms of these
enzymes, leading to differentially methylated regions and aberrant gene expression.
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In our studies, we primarily focused on the effect of the Arg882His variant on the kinetics
mechanism of DNMT3A, since it is the most common disease-causing mutation in the DNMT3
enzymes. However, there are multiple other disease associated variants of the DNMT3A and
DNMT3B MTase domains that remain uncharacterized. Due to their occurrence in the conserved
motifs, we predicted that many of mutations will disrupt DNA binding, catalysis, or alter kinetics
mechanisms. Further studies could investigate the effect of these substitution on the kinetics
mechanisms of DNMT3A and DNMT3B to determine their role in disease progression.

5.1.2 The Role of the TRD and R-D Interface in Substrate Specificity
The TRD is a highly variable region located between motifs VIII and IX of the DNMT3
MTase domains that defines sequence specificity outside the target CpG site. Co-crystal structures
of DNMT3A with either 5’-CGT-3’ or 5’-CGA-3’ DNA substrates revealed that the TRD adopts
different conformations depending on the flanking sequence. When T is at the N+1 position,
Arg836 and Asn838 of the TRD make base specific interactions that dictate substrate specificity
(123), while Arg882 interacts with Ser837 and the DNA phosphate backbone between the N+3
and N+4 position to stabilize the TRD structure (Figure 5.1A) (124). Conversely, when DNMT3A
binds to a substrate with A at the N+1 position, the Arg836 and Asn838 interactions change, and
Arg882 cannot interact with Ser837 to stabilize the TRD (Figure 5.1B) (124). In DNMT3A variant
with Arg882His substitution, the capacity for binding a 5’-CGA-3’ substrate is retained, since
Arg882 only binds to the phosphate backbone. However, in presence of the 5’-CGT-3’ substrate,
the His residue cannot interact with Ser837, which prevents the TRD from adopting the proper
structure. These studies provide an in-depth analysis on the mechanisms that govern preference at
the N+1 position, but the biochemical properties that drive flanking sequence preference at other
sites remain unknown. Our studies show that cooperativity modulates the flanking sequence
preference of DNMT3A, which suggests that multimerization of DNMT3A alters the
conformation of the DNA binding region. Mutational analyses of the residues in the DNA binding
interface could be performed to determine how cooperativity modulates flanking sequence
preference. Further, these assays would identify the residues that dictate the flanking sequence
preference of DNMT3A beyond the N+1 position.
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Figure 5.1 DNMT3A target recognition domain interacting with DNA. (A) Crystal structure of
DNMT3A bound to DNA with a CpGpT sequence, zoomed in to show only one of the two
monomers in the tetrameric structure (PDB: 5YX2). The MTase domain is shown in a grey
cartoon structure and the residues that dictate flanking sequence preference are shown as stick
structures in red. The black dotted lines represent interactions with nearby residues or with the
DNA. (B) Crystal structure of DNMT3A bound to DNA with a CpGpA sequence, zoomed in to
show only one of the two monomers in the tetrameric structure (PDB: 6W8B). The MTase
domain is shown in a green cartoon structure and the residues that dictate flanking sequence
preference are shown as stick structures in red. The black dotted lines represent interactions with
nearby residues or with the DNA.
Co-crystallization of DNMT3B with DNA showed that the TRD domain of DNMT3B
becomes ordered when bound to DNA, similar to DNMT3A (112). In the presence of a 5’-CGG3’ substrate, which is preferred by DNMT3B, Asn779 (Asn838 in DNMT3A) and Lys777 (Arg836
in DNMT3A) interact with G of the CpG target site and G at the N+1 position (Figure 5.2A).
While these interactions are similar to those made by DNMT3A when T is at the N+1 position, the
DNMT3B Arg829 residue (Arg882 in DNMT3A) does not support the rigid TRD structure like it
does in DNMT3A. Instead, Gln772 forms a hydrogen bond network to stabilize the TRD of
DNMT3B. When DNMT3B binds to a disfavored substrate, like T at N+1, nearly all the
interactions between Lys777, Asn779, and the DNA are disrupted (Figure 5.2B). These data
provide novel insights on the structure of DNMT3B that can influence its catalytic mechanism.
Like DNMT3A, it is unknown how DNMT3B substrate specificity is regulated beyond the N+1
position. Additionally, DNMT3B mutations observed in ICF patients have been shown to decrease
catalytic activity, but it is unknown how these substitutions effect other biochemical properties.
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Future studies could determine if the ICF variants of DNMT3B lose processivity or have an altered
flanking sequence preference.

Figure 5.2 DNMT3B target recognition domain interacting with DNA. (A) Crystal structure of
DNMT3B bound to DNA with a CpGpG sequence, zoomed in to show only one of the two
monomers in the tetrameric structure (PDB: 6KDA). The MTase domain is shown in a blue
cartoon structure and the residues that dictate flanking sequence preference are shown as stick
structures in red. The black dotted lines represent interactions with nearby residues or with the
DNA. (B) Crystal structure of DNMT3B bound to DNA with a CpGpT sequence, zoomed in to
show only one of the two monomers in the tetrameric structure (PDB: 6KDB). The MTase
domain is shown in a pink cartoon structure and the residues that dictate flanking sequence
preference are shown as stick structures in red. The black dotted lines represent interactions with
nearby residues or with the DNA.
Many studies have suggested that the TRD influences the kinetics mechanisms of
DNMT3A and DNMT3B. Several mutations in the TRD of DNMT3A disrupt cooperativity
without altering DNA binding (120). In DNMT3B, a Gln772Arg substitution in the TRD decreased
its ability to perform multiple rounds of catalysis on a long DNA substrate (112). Future
biochemical assays could determine the roles of the DNMT3A and 3B TRD regions in their
respective kinetics mechanism. The TRD variants with disrupted kinetics mechanisms could be
assayed for cooperativity or processivity using the methods described in our studies, and domain
swapping between DMNT3A and DNMT3B would determine if the TRD is enough to drive
kinetics mechanisms.
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5.1.3 Post Translational Modifications to the DNMT3 Enzymes
The regulation of the DNMT3 enzymes by post translational modifications (PTMs) is
poorly understood, however many PTMs of DNMT3A and DNMT3B have been mapped (281285). About 70 phosphorylation sites have been mapped on DNMT3A and DNMT3B proteins,
and sumoylation is known to occur on both enzymes. The most well characterized PTM is the
phosphorylation of DNMT3A at Ser386 and Ser389, located near the PWWP domain. Casein
kinase 2 (CK2) phosphorylates these sites, which increases heterochromatin targeting and
decreases methyltransferase activity (286). It remains unknown how the phosphorylation of these
sites alters localization and catalytic activity, since these residues are not located in any of the
functional domains. In human ESCs, there are three different groups of phosphorylation sites in
DNMT3A and DNTM3B (281, 283). The first group of phosphorylation sites are maintained as
cells undergo differentiation, while the second class either appear or disappear during
differentiation. In the second group, the method of differentiation determines which sites are
phosphorylated. The third group includes phosphorylation sites that occur during differentiation
regardless of the method used. There is only one phosphorylation site in the third group, DNMT3B
Thr383, located adjacent to the putative nuclear localization signal. Further studies could
investigate the changes in the biochemical properties of DNMT3A and DNMT3B due to
phosphorylation,

characterize

their

role

during

differentiation,

and

identify

the

kinases/phosphatases responsible for modifying these sites.
The functional role of DNMT3A and DNMT3B sumoylation has been documented,
although the specific sites for these modifications remains unknown. DNMT3A is sumoylated by
Small Ubiquitin Modifier 1 (SUMO-1) in the N-terminus, which disrupts its interaction with
histone deacetylases (HDAC1/2) (284). This abolishes the ability of DNMT3A to repress
transcription, possibly because it can no longer be recruited to those regions (252). DNMT3B is
also modified by SUMO-1 in its N-terminal region (1-432) and interacts with SUMO-conjugating
UBC9, however the biological significance of this modification remains unknown (285). Multiple
modified forms of DNMT3B were detected through in vitro assays, suggesting that DNMT3B is
poly-sumoylated. Further studies could map the sumoylation sites of DNMT3A and DNMT3B,
and identify the biological roles of DNMT3B sumoylation.

125

5.2

Biotin-Avidin ELISA Assay for RNA Methyltransferase Activity
Recent discoveries and world-wide events have made it necessary to study RNA

methyltransferase activity and characterize the enzymes that catalyze these reactions. The
detection RNA modifications like N6-methyladenosine in mammals opened up a new field of
epitranscriptomics to understand the role of RNA methylation in cell biology (287). N6methyladenosine can modulate the binding affinities of RNA binding proteins and regulate mRNA
stability. The multicomponent complex that catalyzes N6-methyladenosine contains two poorly
characterized

RNA

methyltransferases,

methyltransferase-like

3

(METTL3)

and

methyltransferase-like 14 (METTL14) (288). These enzymes play important roles in embryo
development and stem cell self-renewal, making it necessary to understand their biochemical
properties to target and catalyze N6-methylation of mRNA transcripts.
In the last five years, there have been two outbreaks of RNA viruses that caused world-wide
pandemics. The 2015 pandemic was caused by the Zika virus, a member of the flaviviridae family
that includes Dengue Fever and West Nile that is transmitted primarily through mosquitos (289).
While many patients have only mild symptoms, Zika virus can spread from a pregnant woman to
her baby, resulting in microcephaly and other birth defects. In rare cases, Zika virus infection in
adults can cause Guillain-Barre syndrome, an immune dysfunction that leads to peripheral nerve
damage. The 2020 pandemic was caused by the Coronavirus, a member of the coronaviridae
family that results in a severe acute respiratory syndrome (290). This virus is transmitted primarily
through respiratory droplets produced from coughs or sneezes and can have long term
cardiovascular complications (291, 292). There are no vaccines against either Zika or Coronavirus,
which has prompted researchers to investigate therapeutics against these viruses. Both Zika and
Coronaviruses encode for RNA methyltransferases that are necessary for viral propagation inside
the host cell (293-296). RNA methylation occurs on internal nucleotides of the single-stranded
RNA genome and at the 5’-guanosine cap to facilitate genome stability and prevent host
recognition. Viral knockouts of the RNA methyltransferases allow for host identification and
degradation of the viral genome, making these enzymes a potential therapeutic targets.
Conventional methods to study RNA methyltransferases use diethylaminoathyl (DEAE)
cellulose filter binding assays. The methyl group from 3[H] labeled AdoMet is transferred to the
RNA substrate, which is bound to the DEAE filter (171). The negative charge of the phosphate
backbone forms ionic interactions with the positively charged DEAE. The unused 3[H] AdoMet is
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washed off and radioactivity on the bound RNA is measured by liquid scintillation counting. There
are several disadvantages in this method which include high background and tedious processing
of multiple samples (153). Previous studies on RNA methyltransferases used the conventional
DEAE filter binding assay to characterize the enzyme’s biochemical properties and screen
potential inhibitors, however low processing power of the assay has limited screening (296)
The biotin-avidin ELISA assay to measure DNA methylation is a medium throughput
technique with low background levels that utilizes a biotin-tagged DNA substrate and 3[H] labeled AdoMet (148). It has been widely used to characterize the biochemical properties of both
bacterial and mammalian DNMTs due to its ease of use and reproducibility. We postulated that
the biotin-avidin ELISA microplate assay could be adapted to measure RNA methylation by
tagging the 3’ end of an RNA substrate with biotin. We modified the buffers and method to ensure
stability of RNA substrate during the processing of samples. This included use of RNase inhibitor
in the reaction mixture and use of RNase free water for making reagents. We performed
preliminary experiments to validate this technique using the recombinant Zika Virus RNA MTase,
and found that the background radiation levels in the microplate assay are reduced by 90%
compared to the DEAE filter assay. We determined the Michaelis-Menten constants of the Zika
Virus RNA MTase (NS5) and found that it binds to RNA in the nano-molar range. Additionally,
we performed product inhibition assays with AdoHcy and other potential inhibitors of NS5. The
microplate assay was able to measure low levels RNA methyltransferase activity than previously
reported (296). The biotin-avidin microplate assay could also be used to measure 5’-guanosine cap
methylation and to screen potential small molecule inhibitors of other viral MTases.
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APPENDIX A. VEZF1

* The transcription factor Vezf1 represses the expression of the antiangiogenic factor Cited2
in endothelial cells
*Originally published in J. Biol. Chem.
†AlAbdi, L., †He, M., Yang, Q. Y., Norvil, A. B., and Gowher, H. (2018) The transcription factor
Vezf1 represses the expression of the antiangiogenic factor Cited2 in endothelial cells. J Biol Chem
293, 11109-11118
†Co-first author
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Lama AlAbdi performed Vezf1 ChIP-qPCR experiments, Western blot, and RT-qPCRs.
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lineage differentiation and RT-qPCR at increasing concentrations of VEGF1.
Qianyi Yang generated the Cited2 knockdown cell lines, Alkaline Phosphatase staining
experiments, and endothelial lineage differentiation.
Ming He and Qianyi Yang performed tube formation assays.
Allison Norvil performed cloning, protein purifications and PCRs.
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* Characterization of Small Molecules Inhibiting the Pro-Angiogenic Activity of the Zinc
Finger Transcription Factor Vezf1
*Originally published in Molecules.
He, M.; Yang, Q.; Norvil, AB; Sherris, D.; Gowher, H. Characterization of Small Molecules
Inhibiting the Pro-Angiogenic Activity of the Zinc Finger Transcription Factor Vezf1. (2018)
Molecules 23, 7, 1615.
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APPENDIX B. UPPP AND UPPS

*Lipophilic efficient phenylthiazoles with potent undecaprenyl pyrophosphatase inhibitory
activity
*Originally published in European Journal of Medicinal Chemistry.
Elsebaei, M.; Mohammad, H.; Samir, A.; Abutaleb, A.; Moustafa, M.; Norvil, AB; Michie, AR;
Gowher, H.; Seleem, M. Lipophilic Efficient Phenylthiazoles with Potent Undecaprenyl
Pyrophosphatase Inhibitory activity. (2019) European Journal of Medicinal Chemistry 175, 49-62.
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performed antibacterial assays, synthesized compounds, and wrote the manuscript.
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* From Phenylthiazoles to Phenylpyrazoles: Broadening the Antibacterial Spectrum
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Research Summary
As a graduate student under the supervision of Dr. Humaira Gowher at Purdue
University’s Department of Biochemistry, I collaborated with many members of Gowher lab
and other labs, and contributed multiple publications. My research involved the use of in vitro
assays and recombinant proteins purified from bacterial expression systems to determine the
kinetics mechanisms of the highly homologous de novo DNA methyltransferases DNMT3A
and 3B. Despite being highly homologous, these enzymes have distinct genomic targets,
suggesting that they have biochemical properties that distinguish their substrate preference. In
our study published in Biochemistry, we determined that DNMT3B has a unique kinetics
mechanism compared to DNMT3A. Further, we found that the DNMT3A mutant found in
patients with AML, Arg882His, disrupts the cooperative kinetics mechanism of DNMT3A,
while the analogous mutant in DNMT3B, Arg829His, has no effect on its kinetics mechanism.
These data suggest that the unique biochemical properties of DNMT3A and 3B may contribute
to their substrate specificity.
In our second study published in Nucleic Acids Research, we investigated if the
kinetics mechanisms of DNMT3A and 3B contribute to substrate specificity. Other studies had
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shown that Arg882 directly interacts with the DNA, and the AML Arg882His variant alters the
flanking sequence preference compared to the wild type enzyme. We generated consensus
motifs for DNMT3A WT, DNMT3A Arg882His, and DNMT3B WT, and found that the
Arg882His variant has a flanking sequence preference similar to that of DNMT3B.
Additionally, we showed that under conditions favoring non-cooperativity, DNMT3A wild
type has a similar flanking sequence preference as the Arg882His variant and DNMT3B,
indicating that the kinetics mechanism of DNMT3A influences its substrate preference. We
further showed that this mechanism is conserved in vivo embryonic stem cells, and there is a
bias in the flanking sequence of DNMT3A and 3B specific sites in genome. This study
demonstrated the interplay between kinetics mechanism and substrate specificity.
Lastly, I worked on numerous drug development studies aimed to find novel
therapeutics against gram-positive bacteria and Zika Virus enzymes. For these studies, we
collaborated with Dr. Saleem and Dr. Mesecar, respectively, at Purdue university to develop
novel assays and test potential inhibitors for bacterial enzymes UppP and UppS, and Zika
Virus RNA Methyltransferase. These studies have led to two publications, one in European
Journal of Medicinal Chemistry and the other in Journal of Medicinal Chemistry, and two
other manuscripts are currently being written.
During my time as a graduate student, I have attended numerous nation and
international conferences such as the Keystone Meeting on RNA and DNA Methylation and
the Gordon Conference on Epigenetics. I have also had the privilege of mentoring 14
undergraduate and junior graduate students. My experiences in research and training acquired
here have helped prepare me for a future in the pharmaceutical industry.
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