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ABSTRACT OF THE DISSERTATION 
 
 
 
 
 

DNA Methylation in Health and Disease  
 

by 
 

Hiwot Anteneh 
 
 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 
University of California, Riverside, June 2021 

Dr. Jikui Song, Chairperson 

 

DNA methylation is a major epigenetic mechanism that regulates many cellular 

activities such as differentiation and genomic imprinting. The mammalian DNA 

methylation landscape is first established by de novo methyltransferases DNMT3A and 

DNMT3B, and maintained by DNMT1 during DNA replication. The most prevalent 

DNTM3A mutation, R882H, has been associated with global DNA hypomethylation in 

cells and greatly enhanced cell proliferation rate. This study addresses mechanisms that 

govern DNMT3A substrate specificity in the context of CpG and CpA and how the 

R882H mutation impacts structure and function.   We also present structural evidence for 

how flanking nucleotides influence DNMT1 activity, towards elucidating atomic-level 

mechanisms that shape genomic methylation patterns and impairment in disease states. 
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Chapter 1 

INTRODUCTION 

The epigenome is a critical component of gene regulation. Structural and 

biochemical studies from the past decades have provided a wealth of mechanistic 

information about the layer of gene regulation that is mediated by DNA methylation, 

histone modification or through actions of noncoding RNAs1. Among these mechanisms, 

mammalian DNA methylation, which predominantly occurs at the C5 position of 

cytosine within CpG dinucleotide context, plays part in major cellular activities such as 

differentiation2–4. While the majority of CpG sites (70-80%) are constitutively methylated 

in the human genome, tissue and cell specific CpG methylation events have been shown 

to be key determinants of cell fate2,5. CpG dense regions known as CpG islands that 

constitute ~70% of mammalian promotors were the initial focus of DNA methylation 

research and were shown to correlate with transcriptional silencing upon methylation2,6.  

Subsequently, whole-genome bisulfite sequencing (WGBS) studies have allowed for 

identification of dynamically regulated CpG sites some of which are localized in 

enhancer regions and play part in lineage specification7. Indeed, characteristic DNA 

methylation patterns have been discerned between different hematopoietic cell types and 

disease states8,9.  

Hematopoiesis, the process by which mature blood cells are generated, has been 

described by two models. In the hierarchical model, blood cell differentiation starts with 

hematopoietic stem cells (HSCs) and sequentially progresses towards multipotent, 

oligopotent and unipotent cells10. Alternatively, recent evidence suggests that lineage 
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priming is stochastic, occurs at the HSC level and is mediated by the expression level of 

lineage-specific genes and transcription factors (TFs)11–13. In both of the proposed 

pathways, differentiation is accompanied by a progressive loss in self-renewal capacity11. 

Along with other epigenetic mechanisms, DNA methylation instructs differentiation 

trajectories by controlling the expression of cell type-specific TFs and the accessibility of 

cis-regulatory elements of genes involved in hematopoiesis8.        

Mammalian DNA methylation is established by de novo methyltransferases 

DNMT3A and DNMT3B, whose activities in cells are regulated in a spatial and temporal 

manner14. In order to maintain epigenetic stability, these landscaping methylases exist in 

an autoinhibited conformation and have intrinsic regulatory mechanisms to confer 

substrate specificity. The N-terminal regulatory region of DNMT3A and DNMT3B is 

comprised of the ATRX–DNMT3–DNMT3L (ADD) domain and the Pro-Trp-Trp-Pro 

(PWWP) domain. Structural studies of the ADD domain have shown its interaction with 

unmethylated histone 3 lysine 4 (H3K4me0) which disrupts the autoinhibited 

conformation of DNMT3A, thereby stimulating its C-terminal catalytic domain activity15. 

On the other hand, the PWWP domain was shown to preferentially interact with 

dimethylated histone 3 lysine 36 (H3K36me2) and is involved in targeting DNMT3A to 

intergenic regions of euchromatin16. DNMT3A and DNMT3B may exist as tetrameric 

complexes with their functional regulator DNA methyltransferase 3-like (DNMT3L) in 

germ cells and embryonic stem cells17.  

Subsequently, DNA methylation patterns are maintained by DNA 

methyltransferase 1 (DNMT1), a multi-modular methyltransferase that targets hemi-
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methylated CpG sites during DNA replication18. The crystal structure of mouse DNMT1-

DNA complex was solved at 3.0 Å resolution showing an autoinhibitory mechanism 

where unmethylated CpG dinucleotides are occluded from the active site of DNMT1 to 

ensure that only hemi-methylated CpG sites undergo methylation19. The structure showed 

how the CXXC domain of DNMT1 binds to unmethylated CpG dinucleotide, which in 

turn stabilizes the positioning of a linker between the active site and the DNA substrate, 

thereby preventing de novo methylation19. The following year, the active DNMT1-DNA 

complex was solved showing structural differences between the autoinhibited and 

productive conformation20. The largest conformational change arises from the catalytic 

loop: in the productive complex, the catalytic loop is inserted into the minor groove of the 

DNA, followed by a straight -helix20. In contrast, this helix adopts a kinked 

conformation at the N-terminal end in the autoinhibited structure and the catalytic loop is 

excluded from the DNA minor groove19,20.  While these studies have shown DNMT1’s 

preference for hemi-methylated CpG (hemi-mCpG) sites, there is little information 

regarding how DNA sequences flanking the hemi-mCpG dinucleotide influence substrate 

specificity.  

 Recent deep enzymology studies from Dr. Albert Jeltsch’s group at Stuttgart 

University, Germany showed that DNMT1 has significant preference for certain hemi-

mCpG flanking sequences21. In essence, a pool of DNA substrates containing hemi-

mCpG sites centered in random sequence context were subjected to methylation, bisulfite 

conversion and subsequent next generation sequencing21. From this, a profile of flanking 

sequence preference was derived, showing that G at the -1 CpG-flanking position is 
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highly disfavored21.  Furthermore, their work demonstrated that the flanking sequence 

preference profile was in agreement with genome wide CpG methylation level in human 

embryonic stem cells21.   

DNA 5-methylcytosine (5mC) marks can be erased actively through a processes 

that is catalyzed by a family of dioxygenases known as Ten-eleven Translocation (TET) 

enzymes22 (Fig. 1-1). Upon oxidation of 5mC to 5-hydroxymetylcytosine (5hmC), 5-

formylcytosine (5-fC) and 5-carboxylcytosine (5-caC), the modified bases are excised by 

thymine DNA glycosylase (TDG) and unmodified cytosine is restored through the base 

excision repair (BER) pathway22. Additionally, since 5-hmC, 5-fC and 5-caC are 

unrecognizable to DNMT1, oxidized methylation marks are lost during successive 

replication22. 5mC marks can also be depleted passively in a replication-dependent 

manner due to the lack of functional DNMT123. Active and passive demethylation have 

been shown to be critical mechanisms during primordial germ cell (PGC) development, 

embryonic stem cell (ESC) differentiation as well as somatic cell epigenetic 

reprogramming24–27. Attesting to the significance of DNA demethylation in genomic 

stability, TET enzymes are among the chromatin modifiers commonly found to be 

mutated in leukemia28.  
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Figure 1-1. Cytosine methylation/demethylation cycle.  

Somatic mutations of DNMTs have also been linked to various human diseases 

including hematological cancers29.  Given the prevalence of DNMT3A mutations in acute 

myeloid leukemia (AML), early studies showed that DNMT3A-deficient HSCs exhibit 

aberrant methylation patterns in differentially methylated regions (DMRs) and show 

impaired differentiation and self-renewal capacity, highlighting DNMT3A’s pivotal role 

in hematopoiesis (Fig. 1-2)30–32. Furthermore, loss of DNMT3A in HSCs was shown to 

result in erosion of methylation canyon boundaries that are normally decorated with 5-

hyrdoxymetylcytosine (5-hmC) marks and resulting in dysregulation of canyon 

associated genes that are also known to be dysregulated in leukemia33.  
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Figure 1-2. Changes in methylation pattern in HSCs due to DNMT3A defect.  

DNMT3A mutations occur in ~25% of AML cases and are enriched in the C-

terminal methyltransferase domain32. The most prevalent DNMT3A missense mutation in 

AML, where arginine 882 is substituted with histidine (R882H), is associated with DNA 

hypomethylation in cis-regulatory elements and in stemness genes34. The R882H 

mutation is often heterozygous in AML cases and has been argued to elicit a dominant-

negative effect on wild-type DNMT3A, while opposing evidence also exists35,36. Focal 

hypermethylation is also observed in AML cases and is hypothesized to be a byproduct of 

disease progression as a response to enhanced cell proliferation37. While the activity of 

DNMT3A R882H has been extensively investigated both in vivo and in vitro, how this 

mutation impacts the structure and function of DNMT3A remains elusive.  

Multiple alternative hypotheses can be derived from current biochemical and 

structural studies in order to explain the mechanistic impact of the R882H mutation on 

DNMT3A activity (Fig. 1-3). For example, a defect in DNA binding was reported as a 

potential cause as R882H is located in the DNMT3A homodimeric interface which serves 

as a DNA-binding platform38. This interface also harbors residues that are critical for 
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oligomerization and therefore a defect in DNMT3A tetramerization has been considered 

as a potential outcome of the R882H mutation35. Additionally, DNMT3AR882H was shown 

to exhibit altered preference towards CpG-flanking sequences suggesting off-target 

methylation that may lead to cancer progression39.   

 

Figure 1-3. Alternative hypotheses explaining the impact of DNMT3A R882H. 

Previously solved structures of wild-type DNMT3A in complex with DNMT3L 

have elucidated the two dimerization interfaces and DNA contacting regions38,40. The 

homodimerization interface is maintained by a reciprocal salt bridge between R885 of 

one DNMT3A monomer and D876 of the adjacent monomer, hence referred to as the 

“RD interface” 40. The heterodimerization interface between DNMT3A and DNMT3L is 

maintained by hydrophobic contacts between phenylalanine residues and is referred to as 

the “FF interface” 40. In a recently solved structure of DNMT3A-DNMT3L in complex 

with DNA containing CGT motif, three distinct DNA contacting regions of DNMT3A 

were identified, including a loop from the target recognition domain (TRD loop), a loop 

from the catalytic domain (catalytic loop) and the RD interface38. The TRD loop was 
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shown to underpin CpG specificity where R836 forms a hydrogen bond with the guanine 

of CpG38. Interestingly, a hydrogen bond between R882 of the RD interface and S837 of 

the TRD loop allows for cross talk between the two DNA contacting regions38.  

Due to spontaneous deamination of methylated cytosines (5mCT) which occurs 

throughout evolution, CpG sites account for just 0.98% of the human genome, over 10-

fold less than other dinucleotides (CpA=14.50%, CpT=13.99%, CpC=10.54%)41. The 

lack of CpG frequency is consistent across mammalian genomes, thus the need for 

intricate mechanisms that will allow DNMTs to maintain substrate specificity38,41. The 

influence of flanking sequences on DNMT3A and DNMT3B activity is well documented 

both in vitro and in vivo42,43. Indeed, the de novo methylases were shown to have distinct 

and redundant genomic targets, where DNMT3B methylates minor satellites more 

efficiently while DNMT3A was shown to preferentially methylate major satellites in ES 

cells44. Some distinction can also be discerned between DNMT3A and DNMT3B  

activity in HSCs as loss of DNMT3B results in a milder phenotype when compared to the 

differentiation defect and enhanced self-renewal capacity that is characteristic of 

DNMT3A deficiency45. In a recent study, the structural basis for DNMT3B’s low CpG 

specificity was addressed,  where a hydrogen bond between N656 and R661 of DNMT3B 

was shown to alter the catalytic loop conformation when compared to corresponding 

residues of DNMT3A where such a hydrogen bond is not observed43.    

DNMT3A also catalyzes CpH (H=A, T, C) methylation which has been detected 

in brain cells, oocytes and pluripotent cells and is implicated in various biological 

processes such as brain development46. Single-base resolution, genome-wide profiling of 
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CpH methylation show enrichment in gene bodies and transposons while methylated 

CpH sites are largely absent in enhancer and promoter regions47,48.  In ESCs, CpH 

methylation primarily occurs in the context of 5′-CAG-3′, whereas 5′-CAC-3′ sites are 

more frequently methylated in neurons49–51. Similar to CpG methylation, CpH 

methylation is associated with transcriptional silencing in neurons and enhances the 

recruitment of methyl-CpG binding protein 2 (MeCP2) which is associated with the onset 

of Rett Syndrome when disrupted52. DNMT3B also plays part in CpH methylation, as its 

depletion in ESCs was shown to reduce CpH level51,53. However, due to DNMT3B’s low 

abundance in brain cells, DNMT3A is attributed as the main CpH methylase in neurons 

in particular50. Structural studies are needed to elucidate atomic level interactions that are 

critical for DNMT3A-mediated CpH methylation and to understand mechanistic 

dysregulation in disease.  

In this study, we investigate mechanisms underlying the substrate specificity of 

DNMT3A (Aims 1), of DNMT1 (Aim 3) and the impact of the R882H mutation on both 

DNMT3A specificity and DNA binding (Aim 2).  The crystal structure of wild-type 

DNMT3A-DNMT3L tetramer in complex with CGA motif-containing DNA was solved 

and compared with the previously solved wild-type DNMT3A-DNMT3L-CGT DNA 

structure38,54. In the structure with CGA motif-containing DNA the TRD loop was shown 

to adopt a different conformation than what was observed in the structure with the CGT 

motif-containing DNA54. This finding suggests that the TRD loop is inherently dynamic 

and adopts different conformations depending on CpG flanking sequences to fine-tune 

DNA methylation patterns54.  
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Furthermore, the CGT- and CGA-containing DNA substrates were complexed 

with DNMT3AR882H-DNMT3L and their crystal structures were solved at 2.6Å and 2.5Å 

resolution respectively54. Indeed, DNA binding at the RD interface is impaired by the 

R882H mutation54. Strikingly, the link between R882 and S837 of the TRD loop is also 

disrupted by the R882H mutation54. As such the TRD loop exhibits increased 

conformational flexibility and altered specificity towards CpG flanking sequences54. 

Supporting the structural analysis, electrophoretic mobility shift assay (EMSA) and in 

vitro methylation assay were conducted showing that DNMT3AR882H exhibits reduced 

DNA-binding affinity and altered CpG specificity54. 

In order to show atomic level interactions that contribute to DNMT1 specificity, I 

solved two crystal structures of mouse DNMT1 (mDNMT1) in complex with preferred 

DNA substrates of different ranking21. Comparison of these structures with the previously 

solved structure of DNMT1 which was complexed with a disfavored DNA substrate 

(PDB 4DA4) reveals marked conformational changes within the catalytic loop of 

DNMT1 and in the DNA conformation at the central hemi-mCpG site20,21. Analysis of 

the previously solved DNMT1-DNA complex containing a GCG-motif showed that the 

orphan guanine of the non-target strand engages in a non-Watson-crick base pairing with 

the guanine at the -1 flanking position of the target strand20. Meanwhile, the cytosine at 

the -1 position of the non-target strand was shown to be flipped out of the double helix20. 

In contrast, in the structure with the highly favored substrate (DNMT1-CCG DNA 

complex) no bases are flipped out in the non-target strand and there’s much less 

conformational distortion of the double helix at hemi-mCpG site21. Furthermore, the 
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straight α helix observed in the structure with the disfavored substrate, adopts a kinked 

conformation in the structure with the favored substrates, leading to a more open cofactor 

binding pocket21. On the other hand, the structure of mDNMT1 in complex with a lower-

ranked substrate containing a central ACG motif shows a flipped out orphan guanine21.  

However, the double helix exhibits less conformational distortion in the ACG structure 

relative to the disfavored GCG structure where the orphan guanine and the -1 flanking 

base pairs undergo marked conformational changes21. From these DNA-bound DNMT1 

structures, we aim to elucidate how favored and disfavored hemi-mCpG flanks influence 

the topology of the double helix and the conformation of DNMT1 active site. These 

structural and biochemical observations will lead to a better understanding of how CpG-

flanking sequences play part in shaping DNMT1-mediated genomic methylation patterns. 
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Chapter 2 

DNMT3A SUBSTRATE SPECIFICITY 

Specific Aim 1: To provide structural evidence for the role of DNA sequence context on 

DNMT3A-mediated CpG and CpA methylation.  

Methods 

Protein expression and purification 

As previously reported (PMID: 29414941), human DNMT3AWT residues 628-912 

and DNMT3L residues 178-386 were cloned in tandem into pRSFDuet-1 vector 

(Novagen) containing an N-terminal His6-SUMO tag38. The DNMT3AWT-DNMT3L 

complex was expressed in Escherichia coli BL21 DE3 (RIL) cells, followed by 

purification using a Ni2+-NTA affinity column. Upon removal of the His6-SUMO tag via 

ULP1-mediated cleavage the protein was further purified using ion exchange 

chromatography on a Heparin column and size-exclusion chromatography on a 16/600 

Superdex 200 pg column (GE Healthcare). The purified DNMT3AWT-DNMT3L tetramer 

was concentrated to 0.3 mM in buffer containing 20 mM Tris-HCl (pH 8), 100 mM NaCl, 

0.1% β-mercaptoethanol and 5% glycerol and stored in -80 C freezer before use.  

Preparation of enzyme-substrate covalent complexes  

25-mer self-complementary DNA sequences were used for generation of the 

DNMT3AWT-DNMT3L-CGA and DNMT3AWT-DNMT3L-CAG and DNMT3AWT-

DNMT3L-CAC complexes. The DNA molecules were first subject to a denaturation and 

annealing process to generate duplexed DNA samples. Subsequently, the DNA was 

incubated with the DNMT3AWT-DNMT3L tetramer in a 1:1 molar ratio to allow complex 
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formation in a buffer containing 20 mM Tris-HCl (pH 8), 20% glycerol and 40 mM DTT. 

The reaction products were sequentially purified by ion-exchange chromatography using 

a HiTrap Q XL column (GE Healthcare) and size-exclusion chromatography (pH 8) on a 

16/600 Superdex 200 pg column (GE Healthcare). The final protein samples of the 

DNMT3AWT-DNMT3L-DNA complexes were concentrated to 0.1 mM in a buffer 

containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 0.1% β-mercaptoethanol and 5% 

glycerol. 

DNA sequences  

 CGA DNA: 5′-CATGZGATCTAATTAGATCGCATGG-3′ 

 CAG DNA: 5′-CATGZAGTCTAATTAGACTGCATGG-3′ 

 CAC DNA: 5′-CATGZACTCTAATTAGAGTGCATGG-3′ 

Crystallization conditions and structure determination 

Crystals for DNMT3AWT-DNMT3L-CGA, DNMT3AWT-DNMT3L-CAG  and 

DNMT3AWT-DNMT3L-CAC complexes  were generated using hanging-drop vapor-

diffusion method at 4°C, from drops containing 0.2 µL of complex sample mixed with 

0.8 µL of precipitant solution (0.1 M Sodium Citrate pH 4.2, 1% PEG8000). The crystals 

were soaked in cryoprotectant made of mother liquor and 35% glycerol before collecting.  

X-ray diffractions datasets were collected on the BL 5.0.1 and BL 5.0.2 beamlines 

at the Advanced Light Source, Lawrence Berkeley National Laboratory.  The diffraction 

data were indexed, integrated, and scaled using the HKL 3000 program. The structures of 

the complexes were solved by molecular replacement with the PHASER program, using 

the structure of DNMT3AWT-DNMT3L-DNA complex (PDB 5YX2) as search model. 
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The structural models of the DNMT3AWT-DNMT3L-DNA complexes were then 

subjected to modification using COOT and refinement using the PHENIX software 

package in an itinerate manner. The same R-free test set was used throughout the 

refinement. The statistics for data collection and structural refinement of the productive 

covalent DNMT3AWT-DNMT3L-CGA and DNMT3AR882H-DNMT3L-DNA complexes 

are summarized in Table 1. 

Results 

Structure of the DNMT3AWT-DNMT3L-CGA DNA complex  

Structural comparison of the DNMT3AWT-DNMT3L-CGA DNA complex with 

the previously solved DNMT3AWT-DNMT3L-CGT DNA complex reveals a mechanism 

for sequence context dependent DNA methylation. The methyltransferase (MTase) 

domain of DNMT3AWT (residues 628-912) and the C-terminal domain of DNMT3L 

(residues 178-386) were co-expressed to generate a DNMT3AWT-DNMT3L tetramer 

(domain architecture shown in Fig. 2-1a). A 25-mer DNA duplex (Fig. 2-1b), containing 

two (ZpGpA).(TpCpG) sites which mimic two (CpGpA).(TpCpG) sites, was used to 

generate a DNMT3AWT-DNMT3L-CGA DNA complex (DNMT3AWT-CGA complex).  

The crystal structure of this complex bound to SAH was solved at 2.40 Å resolution (Fig. 

2-1c).  

Similar to the previously solved DNMT3AWT-DNMT3L-CGT DNA complex 

(DNMT3AWT-CGT complex), the DNMT3AWT-CGA complex is arranged in the order of 

DNMT3L-DNMT3AWT-DNMT3AWT-DNMT3L where the DNA duplex spans the two 

DNMT3AWT monomers. As in the previous structure the two zebularines (Z) are flipped 
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out of the double helix and covalently bound to the catalytic cysteine (C710) of 

DNMT3AWT (Fig. 2-1c). Furthermore, we observed three distinct DNA-binding regions: 

the TRD loop (Fig. 2-1d), the catalytic loop (Fig. 2-1e) and the RD interface (Fig. 2-1f).  

Previous studies have indicated that upon DNA binding, the TRD loop (residues 

831-848) undergoes a disorder-to-order transition and approaches the major groove of the 

double helix38,40. In the DNMT3AWT-CGT complex R836 forms a hydrogen bond with 

O6 of G6, maintaining CpG specificity while N838 forms a hydrogen bond with the 

DNA backbone38. In contrast, in the DNMT3AWT-CGA complex R836 extends to the +1 

to +3 CpG flanking nucleotides, forming hydrogen bonds with A7 and T8 of the target 

strand and G9′ of the non-target strand (Fig. 2-1d, 2-2b, 2-3e). N838 fills the space 

vacated by R836 and hydrogen bonds with O6 of G6 thereby maintaining CpG specificity 

(Fig. 2-2b, 2-3e). This conformational change in the  DNMT3AWT-CGA complex 

coincides with a loss of a hydrogen bond between S837 of the TRD loop and R882 of the 

RD interface that otherwise exists in the DNMT3AWT-CGT complex (Fig. 2-2b). The 

compromised interaction between these regions results in enhanced dynamics of the TRD 

loop residues (R836, S837, N838) which in the DNMT3AWT-CGA complex has an 

averaged B-factor of (87.0 Å2), much greater than the averaged B-factor of the entire 

molecule (68.7 Å2). In contrast, for the DNMT3AWT-CGT complex the averaged B-factor 

of the TRD loop (66.5 Å2) is similar to that of the entire DNMT3A molecule (62.5 Å2). A 

conformational change in RD interface of the DNMT3AWT-CGA complex is also 

noteworthy (Fig. 2-2c). In the DNMT3AWT-CGA complex residues R882 and R887, 

which were shown to hydrogen bond with the DNA backbone in the DNMT3AWT-CGT 
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complex, are no longer within hydrogen bonding distance (Fig. 2-2d,e). As a result, the 

DNA molecule in the DNMT3AWT-CGA complex is arched slightly further away from 

the RD interface relative to the DNA molecule in the DNMT3AWT-CGT complex (Fig. 2-

2c). As a result, the buried surface area in this region (comprised of DNMT3A residues 

881-884, 887 and T14-G16, G9′-T11′ DNA backbone) is significantly reduced (289 Å2) 

relative to what is observed in the DNMT3AWT-CGT structure (423 Å2). Thus, 

DNMT3A-mediated DNA methylation is highly dependent on DNA-sequence context 

and DNA conformation. 

Structures of the DNMT3AWT-CAC and DNMT3AWT-CAG complexes   

In order to identify atomic level interactions critical for DNMT3A-catalyzed CpH 

methylation, the crystal structure of DNMT3AWT-DNMT3L-CAC DNA complex was 

solved at 2.84 Å resolution (Fig. 2-4b). The protein complex adopts a tetrameric state as 

the DNA duplex spans the two DNMT3A monomers which is indicative of the fact that 

CpH methylation follows a similar mechanism as observed for CpG. Methylation of CAC 

sites is prominent in neurons and due to DNMT3B’s low abundance in brain cells, 

DNMT3A assumes the major role as the CAC site methylase55. To identify 

conformational differences in the DNA contacting regions of DNMT3A when engaged 

with CAC sites relative to CpG, we superimposed the structure of DNMT3AWT-CAC 

complex with DNMT3AWT-CpG complexes (Fig. 2-4b). The overall structure of 

DNMT3AWT-CAC complex is indeed similar with a root-mean-square deviation (RMSD) 

of 0.457 Å over 818 aligned Cα atoms when compared to the DNMT3AWT-CGT complex 

and an RMSD of 0.479 Å over 777 aligned Cα atoms relative to the DNMT3AWT-CGA 
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complex. However, we identify important conformational differences in the catalytic 

loop, TRD loop and RD interface. Catalytic loop residues V716 and P718 exhibit reduced 

van der Waals contact with adenine of CpA (A6) lending an explanation for the reduced 

activity towards CpA sites compared to CpG. Furthermore, the TRD loop of 

DNMT3AWT-CAC complex is markedly different from what is observed in CpG 

structures (Fig. 2-4d). In the DNMT3AWT-CAC structure side chains of TRD loop 

residues R836, S837 and N838 all engage the parent strand, as the guanidium group of 

R836 is positioned in a hydrogen bond distance with O6 of G7′, albeit with great 

flexibility indicated by poor electron density, while S837 and N838 engage the DNA 

backbone (Fig. 2-4f). As observed in the DNMT3AWT-CGA structure and contrary to the 

DNMT3AWT-CGT structure, R882 does not form a hydrogen bond with S837 and 

interaction between TRD loop and the RD interface is compromised (as elaborated 

below). Consequently, the TRD loop assumes a more enhanced dynamic nature which is 

evidenced by the higher average B-factor value of TRD loop residues (123.6 Å2) when 

compared to the entire DNMT3A molecule (88.4 Å2). Within the RD interface side 

chains of R882 and S881 form hydrogen bonds with the DNA backbone while L883 

makes van der Waals contact—all in line with CpG DNA structures (Fig. 2-4e,g). 

However, unlike the DNMT3AWT-CGT structure and in agreement with the 

DNMT3AWT-CGA structure, side chain of R887 does not form a hydrogen bond with 

DNA (Fig. 2-4g). Despite the loss of this interaction the buried surface area in this region 

is (393 Å2), significantly greater than what’s observed in the DNMT3AWT-CGA structure 

(289 Å2) and comparable to the RD interface-DNA buried surface area in the 
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DNMT3AWT-CGT structure (423 Å2). These findings suggest that the mode of 

methylation site recognition is mainly mediated by the TRD loop where—in the case of 

CAC site methylation—residues R836, S837, N838 may scan the parent strand DNA 

sequence and conformation to fine tune methylation events.   

DNMT3B-mediated CpH methylation—in the context of CAG—was shown to be 

significant in ESCs as its depletion reduced CpH methylation level55,56. The crystal 

structure of DNMT3BWT-DNMT3L-CAG complex was solved recently showing a 

hydrogen bond between TRD loop residue K777 and N7 atom of G7 at the +1 position, a 

mechanism whereby DNMT3B confers CAG methylation43. To show DNMT3A-

mediated CAG site methylation, the crystal structure of DNMT3AWT-DNMT3L-CAG 

DNA complex was solved at 3.03 Å resolution (Fig. 2-5b). Comparison of this structure 

with DNMT3AWT-CAC complex reveals mechanistic differences in how the DNA 

contacting regions engage CAC and CAG sites. As expected the overall structure of 

DNMT3AWT -CAG is highly similar to the DNMT3AWT-CAC structure with an RMSD 

of 0.332 Å over 800 aligned Cα atoms. Furthermore, the catalytic loop and RD interface 

assume similar conformations as was observed in the of DNMT3AWT-CAC structure 

(Fig. 2-5d). While the side chain of R887 is not within hydrogen bonding distance to the 

DNA backbone, the buried surface area in the RD interface is 403 Å2, comparable to 

what is observed in DNMT3AWT-CAC and DNMT3AWT-CGT structures, suggesting that 

DNMT3A-DNA binding is not significantly compromised during CAG methylation 

events. However, the TRD loop assumes a different conformation than what is observed 

in the CAC DNA structure (Fig. 2-5c).  Here, the side chain of R836 forms a hydrogen 
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bond with N7 of G7 while neither S837 and N838 is shown to make DNA contact (Fig. 

2-5e). Instead, T835 forms a hydrogen bond with the backbone phosphate of A6 (Fig. 2-

5e). The lack of DNA contact in this region attests to the enhanced dynamics of TRD 

loop residues as evidence by the average B-factor (136.4 Å2) relative to the entire 

DNMT3A molecule (101.6 Å2). From these finds, DNMT3A-mediated CAG methylation 

involves a key base-specific interaction with the +1 position, as was observed for 

DNMT3B.  

Discussion 

Enzymology studies have shown that DNMT3A activity is influenced by -2 to +3 

flanking nucleotides (5′-NNCGNNN-3′) thus providing 1,024 sequence variants with 

different methylation efficiency43. Furthermore, CpH methylation has been shown to be 

mediated by DNMT3A and DNMT3B and is an important component of gene regulation 

in brain and pluripotent cells56. Here we provide structural evidence for modes of 

methylation site recognition by DNMT3A. We show that depending on the DNA 

sequence context, the TRD loop adopts different conformations and forms different base-

specific interactions. In the DNMT3AWT-CGA complex, R836 forms hydrogen bonding 

interactions with +1 and +2 bases while N838 hydrogen bonds with G6 of CpG in order 

to maintain CpG specificity. This is different from what was observed in the  

DNMT3AWT-CGT complex where R838 was shown to maintain CpG specificity by 

interacting with G638. Additionally, we observe different TRD loop conformations that 

may mediate CpH methylation, where in the DNMT3AWT-CAC complex TRD loop 

residues were shown to engage the parent strand. Alternatively in the DNMT3AWT-CAG 
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structure R836 engages G7 at the +1 position, similar to the observation in DNMT3B-

mediated CpH methylation. While we have revealed a few modes of site recognition, 

comprehensive structural studies are needed to elucidate varying TRD-loop-DNA 

interactions that mediate methylation of >1000 sequence variants, towards atomic-level 

understanding of DNMT3A-mediated genomic methylation patterns and changes in 

disease states.   
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Figure 2-1. Structure of the DNMT3AWT-DNMT3L-CGA DNA complex. (a) Domain 
architecture of DNMT3A and DNMT3L with the C-terminal domains marked with 
arrowheads. The site for R882H mutation is marked. (b) DNA sequence (CGA) used for 
the structural study. Z, Zebularine. (c) Ribbon representations of DNMT3AWT-DNMT3L 
bound to DNA and SAH. The Zebularines anchored at the two active sites are shown in 
expanded views, with hydrogen-bonding interactions depicted as dashed lines and Fo-Fc 
omit map (violet) contoured at 2.0  level. The SAH molecules are shown in sphere 
representation. (d-f) Close-up views of the DNA interactions of the TRD loop (d), 
catalytic loop (e) and RD interface (f) of two DNMT3AWT.  
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Figure 2-2. Structural comparison of the DNMT3AWT-CGA and DNMT3AWT-CGT 
complexes. (a) Structural superposition of the DNMT3AWT-CGA and DNMT3AWT-CGT 
(PDB 5YX2) complexes. (b) Structural comparison of the TRD loop and its interactions 
with CpG guanine (G6) and R882 in the DNMT3AWT-CGA and DNMT3AWT-CGT 
complexes. The conformational rearrangements of the TRD residues between the two 
complexes are indicated by arrows. (c) Structural comparison of the RD interface 
between the DNMT3AWT-CGA and DNMT3AWT-CGT complexes. (d,e) Close-up views 
of the R882- and R887-engaged DNA interactions in the DNMT3AWT-CGA (d) and 
DNMT3AWT-CGT (e) complexes, with the Fo-Fc omit map (violet) contoured at 2.0  
level. The distances for hydrogen-bonding and electrostatic interactions are measured and 
indicated by dashed lines, colored in red and black, respectively.  
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Figure 2-3. Structural details of the DNMT3AWT-CGA and DNMT3AWT-CGT 
complexes. (a) Electrostatic surface of DNMT3AWT-DNMT3L tetramer bound to CGA 
DNA. (b) Fo-Fc omit map (violet) of the CGA DNA (sticks) bound to DNMT3AWT, 
contoured at 2.0 level. (c) Schematic view of the DNMT3AWT-DNA interactions in the 
DNMT3AWT-CGA complex. The hydrogen-bonding, electrostatic and van der Waals 
interactions are indicated by red, blue and black arrows, respectively. The water-mediated 
hydrogen bond is indicated by letter ‘W’. (d,e) Close-up views of the DNA interactions 
of the TRD loop in the DNMT3AWT-CGT (d) and DNMT3AWT-CGA (e) complexes. The 
hydrogen bonding interactions are indicated by dashed lines. 
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Figure 2-4. Structural comparison of the DNMT3AWT-CAC, DNMT3AWT-CGT and 
DNMT3AWT CGA complexes. (a) DNA sequence (CAC) used for the structural study. Z, 
Zebularine. (b)  Structural superposition of the DNMT3AWT-CAC, DNMT3AWT-CGT 
(PDB 5YX2) and DNMT3AWT-CGA (PDB) complexes. Structural comparison of the 
catalytic loop (c), TRD loop (d) and RD interface (e) between complexes. (f) Close-up 
view of TRD loop-DNA interactions in the DNMT3AWT-CAC complex. The Fo-Fc omit 
map (violet) for TRD-loop residues was contoured at 1.0  level. Hydrogen-bonding 
interactions are indicated by red dashed lines.  (g) Close-up view of RD interface-DNA 
interactions in the DNMT3AWT-CAC complex.  
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Figure 2-5. Structural comparison of the DNMT3AWT-CAG and DNMT3AWT-CAC 
complexes. (a) DNA sequence (CAG) used for the structural study. Z, Zebularine. (b)  
Structural superposition of the DNMT3AWT-CAG and DNMT3AWT-CAC complexes. 
Structural comparison of the TRD loop (c) and RD interface (d) between complexes. (e) 
Close-up view of TRD loop-DNA interactions in the DNMT3AWT-CAG complex. The 
Fo-Fc omit map (gray) for TRD-loop residues was contoured at 1.0  level. Hydrogen-
bonding interactions are indicated by red dashed lines.   
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Table 1. X-ray data collection and refinement statistics for DNMT3AWT-DNMT3L-DNA 
complexes. 
 DNMT3AWT–

DNMT3L–CGA DNA 
(PDB: 6W8B) 

DNMT3AWT-
DNMT3L-CAG DNA 
(PDB: XXXX) 

DNMT3AWT-
DNMT3L-CAC DNA 
(PDB: XXXX) 

Data collection    
Space group P 32 R 3 :H R 3 :H 
Cell dimensions    
    a, b, c (Å) 186.3, 186.3, 81.7 204.9, 204.9, 89.4 204.2, 204.2, 88.9 
 ()  90, 90, 120 90, 90, 120 90, 90, 120 
Resolution (Å) 46.59-2.40(2.49-2.40)a 43.13-3.03(3.14-3.03)a 37.02-2.84(2.94-2.84)a 

Rmerge   0.074(1.249) 0.055(0.199) 0.015(1.194) 
I/(I) 10.0(0.8) 30.1(2.2) 34.7(0.6) 
CC1/2 0.999(0.644) 0.997(0.997) 0.999(0.380) 

Completeness (%) 99.9(99.9)  99.1(82.6) 99.9(96.4) 

Redundancy 5.1(4.7) 0.95 (1.15) 3.4(3.3) 
    
Refinement    
No. reflections 123,895 428,331 109,542  
Rwork / Rfree 0.212/0.233 0.211/0.267 0.228/0.287 
No. atoms    
    Protein and DNA 16,745 8071 8196 
    SAH 104 52 52 
    Water 288   
B factors (Å2)    
    DNMT3A 70.9 88.4 101.6 
    DNMT3L 130.8 138.8 152.5 
    DNA 116.8 150.6 181.2 
    SAH 66.6 80.5 86.15 
    Water 68.1   
r.m.s deviations    
    Bond lengths (Å) 0.004 0.004 0.005 
    Bond angles () 0.675 0.62 0.71 
aValues in parentheses are for highest-resolution shell. Each structure was determined 
using the dataset collected from a single crystal. 
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Chapter 3 

DNMT3A R882H 

Specific Aim 2: To determine the impact of the R882H mutation on DNMT3A structure 

and function.  

The most prevalent DNTM3A mutation, R882H (DNMT3AR882H), has been 

associated with global DNA hypomethylation in cells, greatly enhanced cell proliferation 

rate, and reduced CpG methylation activity in vitro57. However, how this mutation 

impacts the structure and function of DNMT3A remains poorly understood. This study is 

designed to provide an etiological link between the DNMT3A R882H mutation and DNA 

hypomethylation in cells. 

Methods 

Protein expression and purification 

Human DNMT3AR882H residues 628-912 and DNMT3L residues 178-386 where 

cloned in tandem into pRSFDuet-1 vector (Novagen) containing an N-terminal His6-

SUMO tag. The DNMT3AR882H-DNMT3L complex was expressed in Escherichia coli 

BL21 DE3 (RIL) cells, followed by purification using a Ni2+-NTA affinity column. Upon 

removal of the His6-SUMO tag via ULP1-mediated cleavage the protein was further 

purified using ion exchange chromatography on a Heparin column and size-exclusion 

chromatography on a 16/600 Superdex 200 pg column (GE Healthcare). The purified 

DNMT3AR882H-DNMT3L tetramer was concentrated to 0.3 mM in buffer containing 20 

mM Tris-HCl (pH 8), 100 mM NaCl, 0.1% β-mercaptoethanol and 5% glycerol and 

stored in -80 C freezer before use.  
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Preparation of enzyme-substrate covalent complexes  

25-mer self-complementary DNA sequences were used for generation of the 

DNMT3AR882H-DNMT3L-CGT, DNMT3AR882H-DNMT3L-CGA and DNMT3AR882H-

DNMT3L-CAG complexes. The DNA molecules were first subject to a denaturation and 

annealing process to generate duplexed DNA samples. Subsequently, the DNA was 

incubated with the DNMT3AR882H-DNMT3L tetramer in a 1:1 molar ratio to allow 

complex formation in a buffer containing 20 mM Tris-HCl (pH 8), 20% glycerol and 40 

mM DTT. The reaction products were sequentially purified by ion-exchange 

chromatography using a HiTrap Q XL column (GE Healthcare) and size-exclusion 

chromatography (pH 8) on a 16/600 Superdex 200 pg column (GE Healthcare). The final 

protein samples of the DNMT3AR882H-DNMT3L-DNA complexes were concentrated to 

0.1 mM in a buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 0.1% β-

mercaptoethanol and 5% glycerol. 

DNA sequences  

 CGT DNA: 5′-GCATCZGTTCTAATTAGAACGCATG-3′ 

 CGA DNA: 5′- CATGZGATCTAATTAGATCGCATGG-3′ 

 CAG DNA: 5′-CATGZAGTCTAATTAGACTGCATGG-3′ 

Crystallization conditions and structure determination 

DNMT3AR882H-DNMT3L-CGA  and DNMT3AR882H-DNMT3L-CGT complexes  

were generated using hanging-drop vapor-diffusion method at 4°C, from drops 

containing 0.2 µL of complex sample mixed with 0.8 µL of precipitant solution (0.1 M 

Sodium Citrate pH 4.2, 1% PEG8000). The crystals were soaked in cryoprotectant made 
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of mother liquor and 35% glycerol before collecting. Crystals for the DNMT3AR882H-

DNMT3L-CAG complex were generated using hanging-drop vapor-diffusion method at 

4°C, from drops containing 0.5 µL DNMT3AR882H-DNMT3L-CAG complex sample and 

0.5 µL precipitant solution (0.1 M Sodium Citrate pH 4.4, 0.2 % PEG8000). The crystals 

were soaked in cryoprotectant made of mother liquor and 35% glycerol before 

harvesting.  

X-ray diffractions datasets were collected on the BL12-2 beamline at the Stanford 

Synchrotron Radiation Light source (SSRL), SLAC National Accelerator Laboratory.  

The diffraction data were indexed, integrated, and scaled using the HKL 3000 program. 

The structures of the complexes were solved by molecular replacement with the 

PHASER program, using the structure of DNMT3AWT-DNMT3L-DNA complex (PDB 

5YX2) as search model. The structural models of the DNMT3AR882H-DNMT3L-DNA 

complexes were then subjected to modification using COOT and refinement using the 

PHENIX software package in an itinerate manner. The same R-free test set was used 

throughout the refinement. The statistics for data collection and structural refinement of 

the productive covalent DNMT3AR882H-DNMT3L-DNA complexes are summarized in 

Table 2. 

In-vitro methylation assay 

In-vitro methylation assay was performed in triplicates using 20 µl reactions that 

contained 1 µM protein (either wildtype DNMT3A-DNMT3L or  DNMT3AR882H-

DNMT3L), 1 µM 36mer DNA substrate containing either a single CG site, CA site, or 

CT site, 2.5 µM S-adenosyl-L-[methyl-3H]methionine (AdoMet) with a specific activity 
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of 18 Ci/mmol, (PerkinElmer), 1.96 µM nonradioactive AdoMet,  50 mM Tris-HCl pH 

7.5, 0.05% β-mercaptoethanol, 5% glycerol and 200 µg/mL BSA. Reactions were left to 

proceed for 1 hour at 37°C and stopped by adding 5µL of 10mM nonradioactive AdoMet 

to each reaction. Samples were loaded onto DEAE membrane, washed three times with 

0.2 M ammonium bicarbonate (pH 8.2), once with deionized water and subsequently with 

95% ethanol. The membrane was left to dry for 1 hour, cut into squares to separate 

samples and suspended into a vial containing 4 mL scintillation buffer. The incorporation 

of tritium onto DNA substrates was measured using Beckman LS6500 counter.  

DNA sequences used for in-vitro methylation assay 

 CG DNA: 5′-AATAATAATAATAATAACGATAATAA TAATAATAAA-3′ 

 CA DNA: 5′-AATAATAATAATAATAACAATAATAATAAT AATAAA-3′ 

 CT DNA: 5′-AATAATAATAATAATAACTATAATAAT AATAATAAA-3′ 

Electrophoretic mobility shift assay 

DNA binding analysis was conducted using 20 nM DNA duplex containing 12 

GAC trinucleotide repeats which was titrated with either DNMT3AWT-DNMT3L or 

DNMT3AR882H-DNMT3L mutant. Protein concentrations ranged from 0 to 600 nM. The 

binding buffer contained 50 mM Tris-HCl (pH 7.5), 5% glycerol and 1 mM DTT. 

Samples were resolved on a 4-15% wt/v polyacrylamide gel which was run at 4°C using 

17.8 mM Tris–borate (pH 8.3) and 0.4 mM EDTA running buffer.  

CpG specificity analysis using ~600 bp genomic DNA substrate  

0.05 µM GST3 DNA substrate (from glutathione S-transferase gene) which was 

626-bp long was incubated with either 5 µM DNMT3AR882H-DNMT3L for 3 hours or 1 
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µM WT DNMT3A-DNMT3L for 33 min until ~25% CpG methylation level is reached 

for both samples. Methylation reactions contained 400 µM SAM (S-adenosyl-L-

methionine), 50 mM Tris-HCl pH 7.5, 0.05% β-mercaptoethanol and 5% glycerol. After 

incubation, the reactions were stopped by immersing samples in liquid nitrogen. Then 

samples were subjected to bisulfite conversion using EZ DNA Methylation Gold Kit( 

ZYMO Research). Subsequently the upper stand of the GST3 DNA substrate was PCR 

amplified, cloned into pCR™4-TOPO™ TA Vector (Invitrogen), and sequenced to 

determine the level of CpG, CpA, CpT and CpC methylation.  

ITC measurements 

DNA duplex containing (GAC)8 repeats was used to titrate against DNMT3AWT-

DNMT3L or DNMT3AR882H-DNMT3L. Both protein and DNA samples were dialyzed 

against the ITC buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5% glycerol) at 4°C 

overnight. A MicroCal iTC200 system (GE Healthcare) was used to conduct the ITC 

measurements. A total of 20 injections with a spacing of 180 seconds and a reference 

power of 5 μcal/s were performed at 4°C. The ITC curves were processed with software 

ORIGEN (MicroCal) using one-site fitting model.  
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Results 

Structures of the DNMT3AR882H-CGA and DNMT3AR882H-CGT DNA complexes  

The MTase domain of DNMT3A, harboring R882H mutation, and the C-terminal 

domain of DNMT3L were used to generate DNMT3AR882H-DNMT3L tetramer which 

was complexed with either CGA or CGT containing 25-mer DNA to form 

DNMT3AR882H-CGA and DNMT3AR882H-CGT DNA complexes. The crystal structures 

of both complexes with SAH were solved at 2.5 Å and 2.6 Å resolution, respectively 

(Fig. 3-1, 3-2). The structure of DNMT3AR882H-CGA complex exhibits reduced DNA 

contact at the RD interface relative to the DNMT3AWT-CGA complex (Fig. 3-1b). 

Superposition of the two complexes reveals that the DNA molecule is arched further 

away from the RD interface (~2 Å difference) in the DNMT3AR882H-CGA complex 

relative to wild-type DNMT3A-CGA (Fig. 3-1b). DNA-RD interface interactions are 

maintained by hydrogen bond or van der Waals contacts between the DNA backbone and 

the side chains of residues S881, H882, and L883 (Fig. 3-2c) resulting in a buried surface 

area of 238 Å2, lower than what was observed in the DNMT3AWT-CGA complex (289 

Å2). As in the DNMT3AWT-CGA complex, intermolecular interactions between the RD 

interface and TRD loop are partly compromised by the R882H mutation (Fig. 3-1c). 

Consequently, the TRD loop adopts a dynamic nature as evidenced by the averaged B-

factor of 81.6 Å2 for residues R836-N838, much higher than the entire DNMT3AR882H 

molecule (65.9 Å2). Notably, in the DNMT3AR882H-CGA complex, the guanidinium 

group of R836 forms a hydrogen bond with N7 atom of A7 at the +1 position (Fig. 3-1d). 

It has been established that CpA is the second most favored methylation site of 
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DNMT3A/DNMT3B next to CpG. As both guanine and adenosine contain an N7 atom, 

our structural finding may provide an explanation for such preferential DNMT3AR882H-

mediated methylation.  

Comparison of the DNMT3AR882H-CGT complex with DNMT3AWT-CGT 

complex reveals that DNA binding is indeed weakened by the R882H mutation. In the 

DNMT3AR882H-CGT structure the DNA molecule is arched even further from the RD 

interface (~3 Å away relative to wild-type complex) (Figure 3-3a). Taking into account 

that side chains of residue 882 and R887 are further away compared to their location in 

the DNMT3AWT-CGT complex, the buried surface area is reduced to ~206 Å2, less than 

the buried surface area of 423 Å2 observed in the DNMT3AWT-CGT complex (Fig. 3-3b, 

3-4c).  

The TRD loop is also altered as its interaction with the RD interface is 

compromised by the R882H mutation (Fig. 3-3c). Compared to wild-type, the DNA 

molecule appears to be twisted away from the TRD loop in the DNMT3AR882H-CGT 

complex (Fig. 3-3c). As a result, R836 and N838 exhibit poor electron density indicating 

enhanced dynamics of the TRD loop residues relative to wild-type (Fig. 3-3d,e). In 

support of this finding, the averaged B-factor for residues R836-N838 in the 

DNMT3AR882H-CGT complex is 107.2 Å2, much higher than the averaged B-factor for 

the entire DNTM3AR882H molecule (82.9 Å2).  

Structure of the DNMT3AR882H-DNMT3L-CAG DNA complex   

In order to study the mechanistic impact of R882H mutation on DNMT3A-

mediated CpH methylation, I solved the crystal structure of the DNMT3AR882H-
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DNMT3L-CAG DNA (DNMT3AR882H -CAG) complex at 2.45 Å resolution. The 

structure was first compared with other R882H complexes harboring CpG DNA motifs 

and is highly similar with an RMSD of 0.40 Å over 845 aligned Cα atoms when 

superimposed with DNMT3AR882H–CGT complex and an RMSD of 0.41 over 827 

aligned Cα atoms relative to DNMT3AR882H–CGA complex (Fig 3-5b). The catalytic loop 

adopts a similar conformation as seen in the DNMT3AR882H-CpG complexes, albeit with 

reduced van der Waals contact between A6 of CpA and catalytic loop residues V716 and 

P718—similar to what is observed in DNMT3AWT-CpA complexes (Fig 3-4c-e, 3-5c). 

The lack of van der Waals interactions serve to explain context-based DNMT3A activity 

in the order of CpG>CpA>CpT>CpC (Fig. 3-5d,e).  

The RD interface is similar between the three DNMT3AR882H-DNA complexes 

and interactions in this region of the DNMT3AR882H–CAG complex lead to a buried 

surface area of ~207 Å2, which doesn’t deviate much from the RD interface buried 

surface area in DNMT3AR882H–CGT (206 Å2) and DNMT3AR882H–CGA (238 Å2) 

complexes (Fig. 3-5b). However, comparison of the DNMT3AR882H–CAG complex with 

DNMT3AWT–CAG reveals marked conformational differences in the RD interface (Fig. 

3-7). While the overall structures are highly similar with an RMSD 0.414 over 

813 aligned Cα atoms, DNA binding is impaired in the DNMT3AR882H–CAG complex 

and the DNA molecule is arched further way from the RD interface, by 2 Å relative to 

DNMT3AWT–CAG (Fig 3-7c). Side chain of H882 is further away from DNA backbone 

compared to corresponding the side chain of R882 in the wild-type structure (Fig. 3-

7d,e). Additionally, as H882 would be without charge under physiological pH, we expect 
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DNA contact in this region to be even weaker than observed in the R882H structure. 

Therefore, the buried surface area in this region is significantly less in DNMT3AR882H–

CAG complex (207 Å2) when compared to the DNMT3AWT–CAG complex (403 Å2) 

attesting to the major impact R882H has on DNA binding.  

The TRD loop of DNMT3AR882H–CAG is highly dynamic with an average B 

factor of 124.7 Å2, much greater than the average B factor of the entire DNMT3AR882H 

molecule (77.4 Å2). Furthermore, R836 adopts two alternative conformations, where it 

forms a hydrogen bond with O4 of T8 at the +2 position in one conformation and forms a 

salt bridge with the DNA backbone in the other conformation (Fig 3-5f, 3-6f). Unlike 

what is observed in the DNMT3AR882H-CpG DNA complexes, N838 is not engaged in 

DNA interactions, consistent with DNMT3AWT–CAG (Fig 3-6f, 2-5e). Instead T834 

forms a water mediated hydrogen bond with N7 of A6 of CpA (Fig. 3-6f). These 

observations of TRD loop-DNA interactions in the DNMT3AR882H–CAG complex serve 

to highlight the significance of flanking nucleotides in site selection by DNMT3A and 

how this may be altered due to the R882H mutation.  

DNMT3AR882H exhibits reduced DNA-binding affinity and CpG specificity 

Electrophoretic mobility shift assay was performed to assess DNA binding 

affinity of DNMT3AR882H relative to wild-type (Fig. 3-8a). Titration with wild-type 

DNMT3A-DNMT3L tetramer led to a substantial shift of the free DNA band, generating 

multiple slow-mobility bands that correspond to the DNMT3A-DNMT3L-DNA 

complexes with various stoichiometric ratios. By contrast, the gel shift was significantly 

reduced at the same concentrations of the DNMT3AR882H-DNMT3L tetramer (Fig. 3-8a). 
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Additionally, isothermal titration calorimetry (ITC) was used to compare the binding 

affinities of DNMT3AWT-DNMT3L and DNMT3AR882H-DNMT3L for a 24-mer CpG 

DNA (Fig. 3-8b). The dissociation constant (KD) of DNMT3AWT-DNMT3L was 

determined to be 9.8 M and no appreciable DNA binding was observed for 

DNMT3AR882H-DNMT3L under the same experimental condition (Fig. 3-8b, 3-9a,b). In 

agreement with the structural analysis, these findings confirm that the R882H mutation 

leads to reduced DNA-binding affinity of DNMT3A.  

To test how the conformational changes of the TRD loop observed in 

DNMT3AR882H structure affect substrate specificity, an in vitro methylation assay was 

conducted using DNA substrates containing single CpG, CpA or CpT site (Fig. 3-8c, Fig. 

3-9c-g). The R882H mutation reduces the activity of DNMT3A on CG-containing DNA 

by 3.3-fold. However, the methylation activity of DNMT3AR882H on CA-containing DNA 

is only reduced by 1.3-fold relative to wild-type, and was increased by 1.3-fold on CT-

containing DNA. Therefore, the relative preferences of DNMT3A for CG/CA and 

CG/CT DNAs were reduced by 2.6- and 4.2-fold, respectively (Fig. 3-8c).  

CpG specificity of DNMT3AR882H was further examined using a ~600-bp DNA 

substrate (GST) (Fig 3-8d, 3-9h,i). The substrate contained 15 CpG, 38 CpA, 26 CpT and 

29 CpC sites and was incubated with 1 µM DNMT3A-DNMT3L for 30 min or 5 µM 

DNMT3AR882H-DNMT3L for 3 hr to allow for ~25% CpG methylation level. Following 

the methylation reaction the substrate was subjected to bisulfite conversion, PCR 

amplification and sequencing analysis. For DNA substrates methylated by DNMT3AWT-

DNMT3L, 132 out of 510 CpG sites were methylated, whereas only 44 out of 1292 CpA, 
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16 out of 884 CpT and 6 out of 986 CpC sites were methylated (Fig. 3-8d). However, for 

DNMT3AR882H-DNMT3L, 137 out of 510 CpG sites were methylated, whereas only 88 

out of 1292 CpA, 21 out of 884 CpT and 17 out of 986 CpC sites were methylated. Using 

this method the relative preferences of DNMT3A for CG/CA, CG/CT and CG/CC DNAs 

were reduced by 1.9-, 1.3-, and 2.7-fold, respectively (Fig. 3-8d).  

 

Discussion 

Most DNMT3A mutations found in hematopoietic neoplasms occur within the 

methyltransferase domain, 65% of which are missense mutations changing arginine at 

position 882 to histidine (R882H)57. Therefore, understanding the mechanism by which 

this mutation alters the function of DNMT3A is critical for the development of treatment 

strategies. The role of R882H on the oligomeric state of DNMT3A has been under debate 

for several years as previous studies argue opposing sides: one study reports that the 

R882H mutation inhibits tetramerization and elicits a dominant negative effect and a 

more recent study argues against such an effect in vitro and in vivo35,36,58. 

 In this study, the structures of DNMT3AR882H-DNA complexes reveal that the 

dimer interface harboring the R882H mutation is not disrupted but rather maintained by a 

reciprocal salt bridge between R885 and D876 of adjacent DNMT3A monomers (Fig. 3-

10).  Nonetheless, in line with the fact that the RD interface serves as a DNA binding 

platform the R882H mutation was shown to reduce DNA binding significantly, attesting 

to reduced activity of the mutant enzyme. Furthermore, a hydrogen bond between R882 

of the RD interface and S837 of the TRD loop that allows for crosstalk between the two 
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regions is lost in DNMT3AR882H-CGT complex relative to the wild-type complex. 

Consequently the TRD loop exhibits increased dynamics evidenced by increased average 

B-factor for TRD loop residues relative to the entire DNMT3AR882H molecule. 

Consequently CpG/non-CpG specificity is reduced for DNMT3A R882H relative to wild-

type, as shown in the in vitro methylation assay. From our structural and biochemical 

observations, DNMT3AR882H exhibits a major defect in DNA binding, thus significantly 

suppressing enzymatic activity. Furthermore, we observed altered TRD loop-DNA 

interactions suggesting that this mutation also impairs substrate specificity and may lead 

to enhanced off-target methylation.  
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Figure 3-1. Structural comparison of the DNMT3AWT-CGA and DNMT3AR882H-CGA 
complexes. (a) Structural superposition of the DNMT3AWT-CGA and DNMT3AR882H-
CGA complexes. (b) Structural comparison of the RD interface between the 
DNMT3AWT-CGA and DNMT3AR882H-CGA complexes. (c) Structural comparison of the 
TRD loop and its interactions with CpG guanine (G6) and R882 in the DNMT3AWT-
CGA and DNMT3AR882H-CGA complexes. The hydrogen-bonding interactions are 
indicated by dashed lines. The conformational difference of DNA is validated by the Fo-
Fo difference map (salmon) of G9′ between the two complexes, contoured at 1.0  level. 
(d) Close-up view of the DNA interactions by the TRD loop, with the Fo-Fc omit map 
(violet) contoured at 2.0  level.  
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Figure 3-2. Structural analysis of the  DNMT3AR882H-CGA complex. (a) Fo-Fc omit map 
(violet) of the CGA DNA (sticks) bound to DNMT3AR882H, contoured at 2.0 level. (b) 
Schematic view of the DNMT3AR882H-DNA interactions in the DNMT3AR882H-CGA 
complex. The hydrogen-bonding, electrostatic and van der Waals interactions are 
indicated by red, blue and black arrows, respectively. The water-mediated hydrogen bond 
is indicated by letter ‘W’. (c) Close-up view of the interactions between the RD interface 
and DNA in the DNMT3AR882H-CGA complex. The hydrogen-bonding interactions are 
shown as dashed lines.  
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Figure 3-3. Structural comparison of the DNMT3AWT-CGT and DNMT3AR882H-CGT 
complexes. (a) Structural superposition of the DNMT3AWT-CGT (PDB 5YX2) and 
DNMT3AR882H-CGT complexes. (b) Close-up view of protein-DNA interaction on the 
RD interface of the DNMT3AWT-CGT and DNMT3AR882H-CGT complexes. (c) Close-up 
view of the TRD loop and its interactions with CpG guanine (G6) and R882 in the 
DNMT3AWT-CGT and DNMT3AR882H-CGT complexes in expanded view. The 
hydrogen-bonding interactions are indicated by dashed lines. The conformational shifts 
of the DNA between the two complexes are validated by the Fo-Fo difference map 
(salmon) between the two complexes (1.0 ) and indicated by arrows.  
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Figure 3-4. Structural details of the DNMT3AR882H-CGT complex. (a) Fo-Fc omit map 
(violet) of the CGT DNA (sticks) bound to DNMT3AR882H, contoured at 2.0  level. (b) 
Schematic views of the protein-DNA interactions in the DNMT3AR882H-CGT complex. 
The hydrogen-bonding, electrostatic and van der Waals interactions are indicated by red, 
blue and black arrows, respectively. (c) Close-up view of the interaction between the RD 
interface and DNA in the DNMT3AR882H-CGT complex. The hydrogen bonding 
interactions are shown as dashed lines.  
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Figure 3-5. Structural analysis of the DNMT3AR882H-CAG complex. (a) DNA sequence 
(CAG) used for the structural study. (b) Structural superposition of the DNMT3AR882H-
CGA, DNMT3AR882H-CGT and DNMT3AR882H-CAG complexes, with the aligned 
catalytic loops, TRD loops and RD interfaces shown in expanded views. The side chains 
of the DNA-contacting residues are shown in stick representation. (c-e) van der Waals 
contacts between the catalytic-loop (V716 and P718) and the nucleotide downstream of 
the methylation site (fC10) in the DNMT3AR882H-CGA (c), DNMT3AR882H-CGT (d) and 
DNMT3AR882H-CAG (e) complexes. (f) Close-up views of the interaction between TRD 
residue R836, with two alternative conformations, and the CAG DNA. The hydrogen-
bonding interactions are shown as dashed lines.  
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Figure 3-6. Structural details of the DNMT3AR882H-CAG complex. (a) Fo-Fc omit maps 
(violet) of the CAG DNA (sticks) bound to DNMT3AR882H, contoured at 2.0  level. (b) 
Schematic views of the protein-DNA interactions in the DNMT3AR882H-CAG complex. 
The hydrogen-bonding, electrostatic and van der Waals interactions are indicated by red, 
blue and black arrows, respectively. (c) Close-up views of the interactions between the 
catalytic loop and DNA in the DNMT3AR882H-CAG complex. (d,e) van der Waals 
contacts between the catalytic-loop (V716 and P718) and the nucleotide downstream of 
the methylation site (fC10) in the structural models of DNMT3AR882H-CGT (d) and 
DNMT3AR882H-CGC (e). The structural models were generated using Coot software 
based on the structure of DNMT3AR882H-CAG. (f) Close-up view of the interaction 
between the TRD loop and DNA in the DNMT3AR882H-CAG complex, with the Fo-Fc 
omit map (violet) of the TRD loop contoured at 2.0  level. 
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Figure 3-7. Structural comparison of the DNMT3AWT-CAG and DNMT3AR882H-CAG 
complexes. (a)  Superposition of the DNMT3AWT-CAG and DNMT3AR882H-CAG 
complexes. Structural comparison of the TRD loop (b) and RD interface (c) between 
complexes. Close-up view of RD interface-DNA interactions in the (d) DNMT3AWT-
CAG and (e) DNMT3AR882H-CAG complexes. The Fo-Fc omit map (gray) for RD 
interface residues was contoured at 1.0  level. The hydrogen bonding (red) and van der 
Waals (black) interactions are indicated by dashed lines. 
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Figure 3-8. Biochemical analysis of the DNMT3AR882H-DNA interaction. (a) EMSA gel 
image of the DNA binding activities of WT and R882H-mutated DNMT3A-DNMT3L. 
(b) ITC binding analysis of WT and R882H-mutated DNMT3A-DNMT3L on 24-mer 
(GAC)8 DNA. The data and error estimate were derived from two independent 
experiments. N.M., not measurable.  (c) In vitro CpG and CpH methylation of WT and 
R882H-mutated DNMT3A-DNMT3L, using a 36-mer DNA containing single CpG, CpA 
or CpT sites. The data are displayed as CpA/CpG and CpT/CpG ratios. The data and 
error estimate were derived from three independent measurements. (d) Methylation assay 
using a ~600-bp DNA substrate. The experiment was repeated twice with similar trends.  
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Figure 3-9. Biochemical and enzymatic analyses of the DNMT3AR882H- and 
DNMT3AWT-mediated methylation. (a,b) Representative ITC binding curves of 
DNMT3AWT (a) and DNMT3AR882H titrated against (GAC)8 DNA (b). (c)  In vitro CpG 
methylation of DNMT3AR882H-DNMT3L and DNMT3AWT-DNMT3L on a 36-mer DNA 
containing single CpG site. (d) In vitro CpA and CpT methylation of DNMT3AR882H-
DNMT3L and DNMT3AWT-DNMT3L on a 36-mer DNA containing single CpA or CpT 
site. (e-g) In vitro methylation kinetics of DNMT3AWT-DNMT3L and DNMT3AR882H-
DNMT3L over (e) CpG, (f) CpA and (g) CpT DNA. The experiment in (e-g) was 
performed independently from(c,d). (h) Biological replicate of the bisulfite sequencing 
analysis. (Top) Relative in vitro CpG and CpH methylation of WT and R882H-mutated 
DNMT3A-DNMT3L on a 626-bp DNA. The data are displayed as ratios of the 
methylation events of each indicated sequence context over total methylation events. 
(Bottom) Summary of total cytosine sites and methylation events in each indicated 
context, derived from bisulfite sequencing analyses of 7 clones of the 626-bp DNA 
incubated with WT or R882H-mutated DNMT3A-DNMT3L. Note that each DNA 
fragment contains 15 CpG, 38 CpA, 26 CpT and 29 CpC sites. (i) Relative ratio of 
methylation efficiency of DNMT3AR882H-DNMT3L over DNMT3AWT-DNMT3L for 
indicated sequence contexts on the 626 bp-long DNA.  
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Figure 3-10. Intermolecular interactions at the RD interfaces of DNMT3A-DNA 
complexes. (a-e) Stick representations of protein residues located at the RD interfaces of 
the DNMT3AWT-CGT (PDB 5YX2) (a), DNMT3AWT-CGA (b), DNMT3AR882H-CGA 
(c), DNMT3AR882H-CGT (d) and DNMT3AR882H-CAG (e) complexes. The hydrogen 
bonding interactions are shown as dashed lines. 
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Table 2. X-ray data collection and refinement statistics for DNMT3AR882H-DNMT3L-
DNA complexes. 
 DNMT3AR882H–

DNMT3L–CGT DNA 
(PDB: 6W8D) 

DNMT3AR882H–
DNMT3L–CGA DNA 
(PDB: 6W89) 

DNMT3AR882H–
DNMT3L–CAG DNA 
(PDB: 6W8J) 

Data collection    
Space group H 3 P 32 H 3 
Cell dimensions    
    a, b, c (Å) 205.6, 205.6, 89.5 187.6, 187.6, 82.4 205.9, 205.9, 89.4 
 ()  90, 90, 120 90, 90, 120 90, 90, 120 
Resolution (Å) 33.16-2.60(2.69-2.60)a 37.72-2.50(2.59-2.50) 43.35-2.45(2.54-2.45) 

Rmerge   0.051(1.155) 0.078(0.818) 0.112(1.496) 
I/(I) 13.7(0.9) 10.4(1.4) 7.8(1.9) 
CC1/2 
Completeness (%) 

0.998(0.636) 
98.9(99.5) 

0.999(0.726) 
98.5(93.0) 

0.992(0.404) 
100.0(99.9) 

Redundancy 5.1(4.9) 6.7(5.9) 4.8(4.6) 
    
Refinement    
No. reflections 43,403 110,518 51,900 
Rwork / Rfree 0.199/0.253 0.196/0.240 0.183/0.223 
No. atoms    
    Protein and DNA 8,238 16,740 8,330 
    SAH 52 104 52 
    Water 96 259 151 
B factors (Å2)    
    DNMT3A 89.9 65.2 77.4 
    DNMT3L 140.2 124.0 125.9 
    DNA 158.4 120.0 129.8 
    SAH 89.1 60.1 80.6 
    Water 88.5 68.8 83.2 
r.m.s deviations    
    Bond lengths (Å) 0.004 0.006 0.004 
    Bond angles () 0.703 0.968 0.708 
aValues in parentheses are for highest-resolution shell. Each structure was determined 
using the dataset collected from a single crystal. 
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Chapter 4 

DNMT1 SUBSTRATE SPECIFICITY 

Specific Aim 3: To determine the influence of flanking nucleotides on DNMT1 activity.  

Methods 

Protein expression and purification 

The cDNA encoding mDNMT1731-1602 was cloned into pRSFDuet-1 vector 

(Novagen) containing an N-terminal His6-SUMO tag. The plasmid was then transformed 

into Escherichia coli BL21 DE3 (RIL) cells. The bacterial cells were initially grown in 

LB medium at 37 C. After cells density reached an A600 of 0.8, protein expression was 

induced by addition of 0.4 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG), and the 

cells continued to grow overnight at 16 C.  The His6-SUMO-mDNMT1731-1602 fusion 

protein was first purified on a Ni2+-NTA affinity column, followed by removal of the 

His6-SUMO tag via ULP1-mediated cleavage. Subsequently, mDNMT1731-1602 was 

sequentially purified by ion exchange chromatography (pH 7.5) on a Heparin column 

(GE Healthcare) and size-exclusion chromatography (pH 7.5) on a 16/600 Superdex 200 

pg column (GE Healthcare).  

To generate mDNMT1731-1602-DNA covalent complex, the purified mDNMT1731-

1600 protein sample was mixed with double stranded, hemi-methylated 12-mer DNA 

containing a single 5-florocytocine site at a 1:2 mDNMT1:DNA ratio in the buffer 

containing 50 mM Tris-HCl (pH 7.5), 20% glycerol, 10 mM DTT and 100 µM AdoMet. 

The mDNMT1-DNA complex was then purified through ion-exchange chromatography 

on a HiTrap Q XL column (GE Healthcare) and size-exclusion chromatography on a 
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16/600 Superdex 200 pg column (GE Healthcare). Finally, mDNM1-DNA complexes 

were concentrated to 0.2 mM in 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 5 mM DTT 

and 5% glycerol for crystallization.  

DNA sequences  

 CCG DNA:  

Upper strand:  5′-ACTTAmCGGAAGG-3′  

Lower strand: 3′-TGAATGfCCTTCC-5′ 

 ACG DNA:  

Upper strand: 5′-CCTTCCGTAAGT-3′ 

Lower strand: 3′-GGAAGGCATTCA-5′ 

Crystallization conditions and structure determination 

Crystals for mDNMT1731-1602-DNA complex were generated using hanging-drop 

vapor-diffusion method at 4°C, from drops containing 0.5 µL of mDNMT1731-1602-DNA 

samples and 0.5 µL of precipitant solution (0.1 M Sodium Citrate pH 4.8, 10 mM ZnCl2). 

Initially, this condition yielded clusters of needle shaped crystals, which were 

subsequently optimized to larger plate shaped crystals by the seeding method. Crystals 

were soaked in cryoprotectant made of mother liquor and 25% glycerol before 

harvesting.  

The X-ray diffraction dataset for the mDNMT1731-1602-CCG DNA complex was 

collected on the BL 5.0.2 beamline at the Advanced Light Source, Lawrence Berkeley 

National Laboratory and the diffraction dataset for the mDNMT1731-1602-ACG DNA 

complex was collected on the 24-ID-C beamline at the Advanced Photon Source, 
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Argonne National Laboratory.  The diffraction data were indexed, integrated, and scaled 

using the HKL 3000 program. The structures of the complexes were solved by molecular 

replacement with the PHASER program, using the structure of mDNMT1731-1602-ACG 

DNA complex (PDB 4DA4) as search model. The structural models of the mDNMT1731-

1602-DNA complexes were then subjected to iterative modification using COOT and 

refinement using the PHENIX software package. The same R-free test set was used 

throughout the refinement. The statistics for data collection and structural refinement of 

the mDNMT1731-1602-DNA complexes are summarized in Table 3. 

 

Results 

In search of structural evidence to support the flanking sequence preference 

observed in deep enzymology data, the C-terminal fragment of mouse DNMT1 (residues 

731-1602) was complexed with 12 mer DNA duplexes containing a central hemi-

methylated CpG site: (mCpG).(5fCpG). The presence of 5-flurocytosine (5fC) allows for 

covalent complex formation between carbon 6 of the flipped out 5fC and the sulfur group 

of the catalytic cysteine (C1229). In this manner, two preferred DNA substrates (5′-

TC(CpG)TA-3′ (CCG) and 5′-TA(CpG)GA-3′ (ACG)) were complexed with mDNMT1 

and their structures were solved at 3.0 Å and 3.1 Å resolution, respectively (Fig. 4-1a, 4-

2). 

 These structures were compared with a previously solved mDNMT1-DNA 

structure harboring a disfavored substrate: 5′-GG(CpG)GC-3′ (GCG) (PDB 4DA4). The 

(GCG) substrate ranks 177 out of 256 (1 being the most preferred),  while substrates 
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containing (CCG) and (ACG) rank 2 and 32 out of 256, respectively (Fig 4-1c-e).  The 

newly solved mDNMT1-CCG and mDNMT1-ACG complexes show significant 

conformational difference when compared to the previous mDNMT1-GCG complex (Fig. 

4-1a).  

 In all three complexes base pairing between G7 and the target fC7′ (5fC) is 

disrupted as fC7′ is flipped out and engaged in a covalent bond with C1229 and in 

hydrogen bond interactions with catalytic site residues (Fig. 4-2a,b). The conformational 

differences between the complexes is seen in the DNA topology near the central hemi-

CpG site and in the catalytic helix (residues 1241-1262) of mDNMT1 (Fig. 4-1a-h, 4-3, 

4-4a-f). In the GCG complex, G7 engages in a non-canonical hydrogen bond with G8′ 

located at the -1 position of the target strand (Fig. 4-1c,f). While this keeps the orphan 

guanine inside the double helix, C8 at the -1 position of the non-target strand is left 

unpaired and is flipped out of the double helix (Fig. 4-1c, f). However, in the mDNMT1-

ACG complex, the orphan guanine is flipped out of double helix (Fig. 4-1d,g)  while in 

the mDNMT1-CCG complex the orphan guanine remains in the helix and is stabilized by 

a hydrogen bonding interaction with K1537 (Fig. 4-1e, h). As such, the mDNMT1-CCG 

complex shows the least amount of DNA distortion as no bases, aside from the target 

fC7′, are flipped out.  

 Furthermore, while the catalytic helix adopts a straight conformation in the 

disfavored GCG complex (Fig. 4-3a), in the favored ACG and CCG complexes the 

catalytic helix exhibits a kinked conformation (Figure 4-3b, c), similar to the apo-form 

(PDB 3PT9) (Figures 4-3d,e). However, unlike apo-mDNMT1 that assumes a well-
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ordered catalytic loop, the segment upstream of the catalytic helix is disordered in the 

ACG and CCG complexes (Figures 4-3b-e). Notably, the electron density of the 

disfavored GCG complex contains a minor population that exhibit the kinked catalytic 

helix conformation (Fig. 4-3f). Furthermore, in the favored ACG and CCG complexes, 

there exists a minor population of conformers that are in the straight conformation (Fig. 

4-5). In these structures the kinked catalytic helix conformation is accompanied with a 

more solvent accessible SAH binding pocket as K1247, which partly seals the binding 

site in the disfavored GCG complex, is repositioned during the straight-to-kinked 

transition (Fig. 4-3g-i). This finding is in support of a previous study showing that 

catalytic helix undergoes such a transition during catalysis59.    

 

Discussion 

Deep enzymology studies have revealed a novel flanking sequence preference of 

DNMT1 using varied hemi-methylated substrates21. Strikingly, the flanking sequence 

preference observed in deep enzymology studies is consistent with genome wide CpG 

methylation level in human embryonic stem cells21. To understand the mechanism behind 

the flanking sequence specificity, structures of mDNMT1-preferred DNA complexes 

(CCG and ACG-motifs) were solved and compared with a previously solved structure 

harboring a disfavored substrate with a central hemimethylated GCG-motif (PDB 4DA4). 

Indeed marked conformational differences in DNA topology at the central hemi-mCpG 

site and in the catalytic helix of mDNMT1 were observed between the favored and the 

disfavored substrate containing complexes. While the disfavored GCG complex exhibits 
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significant distortion in the double helix at the central hemi-mCpG site where four bases 

undergo conformational changes, the favored CCG and ACG complexes show reduced 

alterations to the double helix with base flipping limited to the target cytosine analog for 

the most favored CCG substate. Furthermore, while the mDNMT1-GCG complex 

predominantly adopts a straight catalytic helix, the favored CCG and ACG structures 

exhibit a kinked catalytic helix which is associated with a more open SAH binding 

pocket. Our structural observations serve to elucidate a mechanism that permits DNMT1-

mediated, context-based methylation, while there remains a need for comprehensive 

structural studies of the 256 sequence variants.  
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Figure 4-1. Structural analysis of the mDNMT1731-1602-DNA complexes. (a) Structural 
overlay of the CCG and ACG complexes (this study) and the GCG complex (PDB 4DA4) 
of mDNMT1, with the catalytic helix highlighted in expanded views. The disordered 
region N-terminal to the catalytic helix is shown as dashed lines in the respective CCG 
and ACG complexes. The SAH molecule is shown in sphere representation. (b) 
Structural overlay of the CCG DNA, ACG DNA and GCG DNA in mDNMT1-bound 
form. The color scheme is the same as in (a). (c-e) Schematic views of the DNA in the 
GCG complex (c),  ACG (d) and CCG (e) complexes. (f-h) Close-up comparison of the 
protein-DNA interactions at the CpG sites between the GCG (f), ACG (g) and CCG (h) 
complexes. The 5-methyl group of the mC6 is shown as green sphere. The hydrogen-
bonding and electrostatic interactions are shown as dashed lines in red and black, 
respectively. Note that in the ACG complex (g), the side chain of R1237 is non-traceable 
due to missing electron density.  
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Figure 4-2. Crystal structures of the CCG and ACG complexes of murine DNMT1. a, b) 
Ribbon representation of mDNMT1731-1602 covalently bound to 5fC-containing CCG (a) 
and ACG (b) DNA. The BAH1 and BAH2 are colored wheat and orange, respectively. 
The MTase domain is colored in cyan in the CCG complex (a) but slate in the ACG 
complex (b). The domain linker between BAH1 and BAH2 domains is colored in grey. 
The DNMT1-bound DNAs are colored light pink and orange, respectively. Zinc ions and 
the flipped-out fC7′ are purple and violet, respectively. The AdoHcy (SAH) molecule is 
in sphere representation. DNMT1 residues interacting with mC6 and fC7′ are shown in 
expanded views in both (a) and (b). The Fo-Fc omit maps for mC6 and fC7′ are shown as 
magenta mesh, contoured at 1.3  level, in the expanded views. The hydrogen bonds are 
shown as dashed lines. c, d) Fo-Fc omit maps for the DNMT1-bound CCG (c) and ACG 
(d) DNA are shown as magenta mesh, contoured at 1.3  level. 
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Figure 4-3. Conformational transition of the catalytic helix of mDNMT1. (a-c) Close-up 
views of the conformation of the catalytic helix in the GCG (PDB 4DA4) (a), ACG (b) 
and CCG (c) complexes. The side chains of the DNA-interacting residues R1241 and 
Y1243 are shown in stick representation in the GCG complex (a). These two residues are 
either completely (in the ACG complex) or partially (CCG complex) non-traceable in the 
other two complexes. The hydrogen bonding interaction is shown as dashed line in red. 
The minor groove width at the +2 flank sites (C4′/A4′) are indicated by dashed lines in 
black. The disordered segments in (b) and (c) are shown by dashed lines in slate and 
cyan, respectively. (d-e) Close-up view of the catalytic helix overlaid between free-state 
mDNMT1731-1602 (PDB 3PT9) and the CCG complex (d) or the ACG complex (e). (f) Fo-
Fc omit map of residues 1242-1249 of mDNMT1731-1600 in the GCG DNA complex (PDB 
4DA4), contoured at 2.0  level, with the straight and kinked conformations colored in 
silver and aquamarine, respectively. (g-i) The SAH-binding pocket in the GCG (g), CCG 
(h) and ACG (i) complexes. The distances between the N7 atom of SAH and the side 
chain or the backbone of residue K1247 are indicated by dashed lines. Note that the side 
chain of K1247 is non-traceable in (h-i) due to missing electron density. 
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Figure 4-4: Molecular details of the mDNMT1731-1602-DNA interactions. a-c) Schematic 
views of the protein-DNA interactions in the GCG complex (a), adopted from a previous 
report (PDB 4DA4)1, and ACG (b) and CCG (c) complexes. The hydrogen bonding and 
base-stacking contacts are indicated by red and blue arrows, respectively. Water-
mediated hydrogen bonds are labeled as letter ‘W’ inside a circle. In the CCG complex 
(c), the base of C12′ is indicated by a dashed box due to missing of electron density. d-f) 
Close-up views of the catalytic loop-DNA interactions in the GCG complex (PDB 4DA4) 
(d), ACG complex (e) and CCG complex (f). g-i) Close-up views of the DNA 
interactions between the TRD loops and DNA in the GCG complex (PDB 4DA4)1 (g), 
ACG complex (h), and CCG complex (i). The hydrogen bonds are shown as dashed lines 
in red. Water molecules are shown as red spheres. The 5-methyl group in mC6 is shown 
as green sphere. The electrostatic interaction is shown as dashed line in black in (h). 
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Figure 4-5: Alternative conformation of the catalytic helix of mDNMT1(731-1602) in 
the ACG and CCG complexes. (a,b) Fo-Fc omit maps of the two alternative 
conformations of the mDNMT1731-1602 in the ACG (a) and CCG (b) complexes, 
contoured at 2.0  level. The straight conformations and associated maps are colored in 
silver and green, respectively. The kinked conformations are colored in slate and 
aquamarine in the ACG and CCG complexes, respectively. Major conformer maps are 
colored magenta and residues for the minor conformations are labeled with prime and 
associated maps are colored green. 
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Table 3. X-ray data collection and refinement statistics for mDNMT1-DNA complexes. 

 mDNMT1–CCG DNA 
(PDB: 6W8W) 

DmNMT1–ACG DNA 
(PDB: 6W8V)) 

Data collection   
Space group P 1 21 1 P 1 21 1 
Cell dimensions   
    a, b, c (Å) 89.8, 152.6, 95.6 89.2, 152.1, 96.0 
 ()  90, 94.7, 90 90, 94.3, 90 
Resolution (Å) 45.5-3.0(3.1-3.0)a 47.9-3.1(3.2-3.1)a 

Rmerge   0.331(1.714) 0.395(2.05) 
I/(I) 4.2(0.6) 4.1(0.6) 
CC1/2 
Completeness (%) 

0.974(0.302) 
97.9(93.0) 

0.981(0.329) 
99.0(91.1) 

Redundancy 6.6(5.5) 6.7(5.9) 
   
Refinement   
No. reflections 50,786 45,085 
Rwork / Rfree 0.238/0.281 0.251/0.281 
No. atoms   
    Protein and DNA 13,821 13,899 
    SAH 52 52 
    ZN2+ 4 4 
    Water 64 46 
B factors (Å2)   
   Protein 82.9 79.8 
    DNA 132.0 118.2 
    ZN2+ 93.5 73.5 
    SAH 81.7 79.7 
    Water 50.0  
r.m.s deviations   
    Bond lengths (Å) 0.003 0.002 
    Bond angles () 0.651 0.479 

aValues in parentheses are for highest-resolution shell. Each structure was determined 
using the dataset collected from a single crystal. 
 

 
 
 
 
 
 
 

 
 



63 
 

REFERENCES 
 

(1) Law, J. A.; Jacobsen, S. E. Establishing, Maintaining and Modifying DNA 
Methylation Patterns in Plants and Animals. Nat. Rev. Genet. 2010, 11. 
https://doi.org/10.1038/nrg2719. 
 

(2) Smith, Z. D.; Meissner, A. DNA Methylation: Roles in Mammalian 
Development. Nat. Rev. Genet. 2013, 14. https://doi.org/10.1038/nrg3354. 

 
 

(3) Holliday, R.; Pugh, J. E. DNA Modification Mechanisms and Gene 
Activity during Development. Science 1975, 187 (4173), 226–232. 
 

(4) Riggs, A. D. X Inactivation, Differentiation, and DNA Methylation. 
Cytogenetic and Genome Research 1975, 14 (1), 9–25. 
https://doi.org/10.1159/000130315. 

 
 

(5) Ehrlich, M.; Gama-Sosa, M. A.; Huang, L. H.; Midgett, R. M.; Kuo, K. C.; 
McCune, R. A.; Gehrke, C. Amount and Distribution of 5-Methylcytosine 
in Human DNA from Different Types of Tissues of Cells. Nucleic acids 
research 1982, 10 (8), 2709–2721. https://doi.org/10.1093/nar/10.8.2709. 
 

(6) Saxonov, S.; Berg, P.; Brutlag, D. L. A Genome-Wide Analysis of CpG 
Dinucleotides in the Human Genome Distinguishes Two Distinct Classes 
of Promoters. Proceedings of the National Academy of Sciences of the 
United States of America 2006, 103 (5), 1412–1417. 
https://doi.org/10.1073/pnas.0510310103. 

 
 

(7) Ziller, M. J.; Gu, H.; Müller, F.; Donaghey, J.; Tsai, L. T.-Y.; Kohlbacher, 
O.; de Jager, P. L.; Rosen, E. D.; Bennett, D. A.; Bernstein, B. E.; Gnirke, 
A.; Meissner, A. Charting a Dynamic DNA Methylation Landscape of the 
Human Genome. Nature 2013, 500 (7463), 477–481. 
https://doi.org/10.1038/nature12433. 
 

(8)        Farlik, M.; Halbritter, F.; Müller, F.; Choudry, F. A.; Ebert, P.; 
Klughammer, J.; Farrow, S.; Santoro, A.; Ciaurro, V.; Mathur, A.; Uppal, 
R.; Stunnenberg, H. G.; Ouwehand, W. H.; Laurenti, E.; Lengauer, T.; 
Frontini, M.; Bock, C. DNA Methylation Dynamics of Human 
Hematopoietic Stem Cell Differentiation. Cell Stem Cell 2016, 19 (6), 808–
822. https://doi.org/https://doi.org/10.1016/j.stem.2016.10.019. 



64 
 

(9)        Schoofs, T.; Berdel, W. E.; Müller-Tidow, C. Origins of Aberrant DNA 
Methylation in Acute Myeloid Leukemia. Leukemia 2014, 28 (1), 1–14. 
https://doi.org/10.1038/leu.2013.242. 
 

(10)       Chao, M. P.; Seita, J.; Weissman, I. L. Establishment of a Normal 
Hematopoietic and Leukemia Stem Cell Hierarchy. In Cold Spring Harbor 
symposia on quantitative biology; Cold Spring Harbor Laboratory Press, 
2008; Vol. 73, pp 439–449. 
 

(11)       Orkin, S. H.; Zon, L. I. Hematopoiesis: An Evolving Paradigm for Stem 
Cell Biology. Cell 2008, 132 (4), 631–644. https://doi.org/https://doi.or 
g/10.1016/j.cell.2008.01.025. 
 

(12)       Paul, F.; Arkin, Y.; Giladi, A.; Jaitin, D. A.; Kenigsberg, E.; Keren-Shaul, 
H.; Winter, D.; Lara-Astiaso, D.; Gury, M.; Weiner, A.; David, E.; Cohen, 
N.; Lauridsen, F. K. B.; Haas, S.; Schlitzer, A.; Mildner, A.; Ginhoux, F.; 
Jung, S.; Trumpp, A.; Porse, B. T.; Tanay, A.; Amit, I. Transcriptional 
Heterogeneity and Lineage Commitment in Myeloid Progenitors. Cell 2015, 
163 (7), 1663–1677. https://doi.org/https://doi.org/10.1016/j.cell. 
2015.11.013. 

 
(13)       Olsson, A.; Venkatasubramanian, M.; Chaudhri, V. K.; Aronow, B. J.; 

Salomonis, N.; Singh, H.; Grimes, H. L. Single-Cell Analysis of Mixed-
Lineage States Leading to a Binary Cell Fate Choice. Nature 2016, 537 
(7622), 698–702. https://doi.org/10.1038/nature19348. 

 
(14)       Okano, M.; Bell, D. W.; Haber, D. A.; Li, E. DNA Methyltransferases 

Dnmt3a and Dnmt3b Are Essential for de Novo Methylation and 
Mammalian Development. Cell 1999, 99. https://doi.org/10.1016/S0092-
8674(00)81656-6. 

 
(15)       Guo, X.; Wang, L.; Li, J.; Ding, Z.; Xiao, J.; Yin, X.; He, S.; Shi, P.; 

Dong, L.; Li, G.; Tian, C.; Wang, J.; Cong, Y.; Xu, Y. Structural Insight 
into Autoinhibition and Histone H3-Induced Activation of DNMT3A. 
Nature 2015, 517 (7536), 640–644. https://doi.org/10.1038/nature13899. 

 
(16)       Weinberg, D. N.; Papillon-Cavanagh, S.; Chen, H.; Yue, Y.; Chen, X.; 

Rajagopalan, K. N.; Horth, C.; McGuire, J. T.; Xu, X.; Nikbakht, H.; 
Lemiesz, A. E.; Marchione, D. M.; Marunde, M. R.; Meiners, M. J.; Cheek, 
M. A.; Keogh, M.-C.; Bareke, E.; Djedid, A.; Harutyunyan, A. S.; Jabado, 
N.; Garcia, B. A.; Li, H.; Allis, C. D.; Majewski, J.; Lu, C. The Histone 
Mark H3K36me2 Recruits DNMT3A and Shapes the Intergenic DNA 
Methylation Landscape. Nature 2019, 573 (7773), 281–286. 
https://doi.org/10.1038/s41586-019-1534-3. 



65 
 

(17)       Hata, K.; Okano, M.; Lei, H.; Li, E. Dnmt3L Cooperates with the Dnmt3 
Family of de Novo DNA Methyltransferases to Establish Maternal Imprints 
in Mice. Development 2002, 129. 

 
(18)       Goll, M. G.; Bestor, T. H. Eukaryotic Cytosine Methyltransferases. Annu. 

Rev. Biochem. 2005, 74. https://doi.org/10.1146/annurev.biochem 
.74.010904.153721. 

 
(19)       Song, J.; Rechkoblit, O.; Bestor, T. H.; Patel, D. J. Structure of DNMT1-

DNA Complex Reveals a Role for Autoinhibition in Maintenance DNA 
Methylation. Science 2011, 331. https://doi.org/10.1126/science.1195380. 

 
(20)       Song, J.; Teplova, M.; Ishibe-Murakami, S.; Patel, D. J. Structure-Based 

Mechanistic Insights into DNMT1-Mediated Maintenance DNA 
Methylation. Science 2012, 335. https://doi.org/10.1126/science.1214453. 

 
(21)       Adam, S.; Anteneh, H.; Hornisch, M.; Wagner, V.; Lu, J.; Radde, N. E.; 

Bashtrykov, P.; Song, J.; Jeltsch, A. DNA Sequence-Dependent Activity 
and Base Flipping Mechanisms of DNMT1 Regulate Genome-Wide DNA 
Methylation. Nature Communications 2020, 11 (1), 3723. https://doi.org/1 
0.1038/s41467-020-17531-8. 

 
(22)       Wu, X.; Zhang, Y. TET-Mediated Active DNA Demethylation: 

Mechanism, Function and Beyond. Nature Reviews Genetics 2017, 18 (9), 
517. 

(23)       Bhutani, N.; Burns, D. M.; Blau, H. M. DNA Demethylation Dynamics. 
Cell 2011, 146 (6), 866–872. https://doi.org/https://doi.org/10.1016/j. 
cell.2011.08.042. 

 
(24)       Saitou, M.; Kagiwada, S.; Kurimoto, K. Epigenetic Reprogramming in 

Mouse Pre-Implantation Development and Primordial Germ Cells. 
Development 2012, 139 (1), 15–31. 

 
(25)       Sasaki, H.; Matsui, Y. Epigenetic Events in Mammalian Germ-Cell 

Development: Reprogramming and Beyond. Nature Reviews Genetics 2008, 
9 (2), 129–140. 

 
(26)       Hu, X.; Zhang, L.; Mao, S.-Q.; Li, Z.; Chen, J.; Zhang, R.-R.; Wu, H.-P.; 

Gao, J.; Guo, F.; Liu, W. Tet and TDG Mediate DNA Demethylation 
Essential for Mesenchymal-to-Epithelial Transition in Somatic Cell 
Reprogramming. Cell stem cell 2014, 14 (4), 512–522. 

 



66 
 

(27)       Kohli, R. M.; Zhang, Y. TET Enzymes, TDG and the Dynamics of DNA 
Demethylation. Nature 2013, 502 (7472), 472–479. https://doi.org/10.1038 
/nature12750. 

 
(28)       Dolnik, A.; Engelmann, J. C.; Scharfenberger-Schmeer, M.; Mauch, J.; 

Kelkenberg-Schade, S.; Haldemann, B.; Fries, T.; Krönke, J.; Kühn, M. W. 
M.; Paschka, P. Commonly Altered Genomic Regions in Acute Myeloid 
Leukemia Are Enriched for Somatic Mutations Involved in Chromatin 
Remodeling and Splicing. Blood, The Journal of the American Society of 
Hematology 2012, 120 (18), e83–e92. 

 
(29)       Ley, T. J.; Ding, L.; Walter, M. J.; McLellan, M. D.; Lamprecht, T.; 

Larson, D. E.; Kandoth, C.; Payton, J. E.; Baty, J.; Welch, J.; Harris, C. C.; 
Lichti, C. F.; Townsend, R. R.; Fulton, R. S.; Dooling, D. J.; Koboldt, D. C.; 
Schmidt, H.; Zhang, Q.; Osborne, J. R.; Lin, L.; O’Laughlin, M.; 
McMichael, J. F.; Delehaunty, K. D.; McGrath, S. D.; Fulton, L. A.; 
Magrini, V. J.; Vickery, T. L.; Hundal, J.; Cook, L. L.; Conyers, J. J.; Swift, 
G. W.; Reed, J. P.; Alldredge, P. A.; Wylie, T.; Walker, J.; Kalicki, J.; 
Watson, M. A.; Heath, S.; Shannon, W. D.; Varghese, N.; Nagarajan, R.; 
Westervelt, P.; Tomasson, M. H.; Link, D. C.; Graubert, T. A.; DiPersio, J. 
F.; Mardis, E. R.; Wilson, R. K. DNMT3A Mutations in Acute Myeloid 
Leukemia. New England Journal of Medicine 2010, 363 (25), 2424–2433. 
https://doi.org/10.1056/NEJMoa1005143. 

 
(30)       Tadokoro, Y.; Ema, H.; Okano, M.; Li, E.; Nakauchi, H. De Novo DNA 

Methyltransferase Is Essential for Self-Renewal, but Not for Differentiation, 
in Hematopoietic Stem Cells. Journal of Experimental Medicine 2007, 204 
(4), 715–722. https://doi.org/10.1084/jem.20060750. 

 
(31)       Challen, G. A.; Sun, D.; Jeong, M.; Luo, M.; Jelinek, J.; Berg, J. S.; Bock, 

C.; Vasanthakumar, A.; Gu, H.; Xi, Y. Dnmt3a Is Essential for 
Hematopoietic Stem Cell Differentiation. Nature genetics 2012, 44 (1), 23–
31. 

 
(32)       Ley, T. J. DNMT3A Mutations in Acute Myeloid Leukemia. N. Engl. J. 

Med. 2010, 363. https://doi.org/10.1056/NEJMoa1005143. 
 
(33)       Jeong, M.; Sun, D.; Luo, M.; Huang, Y.; Challen, G. A.; Rodriguez, B.; 

Zhang, X.; Chavez, L.; Wang, H.; Hannah, R.; Kim, S.-B.; Yang, L.; Ko, 
M.; Chen, R.; Göttgens, B.; Lee, J.-S.; Gunaratne, P.; Godley, L. A.; 
Darlington, G. J.; Rao, A.; Li, W.; Goodell, M. A. Large Conserved 
Domains of Low DNA Methylation Maintained by Dnmt3a. Nature 
Genetics 2014, 46 (1), 17–23. https://doi.org/10.1038/ng.2836. 



67 
 

(34)       Lu, R. Epigenetic Perturbations by Arg882-Mutated DNMT3A Potentiate 
Aberrant Stem Cell Gene-Expression Program and Acute Leukemia 
Development. Cancer Cell 2016, 30. https://doi.org/10.1016/j.cce 
ll.2016.05.008. 

 
(35)       Russler-Germain, D. A. The R882H DNMT3A Mutation Associated with 

AML Dominantly Inhibits Wild-Type DNMT3A by Blocking Its Ability to 
Form Active Tetramers. Cancer Cell 2014, 25. https://doi.org/10.10 
16/j.ccr.2014.02.010. 

 
(36)       Emperle, M. The DNMT3A R882H Mutation Does Not Cause Dominant 

Negative Effects in Purified Mixed DNMT3A/R882H Complexes. Sci. Rep. 
2018, 8. https://doi.org/10.1038/s41598-018-31635-8. 

 
(37)       Spencer, D. H. CpG Island Hypermethylation Mediated by DNMT3A Is a 

Consequence of AML Progression. Cell 2017, 168. https://doi.org/1 
0.1016/j.cell.2017.01.021. 

 
(38)       Zhang, Z. M. Structural Basis for DNMT3A-Mediated de Novo DNA 

Methylation. Nature 2018, 554. https://doi.org/10.1038/nature25477. 
 
(39)       Emperle, M. The DNMT3A R882H Mutant Displays Altered Flanking 

Sequence Preferences. Nucleic Acids Res. 2018, 46. https://doi.org/10.1 
093/nar/gky168.  

 
(40)       Jia, D.; Jurkowska, R. Z.; Zhang, X.; Jeltsch, A.; Cheng, X. Structure of 

Dnmt3a Bound to Dnmt3L Suggests a Model for de Novo DNA 
Methylation. Nature 2007, 449. https://doi.org/10.1038/nature06146. 

 
(41)       Sun, J.-H.; Ai, S.-M.; Liu, S.-Q. Methylation-Driven Model for Analysis 

of Dinucleotide Evolution in Genomes. Theoretical Biology and Medical 
Modelling 2020, 17 (1), 3. https://doi.org/10.1186/s12976-020-00122-x. 

 
(42)       Handa, V.; Jeltsch, A. Profound Flanking Sequence Preference of Dnmt3a 

and Dnmt3b Mammalian DNA Methyltransferases Shape the Human 
Epigenome. J. Mol. Biol. 2005, 348. https://doi.org/10.1016/j.jmb.20 
05.02.044. 

 
(43)       Gao, L.; Emperle, M.; Guo, Y.; Grimm, S. A.; Ren, W.; Adam, S.; Uryu, 

H.; Zhang, Z.-M.; Chen, D.; Yin, J.; Dukatz, M.; Anteneh, H.; Jurkowska, 
R. Z.; Lu, J.; Wang, Y.; Bashtrykov, P.; Wade, P. A.; Wang, G. G.; Jeltsch, 
A.; Song, J. Comprehensive Structure-Function Characterization of 
DNMT3B and DNMT3A Reveals Distinctive de Novo DNA Methylation 



68 
 

Mechanisms. Nature Communications 2020, 11 (1), 3355. 
https://doi.org/10.1038/s41467-020-17109-4. 

 
(44)       Chen, T.; Ueda, Y.; Dodge, J. E.; Wang, Z.; Li, E. Establishment and 

Maintenance of Genomic Methylation Patterns in Mouse Embryonic Stem 
Cells by Dnmt3a and Dnmt3b. Molecular and Cellular Biology 2003, 23 
(16), 5594. https://doi.org/10.1128/MCB.23.16.5594-5605.2003. 

 
(45)       Challen, G. A.; Sun, D.; Mayle, A.; Jeong, M.; Luo, M.; Rodriguez, B.; 

Mallaney, C.; Celik, H.; Yang, L.; Xia, Z.; Cullen, S.; Berg, J.; Zheng, Y.; 
Darlington, G. J.; Li, W.; Goodell, M. A. Dnmt3a and Dnmt3b Have 
Overlapping and Distinct Functions in Hematopoietic Stem Cells. Cell Stem 
Cell 2014, 15 (3), 350–364. https://doi.org/https://doi.org/10.1016/j.stem. 
2014.06.018. 

 
(46)       He, Y.; Ecker, J. R. Non-CG Methylation in the Human Genome. Annual 

review of genomics and human genetics 2015, 16, 55–77. 
 
(47)       Guo, H.; Zhu, P.; Yan, L.; Li, R.; Hu, B.; Lian, Y.; Yan, J.; Ren, X.; Lin, 

S.; Li, J. The DNA Methylation Landscape of Human Early Embryos. 
Nature 2014, 511 (7511), 606–610. 

 
(48)       Guo, J. U.; Su, Y.; Shin, J. H.; Shin, J.; Li, H.; Xie, B.; Zhong, C.; Hu, S.; 

Le, T.; Fan, G. Distribution, Recognition and Regulation of Non-CpG 
Methylation in the Adult Mammalian Brain. Nature neuroscience 2014, 17 
(2), 215–222. 

 
(49)       Laurent, L.; Wong, E.; Li, G.; Huynh, T.; Tsirigos, A.; Ong, C. T.; Low, 

H. M.; Sung, K. W. K.; Rigoutsos, I.; Loring, J. Dynamic Changes in the 
Human Methylome during Differentiation. Genome research 2010, 20 (3), 
320–331. 

 
(50)       Lister, R.; Mukamel, E. A.; Nery, J. R.; Urich, M.; Puddifoot, C. A.; 

Johnson, N. D.; Lucero, J.; Huang, Y.; Dwork, A. J.; Schultz, M. D. Global 
Epigenomic Reconfiguration during Mammalian Brain Development. 
Science 2013, 341 (6146). 

 
(51)       Lister, R. Human DNA Methylomes at Base Resolution Show Widespread 

Epigenomic Differences. Nature 2009, 462. https://doi.org/10.10 
38/nature08514. 

 
(52)       Chen, L.; Chen, K.; Lavery, L. A.; Baker, S. A.; Shaw, C. A.; Li, W.; 

Zoghbi, H. Y. MeCP2 Binds to Non-CG Methylated DNA as Neurons 
Mature, Influencing Transcription and the Timing of Onset for Rett 



69 
 

Syndrome. Proceedings of the National Academy of Sciences 2015, 112 
(17), 5509–5514. 

 
(53)       Liao, J.; Karnik, R.; Gu, H.; Ziller, M. J.; Clement, K.; Tsankov, A. M.; 

Akopian, V.; Gifford, C. A.; Donaghey, J.; Galonska, C. Targeted 
Disruption of DNMT1, DNMT3A and DNMT3B in Human Embryonic 
Stem Cells. Nature genetics 2015, 47 (5), 469–478. 

 
(54)       Anteneh, H.; Fang, J.; Song, J. Structural Basis for Impairment of DNA 

Methylation by the DNMT3A R882H Mutation. Nature Communications 
2020, 11 (1), 2294. https://doi.org/10.1038/s41467-020-16213-9. 

 
(55)       Lister, R.; Pelizzola, M.; Dowen, R. H.; Hawkins, R. D.; Hon, G.; Tonti-

Filippini, J.; Nery, J. R.; Lee, L.; Ye, Z.; Ngo, Q.-M. Human DNA 
Methylomes at Base Resolution Show Widespread Epigenomic Differences. 
nature 2009, 462 (7271), 315–322. 

 
(56)       Ziller, M. J.; Müller, F.; Liao, J.; Zhang, Y.; Gu, H.; Bock, C.; Boyle, P.; 

Epstein, C. B.; Bernstein, B. E.; Lengauer, T. Genomic Distribution and 
Inter-Sample Variation of Non-CpG Methylation across Human Cell Types. 
PLoS Genet 2011, 7 (12), e1002389. 

 
(57)       Langstein, J.; Milsom, M. D.; Lipka, D. B. Impact of DNA Methylation 

Programming on Normal and Pre-Leukemic Hematopoiesis. Seminars in 
Cancer Biology 2018, 51, 89–100. https://doi.org/https://doi.or 
g/10.1016/j.semcancer.2017.09.008. 

 
(58)       Kim, S. J. A DNMT3A Mutation Common in AML Exhibits Dominant-

Negative Effects in Murine ES Cells. Blood 2013, 122. https://doi.org/1 
0.1182/blood-2013-02-483487. 

 
(59)       Ye, F.; Kong, X.; Zhang, H.; Liu, Y.; Shao, Z.; Jin, J.; Cai, Y.; Zhang, R.; 

Li, L.; Zhang, Y. W.; Liu, Y.-C.; Zhang, C.; Xie, W.; Yu, K.; Ding, H.; 
Zhao, K.; Chen, S.; Jiang, H.; Baylin, S. B.; Luo, C. Biochemical Studies 
and Molecular Dynamic Simulations Reveal the Molecular Basis of 
Conformational Changes in DNA Methyltransferase-1. ACS Chemical 
Biology 2018, 13 (3). https://doi.org/10.1021/acschembio.7b00890. 

  
  



70 
 

APPENDIX A 

Size-exclusion profiles of DNMT3AWT-DNMT3L and DNMT3AR882H-DNMT3L 
tetramers  
 
 

 
Figure A1. DNMT3AWT-DNMT3L size-exclusion profile on a 16/600 Superdex 200 pg 
column. 
 
 

 
Figure A2. DNMT3AR882H-DNMT3L size-exclusion profile on a 16/600 Superdex 200 
pg column. 
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APPENDIX B 

Size-exclusion profiles of mDNMT1-ACG and mDNMT1-CCG complexes 

 

 
Figure B1. mDNMT1-ACG complex size-exclusion profile on a 16/600 Superdex 200 pg 
column. 
 

 
Figure B2. mDNMT1-CCG complex size-exclusion profile on a 16/600 Superdex 200 pg 
column. 
 
 




