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ABSTRACT 

 

MODIFICATION OF CYTOSINE-TARGETED DNA USING N-MUSTARD 

ANALOGS OF S-ADENOSYL-L-METHIONINE BY EUKARYOTIC DNA 

METHYLTRANSFERASES 

 

Nichanun Sirasunthorn 

 

Dissertation under the direction of Lindsay R. Comstock-Ferguson, Ph.D. 

Associate Professor of Chemistry 

 

Dysregulation of deoxyribonucleic acid (DNA) methylation in eukaryotes, 

which requires the universal cofactor donor S-adenosyl-L-methionine (SAM), can 

result in severe alterations in cellular function and often lead to severe diseases, 

including carcinogenesis. Although there are many techniques to detect global 

DNA methylation, the development of site-specific DNA methylation identification 

techniques is still a shortcoming. Herein, the examination of novel N-mustard 

analogs of SAM as DNA methylation probes are reported. Critical to the 

advancement of these analogs has been the functionalization with azides and 

alkynes capable of undergoing chemoselective ligations. While the successful 

utility of these N-mustard analogs has been demonstrated with a small panel of 

prokaryotic DNA methyltransferases (DNMTs) using a model plasmid DNA, the 
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transition to eukaryotic DNMTs has proven challenging owing to the simple 

recognition sequence (CpG) compared to most prokaryotic enzymes. 

Prior to examining the SAM analogs with eukaryotic DNMTs, their utility with 

methyltransferase isolated from Spiroplasmasp. Strain MQ1 (M.SssI) was 

validated as a model enzyme to demonstrate that N-mustard analogs could be 

transferred to a synthetic DNA substrate. Confirmation of transfer was visualized 

using a well-established restriction-protection assay followed by gel 

electrophoresis and a newly-designed fluorescence-based magnetic bead assay 

where analog-modified oligonucleotides are quantitated following restriction 

digestion. Proving that N-mustard analogs can serve as cofactor mimics for M.SssI 

demonstrated their potential for use with eukaryotic DNMTs, DNMT1 and 

DNMT3A.  

Although the DNMT family of enzymes share a conserved catalytic pocket, 

it was determined that the utility of N-mustard analogs with DNMT1 and DNMT3A 

differs. Experimental evidence indicated that the location and size of the functional 

groups present on the N-mustard analogs limits their use with DNMT1. The analog 

without any functionalization was the only one transferred to the substrate with 

almost 60% protection compared with SAM. Alternatively, analysis of the N-

mustard analog with DNMT3A indicated that it acts as an inhibitor instead of a 

cofactor. However, due to poor reproducibility of the densitometric restriction-

protection assay, the inhibition mechanism and inhibitory constant could not be 

determined. To comprehensively characterize the mechanism of reduced 

DNMT3A activity, a high resolution method needs to be developed.
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CHAPTER 1 

 

Introduction 

 

1.1 Epigenetic modifications 

Epigenetics is the study of the systematic mechanisms that are responsible 

for gene expression in order to maintain and balance the integrity of mammalian 

heredity. The importance and benefits of epigenetic studies include gaining insight 

in a wide range of research including cancer biology, viral infections, somatic gene 

therapy, cloning, genomic imprinting and X-inactivation.1–5 There are three major 

epigenetic modifications; DNA methylation, histone modifications, and 

nucleosome positioning, as shown in Figure 1.1.4 

 The human genome is tightly packaged into chromatin. The fundamental 

repeating unit of chromatin is the nucleosome, comprising 147 base pairs of DNA 

wrapped around an octamer of histone proteins consisting of two copies each of 

histones H2A, H2B, H3, and H4.4 The packaging of DNA into nucleosomes 

appears to affect all stages of transcription leading to the regulation of gene 

expression. The precise position of nucleosomes around the transcription start 

sites influences the initiation of transcription by determining accessibility of the 

transcription factors and activators to their target DNA sequence.2 Numerous post-

translational modifications are found within the core histone proteins and their tails 

and include acetylation, methylation, phosphorylation, and ubiquitination, which all 
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affect the chromatin state for transcription processes.1,2 The two states of 

chromatin are euchromatin (relaxed chromatin), which is associated with active 

gene transcription and expression, and heterochromatin (compact chromatin), 

which are associated with repressed gene expression through hindered access of 

transcription factors to genes.3      

 

Figure 1.1. Epigenetic modifications: DNA methylation, histone modifications and 
nucleosome positioning. Reprinted from Natural Product reports, 2013, 5, 605-
624, Fuchter, M.J. et.al., Perspectives on natural product epigenetic modulators in 
chemical biology and medicine with permission from RSC.  
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Among major epigenetic modifications, DNA methylation has been shown 

to play a major role in gene regulation in a wide variety of organisms, including 

bacteria, viruses and, in particular, mammals. DNA methylation is a simple 

chemical modification and in eukaryotes, only occurs at the 5-position of the 

cytosine base. The class of enzymes responsible for methylating DNA are DNA 

methyltransferases (DNMTs), which requires a simple CpG (cytosine and guanine) 

recognition site, catalyzing the methyl group transfer from S-adenosyl-L-

methionine (SAM) to DNA (Figure 1.2). The location of DNA methylation is 

important as CpG dinucleotides are not equally distributed throughout the genome. 

70-80% of CpG sites are methylated and are defined as the “gene body”.6,7 On the 

other hand, CpG regions which remain unmethylated are known as “CpG islands”.8 

This region is preferentially found in the promoter region7 and approximately 60% 

of human genes have CpG island promoters.9 Recently, a new “CpG island shore” 

region has been discovered which contain a low CpG density and is located 

approximately 2 kilobases (kb) from a CpG island.7 The mechanism correlated to 

this region is still unclear. These unique regions create tissue- and cell-type-

specific patterns of DNA methylation.  

 

N

NN

N
NH2

O

OHOH

S

CO2HH3N

 

Figure 1.2. Structure of S-adenosyl-L-methionine (SAM). 
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 In general, DNA methylation has two main effects on gene expression. 

First, DNA methylation has been proposed to recruit DNA binding proteins (methyl-

CpG-binding domain or MBD) from their target causing the inactivation of gene 

expression through histone deacetylation (Figure 1.3).10 Contrary to this, 

methylation at gene bodies was found to play an essential role in the prevention of 

spurious initiation of transcription11,12 and unmethylated CpG islands alter 

chromatin structure allowing for gene expression.13,14 Furthermore, methylated 

CpGs have been found to be an important mechanism for translocation and gene 

disruption, as part of repetitive elements to protect chromosomal integrity.15   

  

 

 

 

 

 

 

 

 

Figure 1.3. Mechanism of gene silencing mediated by DNA methylation. The 
association of MBD recruits histone deacetylases (HDAC) leading to silenced gene 
expression.16 Reprinted from Elsevier Books, 2010, 70, 27-56, Kulis, M. et.al., DNA 
methylation and cancer with permission from Elsevier. 
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The process by which DNA methylation is erased (DNA demethylation)  

occurs during embryogenesis.6 DNA methylation is characterized as either passive 

or active6 and three hypotheses were proposed for active demethylation requiring 

enzymatic catalysis. First, the amine group of 5-methylcytosine (5mC) can be 

deaminated by activation-induced cytidine deaminase/apolipo protein B mRNA-

editing enzyme complex (AID/APOBEC) resulting in thymine (green, Figure 1.4). 

The resulting DNA mismatch leads to a base excision repair (BER) pathway using  

thymine DNA glycosylase (TDG) to correct the base (blue, Figure 1.4).6 The 

second mechanism is based on the function of ten-eleven translocation (Tet) 

enzymes (red, Figure 1.4)6,9,17 and include a number of intermediates including 

hydroxymethyl-cytosine (5hmC), formyl-cytosine (5fC) and carboxy-cytosine 

(5caC) during the process. Although the function of these intermediates is still 

unclear, 5hmC has been proposed to regulate gene expression.6 An alternative 

pathway for active demethylation has been proposed and is based on the chemical 

modification of 5hmC at the amino group. Thus, it could enter into the first pathway 

after modification by Tet enzyme.6     
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Figure 1.4. Active DNA demethylation pathways.6 Reprinted from 
Neuropsychopharmacology, 2013, 38(1), 23-38, Fan, G. et.al., DNA methylation 
and its basic function with permission from Springer Nature. 

 

1.2 Eukaryotic DNA methylation and methyltransferases 

As DNA methylation has a significant role in gene expression, the field 

studying the structures and mechanisms of DNMTs has been developing. Both 

prokaryotic and eukaryotic DNMTs share the same mechanism for 5mC. The 

general mechanism of DNA methylation begins with formation of a ternary complex 

(DNA: Enzyme: Cofactor) and then the target base is flipped out of the DNA helix 

(Figure 1.5). Following methyl transfer and formation of the covalent bond, S-

adenosyl-L-homocysteine (SAH) is released from the MTase, and methylated DNA 

is released. Mechanistic studies have confirmed one of the key steps in cytosine 
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methylation requires a β-elimination of the C5 proton and a C6-thiolate to afford 

5mC using the well-known inhibitor, 5-fluorocytosine.18 Thus, the cysteine is 

released and the enzyme is ready to start a new catalytic cycle.  
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Figure 1.5. Catalytic mechanism of DNA methyltransferase. 

 

To date, there are three human DNMTs identified: DNMT1, DNMT2, and 

DNMT3, as shown in Figure 1.6.9 The first family, DNA methyltransferase 1 

(DNMT1), was found to be the most abundant in mammalian cells. It is the largest 

MTase (about 184 kDa)19 and Hsu et al. has identified DNMT1 to have the marked 

preference for recognizing hemimethylated DNA substrates where only one of two 
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complementary strands is methylated, defining it as a maintenance MTase.20 The 

crystal structure of DNMT1 illustrates that it is composed of various domains: the 

replication foci-targeting domain (RFTs) domain which is responsible for SAM 

binding, the CXXC domain is proposed as the DNA binding domain, the MTase 

catalytic domain and two bromo-adjacent homology domains (BAH).21 DNA 

methyltransferase 2 (DNMT2) is the smallest (45 kDa) of the three families owing 

to lack of the large N-terminal domain found in the other DNMTs.9 While no DNA 

methylation activity has been observed to date, it has been found to participate in 

tRNA methylation (this mechanism still remains unclear).22 DNA methyltransferase 

3 (DNMT3), including DNMT3A, DNMT3B and DNMT3-Like (DNMT3L), have been 

defined as the de novo MTases due to equal methylation efficiency for both 

unmethylated and hemimethylated substrates.23 DNMT3A and DNMT3B have very 

similar structures and are composed of three major protein domains: PWWP 

domain which is responsible for DNA binding,24 ADD domain required for histone 

H3-induced activation of DNMT325 and catalytic methyltransferase domain.26 

Although these two enzymes exhibit similar de novo methylation activity with 

similar kinetic parameters, the key difference between these two members is that 

DNMT3A has a higher affinity for SAM27 and DNMT3b seems to possess higher 

non-CpG methylation activity.28 More recent research has also implicated the 

regulatory N-terminal domains of both DNMT3A and DNMT3B differing from 

DNMT1, indicating its possible role in enzyme targeting rather than methylation 

catalysis.29 While DNMT3L shows no methylation activity, it has been shown to 

stimulate the activity of DNMT3A and DNMT3B. Ooi et al. have suggested that 
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DNMT3L influences conformational changes of DNMT3A and DNMT3B in order to 

improve the efficiency of DNA and SAM binding.30 

 

 

 

 

 

Figure 1.6. Structural diagram of eukaryotic DNMTs.9 

 

Based on DNA recognition properties for each DNMT, the establishment of 

newly methylated DNA is carried out by DNMT3A or DNMT3B, as shown in Figure 

1.7. After each round of DNA replication, hemimethylated DNA results and 

becomes the preferred substrate for DNMT1 to maintain the initial DNA 

methylation pattern.6,31,32 In summary, all three DNMTs are extensively involved in 

cell development.  
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Figure 1.7. De novo methylation and maintenance methylation of DNA. Yellow 
circle represent 5mC.  

 

1.3 DNA methylation and disease 

In mammals, aberrant DNA methylation patterns have been found to result 

in severe alterations in cellular function which often lead to 

carcinogenesis.2,14,16,26,33 Interestingly, either hypo- and hypermethylation events 

can be observed in cancer (Figure 1.8). Hypermethylation at CpG island 

promoters is inversely correlated with gene expression  and results in the silencing 

of many known tumor suppressor genes.26 It has been reported in several cancers 

including prostate,34,35 breast,36,37 and lung37,38 cancers and even in many 

leukemias and other hematologic diseases.2 Some research has also identified a 

connection between hypermethylation patterns to tumor-type specific sites.2,14 

Therefore, hypermethylated promoters have been proposed as a new generation 

of biomarkers. Hypomethylation within the gene body is also a defect observed 

across numerous cancer types. The loss of methylation is more prominent with 
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tumor progression.9,26 Moreover, hypomethylation of the DNA can also disrupt the 

expression of adjacent genes as well.14 Overexpression of DNMTs was also 

reported in patients with immunodeficiency, centrometric instability, and facial 

abnormalities.39,40 More than 20 variants of DNMT3B that encode truncated 

proteins lacking the catalytic domain have been identified in several cancer cell 

lines.16,41 

Besides cancer, changes in methylation patterns have also been observed 

in Alzheimer’s disease,42 systemic lupus erythematosus (SLE),33 Angelman 

syndrome,43 and type1 diabetes.43 Additionally, mutations in MBD proteins are also 

correlated to Rett syndrome, a severe neurological disorder.9  

Normal

Gene expressed

    Promoter
(CpG islands)

Gene body

Cancer
(Promoter hypermethylation)

Gene expressed

Cancer
(Gene body hypermethylation)

Gene expressed

 

 

Figure 1.8. DNA methylation equilibrium between the promoter and gene body 
modulates gene expression. Methylated CpG sites are represented by yellow 
circles, unmethylated CpG sites are represented by grey circles. 
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1.4 Current methods of DNA methylation detection 

There have been many methods developed to detect DNA methylation. The 

detection assay needs to be very sensitive and must provide a stable signal. 

Among many detection techniques to date, there are three main strategies used 

to differentiate methylated and unmethylated DNA: bisulfite conversion-based 

methods, affinity enrichment-based techniques, and restriction enzyme-based 

techniques (Figure 1.9). 

 

 
Figure 1.9. Scheme of basic principles on which using of bisulfite treatment (BS 
treatment), restriction endonucleases (RE), and immuno/affinity strategies.44 
Reprinted from Elsevier Books, 2017, 97, 384-399, Adam, V. et.al., Current trends 
in electrochemical sensing and biosensing of DNA methylation with permission 
from Elsevier.  
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1.4.1 Bisulfite conversion-based (BS) methods  

The most popular and traditional method used to identify sites of cytosine 

methylation is bisulfite sequencing.45 The principle of this technique is based on 

the selective conversion of unmethylated cytosine bases to uracil, while 

methylated cytosines remain. Several approaches to detect the bisulfite 

conversion include methylation-specific PCR (MS-PCR), high resolution melting 

(HRM) and methylation–sensitive single-strand conformation analysis (MS-

SSCA). In MS-PCR,46 designed primers discriminate between methylated and 

unmethylated regions of DNA after bisulfite treatment. Primer sites that were 

originally methylated would undergo amplification only. However, it was found that 

PCR bias was an issue. In HRM, different distinct melting profiles utilizing specific 

fluorescent dyes between methylcytosine and cytosine are used to estimate the 

methylation levels.47 The major limitation of this technique is that it cannot identify 

specific sites of DNA methylation. Some researchers have developed MS-SSCA, 

which results from the combination of methylation-sensitive restriction enzymes 

and bisulfite conversion.48 DNA treated with sodium bisulfite, followed by PCR 

amplification, is digested with restriction enzymes. The pattern of digestion is 

compared with a methylation standard and any variation in patterns imply changes 

in DNA methylation. Although bisulfite conversion is commonly used, there are 

numerous limitations. Foremost this conversion yields a high level of fragmented 

DNA as a consequence from long incubation times and harsh reaction 

conditions.49 Secondly, the efficiency is highly dependent on the degree of DNA 

conversion.  
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1.4.2 Affinity enrichment-based techniques  

Upon discovering that 5mC was accessible to specific antibodies, 

immunoprecipitation allowed one to chart the DNA methylation landscape of a 

cell50 and overcome the limitation of bisulfite method in terms of irreversible 

changes of the original methylation pattern.44 In this technique, DNA fragments are 

denatured using heat and incubated with the antibody to generate a DNA-antibody 

complex. Application of a secondary antibody captures the complex and allows for 

analysis.51 By having a special domain that has a strong affinity for a 5mC region 

of DNA,52 MBD protein families are also used to distinguish 5mC and 5hmC in the 

same manner using antibodies.53 However, this method is limited by severe 

nonspecific binding to MBD proteins.54 Overall, the affinity enrichment-based 

strategy can only detect DNA methylation changes and requires the enrichment of 

methylated DNA. It is more sensitive in regions of high CpG density, since DNA 

sequences with more adjacent methylated CG sites are more effectively 

captured.51    

 
1.4.3 Restriction enzyme-based techniques 

A more recent technique that has emerged from the natural prokaryotic 

protective mechanism employs methylation-sensitive restriction enzymes. This 

methodology exploits the restriction enzyme sensitivity to methylation to prevent 

cleavage of methylated DNA. Having high sequence-specificity from the restriction 

enzyme not only contributes to the high selectivity of the technique, but also 

reduces some limitations for probing methylation sites in CpG regions.44,54 
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Although there are many techniques to detect global DNA methylation, the 

development of site-specific DNA methylation identification techniques, particularly 

in tissues and disease states,55 is still a shortcoming. It has been shown that 

damage at some specific sites has a more severe effect than at others.56 

Therefore, the development of a method to identify DNA methylation at specific 

sites still needs to be explored. 

 

1.5 SAM/SAH analogs as site-specific DNA methylation probe 

DNMT1 plays a significant role in DNA methylation and proper regulation of 

DNA methylation is essential for normal mammalian development. Moreover, 

DNMT1-knock out mice failed to maintain methylation patterns, which ultimately 

leads to death.57 In addition to the role the DNA methylation plays in development, 

it is also implicated in tumorigenesis. Abnormal methylation patterns are mostly 

observed in cancer cells.57–59 Therefore, DNMT1 has become a primary target of 

cancer therapies. With SAM as another important factor in DNA methylation, the 

development of SAM analogs, as well as analogs of SAH have gained popularity 

in recent years. While SAM/SAH analogs have been synthesized as versatile 

chemical biology probes for studying SAM-dependent MTases, their utility as 

DNMT inhibitors for potential therapeutic applications has also been explored.55 

Moreover, such analogs have been utilized as capture compounds or fluorescent 

cofactors in order to modify the substrate and then facilitate analysis using other 

techniques, such as mass spectrometry.60 Lastly, due to the high selectivity of 
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SAM/SAH analogs for DNMTs, they have also been used as synthetic cofactors in 

order to identify and understand the mechanism of DNA methylation. 

The inherent specificity of the enzymatic machinery has been exploited to 

deliver functional or reporter groups for later derivatization to a defined macro-

molecular target. The analogs can be categorized into two major groups: doubly 

activated SAM analogs and aziridinoadenosines (Figure 1.10). 
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Figure 1.10. DNA labeling using aziridinoadenosine (top) or doubly activated SAM 
analogs (bottom). Adapted from Angew. Chem. Int. Edit., 2017, 56 (19), 5182-
5200, Hofkens, J. et.al., Methyltransferase-directed labeling of biomolecules and 
its applications. 
 

1.5.1 Doubly activated SAM analogs 

  DNMTs have an inherent ability to catalyze the transfer of alkyl groups 

larger than a methyl. Thus, analogs have been designed to replace the methyl 
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group adjacent to the sulfonium center of SAM by other functional groups including 

alkynes and azides (Figure 1.11). This transfer method is called 

methyltransferase-directed transfer of activated groups (mTAG).61,62 So far, it has 

been successfully shown in only prokaryotic DNMTs. 

 
Figure 1.11. Mechanism of doubly activated SAM analogs.63  

 

 However, the analog seems to successfully transfer to DNA with only small 

functional groups such as ethyl or propyl. When the functional groups are 

extended, the enzyme catalysis rate is greatly decreased due to steric effects.55 In 

sum, the transferable group of the analog is either too small and non-specific or 

too big and inactive.62,64,65 This steric hindrance effect on transfer rate could be 

partially compensated by the conjugative stability offered by the β-double bond or 

triple bond as shown by Weinhold et.al.66,67 Another strategy to improve low degree 

of transalkylation is to replace bulky amino acids in the active site of the 

DNMTs.68,69 For example, glutamine (G) 82 and asparagine (N) 304 were replaced 

with an alanine (A) due to extensive solvent exposure and close interactions with 

bound DNA. Together with replacing tyrosine (Y) 254 by a small polar residue, 

serine (S), this engineered M.HhaI improved transfer efficiency (Figure 1.12). 
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Moreover, these type of analogs can also be synthesized via chemoenzymatic 

strategies which can in principle be performed even in living cells.70,71  

 

 

 

 

 

Figure 1.12. Engineering the transalkylation reactions in the M.HhaI. (A) wildtype 
M.HhaI, and (B) engineered variant M.HhaI.68 Reprinted from Elsevier Books, 
2012, 40(22), 11594-11602, Klimasauskas, S. et.al., Engineering the DNA 
cytosine-5 methyltransferase reaction for sequence-specific labeling of DNA with 
permission from Elsevier. 
 

1.5.2 Aziridinoadenosines 

 Instead of replacing a methyl group by other functional groups, this type of 

analog replaces the 5’-sulfonium with an aziridine (a three-membered ring 

containing a nitrogen). Such an aziridinoadenosine is proposed to be ring-opened 

by nucleophiles in an SN2 mechanism (Figure 1.13). This process was termed as 

sequence-specific methyltransferase-induced labeling of DNA (SMILing DNA).72  

 

 

 

 

A      B 
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Figure 1.13. Mechanism of aziridoadenosine-based SAM analogs.63 
 

Many different reporters have been attached to the adenine moiety of 

aziridinoadenosines for applications in DNA labeling.73,74 Unlike doubly activated 

SAM analogs which has only one attachment point, the aziridoadenosines have 

more selection points to potentially build a suitable extension carrying a desired 

functionality including 6, 7 and 8 positions of the adenine ring (Figure 1.14).75,76 

However, the major drawback is that the reaction is self-limiting. The nature of the 

product results in an inhibitor from the conjugation of the cofactor and DNA which 

is not observed in doubly activated SAM analogs. Therefore, stoichiometric 

amounts of MTases are needed.63 Moreover, aziridine functionalities are highly 

reactive, having such probes prone to degradation and potentially, non-specific 

alkylation events with the DNA. Thomas et.al. reported a photocaged aziridine 

precursor to improve the stability of aziridinoadenosines. This compound has been 

shown to be stable under normal conditions and easily transforms to the active 

compound after UV irradiation.77   
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Figure 1.14. The selection of potential anchoring points in the adenosine moiety 
of aziridoadenosine analog. (A) Model of N-adenosylaziridine bound in the cofactor 
binding of M.TaqI. The solvent-exposed 8-position of the cofactor adenine ring is 
indicated by a white star.75 and (B) Cofactor binding pocket of M.HhaI bound with 
SAH represented as a stick model.76 Reprinted with permission from J. Am. Chem. 
Soc., 125 (12), 3486-3492 copyright (2003) American Chemical Society. 

  

In summary, both approaches offer powerful tools for sequence-specific 

covalent DNA labeling. However, there is still a shortage in applications with 

eukaryotic DNMTs. Prokaryotic DNMTs seem to be better suited for DNA labeling 

purposes as compared to eukaryotic DNMTs mostly due to their compact size and 

better enzymatic parameters, such as turnover rate and protein stability.26 To 

confirm the applicability of using such analogs in a more biologically relevant 

environment, especially as a probe for site specific DNA methylation relating to 

various severe diseases, investigation of the utility of these analogs by eukaryotic 

DNMTs needs to be performed.  

 

 

A      B 
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1.6 Investigating N-mustard analogs as probes of biological methylation 

The development of SAM analogs, as well as analogs of SAH have gained 

popularity in recent years. Moreover, due to the high selectivity of SAM/SAH 

analogs for DNMTs, they also have been used as synthetic cofactors in order to 

identify and understand DNA methylation mechanisms. As shown in Figure 1.15, 

an alternative approach that allows for the transfer of additional functional groups 

to the cytosine target has enhanced the development of DNA methylation probes 

through the use of biorthogonal chemoselective coupling reactions. Specifically, 

the Staudinger ligation,78 copper catalyzed [3+2] alkyne-azide cycloaddition 

(CuAAC)78,79 and ring-strain promoted alkyne-azide cycloaddition reactions80,81 

have been utilized extensively over the last 15 years. 
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Figure 1.15. Utility of SAM analogs to investigate DNA methylation. Functionalities 
present on the analog allow for subsequent ligation chemistries with an affinity tag 
or fluorophore for detection. 
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Among numerous interesting SAM/SAH analogs, aziridinoadenosine (A, 

Figure 1.16) was first synthesized by Weinhold in 1998.82 The utility of A was 

limited and further derivatization of the adenine base with an azide by Rajski et al. 

(B, Figure 1.16) allowed for the conversion of DNMTs into azidonucleosidyl 

transferases. Pivotal to the activity of these analogs is the aziridine ring, as its’ high 

electrophilicity lends it to SN2 ring opening by a reactive nucleophile (C, Figure 

1.16). The resulting azidated DNA could undergo Staudinger ligation and employ 

the biotin:avidin association for detection.83  
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Figure 1.16. Structure of (A) aziridine-based SAM analog, (B) azide bearing 
aziridine SAM analog, and (C) aziridine SAM analog general mechanism. 

 

Unfortunately, due to lack of the amino acid recognition moiety present in 

SAM, this first generation of aziridine-based analogs required a 100-fold excess of 

analog to overcome reduced binding to the DNMTs.83 Therefore, analog 1 (Figure 

1.17) was designed by Rajski et al. to improve binding efficiency by incorporating 
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the L-amino acid present in SAM. Pivotal to the function of this improved analog is 

the 5′-N-mustard moiety capable of undergoing intramolecular cyclization between 

the beta-halide and amine to form a reactive aziridinium. Rajski et al. verified the 

utility of N-mustard 1 to be successfully transferred to short oligonucleotides with 

both prokaryotic adenine and cytosine DNMTs.84 Its use beyond modifying DNA 

has been shown in the modification of rebeccamycin (using a natural product 

MTase)85 and with two protein MTases. Specifically, protein arginine 

methyltransferase 1 (PRMT1)86,87 and the N-Terminal MTase 1 (NTMT1)86 have 

also employed 1 in modifying their peptide and protein substrates. Moreover, it 

was used to develop other analogs such as rebeccamycin analogs85 and a 

bisubstrate analog for PRMT1.88 Overall, the utility of 1 has been demonstrated 

using a wide-variety of MTases compared to other SAM analogs developed to 

date. 

Comstock et al. further expanded the versatility and utility of N-mustard 

analogs through functionalization of the adenine base at either the C8- or N6-

position with azides and alkynes (2-8, Figure 1.17) capable of undergoing CuAAC 

coupling and the Staudinger ligation.89–91 Plasmid DNA was demonstrated to be 

efficiently modified in a MTase-dependent fashion using the C8- and N6-

functionalized N-mustard analogs by prokaryotic MTases.89,90 Further studies with 

3 indicates successful coupling to the Oregon green to DNA in a MTase-dependent 

fashion.89 Additionally, functionalized N-mustard analogs were successfully 

transferred to a model peptide87 and histone H4 protein by PRMT1,92 as well as to 

a model peptide by NRMT1.86 2 and 6-modified peptide were subsequently 
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incorporated into biological tags using the Staudinger ligation and CuAAC 

couplings, respectively.86,87,92     
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Figure 1.17. Structure of C8- and N6- functionalized N-mustard analogs. 

 

While these results demonstrate great promise for the N-mustard analogs 

as a new class of biochemical tools to gain a better understanding of DNA 

methylation events and identify unknown targets, the work to date has been limited 

to prokaryotic DNMTs. To confirm the applicability of these analogs in a more 

biologically-relevant environment, especially as a probe for site specific DNA 

methylation relating to various diseases, their utility with eukaryotic DNMTs needs 

to be investigated.  

 

1.7 Goals of Doctoral Research 

 The goal of the research presented in this dissertation is to evaluate the 

utility of the small library of N-mustard analogs with eukaryotic DNMTs. By 

demonstrating the ability of such DNMTs to effectively transfer the analogs to 

physiologically relevant DNA substrates, significant insight into their use as 

biological probes to detect DNA methylation sites can be obtained. Additionally, 



25 
 

their utility may provide additional information about the DNMT active site or 

facilitate the advancement of the N-mustard analog library. Critical to confirm their 

function is employing two eukaryotic DNMT families (DNMT1 and DNMT3AC) 

which have a significant impact on the establishment of DNA methylation and 

demonstrate different substrate preferences. To achieve this goal, the 

development of a new detection method was required. Fortunately M.SssI, the only 

known prokaryotic DNMT with the same specificity as those found in eukaryotes, 

has the same efficiency for both unmethylated and hemimethylated DNA. 

Therefore, it was used as a model DNMT in the development of a new high-

throughput assay based on fluroescence. After successfully optimizing the DNA 

modification assay, it was employed to validate the efficiency of N-mustard analogs 

to be transferred to DNA substrates by DNMT1 and DNMT3AC.   
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CHAPTER 2 

 

Prokaryotic DNA methylation as a model system 

 

The work contained in this chapter in preparation for publication. All 

experiments and data in this manuscripts, including figures and tables, were 

performed and complied by Nichanun Sirasunthorn and will be edited by 

Dr.Lindsay Comstock before submission to the journal. The study of analog 

transfer to short oligonucleotide by M.SssI was completed with the assistance of 

an undergrate researcher, Anna Gerber. 

 

2.1 Prokaryotic DNA methyltransferases  

 There are two main classes of DNMTs based on the type of chemical 

catalysis, C-methyltransferases (C-MTases) and N-methyltransferases (N-

MTases). The former one methylates C5-cytosine (5mC) while the latter modifies 

exocyclic nitrogens at either N4-cytosine (N4mC) or N6-adenine (N6mA), as 

shown in Figure 2.1.93 
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Figure 2.1. Schematic presentation of the types of prokaryotic DNA methylation. 

 

2.2 Catalytic mechanism of MTases 

 Among the DNMTs, DNA methylation occurs through a SN2 mechanism. 

The activated methyl group of SAM, bound to a positively charged sulfur atom, is 

predisposed to a nucleophilic attack. To be able to perform this catalysis, DNA 

target flipping (Figure 2.2) has to occur due to the observed longer distance 

between the sulfur atom of SAM and cytosine in model prokaryotic enzyme M.HhaI 

(5 Å)94 or adenine in M.TaqI (4.7 Å).95 
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Figure 2.2. Base flipping for methylation of DNA Bases.26 DNA is colored in red, 
and SAM/SAH is colored in dark blue. Flipped bases are shown in green. (Left) 
M.HhaI, 5mC, PDB: 5MHT (Right) M.TaqI, N6mA, PDB: 1G38.  

 

For C-MTases, surprisingly cytosine is deemed as an electron-poor 

heterocyclic aromatic ring system reducing its susceptibility towards nucleophilic 

attack on the methyl group of SAM.96 According to Figure 1.5, the mechanism 

starts with the attack from the catalytic cysteine (C) of C-MTases at position 6 of 

the cytosine ring resulting in a covalent complex to yield an activated cytosine. This 

intermediate undergoes a transient protonation of the cytosine ring at the 

endocyclic nitrogen atom provided by either glutamic acid (E) or arginine (R). The 

resulting activated cytosine is primed for attack at the SAM methyl group. The final 

step requires a deprotonation at position 5 leading to the elimination of the cysteine 

and reestablishing aromaticity of the methylated cytosine.96 

In a similar manner for N-MTases, neither adenine nor cytosine displays 

nucleophilicity at the exocyclic amino group since their free electron pairs are 

conjugated with the aromatic system. The nucleophilicity at this position is 
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enhanced by hydrogen bonding between the amino group and amino acids within 

the active site, including asparagine (N), aspartic acid (D) and proline (P). as 

shown in Figure 2.3.96,97 Hydrogen bonding alters the amine by either increasing 

the electron density or changing the hybridization from sp2 towards sp3 where the 

lone pair is no longer conjugated with the aromatic system. The partial positive 

charge at the methylated intermediate is stabilized by the electron-rich aromatic 

ring of a nearby tyrosine (Y).95 The last step of this mechanism requires a final 

deprotonation of the amino group.     

 

 

     

 

Figure 2.3. Proposed catalytic mechanism of N6mA formation.96 

 

2.3 The structure of prokaryotic DNMTs 

Even though C-MTases and N-MTases share many structural similarities 

there are two major differences between these two classes. First, there are 10 

conserved motifs (motif I – X) identified in C-MTases93,98,99 while motif IX, which is 

involved in the protein folding of the DNA recognition region,99 is not found in N-

MTases.100 The remaining motifs are highly conserved with C-MTases. Second, 

the orientation of the two DNA recognition domains differ by a 90° rotation (Figure 

2.4), resulting in a different orientation in which the DNA substrate binds.101  
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Figure 2.4. Stereo views showing the superimposition of the tertiary structure of 
M.HhaI in blue (C-MTase) and M.TaqI in yellow (N-MTase).101 Reprinted from J. 
Mol. Biol., 1995, 247 (1), 16-20, Cheng, X. et.al., Universal catalytic domain 
structure of Adomet-dependent methyltransferases with permission from  
John Wiley and Sons. 

 

Another way to classify the subdomain of DNMTs is to use the arrangement 

of the conserved motifs that are responsible for SAM binding, catalysis, and target 

recognition. These subdomain groups dictate the type of DNMTs. According to 

Figure 2.5, all of the C-MTases belong to group ϒ. The majority of N4-MTases are 

group β, while N6-MTases can be in group α, β and ϒ. Moreover, the groups differ 

in terms of molecular mass, with group α being small (260- 334 amino acids), group 

ϒ being large (325 – 580 amino acids) and group β covering both of these size 

ranges (228 – 531 amino acids).99 

 



31 
 

 

 

 

 

 

 

 

 

Figure 2.5. Possible arrangements of the three major regions found in DNA 
methyltransferases. The asterisk (*) refers to the observation that 5mC DNMTs 
have one major difference from the group ϒ amino Mtases: motif X is near the 
carboxy terminus in 5mC DNMT.99 Reprinted from J. Mol. Biol., 1995, 253 (4), 618-
632, Cheng, X. et.al., Structure-guided analysis reveals nine sequence motifs 
conserved among DNA amino-methyl-transferases, and suggests a catalytic 
mechanism for these enzymes with permission from John Wiley and Sons. 

 

While the order of conserved motifs varies among the 3 groups of DNMTs, 

many of their basic features are retained. Six motifs were considered highly 

conserved (I, IV, VI, VIII, IX and X) and the remaining four moderately conserved.98 

Motif I: Motif I was found to be common among all SAM-dependent MTases 

including protein MTases, RNA MTases, DNA MTases and small molecule 

MTases.98,99,102 It forms the secondary structure β1-loop-αA employing the 

conserved sequences (V/I/L) (L/V) (D/E) (V/I) G (G/C) G (T/P) G. The bolded 

glycine has been found to be replaced by a phenylalanine (F) in a number of C5 
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MTases.102 The G-loop (Figure 2.6) has been proposed to bind the methionine 

moiety of SAM by properly positioning it within the binding pocket. The conserved 

F, along with other hydrophobic residues, forms a hydrophobic platform on one 

side of the purine and ribose ring of SAM (Figure 2.7). The other conserved 

position in this region is 4 residues upstream of the G-loop which poses additional 

stereochemical constraints by interacting with the dipoles of the peptide bonds in 

the G-loop.99  

Motif II: Motif II has been proposed to be a part of the SAM binding site due to the 

abundance in aromatic residues. The eight-residue conserved region is (P/G) 

(Q/T) (F/Y/A) D A (I/V/Y) (F/I) (C/V/L).102 Positively charged quaternary sulfonium 

compounds easily bind to aromatic groups through cation-π interactions via the 

positively charged sulfur and the π electrons of the aromatic ring.103 Moreover, 

bulky hydrophobic side-chain make van der Waal contacts with the SAM adenine 

base.99 

Motif III: Motif III provides additional interactions with SAM via D/E or N/Q residues 

in the first position of αC. These amino acids interact directly with the exocyclic 

amine of the SAM adenine.101 Additional hydrogen bonding with N1 of the SAM 

adenine with a peptide backbone NH group has been identified.99  
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Figure 2.6. Sequence alignment for each subdomain classes of DNMTs.99 Each 
of the three groups of MTases is preceded by a theoretical topological drawing. 
Rectangles (lettered) indicate helices, and arrows (numbered) depict strands. 
Amino acids within G-loop (motif I) are shown as red circles. Reprinted from J. Mol. 
Biol., 1995, 253 (4), 618-632, Cheng, X. et.al., Structure-guided analysis reveals 
nine sequence motifs conserved among DNA amino-methyl-transferases, and 
suggests a catalytic mechanism for these enzymes with permission from  
John Wiley and Sons.  



34 
 

 

 

 

 

 

 

 

Figure 2.7. Stereo views showing the superimposition of SAM binding site in 
M.TaqI (yellow) and SAH binding site in M.HhaI (blue).101 Reprinted from J. Mol. 
Biol., 1995, 247 (1), 16-20, Cheng, X. et.al., Universal catalytic domain structure 
of Adomet-dependent methyltransferases with permission from John Wiley and 
Sons. 
 

Motif IV, VI and VIII: These motifs have been suggested to form the methylation 

site. The target cytosine is positioned in the active site formed by conserved motifs; 

motif IV (PCQ), motif VI (ENV) and motif VIII (QXRXRX).101 The polar groups of 

the dihydrocytosine ring that normally from the pair with guanine are now all 

involved in hydrogen bonds with side-chain and backbone groups of the invariant 

amino acids.93 No identical amino acid was found in M.TaqI (N-MTases). However, 

NPPY residues of M.TaqI were anticipated to accommodate the target adenine 

due to overlapping positions with PCQ of M.HhaI (Figure 2.8).101 

Motif V and VII: Some literature suggests that these motifs are catalytic regions. 

Motif V contains (N/D) L Y X X F (L/V/I). Leucine (L) also makes van der Waals 

contacts to the SAM adenine.99 
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Figure 2.8. Stereo views showing the superimposition of methylation site in M.TaqI 
(yellow) and M.HhaI (dark blue).101 Reprinted from J. Mol. Biol., 1995, 247 (1), 16-
20, Cheng, X. et.al., Universal catalytic domain structure of Adomet-dependent 
methyltransferases with permission from John Wiley and Sons.  
 

2.4 M.SssI 

 Spiroplasma methylase, or M.SssI, was first isolated and characterized in 

Escherichia coli (E.coli). It is a C5-methylase and contains 386 amino acids.104 

Instead of having a 4-8 base pair (bp) DNA recognition sites as most prokaryotic 

MTases contain, M.SssI methylates completely and exclusively the CpG 

dinucleotide, a sequence specificity which is typical to all mammalian DNMTs.104 

Since its discovery, M.SssI has gained attention as an excellent model enzyme for 

mammalian MTases. 

 M.SssI was defined to be a de novo MTase, having the same methylation 

efficiency for unmethylated and hemimethylated DNA substrates, similar to most 

prokaryotic MTases. Surprisingly, kinetic studies on CpG-lacking and CpG-rich 

DNA suggested that it showed no specific binding preference to either DNA 

substrate.105 M.SssI is able to bind DNA irrespective of the presence of its 



36 
 

recognition sequence and then scans for CpG sites to methylate all CpGs on one 

strand. These results lead to two conclusions: first, a second binding event to the 

DNA is required for methylation of the complementary strand, and second, 

recognition and methylation must occur on the same strand.  

Excluding the ability of M.SssI to methylate DNA in a processive manner, 

many methyl transfer events following a single binding event differ from most 

prokaryotic MTases containing the same conserved domains.106 Although no 

crystal structure of M.SssI has been generated, homology modeling107 and 

mutational analysis108 of M.SssI, based on the C5-MTases M.HhaI crystal 

structure109,110 reveals that the structure of M.SssI is likely bilobal (Figure 2.9). 

Two major domains are predicted, including the large domain containing 

conserved motifs I-VIII and X, small domains formed by the target recognition 

domain (TRD) and conserved motif X.98 These domains form a cleft that 

accommodates the DNA substrate.101  

Based on these models, hydrophobic amino acids from motifs I-III, V and X 

create a recognition platform to bind SAM. For example, the aromatic rings of 

F139, W43 and L163 make van der Waal contacts with the adenine ring of SAM. 

The ribose hydroxyl groups hydrogen bond to the acidic side chain of E42. 

Moreover, M.SssI interacts predominantly with the flipped target cytosine via 

hydrogen bonding with F139, R232 and E186.  Similarly to C81 of M.HhaI,109 C141 

participates in methylation catalysis with the flipped target cytosine. 
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Figure 2.9. (Left) Ribbon diagram of the structure of M.SssI model. TRD is colored 
in dark-grey. (Right) The structural model of M.SssI-DNA-SAH ternary complex.107 
Reprinted from J. Biomol. Struct. Dyn., 2004, 22 (3), 339-345, Gromova, E.S. et.al., 
Homology modeling of the CG-specific DNA methyltransferase SssI and its 
complexes with DNA and AdoHcy with permission from Taylor and Francis. 

 

2.5 Cytosine modification on plasmid model 

2.5.1 pUC19 DNA substrate 

 N-mustard analog is one of the most interesting SAM/SAH analogs 

proposed as a site-specific DNA methylation probe. It was designed to incorporate 

the L-amino acid present in SAM to improve binding efficiency. This 5′-N-mustard 

moiety is capable of undergoing intramolecular cyclization between the beta-halide 

and amine to form the reactive aziridinium which is successfully transferred to DNA 

with MTases (Figure 2.10).  
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Figure 2.10. Structure of (A) SAM, (B) N-mustard analog, and (C) N-mustard 
analog general mechanism. 

 

A restriction-protection assay has been traditionnally employed to confirm 

analog transfer to DNA.83,89,90 Briefly, analogs are transferred to DNA substrate by 

the MTase, leading to protection from digestion by a methylation-sensitive 

restriction enzyme as shown in Figure 2.11. After visualizing by gel 

electrophoresis, analog-modified DNA appears as full-length DNA. On the other 

hand, when the site is not modified the DNA is cleaved and digested to give smaller 

fragments of DNA.   
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Figure 2.11. Restriction-protection assay. Red arrows represent “modification” 
pathway. Blue arrows represent “no modification” pathway. 

 

While the successful utility of N-mustard analogs has been demonstrated 

with a small panel of prokaryotic DNMTs using a model plasmid DNA 

(pUC19)83,89,90, the transition to M.SssI has proven challenging. Specifically, the 

increased number of recognition sites for M.SssI on pUC19 is enormous (156 CpG 

sites), compared to 20 or fewer recognition sites for other prokaryotic MTases 

studied thus far. It is not feasible to visualize all 156 sites with a restriction enzyme. 

Employing the restriction enzyme R.BstUI with a pUC19 model, there are only 10 

R.BstUI recognition sites. The full-length DNA band (2086 bp) is expected for fully 

methylated product while non-modified DNA is digested to give smaller fragments 

of DNA (ranging from 2-581 bp). However, due to the sensitivity of agarose gel 
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electrophoresis, 5 DNA bands should be observed at 581, 545, 493, 330 and 198 

bp. A number of partially-modified DNA bands would also be visible in the range 

of 2-2684 bp. Preliminary results with SAM (data not shown) indicated that a higher 

concentration of SAM (128 μM) was required to obtain fully methylated pUC19 with 

M.SssI compared with other prokaryotic MTases.83,89,90 A higher SAM 

concentration was required due to more CpG sites present.    

After the pUC19-based assay was confirmed with SAM and M.SssI, 

experiments which employed analog 1 (Figure 2.12) were conducted. Various 

conditions were evaluated, including varying analog concentration (1-400 μM), 

incubation time (2-4 hr), DNA substrate (0.0050-0.0125 μg/μL) and M.SssI 

concentration (6-10 U). Negative controls (in the absence of SAM and M.SssI) 

were performed, as small fragments from the complete digestion by R.BstUI 

eliminates any false positives and verifies functionality of the restriction enzyme. 

Results indicated that none of the conditions evaluated seemed to generate 

analog-modified pUC19, as bands which migrate near the SAM controls (lane 2) 

were not observed (Figures 2.13 and 2.14). 

N
NN

N
NH2

O

OHOH

N

CO2HH3N

I

N
NN

N
HN

O

OHOH

N

CO2HH3N

I

n

N
NN

N
HN

O

OHOH

N

CO2HH3N

I

N3n

R

1: R=H
2: R=N3
3: R=NH(CH2)4N3

4: n=1
5: n=2
6: n=4

7: n=3
8: n=4

H H H

Figure 2.12. Structure of C8- and N6- functionalized N-mustard analogs. 
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Figure 2.13. M.SssI restriction-protection assay with increasing cofactor and 
incubation time on pUC19 model. Reaction mixtures were prepared by addition of 
appropriate stock solutions to a total volume of 20 μL containing 7 nM DNA, 4 U 
M.SssI, 1 at the appropriate concentration and buffered with 50 mM KOAc, 20 mM 
Tris-OAc, 10 mM Mg(OAc)2 and 100 μg/mL BSA at pH 7.9; reactions were 
incubated at 37°C. After R.BstUI digestion (10 U), the mixtures were analyzed on 
a 1% agarose gel.  Lane component: 1) DNA, BstUI methylation time 2 hr; 2) DNA, 
128 μM SAM, M.SssI, BstUI methylation time 2 hr; 3) DNA, 1 μM 1 , M.SssI, BstUI 
methylation time 2 hr; 4) DNA, 2.5 μM 1, M.SssI, BstUI methylation time 2 hr; 5) 
DNA, 5 μM 1, M.SssI, BstUI methylation time 2 hr; 6) DNA, 10 μM 1, M.SssI, BstUI 
methylation time 2 hr; 7) DNA, 400 μM 1, M.SssI, BstUI methylation time 2 hr; 8) 
DNA, 400 μM 1, M.SssI, BstUI methylation time 3 hr; 9) DNA, 400 μM 1, M.SssI, 
BstUI methylation time 4 hr.  

 

 

 

 

Figure 2.14. M.SssI restriction-protection assay with increasing DNA and M.SssI 
on pUC19 model. Reaction mixtures were prepared by addition of appropriate 
stock solutions to a total volume of 20 μL containing 400 μM 2, M.SssI and DNA 
at the appropriate concentration and buffered with 50 mM KOAc, 20 mM Tris-OAc, 
10 mM Mg(OAc)2 and 100 μg/mL BSA at pH 7.9; reactions were incubated at 37°C 
for 2 hr. After R.BstUI digestion (10 U), the mixtures were analyzed on a 1% 
agarose gel.  Lane component: 1) 7 nM DNA, BstUI; 2) 7 nM DNA, 128 μM SAM, 
4 U M.SssI, BstUI; 3) 3 nM DNA, 2, 4 U M.SssI, BstUI; 4) 4 nM DNA, 2, 4 U M.SssI, 
BstUI; 5) 6 nM DNA, 2, 4 U M.SssI, BstUI; 6) 7 nM DNA, 2, 4 U M.SssI, BstUI; 7) 
7 nM DNA, 2, 6 U M.SssI, BstUI; 8) 7 nM DNA, 2, 8 U M.SssI, BstUI; 9) 7 nM DNA, 
2, 10 U M.SssI, BstUI. 

 1  2   3  4  5  6   7   8   9  
Full modification  

 1   2   3  4   5   6  7   8   9  

Full modification 
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2.5.2 PCR-generated fragment of pUC19  

The inability to fully protect pUC19 plasmid with analog 1 led to two possible 

hypotheses to explore. First, little or no analog transfer is occurring or second, 

other factors such as the number of nucleotide basepairs between each CpG site, 

the number of CpG sites or the analog concentration may influence the analog 

transfer. To simplify the substrate, a selected segment from pUC19 was generated 

using PCR amplification. The segment was chosen based on containing fewer 

CpG sites (21 sites) and the ease of band quantification by densitometry (Figure 

2.15). Using the restriction-protection assay (Figure 2.16), full-length DNA (451 

bp) was expected for full modification. Since a single R.BstuI site was present, 2 

bands (163 and 283 bp) should be observed for non-modified DNA. Following PCR 

amplification, the product was purified using either a PCR clean up kit or a gel 

extraction kit. While complete methylation by SAM was observed (Lane 3, Figure 

2.17), a contaminating 400 bp band is present (Lane 2, Figure 2.17) for products 

isolated from the PCR clean up kit. When the DNA was purified via a gel extraction 

kit, this contaminating band was absent and full methylation was observed (Lane 

5, Figure 2.17).  
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Figure 2.15. PCR sequence (451 bp): CpG sites are labeled in red (21 sites) and 
R.BstUI cleavage site is underlined. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. Restriction-protection assay on PCR- generated fragment. The 
yellow squares represent CpG sites. Lane A represents a sample without cytosine 
modification and lane B represents a sample with cytosine modification at the 
single R.BstUI recognition site.  

 

 

 

 

 

 

GTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAA
AGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATAT
GAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTG
TCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGG
GCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGAT
TTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTAT
CCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAAT
AGTTTGCGCAACGTTGTT 

Restriction-Protection 

R.BstuI  

1                                            283                      451 (bp) 

Agarose gel electrophoresis 

163 
283 

451 

           A               B 
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Figure 2.17. M.SssI restriction-protection assay with SAM on PCR fragment 
model. Reaction mixtures were prepared by addition of appropriate stock solutions 
to a total volume of 20 μL containing 0.4 nM DNA, 128 μM SAM, 4 U M.SssI and 
and buffered with 50 mM KOAc, 20 mM Tris-OAc, 10 mM Mg(OAc)2 and 100 μg/mL 
BSA at pH 7.9; reactions were incubated at 37 °C for 1 hr. After R.BstUI digestion 
(10 U), the mixtures were analyzed on a 1% agarose gel.  Lane component: 1) 100 
bp Ladder 2) DNA after PCR clean up kit, BstUI; 3) DNA after PCR clean up kit, 
SAM, M.SssI, BstUI; 4)-5) same as 2)-3), but with DNA after gel extraction protocol.  

 

After demonstrating complete methylation of the PCR-fragment with SAM, 

analogs 1 and 6 were examined (Figure 2.18). Compared to SAM (lane 2), there 

were only faint bands which migrate similar to fully methylated DNA (lanes 3 and 

4) and indicated that some analog was likely transferred. Therefore, additional 

factors including analog concentration and M.SssI concentration were studied. No 

improvement in DNA protection was observed when the analog concentration was 

increased to 250 μM (Figure 2.19). Although higher DNA alkylation was observed 

when MTase concentration was increased in other prokaryotic systems,83 no 

improvement was observed when the M.SssI concentration was increased from 4 

U to 12 U (Figure 2.20). These results emphasized that the PCR-generated 

fragment was not a good substrate because only 1 of the 21 CpG sites could be 

visualized from this restriction-protection method based on R.BstUI cleavage. 

   bp        1      2     3      4      5    
1517 

 

1000          
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300 
200 

100 

Full modification 
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Figure 2.18. M.SssI restriction-protection assay with analogs on PCR fragment 
model. Reaction mixtures were prepared by addition of appropriate stock solutions 
to a total volume of 20 μL containing 0.4 nM DNA, 4 U M.SssI, 250 μM 1 or 6 and 
buffered with 50 mM KOAc, 20 mM Tris-OAc, 10 mM Mg(OAc)2 and 100 μg/mL 
BSA at pH 7.9; reactions were incubated at 37°C for 1hr. After R.BstUI digestion 
(10 U), the mixtures were analyzed on a 1% agarose gel. Lane component: 1) 
DNA, BstUI; 2) DNA, 80 μM SAM, M.SssI, BstUI; 3) DNA, 1, M.SssI, BstUI; 4) 
DNA, 6, M.SssI, BstUI. 

 

 

 

 

 

 

 

Figure 2.19. M.SssI restriction-protection assay with increasing analog on PCR 
fragment model. Reaction mixtures were prepared by addition of appropriate stock 
solutions to a total volume of 20 μL containing 0.4 nM DNA, 4 U M.SssI, 6 at the 
appropriate concentration and buffered with 50 mM KOAc, 20 mM Tris-OAc, 10 
mM Mg(OAc)2 and 100 μg/mL BSA at pH 7.9; reactions were incubated at 37°C 
for 1hr. After R.BstUI digestion (10 U), the mixtures were analyzed on a 1% 
agarose gel. Lane component: 1) DNA, BstUI; 2) DNA, 80 μM SAM, M.SssI, BstUI; 
3) DNA, 100 μM 6 , BstUI; 4) DNA, 100 μM 6, M.SssI, BstUI; 5) DNA, 250 μM 6, 
BstUI; 6) DNA, 250 μM 6, M.SssI, BstUI. 

 

    1         2          3         4  

Full modification 

  1        2         3        4         5        6 

Full modification 
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Figure 2.20. M.SssI restriction-protection assay with increasing analog and M.SssI 
on PCR fragment model. Reaction mixtures were prepared by addition of 
appropriate stock solutions to a total volume of 20 μL containing 0.4 nM DNA, 
M.SssI and 6 at the appropriate concentration and buffered with 50 mM KOAc, 20 
mM Tris-OAc, 10 mM Mg(OAc)2 and 100 μg/mL BSA at pH 7.9; reactions were 
incubated at 37°C for 1hr. After R.BstUI digestion (10 U), the mixtures were 
analyzed on a 1% agarose gel. Lane component: 1) DNA, BstUI; 2) DNA, 80 μM 
SAM, 4 U M.SssI, BstUI; 3) DNA, 10 μM 6, 12 U M.SssI, BstUI; 4) DNA, 100 μM 
6, 4 U M.SssI, BstUI; 5) DNA, 100 μM 6, 12 U M.SssI, BstUI. 

 

2.5.3 Synthetic plasmid model (2-CpG sites)   

Although 100 percent protection was not observed from the PCR fragment 

experiment, some protection was observed. To provide a more simplified DNA 

substrate to develop and optimize methods, a synthetic 1998 bp plasmid DNA was 

designed to contain two CpG recognition sites for M.SssI. These two recognition 

sites were positioned far from each other to eliminate any hindrance that might 

occur during the analog transfer (Figure 2.21). Additionally, they were designed to 

overlap with a R.BstUI recognition site to enable complete visualization by the 

restriction-protection assay. The full-length DNA band (1998 bp) is expected for 

fully modified product. Since there are 2 R.BstUI recognition sites in this DNA 

plasmid, non-modified DNA is digested to give 3 smaller fragments of DNA (297, 

637 and 1064 bp). Partially modification gives different sizes of DNA bands (297, 

    1        2       3        4        5   

Full modification 
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934, 1064 and 1701 bp). Predicted bands from the designed sequence are shown 

in Figure 2.22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21. Plasmid sequence (1998 bp): R.EcoRI cleavage site labeled in green 
and R.BstUI cleavage site labeled in red. 

 

 

GAATTCACCACAGATGCCACTGATGGGCAGACAAGTTCAGGCATGTACTGCACAGTGC
TCTGCCCAGCATGCTCTGACTGAGAGAGACACACAGCTGATGCCCCTCTGCATTGCCA
TCAATGCTCAGGAGGCATATTGCATGATCTATCATACACAAGGCTGTCTTGATCAGGG
AGCCTCAGCAGACAACATTCTCAGAGCTGTCAGTGTGGCAGCAGCATGTGGAGGCTG
CTCAGCTGTCAGCCAAGTCCTGACAGTCCTGCAACAGTGCATTGAGGACTTGGCAGA
CACCAGCCATTAAGAGAAGGCATATTGGCACAGACCATTCTCATGTGTTCTGACAGGA
TGCTCTGCTCTCATCTGCCTCTATGTCAGTCCAGATGCTGTGTGCTGCATCCAAGCCA
GCACTGGTACCATAGACAGCAGATATATGCAGGGATTGATGCATTATGTGCAGCAGCC
AGGACAGACTGAACCTCGATTATAGCTCAGAGATGGACAGAGCTATGCAGCTGTCACA
GGGAATTGGATAGCAGGCATATGGAGCCATGCTGGACACAAGCATGACAGTAGAGCT
GCAGAGAGAGCTGGATTATGACAAGAGCAGGCAGATGTCTGGAGGAGCTCATTGAGA
CAGTCAATCTGTTACAGAAGGGTGGGCATCCACTCTTCTGCCTGTGCAATGGCTGTAA
TACAGTGCTGATCTGTGCTAGACTTGAGGAATGTGCAAGGCAGGATCAGACTGTGTAT
GTACTGTTCATGTGCTATCAGATTAGCATGAGAATAGCATGAGCATCATGATTATATAT
GTCTGGAGGTATAGATATGGCTGCTTCAACACTGATAATCAGAGATCTTCAGGTTGAC
ATCTCAGGGACAGAGATCTTACAGGGTGTAGACCTTGACATAGAAGGTGGATAATTCC
AGGCAGTCATGAGCCTGAACTGAACTGGTAGATCCACTGTATCAGCTGCTATTATGGG
GCATCCTAGATATGCAGTCACAGAAGGCAGCATCACCTTGACAGCAGAGATGTACTGG
AGATGGAAGTGGACTAGCCTACGCGAGGCAGGCTGATTCCTTGCAATGCAGTACCCA
AGTGACATCAGCAGTGTGACAGATGCCTACTTCCTTCCCTCAGCAGTCAACAGAGCAG
AAGGCTATGACATGTCTCTCATGACACTCATTGGCAGAATGGAGCACAGCATGGAGTT
CCTTGACATGGACCCTGACATGGCTCAGTCCTATCTTCAGCAAGGCTTCTCAGGCTGG
GAGAGACAACTCAAGCAGATCCTTCAATTCATGATGATTGAACCTACAGTGGTCATCCT
TGATGACATTGACTCAGGACTTGATATTGACCCTGTGACAGCTGTATCAGCAGGGATC
AGCAAGATGAGCAGGCAGCACTTCAGCTGCCTGATGATCACTCACTATCAGGTCCTGC
TAGACTACATCACTCCAGATGCTGTTCAGCTTATGATGCAAGGTCCCAGTTGTAGAATC
TGGCAGTGCAGAGCTTGCACAGGCTCTTGCAGCAGAAGGTTATGACTGGATCAGACA
AGCACTTGGCACTGAAGAGCAGACTGTTGGTCAAGCATAGTAAGCCTTAGGGGGATTA
ATATGACACTAGGTACAGCACTATGGCTAGATCAGGAGTATCTCAGAAGCATCTGCAA
CAGGCACCAAGCACCTGCCTCGCGATGCAGAACCTGAGCTTACAGGCTCTTGCACAA
GCTGAGGATCTGCTCATGCCTACACCTGACAGAACAGAGATCACAGACTGGAACTTCA
GGAATCTACTGCAGCATACAGTGGATAACCAATGGCTCTCTTCACTAGAAGATGTGAC
TGATGCAGTACAAGCCCTGATGGTCATTGACAGCCAAGATCAGACATTATACCTACAG
GCTGACCAGACCTCCAGCACATCTGTCTCTGTCTCAAGCATTGACAGACAGAGGTCTC
ATCTTCACTGATATTCTGACTGCTGAATTC 
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Figure 2.22. Possible DNA fragments that may result from the restriction-
protection assay using the synthetic plasmid model. 

 

The synthetic plasmid at various concentrations (0.02–0.20 pmol) was 

loaded in each well of 1% agarose gel containing SYBR dye running at 120 V for 

1 hr (Figure 2.23A) to determine the detection limit of densitometry quantification. 

The plot between DNA amount and band intensity was generated from a 

experiment performed in triplicate (Figure 2.23B). The lowest calculated amount 

of DNA that can be detected with confidence was 0.008 pmol (See methods).   
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Figure 2.23. Detection limit of densitometry quantification. (A) Agarose gel shows 
DNA band with different intensities from synthetic plasmid. Lane component: 1) 
0.02 pmol DNA; 2) 0.05 pmol DNA; 3) 0.10 pmol DNA; 4) 0.15 pmol DNA; 5) 0.20 
pmol DNA. (B) The plot between DNA amount and band intensity. 

 

Prior to examining the utility of the N-mustard analogs with M.SssI, the 

successful isolation and utility of the synthetic plasmid was confirmed with SAM 

(data not shown). Subsequent reactions were carried out to analyze analogs 1-7 

to undergo M.SssI-dependent plasmid DNA modification, which required 

optimization using a range of M.SssI (5-100 nM) and N-mustard analog (1-1,000 

nM) while plasmid DNA was held at 3.20 nM. All of the analogs studied (1-7) 

indicated the same trend of DNA modification, although to different degrees, as 

shown in Figures 2.24 and 2.25. First, in the absence of M.SssI or analogs (the 

negative control), no protection from the restriction enzyme was observed (lane 1, 

Figure 2.24). Additionally, a negative control in the presence of M.SssI verified no 

false-positive results originating from any protein (MTase)-DNA interactions or low 

levels of native SAM presenting in the purchased M.SssI (lane 2, Figure 2.24). 

Second, the utility of SAM verified the activity of M.SssI (lane 11, Figure 2.24). 

A                                                       B 

     1       2        3         4        5     
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Third, an increase in the amount of DNA modification was observed with a gradient 

ranging from 0.4-2.0 U M.SssI, as reflected by the observed protection from the 

restriction enzyme (Figure 2.24). Finally, increasing analog concentration from 1 

to 100 nM (for 1-3) and from 10 to 1000 nM (for 4-7) coincided with increased 

protection from the restriction enzyme (Figure 2.25). Moreover, Figure 2.26 shows 

that there was no improvement in protection efficiency when the analog 

concentrations (4-7) were increased to 25 μM. Therefore, these results indicate 

that the observed partial protection of the DNA by these N6-substituted analogs 

was not directly correlated to their concentration.  

 

 

 

 

 

 

Figure 2.24. M.SssI restriction-protection assay with increasing M.SssI on 
synthetic plasmid. Reaction mixtures were prepared by addition of appropriate 
stock solutions to a total volume of 20 μL containing 3.2 nM DNA, 100 nM 1-3 or 
or 10 nM 4-7 and M.SssI at the appropriate concentration and buffered with 50 mM 
KOAc, 20 mM Tris-OAc, 10 mM Mg(OAc)2 and 100 μg/mL BSA at pH 7.9; reactions 
were incubated at 37°C for 2 hr. After R.BstUI digestion (10 U), the mixtures were 
analyzed on a 2% agarose gel. Lane component: 1) DNA, BstUI; 2) DNA, 1, 0.4 U 
M.SssI, BstUI; 3) DNA, 1, 1.2 U M.SssI, BstUI; 4) DNA, 1, 2.0 U M.SssI, BstUI; 5)- 
7) same as 2)- 4), but with 2; 8)- 10) same as 2)- 4), but with 3; 11) DNA, 600 μM 
SAM, M.SssI, BstUI; 12) DNA, BstUI; 13)- 15) same as 2)- 4), but with 4; 16)- 18) 
same as 2)- 4), but with 5; 19)- 21) same as 2)- 4), but with 6; 22)- 24) same as 2)- 
4), but with 7; 25) DNA, 600 μM SAM, M.SssI, BstUI.   

 

     1                   2                  3                          4               5               6              7  

 1     2    3   4    5    6    7    8    9  10   11      12  13  14 15  16  17 18 19  20  21 22  23 24  25    
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Figure 2.25. M.SssI restriction-protection assay with increasing analogs on 
synthetic plasmid. Reaction mixtures were prepared by addition of appropriate 
stock solutions to a total volume of 20 μL containing 3.2 nM DNA, 2U M.SssI, and 
1-7 at the appropriate concentration and buffered with 50 mM KOAc, 20 mM Tris-
OAc, 10 mM Mg(OAc)2 and 100 μg/mL BSA at pH 7.9; reactions were incubated 
at 37°C for 2hr. After R.BstUI digestion (10 U), the mixtures were analyzed on a 
2% agarose gel. Lane component: 1) DNA, BstUI; 2) DNA, M.SssI, BstUI; 3) DNA, 
1 nM 1, M.SssI, BstUI; 4) DNA, 10 nM 1, M.SssI, BstUI; 5) DNA, 100 nM 1, M.SssI, 
BstUI; 6)- 8) same as 3)- 5), but with 2; 9)- 11) same as 3)- 5), but with 3; 12) DNA, 
600 μM SAM, M.SssI, BstUI, 13) DNA, BstUI; 14) DNA, 10 nM 4, M.SssI, BstUI; 
15) DNA, 100 nM 4, M.SssI, BstUI; 16) DNA, 1 μM 4, M.SssI, BstUI; 17)- 19) same 
as 14)- 16), but with 5; 20)- 22) same as 14)- 16), but with 6; 23)- 25) same as 14)- 
16), but with 7; 26) DNA, 600 μM SAM, M.SssI, BstUI.           

 

 

 

 

 

Figure 2.26. M.SssI restriction-protection assay with increasing analogs 4-7 on 
synthetic plasmid. Reaction mixtures were prepared by addition of appropriate 
stock solutions to a total volume of 20 μL containing 3.2 nM DNA, 2 U M.SssI, and 
4-7 at the appropriate concentration and buffered with 50 mM KOAc, 20 mM Tris-
OAc, 10 mM Mg(OAc)2 and 100 μg/mL BSA at pH 7.9; reactions were incubated 
at 37 °C for 2 hr. After R.BstUI digestion (10 U), the mixtures were analyzed on a 
2% agarose gel. Lane component: 1) DNA, 1 μM 4, M.SssI, BstUI; 2) DNA, 10 μM 
4, M.SssI, BstUI; 3) DNA, 25 μM 4, M.SssI, BstUI; 4)- 6) same as 1)- 3), but with 
5; 7)- 9) same as 1)- 3), but with 6; 10)- 12) same as 1)- 3), but with 7. 

 1    2    3    4    5    6   7    8    9  10  11  12  

   4                5               6                7 
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According to Table 2.1, the analogs tested provided a wide range of M.SssI-

dependent DNA modification. As expected, 1 which is most structurally similar to 

SAM, showed nearly complete protection. Incorporating functional groups at the 

N6 and C8 positions of the adenine base did not significantly impact the percent 

protection compared to whether an alkyne or azide was present. In general, 

incorporation of an alkyne functionality tended to result in lower yields compared 

to when an azide was present. 

 
Table 2.1 Percent protection by analog-modified DNA 

Analog % Protection 
Full Partial None 

1  75.4± 4.3 24.6 ± 4.3 - 
2  11.4 ± 4.1 25.5 ± 6.8 63.1 ± 2.7 
3  35.3 ± 0.8 64.7 ± 0.8 - 
4  13.8 ± 3.0 24.6 ± 6.7 61.6 ± 3.7 
5  15.9 ± 0.5 44.2 ± 7.0 40.0 ± 6.5 
6  16.8 ± 0.6 43.8 ± 12.1 39.4 ± 12.7 
7  35.6 ± 2.5 35.0 ± 5.8 29.5 ± 3.4 

 
 

2.6 Cytosine modification on a short oligonucleotide model 

DNMT1 is known to have explicit selectivity and high preference for 

hemimethylated DNA, making the synthetic plasmid unusable. To easily obtain the 

necessary hemimethylated substrate, a synthetic oligonucleotide must be 

employed. Although a traditional 32P-labeled oligonucleotide could be used,83,84 it 

requires expertise and safety precautions. 
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2.6.1 Development of a high-throughput assay with SAM 

A more advanced high-throughput assay originally designed for screening 

inhibitors of DNMTs first reported by Ceccaldi et al. has been adapted. As shown 

in Figure 2.27,111 the detection of MTase activity using this approach is based on 

measuring fluorescence via the avidin–biotin interaction. Complementary 

oligonucleotides were designed to bear either 6- carboxyfluorescein (FAM) or 

biotin at the 5' end of each strand. Additionally, the oligonucleotides contain a 

single CpG recognition site which overlaps with the methyl-sensitive restriction 

enzyme R.HpyCH4IV. The plate was first coated for with avidin for biotinylated 

duplex interactions. After transferring the enzymatic reaction to the plate, washing 

steps were required to get rid of any unbound duplex before measuring 

fluorescence.  The loss of fluorescence by FAM results from no protection (“No 

Modification”) from the restriction enzyme. On the other hand, retention of 

fluorescence by FAM results from DNA protection (“Modification”).  

 

 

 

 

 

 

 

 

Figure 2.27. Avidin-coated plate assay. Inset represents the enzymatic reaction 
with M.SssI followed by R.HpyCH4IV restriction digestion. Modification groups can 
be either a methyl group for SAM or N-mustard analogs. 
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Prior to testing the M.SssI enzymatic reaction, two different microplates 

were studied (Table 2.2). No difference in fluorescence between a bare avidin-

coated well and the well after incubation with DNA substrate was observed for a 

non-treated microplate. Alternatively, a high-binding enzyme-linked immunoassay/ 

radioimmunoassay (EIA/RIA) microplate demonstrated significant differences 

between the samples due to better protein binding performance via hydrophobic 

interactions. The similar signal from different amounts of DNA might result from 

the saturation of avidin with the biotinylated DNA. 

      
Table 2.2. Fluorescence signal detected on different types of 96-well plates. 

Sample Fluorescence signal (cps) 
Non-treated  high-binding EIA/RIA 

avidin-coated well 601 200 
Avidin coated well and DNA (50 pmol) 601 1186 
Avidin coated well and DNA (100 pmol) 647 1189 

   

  
 Further experiments were conducted to obtain optimal binding on the high-

binding EIA/RIA plate. Various amounts of DNA were tested (Figure 2.28) and a 

similar trend was observed for when the DNA was in either duplex buffer or Tris-

HCl (pH 7). No significant improvement in percent binding was observed when the 

DNA was increased and suggested that 5 pmol saturated the avidin. Interestingly, 

phosphate-buffered saline/Tween (PBST) led to variation in the percent binding 

and might affect DNA stability.    
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Figure 2.28. Effect of DNA amount and buffer components on binding efficiency 
for avidin-coated plate assay (n=2). 

 

 Additionally, an improvement in percent binding was observed when the 

amount of avidin was increased from 1 to 100 μg in the presence of 1 pmol DNA 

(Figure 2.29). On the other hand, at 5 pmol DNA, the percent binding did not 

change due to the saturation of avidin by the DNA. Based on these results, 5 pmol 

DNA and 1 μg avidin was used for further experiments as 1 pmol DNA did not yield 

a significant fluorescence signal. Finally, the DNA incubation time was also 

optimized with 1 μg avidin and no difference between 30 min (5.7±0.3 %) and 60 

min (6.7±2.0%) was observed (data not shown).           
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Figure 2.29. Effect of avidin on biding efficiency for avidin-coated plate assay 
(n=2). 

 

Following optimization, experiments with M.SssI and SAM were conducted 

to establish the feasibility of the assay. It was quickly realized that this assay was 

challenging to conduct, as the detected fluorescent signal varied significantly. 

Thus, two control experiments (A and B) were performed each time. First, control 

A was performed in the absence of SAM and R.HpyCH4IV to quantify the amount 

of DNA substrate that binds to the avidin-treated plate. A very low fluorescence 

signal indicated insufficient DNA substrate binding to the plate and does not reflect 

all of the DNA in the reaction. Second, control B was performed in the presence of 

R.HpyCH4IV to confirm its’ activity, as a low fluorescence signal indicated a 

functional restriction enzyme. According to the data presented in Table 2.3 

(average of duplicate trials), model experiments using SAM provided results which 

indicated successful DNA methylation using M.SssI. To obtain full protection, the 

SAM concentration can be reduced to 10 μM with incubation for 2 hr (sample 4). 
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Increasing the SAM concentration from 1 to 600 µM improved the calculated 

percent methylation (samples 2-4). Moreover, increasing the incubation time from 

1 to 2 hr (samples 1 and 2) was identified to increase the percent methylation.  

 
Table 2.3. DNA methylation by M.SssI detected with the plate reader assay.  

Sample [SAM] 
(μM) 

Incubation 
time at 37 °C 

(hr) 

Fluorescent signal (cps)* 

%
 M

et
hy

la
tio

n 

Control A Control B Sample 

1 600 1 119±2 50±1 104±2 78 
2 600 2 110±14 82±8 112±6 105 
3 10 2 137±2 48±8 136±13 99 
4 1 2 77±9 47±1 54±1 23 

 

Note: Control A was performed in the absence of SAM and restriction enzyme. 

      Control B was performed in the absence of SAM, but in the presence of 
restriction enzyme. 

  * Fluorescent signal of bare avidin-coated well was subtracted from signal 
of sample.   

 

2.6.2 Magnetic bead assay 

2.6.2.1 General experimental method 

Although the results obtained with SAM and M.SssI provided a foundation 

necessary to use the avidin-coated plate assay, the low fluorescent signal provided 

unreliable results. It was hypothesized that this could be due to a low binding 

efficiency either between the avidin and biotin or between the avidin and the 96-
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well plate. To alleviate this variation, streptavidin-coated magnetic beads were 

used to replace the plate-bound avidin, as they were deemed easier to manipulate. 

The magnetic beads helped to eliminate fluctuations in fluorescence that often 

resulted from washing steps in the plate assay, while improving background signal 

originating from FAM-cleaved oligonucleotides that may remain in solution. The 

avidin-coated plate assay was easily adapted to utilize the magnetic bead, as 

shown in Figure 2.30. 

Incubation with Target solution
Shaking at rt for 30 mins

Reaction mixture Magnetic separation
"Strepavidin-Biotin interaction"

Fluorescence quantification
excitation at 488 nm., emission at 520 nm.

FAM Biotin

MTase
reaction "No modification"

"Modification"modification

Restriction
reaction "Loss of fluorescence"

"Fluorescence"

A

B

 

Figure 2.30. Magnetic bead assay. (A) Schematic overview of the experimental 
setup. Step 1: enzymatic reaction with M.SssI, followed by methylation sensitive 
restriction. Step 2: isolation of biotinylated DNA through streptavidin coated 
magnetic beads. Step 3: measurement of fluorescence and quantification. (B) 
Principles of determining the cytosine modification using the magnetic-bead assay. 

 

Initial experiments to determine the binding efficiency between biotinylated 

DNA and the streptavidin-coated magnetic beads was conducted. Results shown 

in Figure 2.31 suggested that increasing the bead amount did not improve binding 

efficiency. A similar percent binding was observed when holding the amount of 

magnetic bead constant while varying the amount of DNA. These results indicated 

that the magnetic bead is likely saturated with DNA at 2.5 pmol a larger quantities 
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of magnetic beads were not necessary. The ratio between biotinylated DNA and 

streptavidin magnetic bead was fixed to 2.5 pmol and 20 μg for further 

experiments. To evaluate the feasibility of this assay with an enzymatic assay, an 

experiment was performed with SAM in the presence of M.SssI at different 

incubation times (1-2 hr). The measured percent methylation was in the range of 

100-120% (data not shown), which suggested successful detection of methylation 

by M.SssI. Together with the higher binding percentage observed in magnetic 

bead assay (45-50%) compared to the avidin-coated plate (4-6%), the magnetic 

bead assay was a more reliable method for evaluating the N-mustard analogs with 

M.SssI.         

 

 

 

 

 

 

 

Figure 2.31. Binding efficiency between biotinylated DNA and streptavidin 
magnetic bead (n=3). 

 

2.6.2.2 Confirmation of analog transfer to DNA substrate 

 With approximately 50 percent DNA binding observed in the assay, it was 

evident that not all of the available DNA can bind to the bead. Thus, the two A and 

B control experiments conducted in the avidin-coated plate assay were performed 
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each time to account for this. Hemimethylated DNA was used for this experiment 

to resemble the DNMT1 substrate so R.SaU3AI was employed as a restriction 

enzyme. First, control A was performed in the absence of analog and R.SaU3AI in 

order to quantify the amount of DNA substrate bound to the streptavidin-coated 

magnetic bead initially. Second, control B was performed in the presence of 

R.SaU3AI and resulted in a reduced percent FAM on the bead confirming the 

activity of the restriction enzyme (Table 2.4.). The fluorescence measured in the 

presence of analog 1 and M.SssI was found to be in between the range of control 

A and B indicating that some analog modification was taking place and blocking 

R.Sau3AI cleavage. However, when experiments in the absence of M.SssI (control 

C) were conducted, the percent fluorescence was found to be higher than control 

B and suggested that other factors may be influencing R.Sau3AI activity.   

 
Table 2.4. Preliminary results from magnetic bead assay. 

Sample Percent Fluorescence 

DNA (Control A) 43.5 ± 5.0 
DNA + M.SssI + R.Sau3AI (Control B)   4.5 ± 0.6 
DNA + Analog 1 + R.Sau3AI (Control C) 13.3 ± 0.3 
DNA + Analog 1 + M.SssI + R.Sau3AI (Sample) 17.8 ± 3.0 

 

N-mustard analogs were previously shown to be very active and may rapidly 

degrade or undergo non-specific alkylation events.55 Therefore, control C was 

conducted to examine the effect of increasing analog concentration in the absence 

of M.SssI. An increase in the amount of DNA modification was observed as the 

analog increased from 10-250 μM (Figure 2.32). Not surprising was that the same 
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trend was observed for the unmethylated DNA substrate, as shown in Figure 2.33. 

Moreover, C8-substituted analogs tend to have reduced non-specific interactions 

with both oligonucleotides. To gain a more accurate representation of M.SssI-

dependent DNA modification by the N-mustard analogs, this signal needed to be 

considered as background and required subtraction from the observed percent 

protection. This emphasizes that while the magnetic bead assay serves as a 

feasible method to conduct experiments with M.SssI, the major challenge of this 

approach lies with the non-specific interaction between DNA and N-mustard 

analogs. This limitation may have a significant impact on the detection of 

methyltransferase-catalyzed DNA modification using N-mustard analogs when the 

enzymatic activity may be extremely low.  

 

 

 

 

 

 

Figure 2.32. Non-specific interaction between DNA and N-mustard analog 
detected with the magnetic bead assay in the absence of the DNMT. Study was 
conducted using the hemimethylated DNA substrate at various concentrations of 
analogs 1, 3, 4, 6 and 7 (n=4).   
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Figure 2.33. Non-specific interaction between DNA and N-mustard analog 
detected with the magnetic bead assay on different substrates. The analog 
concentration was fixed at 500 μM (n=4). 

 

The adapted magnetic bead assay was used to evaluate the ability of 

M.SssI to employ the analogs. Results (Table 2.5) indicated that 1 yielded the 

highest percent protection due its structural similarity to SAM. The percent 

protection attained for the remaining analogs varied dramatically. The comparison 

of results from the restriction-protection assay and adapted magnetic bead assay 

underscores the applicability of the magnetic bead assay to detect the M.SssI-

dependent analog transfer. According to data presented in Table 2.5, the magnetic 

bead assay requires higher analog concentration compared to using the 

restriction-protection assay due to small substrate size. It is hypothesized that the 

activity of M.SssI on smaller DNA (44 bp) might be slower than when compared to 

a larger  substrate (1998 bp), as previously shown with eukaryotic DNMT3A.112 

Increasing the analog concentration might promote the reaction to proceed in the 

forward direction. The trends between the two assays were similar for the analogs 
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tested: Unsubstitued >> C8- substituted > N6- substituted. Overall, the results 

proved the applicability of the method for future experiments with eukaryotic 

methyltransferases and the N-mustard analogs.  

 
Table 2.5. Cytosine modification by N-mustard analogs using M.SssI. 

 

 

 

 

 

 

 

Note: n.d.: not determined, n.a.: no detectable activity observed above 
background  
          a [analog] = 100 nM, b [analog] = 1000 nM and c [analog] = 500 μM 

Percent cytosine modification for restriction-protection assay was 
calculated as the sum of full protection and half of partial protection (see methods).  

 

2.7 Conclusion 

 In summary, the results obtained using M.SssI showed great promise for 

the N-mustard analogs as a biochemical tool to gain a better understanding of DNA 

methylation events. N-mustard analogs were proven to successfully transfer to a 

simplified DNA substrate by M.SssI. Analog 1 was shown to be utilized most 

readily by M.SssI, suggesting that additional functionality incorporated either the 

N6 or C8 positions of the adenine moiety played an essential role in altering binding 

Analog 
Cytosine modification (%) 

Restriction/ protection assay Magnetic- bead assayc 

1 87.7 ± 2.1a 24.0 ± 14.2 
2 24.2 ± 0.7a n.d. 
3 67.7 ± 0.4a 9.0 ± 6.5 
4 26.1 ± 0.3b n.d. 
5 37.9 ± 3.0b n.d. 
6 38.7 ± 6.6b n.a. 
7 53.1 ± 0.4b n.d. 
8 n.d. n.a. 
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to the enzyme. The 2-CpG site substrate model plasmid was confirmed to be a 

valuable tool to study the DNA modification by restriction-protection assay without 

other hindrances such as amount or position of the CpG sites. More importantly, 

all CpG sites within this synthetic plasmid can be assessed, and will be the ideal 

model to study DNMT3A in future experiments.  

The high-throughput assay was also developed and optimized to detect N-

mustard analog modification on both unmethylated and hemimethylated DNA. 

Overall, the magnetic bead assay provided more reliable data than the avidin-

coated plate assay through allowing increased DNA binding to the bead and 

increased fluorescence signal. Although high analog concentration was required 

and high background signal resulted from non-specific alkylation of the DNA, this 

limitation is outweighed by its utility with a hemimethylated DNA substrate, needed 

to study DNMT1 in future experiments. 

 

2.8 Methods 

General 

 All reagents and solvents were purchased from commercial sources and 

used without additional purification. Restriction enzymes, M.SssI and streptavidin-

coated magnetic beads were purchased from New England Biolabs. E.coli. Top10 

competent cells were generously gifted by Patricia Dos Santos (Wake Forest 

University). Lyophilized analogs were stored at -80 °C and brought up in 2.5 mM 

H2SO4 when needed. Stock concentrations were determined by UV/Vis 

spectroscopy at 260 nm. The following molar extinction coefficients were used: 
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15.40 mM-1 cm-1 (1),84 6.63 mM-1 cm-1 (2),91 8.90 mM-1 cm-1 (3),89 9.71 mM-1 cm-1 

(4),90 10.97 mM-1 cm-1 (5),90 11.27 mM-1 cm-1 (6),90 12.38 mM-1 cm-1 (7),90 and 

11.52 mM-1 cm-1 (8).90 

 

2.8.1 Preparation of DNA substrates 

Linearization of pUC19: pUC19 was linearized with R.EcoRI (2 U per μg DNA) in 

R.EcoRI buffer (100 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2 and 0.025% Triton 

X-100, pH 7.5) at 37 °C for 1 hr and was followed by heat inactivation at 65 °C for 

20 min. The linearlized pUC19 was used without subsequent purification. 

PCR- generated fragment of pUC19 (451 bp): The pUC19 fragment was PCR 

amplified using primers 5’-GTCTGACGCTCAGTGGAACGA-3’ and 5’-

AACAACGTTGCGCAAACTATTAACT-3’ (Integrated DNA Technologies, IDT). 

Amplifications were performed in 50 μL volumes comprising: PCR buffer (20 mM 

Tris HCl, 50 mM KCl, pH 8.4); 2 mM MgCl2; 200 μM dNTPs; 1.25 U Taq DNA 

polymerase (Invitrogen) and 0.2 μM of each primer. The DNA template (pUC19) 

was used at 1ng. The thermocycling profile was: 95 °C for 1 min; followed by 30 

cycles of 30 s at 95 °C, 30 s at 52 °C and 45 s at 72 °C; then 72 °C for 5 min. The 

PCR fragment was purified by either a PCR cleanup kit (QIAquick PCR purification 

Kit) or a standard gel extraction protocol (QIAquick Gel Extraction Kit). Plasmid 

concentration was determined using a Nanodrop UV/VIS spectrometer (at 260 

nm). 

Synthetic oligonucleotide (1998 bp): A synthetic plasmid DNA was designed to 

contain two specific CpG recognition sites and two R.EcoRI cleavage sites into the 
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sequence to allow for ligation into pUC57 (Genscript USA Inc). The plasmid was 

transformed into E. coli TOP10 cells using standard bacterial transformation 

protocol.113 After overnight incubation, individual colonies were cultured in LB 

medium supplemented with ampicillin (100 μg/mL) for 12 hr/300 RPM/37 °C and 

harvested by centrifugation. The plasmid was isolated using the GeneJET plasmid 

Miniprep Kit. Subsequent restriction digestion with R.BamHI and R.AhdI were used 

to confirm the isolation of the pUC57 product. Finally, the plasmid was digested 

with R.EcoRI and the extent of cleaved DNA was analyzed on 1% agarose gel 

containing ethidium bromide run at 120 V for 1 hr. The band at ~2000 bp was 

extracted and purified using a standard gel extraction protocol (QIAquick Gel 

Extraction Kit) to obtain pure plasmid DNA for further experiments. Synthetic 

plasmid concentration was determined using a Nanodrop UV/VIS spectrometer (at 

260 nm). 

Short oligonucleotide (44 bp): Complementary oligonucleotides contain either FAM 

or biotin at the 5' end of each strand (Integrated DNA Technologies, IDT). 

Substrates designed for the assay have the following sequences (the CpG sites 

are in bolded): 

Unmethylated substrate 

5’FAM-GCTATATATA CGTACTGTGA ACCCTACCAG ACATGCACTG-3’;  

5’biotin-CAGTGCATGT CTGGTAGGGTTCACAGTACG TATATATAGC-3’ 

Hemimethylated substrate 

5’FAM-GCATATATATGAmCGATCCTGTAGGTCACTACCAGACATGCACTG-3’;  
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5’biotin-CAGT GCATGTCTGGTAGTGACCTA CAGGATCGTC ATATATATGC-3’ 

where mC is 5-methyl-deoxycytidine. The purchased oligonucleotides were 

annealed following IDT protocol.114 Briefly, DNA duplex buffer (100 mM potassium 

acetate and 30 mM HEPES, pH 7) was used to dissolve the oligonucleotide pellets. 

The two oligonucleotide strands were mixed together in equal molar amount based 

on data provided by IDT and annealed via heating at 94 °C for 2 min, followed by 

gradual cooling to 4 °C. The resulting duplex DNA was stored at -20 °C. 

 

2.8.2 Detection limit of densitometry quantification 

Synthetic plasmid at various concentrations (0.02–0.20 pmol) was loaded 

in each well of 1% agarose gel containing SYBR dye running at 120 V for 1 hr. 

Using the ImageQuant TL program (GE Healthcare), each DNA band was boxed 

and the pixel intensity measured using rolling ball background subtraction mode to 

compensate for the background intensity in the gel image. To obtain the limit of 

detection, parallel quantification was performed. The empty space on the agarose 

gel was detected as blank signal ten times. The detection limit (LOD) was 

calculated as shown in Equation 1.  

   𝐿𝐿𝐿𝐿𝐿𝐿 =  3𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐

               ……… Equation 1 

   𝐿𝐿𝐿𝐿𝐿𝐿 =  3𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
1.13 𝑥𝑥 108

                  ……….Equation 2 
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2.8.3 Restriction-protection assay 

A restriction-protection assay was first employed to confirm functional 

M.SssI with SAM. Each final DNA concentration was 7-14 nM (linearized pUC19), 

0.4 nM (451 bp PCR- generated fragment of pUC19), and 3.2 nM (2000 bp 

synthetic plasmid). SAM concentration was varied (64-128 μM) to obtain full 

methylated product for pUC19 and then was fixed at 128 and 600 μM for 

experiments with PCR-generated fragment and synthetic plasmid, respectively.  

To analyze analogs 1-7 to undergo M.SssI-dependent plasmid DNA 

modification optimization reactions followed the DNA and SAM concentrations 

above while varying M.SssI (5-100 nM) and analog (0.001- 250 μM). The reactions 

were incubated for 2 hr at 37 °C and followed by R.BstUI digestion (10 U) for 1 hr 

at 60 °C in 50 mM KOAc, 20 mM Tris-OAc, 10 mM Mg(OAc)2 and 100 μg/mL BSA 

at pH 7.9. The extent of full DNA protection by the N-mustard analogs was 

calculated from band intensity using Equation 3, where I is the intensity. Using the 

ImageQuant TL program, each DNA band was boxed and the pixel intensity 

measured using rolling ball background subtraction mode to compensate for the 

background intensity in the gel image.  

 

 

According to Figure 2.23, three fragments result from no modification 

sample which are 297 (B297), 637 (B637) and 1064 (B1064) bp. Due to the sensitivity 

of gel electrophoresis, B297 was not visible on the gel and left only two bands to 

represent no modification (Equation 4). However, B1064 can also originate from 

%𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝐼𝐼1998 𝑏𝑏𝑏𝑏

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 𝑡𝑡𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
   x 100                       ..Equation 3.    
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partial modification at R.BstUI (2) site, indicating that B637 is the only band truly 

representing no modification. To be able to quantify the intensity resulting from no 

modification from B1064 based on intensity of B637, the intensity factor needed to be 

calculated. This intensity factor was used to compensate length-sensitive intensity 

and can be calculated from the ratio between IB1064 and IB637 of a negative control 

where no modification occurs. Therefore, the extent to which no DNA modification 

occurred was determined using Equation 5, where 1.80 represents the intensity 

factor. 

 

 

 

In the same manner, partial protection can be measured by summing the 

intensity of fragments at 934, 1064 and 1701 (Equations 6 and 7).  

 

 

 

 

2.8.4 Avidin-coated plate assay 

Selection of microplate: A 96-well non-treated microplate (Fisherbrand: 12565501) 

and a high-binding EIA/RIA plate (Costar: 3925) were used to study the ability of 

DNA binding to the plate. Each plate was coated with avidin protein (Thermo Fisher 

Scientific) in NaHCO3 buffer, pH 9.6 at 1 μg in 100 μL per well. After incubating the 

%𝑁𝑁𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝐼𝐼637 𝑏𝑏𝑏𝑏+  1.80 𝐼𝐼637 𝑏𝑏𝑏𝑏

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 𝑡𝑡𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
  x 100                    ..Equation 5.    

%𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑃𝑃𝐹𝐹 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝐼𝐼934 𝑏𝑏𝑏𝑏+  ( 𝐼𝐼1064𝑏𝑏𝑏𝑏−1.80𝐼𝐼637 𝑏𝑏𝑏𝑏)+𝐼𝐼1701 𝑏𝑏𝑏𝑏

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 𝑡𝑡𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
  x 100     ..Equation 7.    

%𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑃𝑃𝐹𝐹 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝐼𝐼934 𝑏𝑏𝑏𝑏+ 𝐼𝐼1064 𝑏𝑏𝑏𝑏+𝐼𝐼1701 𝑏𝑏𝑏𝑏

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 𝑡𝑡𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
   x 100                        ..Equation 6.    

%𝑁𝑁𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝐼𝐼637 𝑏𝑏𝑏𝑏+   𝐼𝐼1064 𝑏𝑏𝑏𝑏

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 𝑡𝑡𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
      x 100                    ..Equation 4.    
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plate overnight at 4 °C, the wells were washed three times with PBST containing 

500 mM NaCl, pH 7.4. Short oligonucleotide DNA at either 50 or 100 pmol in 100 

μL was transferred to the well and and agitated at room temperature for 1 hr. The 

well was washed three times with Tris-HCl (50 mM, pH 7.4) with 0.05% tween prior 

to measuring fluorescence on a BioTek Hybrid H1 plate reader (excitation at 488 

nm; emission at 520 nm). 

Optimization of avidin plate coating: Different buffer types were used as storage 

buffer: PBST (8 mM Na2HPO4, 150 mM NaCl, 0.02 mM KH2PO4, 0.03mM KCl, 

0.005% Tween® 20, pH 7.4.), duplex buffer (100 mM potassium acetate and 30 

mM HEPES, pH 7) and 10 mM Tris-HCl, pH 7. Short oligonucleotide DNA and 

avidin were varied in the range of 5-25 pmol and 1-100 μg, respectively. A 96-well 

high-binding EIA/RIA plate and coating plate protocol was followed by the previous 

section.   

Methylation activity assay: Concurrent enzymatic reactions were performed in 

eppendorf tubes with 5 pmol duplex DNA, 4.0 U of M.SssI and SAM (concentration 

ranging from 1-1200 μM). Following incubation at 37 °C for 1-2 hr, 2 U of 

R.HpyCH4IV (for unmethylated DNA version) was added and incubated at 37 °C 

for 1 hr. Following the enzymatic reactions, the solution was transferred to the 

avidin-treated wells and agitated at room temperature for 1 hr. The wells were 

washed three times with Tris-HCl (50 mM, pH 7.4) with 0.05% tween prior to 

measuring fluorescence on a BioTek Hybrid H1 plate reader (excitation at 488 nm; 

emission at 520 nm). The degree of protection was calculated following Equation 

8, where X represents the measured fluorescence signal.  
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2.8.5 Magnetic bead assay 

Binding efficiency test: Different amount of aliquots of streptavidin-coated 

magnetic beads (20-80 μg) were pre-washed three times with 2X Binding/Washing 

buffer (10 mM Tris-Cl, 2 M NaCl and 1 mM EDTA, pH 7.5). The DNA solution 

comprising of 2.5 – 5 pmol short oligonucleotide in reaction buffer (50 mM KOAc, 

20 mM Tris-OAc, 10 mM Mg(OAc)2 and 100 μg/mL BSA, pH 7.9) was transferred 

to the pre-washed magnetic bead and rotated at room temperature for 30 mins to 

immobilize biotinylated DNA to the beads. The supernatant was removed on the 

magnet and added to a 96-well high-binding EIA/RIA plate. The beads were 

washed twice with 100 μL of the 2X BW buffer, separated from the beads, and 

added to the plate. The beads were resuspended in 100 μL of buffer, and 

transferred completely to the plate. Fluorescence was measured on a BioTek 

Hybrid H1 plate reader (excitation at 488 nm; emission at 520 nm). 

Methyltransferases assay: Aliquots of 5 μL of streptavidin-coated magnetic beads 

were pre-washed three times with 2X Binding/Washing buffer (10 mM Tris-Cl, pH 

7.5, 2 M NaCl and 1 mM EDTA). Enzymatic reactions were performed in eppendorf 

tubes with 2.5 pmol duplex DNA, M.SssI (concentration ranging from 2-6 U), SAM 

(concentration ranging from 10 – 200 μM) or N-mustard analogs (concentration 

ranging from 10 – 250 nM) and reaction buffer (50 mM KOAc, 20 mM Tris-OAc, 10 

mM Mg(OAc)2 and 100 μg/mL BSA, pH 7.9). Following incubation at 37 °C for 1 

                 % 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  
(𝑋𝑋𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠−𝑋𝑋𝑤𝑤𝑤𝑤𝑡𝑡ℎ𝑡𝑡𝑜𝑜𝑡𝑡 𝑆𝑆𝑆𝑆𝑆𝑆)

(𝑋𝑋𝑤𝑤𝑤𝑤𝑡𝑡ℎ𝑡𝑡𝑜𝑜𝑡𝑡 𝑟𝑟𝑠𝑠𝑏𝑏𝑡𝑡𝑟𝑟𝑤𝑤𝑟𝑟𝑡𝑡𝑤𝑤𝑡𝑡𝑏𝑏−𝑋𝑋𝑤𝑤𝑤𝑤𝑡𝑡ℎ𝑡𝑡𝑜𝑜𝑡𝑡 𝑆𝑆𝑆𝑆𝑆𝑆)
  x 100       ..Equation 8.    
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hr, 4 U of R.SaU3AI (for hemimethylated DNA version)  was added and incubated 

at 37°C for 1 hr in 10 mM Bis-Tris-Propane-HCl, 10 mM MgCl2 and 100 μg/mL 

BSA at pH 7. Three controls were set: 1) only DNA and without restriction reaction 

2) in the absence of SAM or analogs and 3) in the absence of M.SssI. Following 

the enzymatic reactions, the quantification protocol was performed in the same 

way as binding efficiency test. The percent protection was calculated following 

Equation 8. Percent protection of the sample was subtracted from the percent 

protection from non-specific modification as shown in Equation 9, to represent 

percent protection resulting from only analog modification by M.SssI. 

 

 

 

 

 

 

 

 

 

 

 

% 𝑃𝑃𝑎𝑎𝑎𝑎𝑝𝑝𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  % 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑆𝑆𝑐𝑐𝑆𝑆𝑠𝑠𝑐𝑐𝑐𝑐 − % 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐        
                                                                                                                  
                                                                                                            ..Equation 9.    
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CHAPTER 3 

 

Validation of N-mustard analog with maintenance methyltransferase, DNA 

methyltransferase 1 

 

The work contained in this chapter in preparation for publication. All 

experiments and data in this manuscripts, including figures and tables, were 

performed and complied by Nichanun Sirasunthorn (with the exception of Figure 

3.15 and Table 3.2 which were completed by Anuj Jailwala, in part of Senior 

Honors Thesis) and will be edited by Dr.Lindsay Comstock before submission to 

the journal.  

 

3.1 DNA methyltransferase 1 (DNMT1) 

 DNMT1 is the most abundant DNMT in mammalian cells.57 It has been 

identified to have the marked preference for recognizing hemimethylated DNA 

substrates, defining it as a maintenance MTase.20,58,115 This was also supported 

by the fact that tighter binding to hemimethylated than unmethylated DNA was 

observed.116 The structure of mouse DNMT1 (mDNMT1) reveals that the catalytic 

domain of 500 amino acids is built on the same architecture as the prokaryotic 

MTases.117,118 However, this catalytic domain is linked to an N-terminal domain 

that was predicted to have regulatory functions through binding of the DNA.58 This 
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N-terminal domain directly influences the catalytic properties of the enzyme as the 

isolated catalytic domain of DNMT1 is not catalytically active.118 

 Song et.al. successfully solved the first structure of mDNMT1 bound to 

DNA-containing unmethylated CpG sites in 2011.21 DNMT1 is comprised of 

multimodular domains (Figure 3.1A). These domains are folded almost 

independently and interact with each other to form functional DNMT1 (Figure 

3.1B).26 The first domain is called the replication foci-targeting domain (RFD). Due 

to the position of the RFD domain that inserts into the catalytic pocket, it blocks the 

access of the substrate DNA. Hence, methylation is inhibited when the DNA is 

short. However, when DNA is longer than 12 bp, DNMT1 can still methylate.26 

Next, the CXXC domain contains two zinc atoms forming zinc finger motifs that are 

responsible for binding DNA containing unmethylated CpG sites. A pair of bromo-

adjacent homology domains (BAH) was proposed to be responsible for either 

enzyme folding or activity based on the fact that no one has succeeded in 

preparaing active DNMT1 without these domains.26 A zinc finger located at the end 

of the BAH domains is necessary to generate a stable conformation of DNMT1.21 

Finally, the C-terminal catalytic domain is comprised of a large domain and a target 

recognition domain (TRD) which is exceptionally long compared to those in other 

DNMTs.26 The TRD covers the hemimethylated DNA and holds the methylated 

cytosine through hydrophobic interactions.119  
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Figure 3.1. Structure of mDNMT1 (650-1602)-DNA oligomer complex with bound 
SAH. (A) Color-coded domain architecture and numbering of mDNMT1 sequence. 
The thin vertical light blue bars indicate binding positions of zinc ions. (B) Ribbon 
representation of the complex in two orthogonal views. DNA and zinc ions are 
colored in light brown and dark purple, respectively.21 Reprinted from Science., 
2011, 331 (6020), 1036-1040, Patel, D.J. et.al., Structure of DNMT1-DNA complex 
reveals a role for autoinhibition in maintenance DNA methylation with permission 
from John Wiley and Sons. 

  

A comparison of the crystal structures between prokaryotic C5-MTase 

(M.HhaI) and mDNMT1 was performed.21,59 Results showed that they are similar, 

but not identical. The side chains of R1310 and R1312 in mDNMT1, which are 

present in the catalytic domain, have different conformations compared to those in 

M.HhaI. This difference influences the binding of the cytosine ribose sugar by 

allowing a tighter binding in mDNMT1.59 Second, the position of bound DNA in the 

enzyme complex in mDNMT1 is positioned further away from the active site while 

the DNA is embedded within the cleft formed by the catalytic core and the TRD 

domain in M.HhaI.21 Distinct from M.HhaI, prebinding of SAM to mDNMT1 shifts 
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the position of the C1229 side chain in the PCQ loop in the catalytic center closer 

to the expected position of the flipped-out cytosine (Figure 3.2).120  

 

 

 

 

 

Figure 3.2. Positioning of C residues that covalently bind the sixth position of the 
target cytosines in (A) M.HhaI, and (B) mDNMT1.26  

 

 The structure-function relationship of DNMT1 was advanced upon showing 

the crystal structure of mDNMT1 bound to DNA containing a central 

hemimethylated CpG site.119 The resulting structure indicates the largest 

conformational change from the first crystal structure is centered within the 

catalytic loop. The catalytic loop is followed by a straight α-helix which penetrates 

into the DNA minor groove forming extensive protein-DNA contacts (Figure 3.3). 

DNA is anchored through covalent bond formation with the reactive C1229. 

  

 

 

 

A      B 
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Figure 3.3. Structural superposition of the covalent DNMT1-hemimethylated DNA 
(active) complex with DNMT1-unmethylated DNA (autoinhibitory) complex. The 
bound DNA in the covalent complex is in beige with the protein in cyan; they are 
yellow and pink in the autoinhibited complex. The catalytic loop is colored purple 
in the autoinhibited complex and green in the covalent complex. The CXXC-BAH1 
domain linker is dark blue in the autoinhibited complex.119 Reprinted from Science., 
2012, 335 (6069), 709-712, Patel, D.J. et.al., Structure-based mechanistic insights 
into DNMT-mediated maintenance DNA methylation with permission from John 
Wiley and Sons.  

  

The crystal structure of human DNMT1 (hDNMT1) was solved in 2015.121 

hDNMT1 is a closely stacked, three layer architecture, with similar subdomains to 

mDNMT1, although two main differences between hDNMT1 and mDNMT1 exist. 

First, the α-helix that connects the two halves of RFDs adopts a straight 

conformation in hDNMT1 but is kinked in mDNMT1, as shown in Figure 3.4. These 

two conformations were proven to have an effect on the catalytic function of 

DNMT1 based on mutation studies of amino acids in this region.122 Second, the 

catalytic loops of SAH-bound hDNMT1 and mDNMT1 assume different 

conformations. The hydrogen bond between the F1232 side chain and backbone 
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R1285 found in mDNMT1 is not formed in hDNMT1 since the residue equivalent 

to R1285 is replaced by lysine.121 These observations imply a different cofactor 

binding response in the catalytic site.  

 

 

 

 

 

 

 

Figure 3.4. Superposition of hDNMT1 (light blue) and mDNMT1 (magenta), with 
the N-terminal half of the RFDs highlighted in an expanded view.121 Reprinted from 
J. Mol. Biol., 2015, 427 (15), 2520-2531, Song, J. et.al., Crystal structure of human 
DNA methyltransferase 1 with permission from John Wiley and Sons. 

     

3.2 Kinetic mechanism of DNMT1 

 DNMT1 and M.HhaI have been shown to share similar mechanistic aspects 

of DNA methylation, even though the catalytic rates can differ by 10-100 fold.123 

The methylation mechanism for DNMT1 occurs through a bireactant sequential 

random mechanism where both SAM and DNA add randomly to the catalytic 

center (Figure. 3.5).58 Moreover, the DNA binding mechanism proceeds in a 

similar fashion as prokaryotic MTases through nonspecific binding of the DNA 
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followed by recognition of the CpG site. The final step is the recruitment of SAM to 

the active site of the enzyme.124 

 

DNMT1

+

+

SAM DNMT1---SAM  +  DNA

DNMT1---SAM---DNA
DNMT1

SAH
methylated-DNA

DNA DNMT1---DNA  +  SAM  

Figure 3.5. Reaction order for hDNMT1.58 

  

Like M.SssI, DNMT1 is a highly processive enzyme which is able to 

methylate long stretches of hemimethylated DNA without dissociation from the 

substrate.26 During processive methylation of the DNA, DNMT1 is restricted to one 

strand of the DNA until its processive methylation is completed.115,125 The kinetic 

behavior of the DNMT1 depends on the substrate DNA, its methylation status and 

SAM-dependent cooperativity.126  

 

3.3 Expression and purification of DNMT1 

 DNMT1 has been previously expressed in different expression systems 

including E.coli,21,119,121,122 baculovirus,115,118,120,124–127 and mammalian cells.128 

Although using the baculovirus system provided high protein expression, insect 

cells are rich in proteases, and the long purification protocols often result in partial 

proteolytic degradation of proteins. To simplify the complexity of DNMT1 

purification, many researchers have employed the E.coli expression system. 

However, protein yield was lower than when expressed in a baculovirus system.  
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mDNMT1 and hDNMT1 share 83% amino acid sequence identity.121 

Although the isolated catalytic domain from DNMT1 is not catalytically active,118 

deletion of the first 580 amino acids of the N-terminal domain has no influence on 

the methylation reaction.126 Interestingly, the removal of the N-terminal domain still 

allows DNMT1 to differentiate between hemimethylated and unmethylated DNA.123 

Therefore mDNMT1 containing the sequence corresponding to residues 731-

1602, which is composed of a pair of BAH domains and the catalytic domain, was 

used as the model enzyme for experiments with N-mustard analogs.21  

DNMT1 was expressed with an N-terminal His6-tag and purified using a His-

Trap column. As mDNMT1 is highly unstable and susceptible to proteolysis,117 all 

steps were carried out using buffers containing a mixture of protease inhibitors to 

minimize its degradation. Moreover, the presence of high salt during sonication 

ensures that most of the enzyme, which is normally tightly bound to DNA, remains 

soluble.129 As shown in Figure 3.6, mDNMT1 (expected mass of 104kDa) bound 

to the His-trap column and was eluted with an imidazole gradient.  

         

 

 

 

Figure 3.6. Purification of DNMT1 by His-Trap column. Protein samples were 
resolved on a 10% Tris/glycine gel and visualized by Coomassie staining. Lane 
component: 1) Protein standard ladder; 2) Pellet; 3) Clear lysate; 4) Flow through; 
5) Wash; 6-8) Elution at 116 mM imidazole; 9-10) Elution at 140 mM imidazole.  
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 Based on the impurity of DNMT1 after His-trap purification, further 

purification was required. As a DNA-binding protein, it was envisioned that DNMT1 

could be purified further using a Heparin column. Heparin operates as a cation 

exchanger via a highly sulfonated glycosaminoglycan. The interaction between 

DNA-binding proteins and heparin can be weakened by increasing ionic strength. 

Therefore, elution fractions from His-trap purification were pooled together. After 

dialysis at 4 °C overnight to remove the excess imidazole, the mixture was passed 

through a heparin column. Proteins were eluted using a gradient of NaCl and 

mDNMT1 was eluted at 0.75 M NaCl, as shown in the Coomassie stained SDS-

PAGE (Figure 3.7).  

 

 

 

 

Figure 3.7. Purification of mDNMT1 by Heparin column. Protein samples were 
resolved on a 10% Tris/glycine gel and visualized by Coomassie staining. Lane 
component: 1) Protein standard Ladder; 2) Sample after His-trap purification; 3) 
Flow through; 4) Wash; 5) Elution at 0.2 M NaCl; 6) Elution at 0.3 M NaCl; 7-8) 
Elution at 0.4 M NaCl; 9-10) Elution at 0.75 M NaCl. 

 

As DNMT1 prefers hemimethylated DNA over unmethylated DNA,115 the 

integrity of the DNMT1 and its performance were studied with SAM using the 

magnetic bead assay developed in Chapter 2. Reactions were carried out with 

fixed concentrations of DNA and SAM, but with variable amounts of mDNMT1. As 
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shown in Figure 3.8, an increase in the amount of DNA methylation was observed 

with an increase from 100 – 900 nM mDNMT1, as reflected by increased protection 

from the R.Sau3AI. No significant improvement in activity was observed between 

500 and 900 nM. Previous experiments have suggested that at higher 

concentrations of mDNMT1 can form reversible, multimeric complexes and lead to 

its inactivation.116 Therefore, mDNMT1 was set to 500 nM for future experiments. 

Subsequent optimization reactions were conducted to identify SAM concentration 

required to yield the highest methylated product. Table 3.1 shows that 80 μM SAM 

was enough to attain maximum methylation activity. A decrease in the percent 

protection was observed with an increase in SAM concentration. It was 

hypothesized that excess SAM might interfere with the DNA and streptavidin-

coated magnetic bead interaction. An experiment with SAM at 3200 μM in the 

absence of DNMT1 was performed and analyzed using the bead assay to 

determine if DNA binding was altered. The DNA bound to the streptavidin-coated 

magnetic beads was reduced from 43.51±5.00 % (in the absence of SAM) to 

26.50±3.79 % (in the presence of 3200 μM SAM) (data not shown). This 

experiment dictates SAM concentration being no more than 1000 μM.      
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Figure 3.8. Effect of DNMT1 concentration on activity. Reaction mixtures were 
prepared by addition of appropriate stock solutions to a total volume of 20 μL 
containing 2.5 pmol short oligonucleotides, DNMT1 and SAM at the appropriate 
concentration and buffered with 50 mM Tris-HCl, 1 mM DTT, and 100 μg/mL BSA 
at pH 7.5; reactions were incubated at 37°C for 1hr. After R.Sau3AI digestion (4 
U), the mixtures were analyzed by magnetic bead assay. 

 

Table 3.1. Effect of SAM concentration on the activity of DNMT1 

No. [SAM] (μM) Percent protection (%) 

1. 80 48.7±1.6 

2.  300 47.0±1.5 

3. 500 42.7±4.6 

4. 1000 42.9±0.7 

5. 3200 26.4±0.3 

 

 

3.4 Determination of the cytosine modification by N-mustard analogs   

To determine the effectiveness of the N-mustard analogs for site-specific 

DNA methylation detection, the magnetic bead assay was employed. Enzymatic 

reactions with DNMT1 using the N-mustard analogs were performed. As long 
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incubation times were used with N-mustard analogs in a previous study containing 

short oligonucleotides,84 incubation time was examined using analog 1 (Figure 

3.9). Results showed that longer incubation times did not significantly improve 

percent protection for both SAM and 1 (Figure 3.10). Therefore, reaction 

incubation time was fixed to 1 hr for further experiments. 
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Figure 3.9. Structure of C8- and N6- functionalized N-mustard analogs. 

 

 

 

 

 

 

 

Figure 3.10. Effect of incubation time on the activity of mDNMT1. Reaction 
mixtures were prepared by addition of appropriate stock solutions to a total volume 
of 20 μL containing 2.5 pmol short oligonucleotides, 500 nM DNMT1, 80 μM SAM 
or 500 μM 1 and buffered with 50 mM Tris-HCl, 1 mM DTT, and 100 μg/mL BSA 
at pH 7.5; reactions were incubated at 37°C. After R.Sau3AI digestion (4 U), the 
mixtures were analyzed by magnetic bead assay (n=2).   
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Next, reactions were carried out to determine whether analogs 1, 3, 4, 6 

and 7 undergo DNMT1-dependent DNA modification, using a range of analog 

concentration (10-250 μM). In parallel experiments, reactions in the absence of 

mDNMT1 were set as a control to attain background signal resulting from non-

specific alkylation events with the short oligonucleotide. Based on Figure 3.10, the 

average percent protection obtained with SAM was about 60%. To gain a more 

accurate representation of DNMT1-dependent DNA modification by the N-mustard 

analogs, the data obtained for the N-mustard modifications were normalized with 

this number. Moreover, the data resulting from non-specific alkylation needed to 

be considered as background and required subtraction from the observed percent 

protection (Figure 3.11A). DNMT1-catalyzed DNA modification using other 

analogs is shown in Appendix I. These results indicate that DNA-analog 

modification reaction by mDNMT1 is severely limited by the location and size of 

the functional groups present on the adenine base. As shown in Figure 3.12, 

functionalized analogs 3, 4, 6, and 7 all resulted in a negative percent protection. 

The unsubstituted analog 1 was the only analog proven to be effectively 

transferred to DNA in an enzyme-dependent fashion. Actual percent protection 

was decreased in the presence of 1 at high concentration (100-250 μM) since non-

specific alkylation is more prevalent.    
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Figure 3.11. Effect of analog concentration on the activity of mDNMT1. Reaction 
mixtures were prepared by addition of appropriate stock solutions to a total volume 
of 20 μL containing 2.5 pmol short oligonucleotides, 500 nM DNMT1, 1 at the 
appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM DTT, and 100 
μg/mL BSA at pH 7.5; reactions were incubated at 37°C for 1 hr. After R.Sau3AI 
digestion (4 U), the mixtures were analyzed by magnetic bead assay. (A) Percent 
protection in the absence and presence of DNMT1, (B) Graphical representation 
of the actual percent protection by 1 after subtracting background non-specific 
alkylation between the analog and DNA (n=4).  

 

 

 

 

 

 

Figure 3.12. Cytosine modification by N-mustard analogs using mDNMT1. 
Reaction mixtures were prepared by addition of appropriate stock solutions to a 
total volume of 20 μL containing 2.5 pmol short oligonucleotides, 500 nM DNMT1, 
analogs at the appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM 
DTT, and 100 μg/mL BSA at pH 7.5; reactions were incubated at 37°C for 1 hr. 
After R.Sau3AI digestion (4 U), the mixtures were analyzed by magnetic bead 
assay. The observed percent protection was subtracted by the signal resulting 
from non-specific alkylation as background (n=4).  

A      B 
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  Three possible hypotheses to explain the limited DNA modification by the 

substituted N-mustard analogs (Figure 3.13) were proposed. The first is based on 

a limitation of the magnetic bead assay using the small DNA substrate (44 bp), as 

mentioned in Chapter 2. Moreover, the amount of DNA substrate (125 nM) appears 

to be lower than Kd between DNA and DNMT1 (typically in the low micromolar 

range).116 This might influence the formation of a ternary complex (DNMT1—

analog—DNA) in the enzymatic reaction. M.SssI also displayed this effect, which 

is assumed by the high concentration of analog needed for enzymatic DNA 

modification.  

A second hypothesis is that the N-mustard analogs may covalently bind to 

the active site of DNMT1. This hypothesis was supported by Svedruzic et.al.65 

Their SAM analogs were designed to act as transition-state analogs by 

simultaneously binding to the SAM site and DNA site on DNMT1 which form a 

covalent adduct with C1226, and functioned as suicide-inhibitors.  
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Figure 3.13. Three hypotheses explaining the limited DNA modification by 
substituted N-mustard analogs. (A) The reverse methylation reaction more favors 
than the forward reaction resulting in obtained limited modified product. (B) The 
analog covalently modified the active site of DNMT1 to inactivate it. (C) The 
modifications at the N6 or C8 position influence DNMT1 binding.     

 

Thirdly, the structural determination of the SAM-DNMT1 binary complex119 

prompted the hypothesis that analog binding may be limited due to a restricted 

SAM binding pocket within DNMT1. There are several amino acids which are in 

close proximity to the C8- and N6 positions of the adenine base (P1228, M1172, 

D1193, C194 and L1250), as shown in Figure 3.14. It is hypothesized that P1228 

and L1250 make key van der Waals contacts near the C8 position and substitution 

at this location cannot be accommodated. Additionally, there is a small pocket 

around the N6 position that would prevent bulky functional groups from binding 
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therefore the incorporation of functional groups on the adenine base may prevent 

binding to DNMT1 and ultimately hinder catalysis on the DNA substrate. A recent 

publication by Svedruzic et.al. also provided key insight to how modifications at the 

N6 position influences DNMT1 binding by changing the adenine base amino group 

to a hydrogen atom, nonpolar methyl and a carbonyl. Their results showed that not 

only were hydrogen bonds between the N6 and acid side amino acids crucial for 

binding but that the size of the modification group is important for analogs to bind 

within its binding ridge.65 This hypothesis seems to carry more weight than the 

others and resulted in the investigation into the binding of the substituted N-

mustard analogs to DNMT1.   

 

Figure 3.14. Schematic representation of the catalytic pocket DNMT1 (PDB code 
3AV6) and SAM. Pictures were made with Chimera 1.13. (A) View from the C8 
position. (B) View from the N6 position. 

 

3.5 Binding of N-mustard analogs to DNMT1 

  To test our hypothesis, the binding of the N-mustard analogs to DNMT1 

needed to be explored. Radioactive labeling is a traditional method used to follow 

A               B 
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enzyme kinetics reaction.58,118,124 Although it provides high sensitivity, it requires 

expertise and safety precautions. While isothermal titration calorimetry (ITC) is an 

alternative method commonly used to determine binding parameters for proteins, 

high concentrations are required.130,131 Therefore, the magnetic bead assay was 

adapted to initially examine the binding of N-mustard analogs to DNMT1 due to 

the simplicity of the method.  

 To elucidate the binding of the N-mustard analogs to DNMT1, a set of 

experiments with fixed concentrations of DNA, DNMT1 and substituted analogs 3 

and 6, while varying SAM, were conducted. The SAM concentration was varied 

from 2.5 to 40 μM. If the analog binds to DNMT1 and subsequently alter SAM 

binding, a decrease in methylated DNA is anticipated. On the other hand, if the 

substituted analog does not bind to DNMT1 due to the added functionality, the 

measured rate of DNA methylation in the absence and presence of analog should 

remain the same.  

 After incubating the reaction for 1 hr, R.Sau3AI was added to detect DNA 

methylation and the methylated product was quantitated from the remaining 

fluorescence signal after washing the magnetic bead, as described in Chapter 2. 

A plot between reaction velocity and SAM concentration was fit to the Michaelis-

Menten equation to determine kinetic parameters (Figure 3.15). Based on Table 

3.2, the apparent Km for SAM in the absence of analog (8.9 μM) was found to be 

higher than reported values (2-7 μM depending on different substrates)57,58,124,126 

and could potentially be explained by the assay being conducted at a single time 

point. Moreover, these reaction conditions were performed using excess enzyme 
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and measured only a single turnover event. No significant change in the apparent 

Km of SAM in the presence of 3 or 6 (100 and 250 μM) was observed. These results 

indicate that DNMT1 was still active to perform the enzymatic reaction with SAM 

without interference from the analog. This clearly supports the assumption that the 

added functional groups at the C8 and N6 positions hinder binding with DNMT1. 

Additionally, the apparent Vmax in the presence of analog 6 seems to decrease in 

concentration-dependent fashion. Such a high concentration of 6 is hypothesized 

to bind DNMT1 non-specifically at an alternative sites from where SAM binds in 

the catalytic pocket to affect DNMT1 catalysis.   

 

 

 

 

 

 

 

 

Figure 3.15. Activity of DNMT1 in the presence of SAM analogs. Methylation rates 
were determined at different concentrations of SAM (2.5–40 μM). Reaction 
mixtures were prepared by addition of appropriate stock solutions to a total volume 
of 20 μL containing 2.5 pmol short oligonucleotides, 500 nM DNMT1, analogs and 
SAM at the appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM 
DTT, and 100 μg/mL BSA at pH 7.5; reactions were incubated at 37°C for 1 hr. 
After R.Sau3AI digestion (4 U), the mixtures were analyzed by magnetic bead 
assay. The lines show a fit of the rate versus concentration of SAM data to the 
Michaelis-Menten equation (n=3) (A) 3, (B) 6. 

 

A                      B 
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Table 3.2. Kinetic parameters of mDNMT1 using oligonucleotides as 
substrate. 

 

Sample Apparent Km (μM) Vmax (pmol/hr) 

SAM 8.9 2.3 

SAM + 3 (100 μM) 5.8 2.1 

SAM + 3 (250 μM) 10.3 1.9 

SAM + 6 (100 μM) 5.7 1.3 

SAM + 6 (250 μM) 7.2 1.2 

 

3.6 Conclusion 

The ability of DNMT1 to recognize and modify CpG sequences on the 

hemimethylated DNA by N-mustard analogs was explored using the magnetic-

bead assay. The results showed that the analog without any functionalization (1) 

was the only one transferred to the substrate by DNMT1. Preliminary experiments 

were employed to study the binding between the substituted analogs and DNMT1. 

These results have provided preliminary evidence that added functionality at the 

C8- and N6 positions interferes with analog binding within the DNMT1 active site. 

However, this hypothesis needs to be confirmed using a more reliable method 

which enables the determination of a more accurate binding coefficient for each 

substituted analog. Even if the analogs containing C8- and N6-modifications are 

not proven to be suitable cofactors for transfer to DNA by DNMT1, this finding will 

provide future areas to explore in designing new N-mustard analogs which may be 

suitable for use with DNMT1. 
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3.7 Methods 

General 

 All reagents and solvents were purchased from commercial sources and 

used without additional purification. Restriction enzyme and streptavidin magnetic 

beads were purchased from New England Biolabs. Lyophilized analogs were 

stored at -80 °C and brought up in 2.5 mM H2SO4 when needed. Stock 

concentrations were determined by UV/Vis spectroscopy at 260 nm. The following 

molar extinction coefficients were used: 15.40 mM-1 cm-1 (1),84 8.90 mM-1 cm-1 

(3),89 9.71 mM-1 cm-1 (4),90 11.27 mM-1 cm-1 (6),90 and 12.38 mM-1 cm-1 (7).90  

 

3.7.1 Expression and purification of mDNMT1 

 The cDNA clone for mDNMT1 was kindly provided by Dr.Song (University 

of California, Riverside, CA). The sequence corresponding to residue 731-1602 pf 

mouse DNMT1119 was inserted into a modified pRSFDuet-1 vector (Novagen). The 

fusion protein was transformed into E.coli BL21-CodonPlus(DE3)-RIL (Agilent 

technologies) cells and grow in LB medium supplemented with kanamycin (30 

μg/mL) and chloramphenicol (34 μg/mL) at 37 °C for 12 hr with shaking. Then, a 

1% inoculum was prepared in 2xYT medium containing the antibiotics and grown 

at 37 °C until the culture reached an OD600 (optical density at 600 nm) of 0.6. 

Protein expression was induced by addition of 0.4 mM IPTG followed by overnight 

shaking at 15°C. Cells were harvested by centrifugation (12,000g, 4 °C, 15 min) 

and frozen at -20 °C. Cell were lysed in sonication buffer (30 mM potassium 

phosphate buffer, pH 7.8, 500 mM KCl, 0.2 mM DTT, 1 mM 
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ethylenediaminetetraacetic acid (EDTA), 20 mM imidazole, 1 mM 

phenylmethysulfonyl fluoride (PMSF) and 10% glycerol) by sonication using 

Branson Ultrasonics Sonifier™ S-450 (23 cycles, 15s each, 30% power). The Cell 

lysate was cleared by centrifugation at 4 °C for 30 mins at 33,000g. The 

supernatant was passed over HisTrap HP column (GE healthcare) at 4 °C, 

washed, and the desired protein was eluted with elution buffer (30 mM potassium 

phosphate buffer, pH 7.8, 500 mM KCl, 0.2 mM DTT, 1 mM EDTA, 150 mM 

imidazole, and 10% glycerol). Fractions containing DNMT1 were determined by 

8% SDS-PAGE with Coomassie Blue staining and pooled fractions were dialyzed 

(10 mM potassium phosphate buffer pH 7.0, 0.25 M NaCl, 1 mM Mg2SO4 and 0.5 

mM DTT). After dialysis, the protein sample was further fractionated through a 

Heparin column using a NaCl gradient from 0.25 – 1.0 M DNMT1 eluted at 0.75 M 

NaCl and dialyzed (50 mM Tris-Cl pH 7.5, 1 mM EDTA and 5% glycerol). The final 

concentration of DNMT1 was determined by Bradford assay using BSA as a 

standard. The purified protein was stored at -80°C. 

 

3.7.2 Methyltransferases assay 

 Enzymatic reactions were performed in Eppendorf tubes with 2.5 pmol 

duplex DNA, 500 nM DNMT1, N-mustard analogs (concentration ranging from 10 

– 250 μM) and reaction buffer (50 mM Tris-HCl, 1 mM DTT, and 100 μg/mL BSA 

at pH 7.5). Following incubation at 37°C for 1 hr, 4 U of R.SaU3AI was added and 

incubated at 37°C for 1 hr in 10 mM Bis-Tris-Propane-HCl, 10 mM MgCl2 and 100 

μg/mL BSA at pH 7.  
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3.7.3 Magnetic bead assay 

The procedure for the magnetic bead assay including percent protection 

calculation was followed as described in section 2.8.4. 

 

3.7.4 Binding study of N-mustard analogs and DNMT1  

 Enzymatic reactions were performed in Eppendorf tubes with 2.5 pmol 

duplex DNA, 500 nM DNMT1, N-mustard analog (concentration ranging from 100 

– 250 μM), SAM (concentration ranging from 2.5 – 40 μM) and reaction buffer (50 

mM Tris-HCl, 1 mM DTT, and 100 μg/mL BSA at pH 7.5). Following incubation at 

37°C for 1 hr, 4 U of R.SaU3AI was added and incubated at 37°C for 1 hr in 10 

mM Bis-Tris-Propane-HCl, 10 mM MgCl2 and 100 μg/mL BSA at pH 7. The 

magnetic bead assay, including percent protection calculation, was followed as 

described in section 2.8.4. The methylated product from the single-time point 

experiments used to calculate the velocities of the reaction. The data plotted and 

fit to the Michaelis-Menten equation using SigmaPlot. 

 

 

 

 

 

 



96 
 

CHAPTER 4 

 

Investigation of N-mustard analog utility with DNA methyltransferase 3 for 

site- specific DNA methylation 

 

4.1 DNA methyltransferase 3A (DNMT3A) 

 There are three identified DNMTs in the DNMT3 family, DNMT3A, DNMT3B 

and DNMT3-Like (DNMT3L). While both DNMT3A and DNMT3B are catalytically 

active, DNMT3L is enzymatically inactive. Although DNMT3L has been shown to 

stimulate DNA methylation by DNMT3A in human cell lines,132 DNMT3A and 

DNMT3B are still functional in the absence of DNMT3L.133 Human DNMT3A and 

DNMT3B were first identified and found to be highly conserved with mouse 

DNMT3.134 It appears to function as a de novo methyltransferase (Figure 1.7) with 

its ability to methylate unmethylated and hemimethylated DNA with equal 

efficiency.23 This fact is highlighted in baculovirus-expressed DNMT3A as it prefers 

unmethylated DNA 3-fold more than hemimethylated DNA.135   

DNMT3 enzymes are comprised of two domains (Figure 1.6). The first 

domain is a large N-terminal multidomain including both regulatory and targeting 

functions. The second domain is the catalytic domain which shares a high 

sequence homology with prokaryotic MTases.136 The first crystal structure of 

DNMT3 bound to DNA solved in 2007132 showed  a heterotetramer containing 2 

subunits each of DNMT3A and DNMT3L in  a butterfly shape (Figure 4.1).137 



97 
 

Based on this structure, two important interfaces were identified. The heterodimer 

interface between DNMT3A and DNMT3L (FF interface) is hydrophobic and 

formed by the stacking interaction of four phenylalanine (F) residues.133 The 

homodimer interface between the 2 DNMT3A subunits (RD interface) is hydrophilic 

and composed of buried hydrophobic residues surrounded by electrostatic 

interactions with arginine (R) and aspartic acid (D) residues.138 This unique 

butterfly shape brings two active sites together and effectively doubles the DNA-

binding surfaces.132 In the absence of DNMT3L, DNMT3A was proven to replace 

DNMT3L forming reversible oligomers, which bind to more than one DNA molecule 

oriented in parallel.136,137 

 

                 

 

 

 

Figure 4.1. Model of DNMT3A/3L heterotetramer, colored in green for DNMT3A 
and in cyan for DNMT3L. SAM is shown in a stick model. The inset shows the two 
pairs of F728 of DNMT3A and F261 of DNMT3L.132 Reprinted from Nature., 2007, 
449 (7159), 248-251, Cheng, X. et.al., Structure of Dnmt3a bound to Dnmt3L 
suggests a model for de novo DNA methylation with permission from Elsevier. 
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4.2 Kinetic activity of DNMT3A 

The methylation reaction mediated by DNMT3A follows an ordered Bi Bi 

reaction mechanism, with DNA as the first substrate to bind and methylated DNA 

as the last product to be released.135 In a similar fashion to M.SssI, DNMT3A binds 

to DNA without specificity for CpG sites.136 However, two very different views on 

the mode of action of DNMT3A were described in the literature.112,133,139,140 Reich 

et.al. suggested that the DNMT3A kinetic mechanism requires tetramerization for 

catalysis,133 as the  tetramer yields a productive complex due to its increased 

surface area.138 The protein oligomerization state has been shown to dictate 

processivity of DNMT3A. Specifically, homodimers containing mutations at the 

DNMT3A interface did not show processive methylation while homotetramers 

carry out processive catalysis through translocation along the same piece of 

DNA.133 The importance of oligomerization on the activity of DNMT3A was tested. 

Results showed that the concentration of DNMT3A controls the rate of methylation. 

Hence, the rate of methylation by DNMT3A is dependent upon the oligomerization 

state of the protein.138  

On the other hand, Jeltsch et.al. investigated the time-course of protection 

of an DNA fragment against R.HhaI digestion by CpG methylation confirming the 

distributive manner of DNMT3A as a strong accumulation of partially methylated 

DNA was observed.139 The misunderstanding of the DNMT3A processivity might 

result from the fact that the experiments need to be conducted at high enzyme 

concentration due to the low activity of DNMT3A. Protein/DNA fiber formation 

could have prevented an enzyme complex from moving along the DNA and 
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undergoing multiple turnovers providing the similar results with the processivity 

mechanism. This hypothesis was supported by an experiment at low enzyme 

concentration where only one enzyme complex is bound to DNA, of different sizes 

and gave identical methylation rates. This result indicates that the rate of the 

second methylation event cannot be significantly higher than the methylation rate 

during the first turnover.112   

    
4.3 Expression and purification of DNMT3AC 

4.3.1 Expression and purification  

 The human DNMT cDNAs are highly conserved compared with the mouse 

genes134 and the isolated catalytic domain of DNMT3A (DNMT3AC) has been 

shown to be catalytically active.141,142 Therefore mouse DNMT3AC was a suitable 

model. The plasmid coding for His6-tag DNMT3AC was isolated from a colony and 

subsequently digested with R.NruI and R.EcoRV to confirm the isolation of the 

plasmid. The DNMT3AC expression plasmid has one and two sites for R.EcoRV 

and R.NruI, respectively, such that one (6 kbp) and two significant bands (4 and 2 

kbp) were obtained after complete digestion (lane 3 and 4, Figure 4.2A) and 

undigested plasmid show four significant bands at ~10, ~6, ~4 and ~2 kbp (lane 2, 

Figure 4.2A), indicating open circular and super helical forms. The undigested 

band at ~2 kbp was also observed in the digestion samples due to incomplete 

digestion. Moreover, there was a band at 2.5 kbp and a thick band at 2 kbp 

resulting from the combination of 1.9 and 1.8 kbp from the double digestion (lane 

5, Figure 4.2A).  
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After confirming plasmid isolation, the N-terminal His6-tag DNMT3AC was 

expressed and purified with a chelating sepharose fast-flow bead following 

protocols previously described.141 To minimize protein degradation, all steps of the 

purification were carried out at 4 °C. The fractions at each purification step were 

visualized by Coomassie SDS-PAGE, as shown in Figure 4.2B. The apparent 

molecular weight of DNMT3AC is 37 kDa and purification yielded protein that was 

at least 95% pure.   

 

 

 

 

 

Figure 4.2. Expression and purification of DNMT3AC by Chelating Sepharose fast-
flow bead. (A) Confirmation of plasmids was analyzed on 1% agarose gel 
containing ethidium bromide. Lane component: 1) 1 kb DNA ladder; 2) undigested 
plasmid; 3) digested plasmid by R.EcoRV; 4) digested plasmid by R.NruI; 5) 
digested plasmid by R.EcoRV and R.NruI. (B) Protein purification samples were 
resolved by 12% SDS-PAGE and visualized by Coomassie staining. Lane 
component: 1) Protein standard ladder; 2) clear lysate fraction; 3) flow through 
fraction; 4) wash fraction; 5-10) elution fractions.  

  

Purified DNMT3AC was analyzed for methylation activity by conducting the 

restriction-protection assay with synthetic plasmid (previously described for 

M.SssI). Although the purified enzyme was demonstrated to be active (lane 4, 

Figure 4.3), full protection was observed in the absence of SAM (lane 3, Figure 

     kbp        1       2      3      4      5    
 

10 
 

3          
2 

 

1.5 
1.0 

 

0.5 

     kDa    1    2     3     4     5     6      7     8     9    10    
 

100 
 

40          
35 

 

25 
 

10 

A                                                         B 



101 
 

4.3). Combined with the complete digestion of plasmid DNA in the absence of SAM 

and purified DNMT3AC (lane 2, Figure 4.3), this suggested DNMT3AC may be 

contaminated with either DNA or endogenous SAM. Alternatively, one could 

hypothesize that an undesired DNA-DNMT3AC interaction could be blocking the 

restriction enzyme from cleaving the plasmid DNA. 

 

 

 

 

 

Figure 4.3. De novo methyltransferase activity of purified DNMT3AC. Reaction 
mixtures were prepared by addition of appropriate stock solutions to a total volume 
of 20 μL containing 3.2 nM synthetic plasmid DNA, 80 μM SAM, 1 μM DNMT3AC 
and buffered with 50 mM Tris-HCl, 1 mM EDTA, 25 mM NaCl and 200 μg/mL BSA 
at pH 7.8; reactions were incubated at 37 °C for 1 hr. After R.BstUI digestion (10 
U) at 60 °C for 1 hr, the mixtures were analyzed on a 1% agarose gel. Lane 
component: 1) 1 kb DNA ladder; 2) DNA, BstUI; 3) DNA, DNMT3AC, BstUI; 4) 
DNA, SAM, DNMT3AC, BstUI. 

 

 Further investigation into the possibility of DNMT3AC contamination was 

necessary. The conditions for R.BstUI were first optimized to make sure any 

possible contaminated DNA from the cell during purification143,144 does not 

interfere with the function of R.BstUI (Figure 4.4). There were no conditions in the 

presence of active DNMT3AC that gave complete digestion, suggesting that DNA 

contamination was not the cause. Additionally, experiments with heat inactivation 

Full modification 
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of DNMT3AC at 80 °C to eliminate DNA via a PCR purification kit, or proteinase K 

digestion of DNMT3AC were performed to eliminate any possible DNA-protein 

interactions (lanes 2-3, Figure 4.5). A slight reduction in fully methylated DNA 

indicated some DNA-protein interaction. However, if DNMT3AC was denatured 

prior to initiating the methylation reaction, no fully methylated DNA band was 

observed (lanes 4-6, Figure 4.5). Therefore, this result indicated that observed 

methylated DNA is originating from endogenous SAM bound to DNMT3AC 

following expression and purification, which has also been shown with M.SssI 

protein expression in E. coli.69    

 

 

 

 

 

Figure 4.4. Test of restriction enzyme efficiency on synthetic plasmid DNA. 
Reaction mixtures were prepared by addition of appropriate stock solutions to a 
total volume of 20 μL containing 3.2 nM DNA, 1 μM DNMT3AC and buffered with 
50 mM Tris-HCl, 1 mM EDTA, 25 mM NaCl and 200 μg/mL BSA at pH 7.8; 
reactions were incubated at 37°C for 1 hr. After R.BstUI digestion, the mixtures 
were analyzed on a 1% agarose gel. Lane component: 1) DNA, BstUI 10 U (60 °C, 
2 hr); 2) DNA, DNMT3AC, BstUI 20 U (60 °C,1 hr); 3) DNA, DNMT3AC, BstUI 10 
U (60 °C, 2 hr); 4) DNA, DNMT3AC, Heat inactivation, BstUI 10 U (60 °C, 2 hr); 5) 
DNA, DNMT3AC, Heat inactivation, BstUI 10 U (60 °C, 5 hr); 6) DNA, DNMT3AC, 
Heat inactivation, BstUI 10 U (37 °C, 20 hr). 
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Figure 4.5. Analysis of methylated plasmid DNA in the absence of SAM. Reaction 
mixtures were prepared by addition of appropriate stock solutions to a total volume 
of 20 μL containing 3.2 nM DNA, 1 μM DNMT3AC and buffered with 50 mM Tris-
HCl, 1 mM EDTA, 25 mM NaCl and 200 μg/mL BSA at pH 7.8; reactions were 
incubated at 37°C for 1 hr. After R.BstUI digestion at 60°C for 1 hr, the mixtures 
were analyzed on a 1% agarose gel. Lane component: 1) DNA, DNMT3AC, BstUI; 
2) DNA, DNMT3AC, BstUI, Proteinase K; 3) DNA, DNMT3AC, PCR purification, 
BstUI; 4) DNMT3AC, Proteinase K, DNA, BstUI; 5) DNMT3AC, Proteinase K, DNA, 
PCR purification, BstUI; 6) DNMT3AC, heat inactivation, DNA, PCR purification, 
BstUI.  

 

4.3.2 Exploration of remaining endogenous SAM contamination 

 Having endogenous SAM in DNMT3AC present in any assay will always 

generate a false positive to produce methylated DNA and provide misleading 

results. This would be problematic in the presence of the N-mustard analogs, as 

their chance for analog transfer to DNA would be reduced due to the low Km of 

SAM (206 nM).133 Therefore, endogenous SAM had to be either removed or 

lessened. Based on the fact that SAM is consumed in the DNA methylation 

reaction, exploiting this reaction with a DNA substrate became an interesting 

approach to remove contaminating SAM. However, a purification method was 

required to recover the enzyme post reaction. 
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4.3.2.1 Q Sepharose fast flow (QFF) column purification  

To test the hypothesis that SAM could be consumed and DNMT3AC 

recovered, a model reaction was performed with pUC19 and DNMT3AC was re-

purified using a QFF column (a strong anion exchanger). Bound DNMT3AC was 

eluted using a high salt concentration and the percent recovery of DNMT3AC 

measured by nanodrop was low (18 %). Since no DNMT3AC was observed in 

either the flow through or wash fractions (Figure 4.6), the remaining DNMT3AC 

likely stuck to the column. For the small amount of DNMT3AC recovered, an 

enzymatic assay was conducted in the presence and absence of SAM and no 

methylated product was observed in the enzymatic reaction (Figure 4.7). This 

result could potentially originate from either low concentration of enzyme or the 

recovery of inactive enzyme after purification.   

 

 

 

 

Figure 4.6. QFF-column purification. The presence of DNMT3AC was identified in 
purification fractions by SDS-PAGE analysis. Lane component: 1) Protein 
standard ladder; 2) purified DNMT3AC; 3) sample before loading to the column; 4) 
enzymatic reaction; 5) flow through; 6-9) elution (at 1 M NaCl). 
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Figure 4.7. The effectiveness of QFF-column to eliminate endogenous SAM of 
DNMT3AC. Reaction mixtures were prepared by addition of appropriate stock 
solutions to a total volume of 20 μL containing 3.2 nM, SAM 80 μM, DNMT3AC at 
the appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM EDTA, 25 
mM NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated at 37 °C for 2 
hr. After R.BstUI digestion at 60 °C for 1 hr, the mixtures were analyzed on a 1% 
agarose gel. Lane component: 1) DNA, BstUI; without QFF purification 2) DNA, 
DNMT3AC, BstUI; 3) DNA, DNMT3AC, SAM, BstUI; with QFF purification 4) 
DNA, 0.4 μM DNMT3AC, BstUI; 5) DNA, 1.2 μM DNMT3AC, BstUI; 6) DNA, 1.2 
μM DNMT3AC, SAM, BstUI; 7) DNA, 2.4 μM DNMT3AC, BstUI; 8) DNA, 2.4 μM 
DNMT3AC, SAM, BstUI. 

 

4.3.2.2 Chelating Sepharose column purification  

To improve the amount of endogenous SAM consumed in the enzymatic 

reaction the amount of pUC19 was doubled. Additionally, instead of using a QFF 

column, a chelating Sepharose column was utilized to recover DNMT3AC and 

increase the percent recovery due to the more specific interaction between His-

tagged DNMT3AC and the Ni (II)-activated resin. Following SDS-PAGE analysis 

of the recovered enzyme (Figure 4.8A), a higher percent recovery was determined 

by Nanodrop (47 %). Surprisingly, DNA was detected in the elution fractions as 

well by agarose gel (lanes 5-14, Figure 4.8B) and attributed to excess pUC19 from 

the enzymatic reaction. All elution fractions were pooled together and dialyzed to 

Fully methylation 
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eliminate excess imidazole prior to verifying methylation activity of recovered 

DNMT3AC. Unfortunately, no DNA methylation activity observed with the 

recovered DNMT3AC (Figure 4.9). It was hypothesized that the DNA binds to 

DNMT3AC and may induce the formation of soluble, inactive aggregates as shown 

previously,145 reflecting the low activity level of the C-terminal domain.  

 

 

  

 

 

Figure 4.8. Chelating Sepharose fast-flow bead purification. (A) The presence of 
DNMT3AC was analyzed by SDS-PAGE analysis. Lane component: 1) Protein 
standard ladder; 2) enzymatic reaction (EZ); 3-9) elution fractions (E). (B) The 
presence of DNMT3AC was analyzed by SDS-PAGE analysis. Lane component: 
1) Protein standard ladder; 2) EZ; 3-9) E. The presence of DNA was analyzed on 
agarose gel containing ethidium bromide. Lane component: 1) DNA Ladder; 2) EZ; 
4-14) E. 
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Figure 4.9. The effectiveness of Chelating Sepharose fast flow- bead purification 
to eliminate endogenous SAM of DNMT3AC. Reaction mixtures were prepared by 
addition of appropriate stock solutions to a total volume of 20 μL containing 3.2 
nM, SAM 80 μM, and 0.5 μM DNMT3AC and buffered with 50 mM Tris-HCl, 1 mM 
EDTA, 25 mM NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated at 
37 °C for 2 hr. After R.BstUI digestion at 60 °C for 1 hr, the mixtures were analyzed 
on a 1% agarose gel. Lane component: 1) DNA Ladder; 2) DNA, DNMT3AC, 
BstUI; 3) DNA, SAM, DNMT3AC, BstUI. 

 

4.3.2.3 Heparin column purification  

To remove DNA from the DNMT3AC, a heparin column was explored as it 

mimicks the polyanionic structure of nucleic acids. After setting up the reaction 

again with pUC19, DNMT3AC within the reaction was purified using a heparin 

column and eluted with high salt concentration. From the purification 

chromatogram (Figure 4.10A), two distinct protein forms were eluted at different 

salt concentrations (0.6 and 0.8 M), although they both contained DNMT3AC 

(Figure 4.10B). The DNMT3AC which eluted at 0.6 M was active (lane 5, Figure 

4.11) and there was less endogenous SAM (lane 4, Figure 4.11) compared with 

the original sample (lane 2, Figure 4.11). However, the percent recovery of 

DNMT3AC was poor (19 %). The protein eluted at 0.8 M NaCl was inactive (lane 

7, Figure 4.11).  
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Figure 4.10. Heparin column purification. (A) FPLC chromatogram for Heparin 
purification of DNMT3AC. DNMT3AC was eluted by changing concentration of 
NaCl (0 -1 M) (B) The recovery of DNMT3AC was determined by 8% SDS-PAGE 
analysis. Lane component: 1) Protein standard ladder; 2) flow-through; 3-5) elution 
fractions at 0.6 M NaCl; 6-7) elution fractions at 0.8 M NaCl. 

 

 

 

 

 

 

 

Figure 4.11. The effectiveness of the Heparin column to eliminate endogenous 
SAM from DNMT3AC. Reaction mixtures were prepared by addition of appropriate 
stock solutions to a total volume of 20 μL containing 3.2 nM DNA, SAM 80 μM, 
DNMT3AC at the appropriate concentration and buffered with 50 mM Tris-HCl, 1 
mM EDTA, 25 mM NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated 
at 37 °C for 2 hr. After R.BstUI digestion at 60 °C for 1 hr, the mixtures were 
analyzed on a 1% agarose gel. Lane component: 1) DNA, BstUI; without Heparin 
purification 2) DNA, 1 μM DNMT3AC, BstUI; 3) DNA, 1 μM DNMT3AC, SAM, 
BstUI; with Heparin purification 4) DNA, 1 μM DNMT3AC0.6M, BstUI; 5) DNA, 1 
μM DNMT3AC0.6M, SAM, BstUI; 6) DNA, 0.4 μM DNMT3AC0.8M, BstUI; 7) DNA, 0.4 
μM DNMT3AC0.8M, SAM, BstUI. 
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4.3.2.4 Dialysis  

As SAM is considered as a small molecule, dialysis, a common separation 

technique to remove small and unwanted molecules from macromolecules in 

solution, was explored to obtain DNMT3AC devoid of SAM. Since this approach 

relies on the natural on/off rate, multiple rounds were anticipated to get significant 

reduction of SAM. Since DNMT3AC has been shown to aggregate during dialysis 

when the salt concentration is reduced from 500 to 200 mM KCl and the protein 

concentration is too high,137 steps to reduce protein precipitation were examined. 

Specifically, DNMT3AC concentration, the type of dialysis buffer, dialysis time and 

number of dialysis cycles were tested.  

DNMT3AC concentration: 

As dialysis is driven by a concentration gradient, the effect of concentration 

was examined. The starting enzyme concentrations were set at 2 and 4 μM in the 

same sample volume (2.5 mL) and dialyzed. Examination of the resulting enzyme 

activity indicated that endogenous SAM was eliminated to a similar degree (lane 1 

and 3, Figure 4.12), suggesting that the starting DNMT3AC concentration could 

be increased to 4 μM. This benefits the reduction of dialysis buffer consumption 

for subsequent large scale preparations.       
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Figure 4.12. Effects of DNMT3AC dialysis concentration on the elimination of 
endogenous SAM. Reaction mixtures were prepared by addition of appropriate 
stock solutions to a total volume of 20 μL containing 3.2 nM DNA, SAM 80 μM, 
DNMT3AC at the appropriate concentration and buffered with 50 mM Tris-HCl, 1 
mM EDTA, 25 mM NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated 
at 37 °C for 2 hr. After R.BstUI digestion at 60 °C for 1 hr, the mixtures were 
analyzed on a 1% agarose gel. Lane component: 1) DNA, 0.7 μM DNMT3AC (4 
μM), BstUI; 2) DNA, 0.7 μM DNMT3AC (4 μM), SAM, BstUI; 3) DNA, 0.7 μM 
DNMT3AC (2 μM), BstUI; 4) DNA, 0.7 μM DNMT3AC (2 μM), SAM, BstUI. 

 

Buffer contents: 

The content of dialysis buffers described in the literature vary with salt 

identity, concentration of reducing agents and buffer pH.139,140,146,147 Therefore, 

dialysis buffer contents were examined. According to Table 4.1, buffer 2 yielded 

the lowest amount of endogenous SAM remaining in DNMT3AC, while retaining 

excellent activity in the presence of SAM. Reduced methylation with additional 

SAM was observed with buffer 3 and may be due to enzyme inactivation. This may 

be caused by high salt concentration, as previously described.28 Reversible 

oligomerization of DNMT3AC is mediated by the salt-dependent interaction of 

DNMT3AC FF dimers via their RD interfaces.137 High salt concentrations in the 

reaction resulted in precipitation, causing low enzyme recovery. 

1     2     3     4    
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Table 4.1. Efficiency of recovered DNMT3AC after dialysis in three dialysis 

buffers 

No. Citation Dialysis Buffer 
% Methylation 

% 
recovery Without 

SAM 
With 
SAM 

1 Jeltsch et.al. 
(2013)146 

20 mM Hepes pH 7.0, 200 
mM KCl, 1 mM EDTA, 0.2 

mM EDTA, and 10% 
glycerol 

45.9 80.8 54.0 

2 Jeltsch et.al. 
(2001)139 

20 mM Hepes pH 7.0, 40 
mM NaCl, 1 mM EDTA, 
0.2 mM EDTA, and 10% 

glycerol 

63.0 90.1 47.3 

3 Reich et.al. 
(2010)147 

50 mM Tris-Cl pH 7.2, 200 
mM NaCl, 1 mM EDTA, 
0.5 mM EDTA, and 20% 

glycerol 
51.6 56.5 42.1 

 

 
Time and cycles: 

Conducting dialysis at various lengths of time did not show significant 

differences in the elimination of endogenous SAM (Table 4.2). However, protein 

precipitation was observed as longer dialysis times were explored. Since 

precipitation began to be visible at around 8 hours, this time point was employed 

in further studies to examine the minimum number of dialysis cycles required. The 

elimination of SAM was increased with each cycle of dialysis up to 6 cycles (Figure 

4.13). Any remaining endogenous SAM after dialysis might be protein-bound SAM 

which is not able to migrate through the membrane.145 Although this result looked 

promising to obtain lower endogenous SAM levels with acceptable activity (lane 5 

and 6, Figure 4.13), the reproducibility of active recovered protein was low (34 ±17 
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%, n=3). Therefore, purified DNMT3AC which contains low levels of endogenous 

SAM was directly used for further experiments. Control experiments in the absence 

of SAM were always conducted concurrently to visualize the contribution of 

endogenous SAM present in the purified DNMT3AC.  

 

Table 4.2. Efficiency of recovered DNMT3AC after dialysis for various times 

 

 

 

 

 

 

 

 

 

Figure 4.13. Effects of dialysis cycles on the elimination of endogenous SAM. 
Reaction mixtures were prepared by addition of appropriate stock solutions to a 
total volume of 20 μL containing 3.2 nM DNA, SAM 80 μM, 0.8 μM DNMT3AC and 
buffered with 50 mM Tris-HCl, 1 mM EDTA, 25 mM NaCl and 200 μg/mL BSA at 
pH 7.8; reactions were incubated at 37 °C for 2 hr. After R.BstUI digestion at 60 
°C for 1 hr, the mixtures were analyzed on a 1% agarose gel. Lane component: 
without dialysis 1) DNA, DNMT3AC, BstUI; 2) DNA, DNMT3AC, SAM, BstUI; 
with dialysis 3) DNA, DNMT3AC (4 cycles), BstUI; 4) DNA, DNMT3AC (4 cycles), 
SAM, BstUI; 5) DNA, DNMT3AC (6 cycles), BstUI; 6) DNA, DNMT3AC (6 cycles), 
SAM, BstUI; 7) DNA, DNMT3AC (8 cycles), BstUI; 8) DNA, DNMT3AC (8 cycles), 
SAM, BstUI. 

 

Sample. Dialysis Time (hr) 
% Methylation 

Without SAM With SAM 
1 2 65.5 70.8 
2 5 60.5 70.6 
3 16 65.0 68.6 
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4.4 Modifying synthetic plasmid with N-mustard analogs 

 A recent study demonstrated that the activity of DNMT3AC decreased in 

response to a decrease in pH. Specifically at pH of 6.8, changes in oligomerization 

and DNA binding,148 were observed. Therefore, several enzymatic reaction buffers 

at different pH values were studied (Table 4.3). The results confirmed that 

DNMT3AC activity in buffers B and C at pH 7.8 (lanes 4 and 6, Figure 4.14) was 

higher than the activity in buffers A and D at pH 7.0 and 7.5, respectively (lanes 2 

and 8, Figure 4.14). These results likely result from DNMT3AC tetramer formation 

at pH 7.8, as the formation of tetramers are advantageous as they productively 

bind DNA due to increased surface area.138 To improve the quality of the results 

obtained with partially purified DNMT3AC to attain maximum activity, buffer B was 

used for further experiments. 

 

Table 4.3. Enzyme reaction buffers tested for DNMT3AC methylation activity. 

 Buffers 

A 20 mM Hepes pH 7.0, 50 mM KCl, 1 mM EDTA, and 25 μg/mL BSA 

B 50 mM Tris-Cl pH 7.8, 25 mM NaCl, 1 mM EDTA, 1 mM DTT, and 200 
μg/mL BSA 

C 50 mM KH2PO4/ K2HPO4 pH 7.8, 20 mM NaCl, 1 mM EDTA, 1mM DTT, 
and 200 μg/mL BSA 

D 20 mM Hepes pH 7.5, 50 mM KCl, 1 mM EDTA, and 250 μg/mL BSA 
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Figure 4.14. Effects of enzyme reaction buffers on DNMT3AC methylation activity 
of DNMT3AC. Reaction mixtures were prepared by addition of appropriate stock 
solutions to a total volume of 20 μL containing 3.2 nM DNA, SAM 80 μM, and 
DNMT3AC 0.8 μM; reactions were incubated at 37 °C for 1 hr. After R.BstUI 
digestion at 60 °C for 1 hr, the mixtures were analyzed on a 1% agarose gel. Lane 
component: 1) DNA, DNMT3AC, BstUI, enzymatic reaction was carried buffer A; 
2) same as 1) but with SAM; 3-4) same as 1-2) but in buffer B; 5-6) same as 1-2) 
but in buffer C; 7-8) same as 1-2) but in buffer D. 

 

Time-course experiments for the methylation of synthetic plasmid were 

conducted at constant DNA and DNMT3AC concentrations. Using the restriction-

protection assay, band intensities were converted into percent methylation and 

enabled the calculation of total methylated product. The plot between methylated 

product and reaction time was generated as shown in Figure 4.15. Time-course 

analysis demonstrated that DNMT3AC was active to incorporate the methyl group. 

The amount of methylated product was found to be nearly linear for the first 60 

mins at the lower concentration of endogenous SAM (black line). Similar 

experiments were carried out with added SAM (80 μM) and no significant change 

in methylated product was observed after 30 mins (red line). These results 
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demonstrated that methylated DNA was generated quickly by DNMT3AC and the 

incubation time for future experiments was fixed to 30 min. 

 

 

 

 

 

 

Figure 4.15. Effect of SAM concentration on the activity of DNMT3AC. Reaction 
mixtures were prepared by addition of appropriate stock solutions to a total volume 
of 20 μL containing 3.2 nM DNA, SAM 80 μM, and DNMT3AC 0.7 μM; reactions 
were incubated at 37 °C for 1 hr. After R.BstUI digestion at 60 °C for 1 hr, the 
mixtures were analyzed on a 1% agarose gel. The methylated product was 
quantitate using ImageQuant TL. 

 

The restriction-protection assay was then used to investigate the utilization 

of N-mustard analog 1 (Figure 4.16) with DNMT3AC with synthetic plasmid. The 

reaction with additional SAM at 80 μM was used as a positive control. Due to 

endogenous SAM contamination, fully (1998 bp) and partial (1701, 1064 and 934 

bp) modified product bands were expected even in the absence of analog. The 

intensity of these bands were anticipated to increase with the incorporation of the 

analog, resulting in the same length of methylated product from SAM. As expected, 

the reaction without adding SAM showed some methylated DNA products (lane 2, 

Figure 4.17). Surprisingly, results showed that the intensity of 1998 and 1701 bp 
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fragment decreased as the concentration of 1 increased (lane 4-8, Figure 4.17) 

compared to the reaction without adding SAM. To test whether 1 could inhibit 

DNMT3AC by interacting with the DNA, as discussed in Chapter 2, reactions 

containing analog were set in the absence of DNMT3AC. No band at 1998 bp was 

observed as a function of increasing the concentration of 1 (lane 2-4, Figure 4.18). 

From these results, it was concluded that 1 is likely functioning as an inhibitor of 

DNMT3AC.  
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Figure 4.16. Structure of N-mustard analog 1. 

 

 

 

 

 

Figure 4.17. Effects of 1 on DNA methylation activity of DNMT3AC. Reaction 
mixtures were prepared by addition of appropriate stock solutions to a total volume 
of 20 μL containing 3.2 nM DNA, 0.8 μM DNMT3AC, 80 μM SAM or 1 at the 
appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM EDTA, 25 mM 
NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated at 37 °C for 2 hr. 
After R.BstUI digestion at 60 °C for 1 hr, the mixtures were analyzed on a 1% 
agarose gel. Lane component: 1) DNA, BstUI; 2) DNA, DNMT3AC, BstUI; 3) DNA, 
DNMT3AC, SAM, BstUI; 4) DNA, DNMT3AC, 0.1 μM 1, BstUI; 5) DNA, DNMT3AC, 
1 μM 1, BstUI; 6) DNA, DNMT3AC, 10 μM 1, BstUI; 7) DNA, DNMT3AC, 25 μM 1, 
BstUI; 8) DNA, DNMT3AC, 100 μM 1, BstUI.  
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Figure 4.18. Analysis of reduced methylation activity by DNMT3AC in the 
presence of 1. Reaction mixtures were prepared by addition of appropriate stock 
solutions to a total volume of 20 μL containing 3.2 nM DNA, 0.8 μM DNMT3AC, 1 
at the appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM EDTA, 
25 mM NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated at 37 °C for 
2 hr. The mixtures were analyzed on a 1% agarose gel. Lane component: 1) DNA, 
DNMT3AC, BstUI; 2) DNA, 0.1 μM 1, BstUI; 3) DNA, 10 μM 1, BstUI; 4) DNA, 100 
μM 1, BstUI; 5) DNA, DNMT3AC, 0.1 μM 1, BstUI; 6) DNA, DNMT3AC, 10 μM 1, 
BstUI; 7) DNA, DNMT3AC, 100 μM 1, BstUI; 8) DNA, DNMT3AC, 80 μM SAM, 
BstUI.  

 

Inhibition of DNMT3AC by 1 was explored in a pre-incubation study. As 

shown in Table 4.4, the amount of methylated DNA generated from DNMT3AC 

pre-incubated with 1 for 1 hr dropped significantly compared to when DNA was 

pre-incubated with 1 or when no pre-incubation was performed. This result leads 

to the assumption that DNMT3AC has ample time to bind 1 during pre-incubation 

to dramatically inactivate the enzyme. Thus, 1 is concluded to be severely 

decreasing DNMT3AC activity with SAM.     
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Table 4.4. Activity of DNMT3AC after pre-incubation with 1. 

Sample Substrates in pre-incubation Methylated DNA (pmol) 

1 DNA and 1 0.15±0.01 
2 DNMT3AC and 1 0.06±0.01 
3 none 0.15±0.01 

 

 

4.5 Inhibition study of analog 1 on DNMT3AC 

4.5.1 Small molecules as DNMT inhibitors 

 As the dysregulation of DNMTs are correlated with many diseases, 

including cancer, DNMTs inhibitors provide an exceptional opportunity for 

therapeutics. At present, several strategies to inhibit DNA methylation have been 

developed including protein-protein interaction, chimeric RNA oligonucleotides, 

micro RNA,  and small interfering RNA.149 

 Among these inhibition approaches, the use of suicide substrates of DNMTs 

is the most advanced approach. 5-Azacytosine (5-Aza) was the first suicide 

inhibitor characterized (Figure 4.19).150 It is extensively metabolized by cellular 

pathways and converted into the active triphosphate before incorporation into 

DNA.151 Due to the nitrogen substitution at the 5 position of the base, the resulting 

covalent complex with DNMT cannot be released (Figure 4.20). Consequently, 

DNMT is trapped and inactivated in the form of a covalent protein-DNA adduct.152 

A deoxyribose derivative of 5-Aza, Decitabine, was synthesized and is directly 

incorporated into DNA as it does not have to be metabolized to the deoxy form.151 

Unfortunately, both 5-Aza and Decitabine share the same limitations which include 
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undesired side effects,151,153 poor bioavailability,55,153 chemical or metabolic 

instability in physiologic media153,154 and enzymatic degradation. About 10% of the 

inhibitor is incorporated into DNA after sequential enzymatic reactions.152 

Moreover SGI-1027,155,156 a quinolone derivative, and Laccaic acid A are other 

examples of inhibitors having a different mechanism, as they bind to CpG-rich 

sequences and block the binding of DNMTs. Laccaic acid A was described as a 

direct, DNA competitive inhibitor of DNMT3A and M.SssI.157 However, due to this 

unique mechanism it must be present in a high concentration to be an effective 

inhibitor.151 

5-Azacytosine (R=OH)
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Figure 4.19. Chemical structures of representative DNMT inhibitors. 
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Figure 4.20. Mechanism of DNMT inhibition by nucleoside-base inhibitors.152 
Reprinted from Med. Chem. Commun., 2012, 3(3), 263-273, Benhida, R. et.al., 
Small molecules DNA methyltransferases inhibitors with permission from RSC. 

 

 Another interesting DNMT inhibition approach is the targeting of the SAM 

cofactor binding site in the enzyme. To explore the binding mode, RG-108 was 

docked into the catalytic site of bacterial M.HhaI.158 The model suggests that the 

carboxylate and maleimide oxygens of RG-108 form hydrogen bonds with R 

residues in the active site (Figure 4.21A). In addition, the maleimide is positioned 

close to the catalytic cysteine, suggesting a putative conjugate addition of a thiol 

to the maleimide.159 It has been also found to bind and block the active site of 

DNMT1 (Figure 4.21B).151,160  
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Figure 4.21. Structure-function relationships of RG-108. (A) Schematic 
representation and binding interactions of RG-108 (green) within the active site of 
M.HhaI.159 Reprinted from Bioorg. Med. Chem. Lett., 2010, 20(3), 1124-1127, 
Miyata, N. et.al., Design, synthesis, inhibitor activity, and binding mode study of 
novel DNA methyltransferase 1 inhibitors with permission from Royal society. (B) 
View of the conformation of RG-108 docked in the active site of DNMT1. Yellow 
lines predicted hydrogen bonds.161 Reprinted from Cancer. Res., 2005, 65(14), 
6305-6311, Lyko, F. et.al., Epigenetic reactivation of tumor suppressor genes by 
a novel small-molecule inhibitor of human DNA methyltransferases with 
permission from Elsevier Science and Technology Journals. 

 

 To increase the selectivity and potency of SAM cofactor competitors, 

bisubstrate inhibitors have emerged by targeting both the SAM and substrate 

binding sites to obtain optimal position for inhibition (Figure 4.22). This strategy 

resulted in inhibitors up to 50 times more active that the parent compounds.149 

  

         

 

 

A                                                                     B 
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Figure 4.22. Docking of bisubstrate inhibitors (procainamide) in the x-ray crystal 
structure of DNMT3A/3L.162 Reprinted from Chembiochem., 2012, 13(1), 157-165, 
Nelson, W.G. et.al., Rapid synthesis of new DNMT inhibitors derivatives of 
Procainamide with permission from Elsevier. 

 

SAH analogs are also known to function as DNMT inhibitors. SAH has been 

shown to be an effective, but nonselective feedback inhibitor for many MTases.55 

Various modifications including 2’- and 3’ hydroxyl groups of the sugar portion and 

the N6-amino group of adenine moiety of SAH were found to be important 

structural requirements for inhibition of DNMTs.73 More interestingly SAH analogs 

show different preference among DNMTs. The introduction of small groups at the 

2 position of the adenine base favors DNMT1 inhibition over DNMT3B2, whereas 

alkylation of the N6-amino moiety favors the inhibition of DNMT3B2.163  

 

4.5.2 Inhibition mechanism of analog 1 on DNMT3AC 

Unlike for M.SssI, the methylation activity of DNMT3AC was inhibited by 

analog 1. It is hypothesized that 1 may be a competitive inhibitor binding to the 

active site of free enzyme, preventing substrate binding due to structural 
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similarities to SAM and SAH analogs.73,163 To investigate whether 1 serves as a 

competitive inhibitor, kinetic parameters need to be investigated to observe any 

affects on Km and Vmax. Therefore, to further elucidate the mechanism of inhibition 

by 1, a set of experiments with a fixed concentrations of synthetic plasmid DNA 

and DNMT3AC while varying SAM were conducted. The SAM concentration was 

varied from 2.5 to 40 μM. Inhibition of DNMT3AC can be detected by the 

disappearance of protected, large restriction fragments by agarose gel. Increasing 

concentrations of analog 1 resulted in decreasing amounts of protected R.BstUI 

restriction fragments (Figure 4.23) at very low concentrations of SAM.    

 

 

 

 

 

Figure 4.23. Effect of analog 1 concentration on the activity of DNMT3AC. 
Reaction mixtures were prepared by addition of appropriate stock solutions to a 
total volume of 20 μL containing 3.2 nM DNA, 0.8 μM DNMT3AC, SAM or 1 at the 
appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM EDTA, 25 mM 
NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated at 37 °C for 30 min. 
After R.BstUI digestion at 60 °C for 1 hr, the mixtures were analyzed on a 1% 
agarose gel. (A) at 2.5 μM SAM Lane component: 1) DNA, DNMT3AC, SAM, 
BstUI; 2) DNA, DNMT3AC, SAM, 10 μM 1, BstUI; 3) DNA, DNMT3AC, SAM, 25 
μM 1, BstUI; 4) DNA, DNMT3AC, SAM, 50 μM 1, BstUI; 5) DNA, DNMT3AC, SAM, 
75 μM 1, BstUI; 6) DNA, DNMT3AC, SAM, 100 μM 1, BstUI; (B) at 20 μM SAM 
Lane component: 1) DNA, DNMT3AC, SAM, BstUI; 2) DNA, DNMT3AC, SAM, 10 
μM 1, BstUI; 3) DNA, DNMT3AC, SAM, 25 μM 1, BstUI; 4) DNA, DNMT3AC, SAM, 
50 μM 1, BstUI; 5) DNA, DNMT3AC, SAM, 75 μM 1, BstUI; 6) DNA, DNMT3AC, 
SAM, 100 μM 1, BstUI. 
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The time-course of protection of synthetic plasmid DNA against R.BstUI 

digestion by CpG methylation was investigated in tripicate (Figure 4.24). 

Densitometric quantification of fragment intensities confirmed a significant, 

concentration dependent inhibition by 1. The intensity of each band was measured 

and used to calculate the methylated products in each reaction. Plots between 

methylated product and reaction time were created to obtain the velocity of DNA 

methylation by DNMT3AC (Figure. 4.25 and Appendix III). The average velocities 

and standard error for each SAM and 1 concentration tested is shown in Table 

4.5. The high variation observed, especially with very low amounts of methylated 

product, indicates the low sensitivity of the densitometry method. 
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Figure 4.24. Competition of analog 1 with SAM in the methyl transfer reaction. 
Reaction mixtures were prepared by addition of appropriate stock solutions to a 
total volume of 20 μL containing 3.2 nM DNA, 0.8 μM DNMT3AC, SAM or 1 at the 
appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM EDTA, 25 mM 
NaCl and 200 μg/mL BSA at pH 7.8; reactions were incubated at 37 °C. After 
R.BstUI digestion at 60 °C for 1 hr, the mixtures were analyzed on a 1% agarose 
gel. (upper panel): The concentration of 1 was constant at 5 μM) Lane component: 
1) DNA, DNMT3AC, BstUI, 10 min; 2) DNA, DNMT3AC, BstUI, 20 min; 3) DNA, 
DNMT3AC, BstUI, 30 min; 4- 6) same as 1-3) but in 2.5 μM SAM; 7- 9) same as 
1-3) but in 5 μM SAM; 10- 12) same as 1-3) but in 10 μM SAM; 13- 15) same as 
1-3) but in 20 μM SAM; 16- 18) same as 1-3) but in 40 μM SAM; (bottom panel): 
The concentration of 1 was constant at 50 μM) Lane component: 1) DNA, 
DNMT3AC, BstUI, 10 min; 2) DNA, DNMT3AC, BstUI, 20 min; 3) DNA, DNMT3AC, 
BstUI, 30 min; 4- 6) same as 1-3) but in 2.5 μM SAM; 7- 9) same as 1-3) but in 5 
μM SAM; 10- 12) same as 1-3) but in 10 μM SAM; 13- 15) same as 1-3) but in 20 
μM SAM; 16- 18) same as 1-3) but in 40 μM SAM.  

 

 1     2     3     4     5     6     7     8     9   10   11   12   13   14  15   16   17   18   
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Figure 4.25. Linearity of the DNA methylation as a function of time in the presence 
of 1 (5 μM). Time course of methylation catalyzed by DNMT3AC. Graphic 
representation as methylated product after quantitating the intensity of methylated 
product band (A) SAM (0 μM), (B) SAM (2.5 μM), (C) SAM (5.0 μM), (D) SAM (10 
μM), (E) SAM (20 μM), (F) SAM (40 μM). 

 

A                                                                   B 

C                                                                   D 

E                                                                   F 
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Table 4.5. Activities of DNMT3AC in the absence or presence of 1 

[1] 
μM 

Velocity (fmol/min) 
[SAM] μM 

0 2.5 5 10 20 40 
0 2.33±0.15 2.47±0.15 3.10±0.44 2.73±0.21 2.90±0.66 3.73±0.55 
5 0.60±0.20 1.43±0.40 3.17±0.95 2.97±1.23 3.97±0.90 4.40±0.52 

25 0.10±0.08 0.93±0.21 1.97±0.40 1.70±0.20 4.23±0.55 3.97±0.46 
50 0.02±0.04 0.47±0.29 0.43±0.15 0.87±0.35 3.40±0.44 3.60±0.35 
75 0.11±0.17 0.12±0.07 0.73±0.21 0.53±0.12 2.00±0.44 2.37±1.00 

 

 

A plot of SAM versus the velocity of DNMT3AC in the absence of 1 was first 

made to test the feasibility of the method. Due to the residual endogenous SAM in 

DNMT3AC, the Michaelis-Menten equation had to be modified prior to fitting the 

data (see methods) in order to obtain more accurate kinetic parameters. However, 

due to the lack of data points in region A (Figure 4.26), there was error in the fit 

using the modified equation, and resulted in a high estimation of apparent Km (1.4 

μM) compared to the reported apparent Km of SAM (206 nM).133  Together with the 

poor reproducibility of the densitometry method, the Michaelis-Menten plot was not 

used to verify Km for SAM with DNMT3AC.   
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Figure 4.26. Catalytic activity of DNA methylation by DNMT3AC in the absence of 
1. Methylation rates were determined at different concentrations of SAM using 
synthetic plasmid with 0.7 μM DNMT3AC in methylation buffer. The lines show a 
fit of the rate versus concentration of SAM data to the modified Michaelis-Menten 
equation. The modified equation is y= 0.0034(x+2.1546)/ 1.3581+ (x+2.1546). 

 

Regardless, a series of Michaelis-Menten (Figure 4.27) plots were made at 

four different concentrations of 1 (5-75 μM). Although this method could not provide 

accurate Vmax or apparent Km values, the inhibition trends were still clearly 

observed. A replot between velocity and the various concentrations of 1 was 

created to evaluate the effect of 1 and minimize the error range (Figure 4.28). The 

results suggested that 1 inhibited the methylation reaction, especially at low 

concentrations of SAM. It was speculated that 1 likely acts as a competitive 

inhibitor of the methyl transfer reaction with DNMT3AC since Vmax appears to 

remain constant.  

 

A 
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Figure 4.27. Catalytic activity of DNA methylation by DNMT3AC. Methylation rates 
were determined at different concentrations of 1 and SAM using synthetic plasmid 
with 0.7 μM DNMT3AC in methylation buffer. The lines show a fit of the rate versus 
concentration of SAM added to the Michaelis-Menten equation (n=3).  

 

 

 

 

 

 

 

Figure 4.28. Concentration-dependent inhibition of DNMT3AC by 1. Methylation 
rates were determined at different concentrations of 1 using synthetic plasmid with 
0.7 μM DNMT3AC in methylation buffer. The concentration of SAM was constant: 
(pink) 2.5 μM, (purple) 10 μM and (red) 40 μM (n=3).  
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The inhibition effectiveness of analog 1 in a competitive manner was further 

tested using a pre-incubation study. For these experiments, DNMT3AC was 

preincubated with 1 for either 10 or 60 min and followed by the addition of DNA. 

The methylation reaction was initiated with the addition of SAM and incubated for 

30 min. After digestion, agarose gel separation and band quantification, the 

methylated DNA obtained with and without pre-incubation with 1 was compared. 

The amount of methylated product was lower if the enzyme was preincubated with 

1 in a concentration-dependent manner (Figure 4.29). When comparing data 

obtained at 10 and 60 min, 1 significantly decreased methylated product at the 

longer pre-incubation time. A reduction in product formation is reflected by the 

amount of enzyme deactivated in a time-dependent fashion, which may support 

that analog 1 is a tight-binding inhibitor. 

 

 

 

 

 

 

Figure 4.29. Differential methylation by DNMT3AC with pre-incubation by 1. 
Reaction mixtures were prepared by addition of appropriate stock solution to a total 
volume of 20 μL containing 3.2 nM DNA, 0.7 μM DNMT3AC SAM 80 μM and 1 at 
the appropriate concentration and buffered with 50 mM Tris-HCl, 1 mM EDTA, 25 
mM NaCl and 200 μg/mL BSA at pH 7.8. The reactions were initiated by adding 
SAM and synthetic plasmid. Methylated product was measured after 30 min (n=3).  
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4.6 Conclusion  

 Mouse DNMT3AC expressed in E. coli retained endogenous SAM and 

added to the challenge for examining its’ activity using a simple DNA model. It is 

hypothesized that levels of endogenous SAM might vary in other expression 

systems, as the enzymatic activity and other properties for DNMT3AC are found 

to be different in E.coli and baculovirus-expressed DNMT3A.135 However, E. coli-

expressed DNMT3AC is still active and some endogenous SAM can be eliminated 

by dialysis. Unlike M.SssI, the DNA methylation activity of DNMT3A was strongly 

inhibited by 1, as the rate of methylation was decreased in its presence. However, 

kinetic analysis of the DNA methylation reaction based on the densitometric 

restriction-protection assay provided poor reproducibility. Consequently, the 

inhibition mechanism cannot be confirmed and the inhibition constant (Ki) cannot 

be calculated. The observed inhibition trends and data from pre-incubation studies 

suggested that 1 might be a particularly tight-binding compound which inhibits 

DNMT3A activity. To comprehensively characterize the mechanism of reduced 

DNMT3A activity by 1, a high resolution method needs to be developed where 

concentrations of SAM below its Km can be tested. 
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4.7 Methods 

All reagents and solvents were purchased from commercial sources and 

used without additional purification. Lyophilized 1 was brought up in 2.5 mM H2SO4 

and concentration was determined by UV/Vis spectroscopy at 260 nm. The molar 

extinction coefficient for 1 is 15.40 mM-1 cm-1.84 

 

4.7.1 Expression and purification of DNMT3AC 

Confirmation of plasmids: A cDNA clone was kindly provided by Dr. Jeltsch 

(Stuttgart University, Germany). DNMT3a plasmid was replicated on LB agar plate 

with kanamycin (30 μg/mL) and chloramphenicol (34 μg/mL). After overnight 

incubation, single colony was cultured in liquid LB medium containing Kanamycin 

and chloramphenicol for 12 hr /300 RPM /37 °C and harvested by centrifugation. 

The plasmid was isolated using the GeneJET plasmid Miniprep Kit. Subsequent 

restriction digestion with R.EcoRV (20 U) and R.NruI (10 U) in buffer (100 mM 

NaCl, 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, and 100 μg/mL BSA) were used to 

confirm the isolation of the product at 37 °C for 1 hr. The samples were analyzed 

on 1% agarose gel containing ethidium bromide. 

Expression and purification: The plasmid containing the sequence encoding 

DNMT3AC was transformed into E. coli BL21-CodonPlus(DE3)-RIL (Agilent 

technologies) cells and grow in LB medium supplemented with kanamycin (30 

μg/mL) and chloramphenicol (34 μg/mL) at 37 °C for 12 hr with shaking. Then, a 

1% inoculum was prepared in LB medium containing the antibiotics and grown at 
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37 °C until the culture reached an OD600 of 0.6. Protein expression was induced 

by addition of 1 mM IPTG followed by overnight shaking at 20 °C. Cells were 

harvested by centrifugation (12,000g, 4 °C, 15 min) and frozen at -20 °C. Cells 

were lysed in sonication buffer (Buffer A: 30 mM potassium phosphate buffer, pH 

7.8, 500 mM KCl, 0.2 mM DTT, 1 mM EDTA, 20 mM imidazole, and 10% glycerol) 

by sonication using Branson Ultrasonics Sonifier™ S-450 (23 cycles, 15s each, 

30% power). Cell lysate was cleared by centrifugation at 4°C for 30 min at 33,000g. 

The supernatant was passed over Chelating Sepharose beads (GE Healthcare) at 

4 °C, washed, and the desired protein was eluted with elution buffer (Buffer B: 

same as sonication buffer containing 220 mM imidazole). Fractions containing 

DNMT3AC were determined by 12% SDS-PAGE with Coomassie Blue staining 

and pooled fractions were dialyzed (Buffer C: 20 mM Hepes, pH 7.3, 200 mM KCl, 

0.2 mM DTT, 1 mM EDTA, and 10% glycerol). The final concentration of the 

preparation was determined by Bradford assay using BSA as a standard. The 

purified protein was stored at -80 °C. 

 

4.7.2 Endogenous SAM consumption and purification 

Reactions were carried out with pUC19 to consume endogenous SAM in 

purified DNMT3AC. pUC19 and purified DNMT3AC were used at concentrations 

of 1 μg and 10 μM, respectively, in methylation buffer (50 mM Tris-Cl pH 7.8, 25 

mM NaCl, 1 mM EDTA, 1mM DTT, and 200 μg/mL BSA) at 37 °C for 1 hr. Final 

volume of reaction was 20 μL. Recovered DNMT3AC from this enzymatic reaction 

was employed by one of these purifications: 
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QFF column purification: After enzymatic reaction with pUC19, the protein was 

diluted into a wash buffer (Buffer D: 50 mM Tris-HCl, pH 7.5) and loaded onto QFF 

column (GE healthcare) and the unbound fraction was collected. The column was 

washed with 5 bed volumes of buffer D, and then eluted with 3 bed volumes of 

elution buffer (Buffer E: 50 mM Tris-HCl pH 7.5, and 1 M NaCl). The DNMT3AC 

and DNA content at each step was checked by 12% SDS-PAGE and 1% agarose 

gel electrophoresis, respectively. 

Chelating sepharose bead purification: After enzymatic reaction with pUC19, the 

protein was diluted into buffer D and loaded onto chelating sepharose bead 

column. The same procedure was employed according to 4.7.1. 

Heparin column purification: After enzymatic reaction with pUC19, the protein was 

diluted into buffer D and loaded onto heparin column (GE Healthcare). Proteins 

were fractionated using a NaCl gradient from 0–1.0 M. The same wash and elution 

buffers with QFF purification were used. The DNMT3AC at each step was checked 

by SDS-PAGE. 

 

4.7.3 Dialysis to eliminate endogenous SAM 

 If not indicated otherwise, purified DNMT3AC was dialyzed against dialysis 

buffer (20 mM Hepes pH 7.0, 40 mM NaCl, 1 mM EDTA, 0.2 mM EDTA, and 10% 

glycerol) at 4 °C. In most reactions, the dialysate volume and concentration were 

2.5 mL and 4 μM, respectively. The dialysis time was varied from 2-16 hr and 

dialysis cycles ranged from 4-8 cycles to attain the most efficient process. Aliquots 
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were removed at various time points and quantitated by Bradford assay before 

enzyme analysis.  

 

4.7.4 DNMT3AC enzymatic activity assay 

Identifying endogenous SAM contamination: Reactions were carried out to analyze 

remaining endogenous SAM in the DNMT3AC. The final synthetic plasmid DNA 

concentration was 3.2 nM. DNMT3AC concentration was set based on the stock 

enzyme concentration. The final reaction volume is 20 μL. A reaction with 80 μM 

SAM was also set as a positive control in order to confirm the functionality of 

DNMT3AC. The reactions were incubated at 37 °C in methylation buffer and 

followed by heat inactivation at 80 °C for 15 min. Then, R.BstUI digestion (10 U) 

was performed for 1 hr at 60 °C. The samples were analyzed on 1% agarose gel 

containing ethidium bromide. The extent of methylated DNA plasmid was 

calculated from band intensity using the ImageQuant TL program (GE Healthcare). 

Each DNA band was boxed and the pixel intensity measured using rolling ball 

background subtraction mode to compensate for the background intensity in the 

gel image. The calculation of percent protection was employed according to 2.8.2.   

Modifying synthetic plasmid with N-mustard analog: Reactions were carried out to 

analyze analog 1 to undergo DNMT3AC-dependent plasmid DNA modification. 

The final DNA and DNMT3AC concentration was 3.20 nM and 0.8 μM, 

respectively. The final reaction volume is 20 μL. The analog concentration varied 

from 0.1-100 μM. The reactions were incubated at 37 °C in methylation buffer and 

followed by heat inactivation at 80 °C for 15 min. Then, R.BstUI digestion (10 U) 
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was performed for 1 hr at 60 °C. The samples were analyzed on 1% agarose gel 

containing ethidium bromide. The extent of DNA protection by the N-mustard 

analogs was calculated from band intensity using the ImageQuant TL program (GE 

Healthcare). Each DNA band was boxed and the pixel intensity measured using 

rolling ball background subtraction mode to compensate for the background 

intensity in the gel image. The calculation of percent protection was employed 

according to 2.8.2.   

 

4.7.5 Methylation kinetics 

 The methylation-dependent restriction protection analysis was performed 

using synthetic plasmid as a target for methylation by DNMT3AC. In most assays, 

DNA and DNMT3AC were used at 3.20 nM and 0.7 μM, respectively. SAM and 

analog concentration varied from 0-40 μM and 5-75 μM, respectively. The assays 

were carried out at 37 °C for 10-30 min in triplicate in a total volume of 20 μL. The 

reaction was terminated by heating at 80 °C for 15 min. Following R.BstUI 

digestion (10 U) for 1 hr at 60 °C, the samples were analyzed on 1% agarose gel 

containing SYBR dye for higher sensitivity. The rates of DNA methylation were 

determined at different SAM concentrations ranging from 2.5 to 40 μM or different 

analog 1 concentrations ranging from 0 to 75 μM. The data were fit to the modified 

Michaelis-Menten equation (Equation 1) using Sigmaplot, where a represents the 

endogenous SAM in DNMT3AC. 

𝑉𝑉𝑐𝑐 =  𝑉𝑉𝑠𝑠𝑏𝑏𝑚𝑚 𝑥𝑥 (𝑐𝑐+[𝑆𝑆𝑆𝑆𝑆𝑆])
𝐾𝐾𝑆𝑆+(𝑐𝑐+[𝑆𝑆𝑆𝑆𝑆𝑆])

                                         ..Equation 1.    
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CHAPTER 5 

 

Summary and Outlook 

 

The research in this dissertation represents the first investigation of the 

utility of N-mustard analogs with eukaryotic DNMTs. Prior to examining the SAM 

analogs with eukaryotic DNMTs, their utility with M.SssI was validated as a model 

enzyme to demonstrate that N-mustard analogs could be transferred to a synthetic 

DNA substrate. Proving that N-mustard analogs can serve as cofactor mimics for 

M.SssI demonstrated their potential for use with eukaryotic DNMTs, DNMT1 and 

DNMT3A. 

Although the DNMT family shares a conserved catalytic pocket, the utility 

of N-mustard analogs with DNMT1 and DNMT3A surprisingly differs. To examine 

the DNA methylation activity of DNMT1 with its preferred hemimethylated DNA 

substrate, a new magnetic bead assay was developed. The results from these 

assays showed that the unfunctionalized analog (1) was the only analog 

transferred to the substrate by DNMT1. The C8- and N6- substituted analogs were 

hypothesized to interfere with binding within the DNMT1 active site. On the other 

hand, based on Michaelis-Menten kinetics experiments in the absence and 

presence of analog, it was concluded that 1 acts as an inhibitor of DNMT3A. The 

observed inhibition trend and the data obtained from pre-incubation studies 

suggests that 1 might be a particularly tight-binding inhibitor of DNMT3A.  
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Figure 5.1. Structure of C8- and N6- functionalized N-mustard analogs. 

     

In agreement with these observations, despite the highly conserved 

catalytic domain among DNMTs, the comparison of the catalytic pocket of 

DNMT3A and DNMT1 reveals some differences.149 First, amino acids in the pocket 

which hosts the deoxycytidine to be methylated, are different (Figure 5.2). For 

example, W1173 in DNMT1 is replaced by C662 in DNMT3A, N1580 by R887, and 

V1582 by W889.153 Second, the SAM binding pocket is relatively similar in each 

structure, but the interactions with the methionine are not conserved.73,153 This is 

supported by Isokovic et. al.73 which showed that analogs of SAH bearing a 

chlorine in the 2-position of the purine ring are more selective towards DNMT1.163 

Moreover, it has been observed that SAM can adopt a different conformation in its 

binding pocket according to the type of methyltransferase.164 
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Figure 5.2. Catalytic pocket in the crystal structure of DNMT3A (cyan) was 
superposed on the one in the crystal structure of DNMT1 (red). SAH are shown in 
purple (DNMT1) and yellow (DNMT3A). The main differences in amino acids are 
highlighted in white boxes.153 Reprinted with permission from J. Med. Chem., 
58(6), 2569-2583, Arimondo, P.B. et.al., Targeting DNA methylation with small 
molecules: What’s next?. Copyright (2015) American Chemical Society.  
 

The preliminary data for the substituted N-mustard analogs with DNMT1 

suggests that no binding occurs in the active site. Due to the poor reproducibility 

of the magnetic-bead assay, further experiments need to be carried out to confirm 

this result using a high-resolution method. For example, a fluorescence quenching 

assay based on tryptophan residues within DNMT1 could be explored to quantify 

the binding affinity for the substituted N-mustard analogs.123 However, if such an 

approach verifies that the N-mustard analogs bind to DNMT1 with moderate 

affinity, further experimentation would be required to identify if the analog-DNMT1 

complex is catalytically inactive or whether the analog is transferred to DNA in very 

low yields. A radioactive-based technique which utilizes 32P-labeled 

oligonucleotides has been shown previously to improve the sensitivity of DNA 
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modification detection83,84,165 and may enable the detection of modified DNA at low 

levels. Following reaction with the analogs in the presence of DNMT1, any 

modified DNA will be separated by denaturing polyacrylamide gel electrophoresis 

(DPAGE) and visualized by X-ray film. Alternatively, liquid chromatography 

tandem mass spectrometry (LC-MS) is a highly sensitive and fast method that 

could be used to detect analog-DNA modifications with site specificity, as it has 

been used to detect various DNA modifications at cytosine C5,166–168 N7- and O6 

deoxyguanine,169,170 and N6 adenine.171,172 Such an approach could also provide 

insight into the location of non-specific alkylation events which occur between the 

N-mustard analogs and DNA.  

The observed results for the N-mustard analogs with DNMT3AC were 

unexpected.  The exact mechanism of inhibition for 1 and its’ inhibition constant 

(Ki) could not be determined using the gel-based assay, as data points below the 

apparent Km of SAM could not be accurately quantitated.  Thus, further 

experiments need to be carried out using a high-sensitivity method.  Specifically, 

it is anticipated that  a radio-labeled SAM titration may allow for DNA methylation 

quantification at lower concentrations of SAM, as liquid scintillation will provide 

higher sensitivity.25,29,173,174  Finally, the inhibition of DNMT3AC by 1 opens new 

synthetic opportunities to chemically modify its’ core structure and develop novel, 

potent inhibitors of DNMT3AC.       
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APPENDIX I 

 

Determination of the cytosine modification by N-mustard analogs (DNMT1) 

 
 

 
Figure S1. DNMT1 catalyzed DNA modification using N-mustard analogs detected 
with the magnetic- bead assay. (A) analog 3, (B) analog 4, (C) analog 6, (D) analog 
7. Data was normalized with the results from natural SAM cofactor.   
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APPENDIX II 

 

Time course of methylation catalyzed by DNMT3AC 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Linearity of the DNA methylation as a function of time in the absence 
of 1. (A) SAM (0 μM), (B) SAM (2.5 μM), (C) SAM (5.0 μM), (D) SAM (10 μM), (E) 
SAM (20 μM), (F) SAM (40 μM). 

A                                                                   B 

C                                                                   D 

E                                                                  F 
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Figure S3. Linearity of the DNA methylation as a function of time in the presence 
of 1 (25 μM). (A) SAM (0 μM), (B) SAM (2.5 μM), (C) SAM (5.0 μM), (D) SAM (10 
μM), (E) SAM (20 μM), (F) SAM (40 μM). 

 

A                                                                   B 

C                                                                   D 

E                                                                   F 
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Figure S4. Linearity of the DNA methylation as a function of time in the presence 
of 1 (50 μM). (A) SAM (0 μM), (B) SAM (2.5 μM), (C) SAM (5.0 μM), (D) SAM (10 
μM), (E) SAM (20 μM), (F) SAM (40 μM). 

 

A                                                                   B 

C                                                                   D 

E                                                                   F 
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Figure S5. Linearity of the DNA methylation as a function of time in the presence 
of 1 (75 μM). (A) SAM (0 μM), (B) SAM (2.5 μM), (C) SAM (5.0 μM), (D) SAM (10 
μM), (E) SAM (20 μM), (F) SAM (40 μM). 

A                                                                   B 

C                                                                   D 

E                                                                   F 
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