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ABSTRACT 

 

BIOCHEMICAL EVALUATION OF N-MUSTARD ANALOGS OF S-ADENOSYL-

L-METHIONINE IN PROTEIN SYSTEMS 

 

Sarah Jo Hymbaugh Bergman 

 

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

Professor of Chemistry 

 

Protein methylation is a key post-translational modification that occurs on both 

histone and non-histone proteins, as it regulates diverse cellular processes including gene 

expression and chromatin remodeling. Recent research efforts have placed major 

emphasis on deducing the role of protein methylation in cancer, neural disorders, and viral 

resistance. Therefore, the development of highly functional techniques to study 

methylation events would have significant value in this field. Current techniques to study 

methylation often result in a poor understanding of the event itself by the lack of function 

afforded by methyl groups. Herein, we report the examination of novel N-mustard analogs 

of S-adenosyl-L-methionine (SAM) as biochemical probes of protein methylation. 

Designed to mimic the basic structure of SAM, the methylsulfonium has been replaced 

with an N-mustard moiety, a highly reactive target for covalent labeling.  Each analog 

examined is equipped with either an azide or alkyne functionality to permit the 

incorporation of an affinity tag using bioorthogonal ligation techniques.  

N-mustard analogs were tested in various protein methyltransferase systems, 

including protein arginine methyltranserferase I (PRMT1), N-terminal methyltransferase I 

(NRMT1), and decrease in DNA methylation 5 (DIM5). Using these enzymes, we 
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performed methyltransferase reactions with model peptide and protein substrates to 

determine utility and limitations of the analogs. Following analysis by mass spectrometry 

using the LTQ Orbitrap XL, the highest conversion occurred with NRMT1 and modification 

by PRMT1-catalysis was limited by the location and bulk of the azide and alkyne 

substitutions within the enzyme active site. No catalysis was evident for DIM5 and 

attributed to the high pH necessary for DIM5 activity quickly inactivating the N-mustard 

moiety. 

Additionally, to examine analog utility beyond modification, the alkyne- and azide-

functionalities were subjected to ligation chemistries, including the copper-catalyzed click 

reaction (CuAAC) and the Staudinger ligation, to functionalized-biotin. It has been 

substantiated that these analogs are enzymatically transferred to the peptide substrates 

and their functional groups are able to undergo further chemistry. Only the CuAAC ligation 

could be confirmed with modified-protein. This ligation was further exploited in streptavidin 

pull-down assays, which allowed for isolation of biotinylated-protein from a mixture of 

proteins. These results show that this library of N-mustard SAM analogs exhibit great 

potential as biochemical tools to label protein methyltransferase substrates and serve as 

a novel method to intimately study protein methylation events.  
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CHAPTER 1 

 

INTRODUCTION 

 

(Numbering schemes for structures throughout this dissertation are altered based on their 

chronological appearance in each chapter.) 

 

1.1. Biological Methylation 

Biological methylation is known to play a key role in many cellular processes. 

Methylation can occur on proteins, nucleic acids, polysaccharides, lipids, and other small 

molecules (1). Although methylation only affords a relatively small change in the structure 

of any substrate, these modifications are responsible for the fate of cellular development, 

acting as a beacon for transcription factors, enzymes, and other molecules; leading to the 

regulation of gene expression, chromatin remodeling, and RNA processing, for example 

(2-4).  

 

1.2. Protein Methylation 

The functional diversity of proteins can be achieved by a collection of different post-

translational modifications (PTMs). Phosphorylation and acetylation are well-studied in the 

field of PTMs, however, a lot is still unknown about protein methylation (2). Proteins can 

be methylated on prolines, histidines, or the side-chain nitrogens of arginine and lysine 

residues, as well as on the carboxy termini (5, 6). Unlike phosphorylation and acetylation, 

methylation of proteins does not affect the charge of the protein. Instead, it alters the 

functional response of the protein by adding steric bulk and hydrophobicity, and disrupts 

hydrogen bonding interactions (7, 8).  
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Methylation occurs when the methyl group of S-adenosyl-L-methionine (SAM), 1 

(Figure 1.1), is enzymatically transferred by a methyltransferase to a protein substrate (1, 

6). This methyl transfer results in the release of S-adenosyl-L-homocysteine (SAH) and 

can occur to varying degrees depending on the enzyme responsible for transfer (3). 

Residues can be either mono-, di-, or tri-methylated, and, on arginine side-chains, this can 

occur both symmetrically or asymmetrically. This variability gives protein methylation a lot 

of dimension and creates a lot of room for error. Crosstalk among other PTMs and these 

varied methylation states are responsible for cell fate and can lead to normal cellular 

function or impaired cellular physiology (4, 7, 9).  

 

 

 
 

Most recent research focuses on the occurrences of methylation on arginine and 

lysine residues on the histone tails of chromatin. These modifications have been 

implicated as playing a major role in regulating chromatin structure and transcription (7). 

Methylation patterns of histones do not solely dictate the fate of chromatin, but instead 

work cooperatively with other PTMs to facilitate or inhibit chromatin function and 

development.  

 

 

 

Figure 1.1. Structure of SAM, 1, the innate methyl donor. 
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1.2.1. Protein Arginine Methyltransferases  

Arginine is unique amongst the 20 natural amino acids, as the guanidine group 

contains five hydrogen bond donors able to interact with complementary hydrogen bond 

acceptors, such as other proteins side chains (10). Protein arginine methyltransferases 

(PRMTs), which are responsible for methylating arginine, are divided into two subfamilies, 

type I and type II. Both type I and type II PRMTs generate monomethylarginines, however, 

they are distinct in the second round of methylation; type I generates asymmetric 

dimethylarginine, whereas type II generates symmetric dimethylarginine (Figure 1.2) (2, 

7). Each methyl group removes a hydrogen bond donor, ultimately requiring adjustment 

of binding interactions and function with other proteins (10). There are six known PRMTs 

classified as type I and two as type II. Each PRMT contains a highly conserved catalytic 

core, but differ greatly at their terminal regions, lending to differences in substrate 

specificity (Figure 1.3) (11). Most PRMTs methylate arginine residues contained within 

glycine- and arginine-rich (GAR) motifs, except PRMT4, which methylates non-GAR 

sequences, and PRMT5, which methylates both GAR and non-GAR sequences (2, 10, 

12).  
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Figure 1.2. Methylation of arginine residues by PRMTs. Monomethylarginine can 

form with both type I and type II PRMTs, however, type I PRMTs may continue to 

form asymmetric dimethylarginine, whereas type II PRMTs form symmetric 

dimethylarginine. 
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It has long been assumed that arginine methylation was an irreversible mark on 

proteins, as there was no evidence otherwise. In the past decade, research has led to the 

discovery of enzymes that catalyze methyl removal from arginine. The first report 

described a Jumonji domain-containing protein (JMJD6) that demethylates arginine-2 on 

histone H3 (H3R2) and arginine-3 on histone H4 (H4R3) (13). This enzyme was shown to 

remove a single methyl group from both asymmetric and symmetric dimethyl arginines. 

Another family of enzymes, peptidylarginine deiminases (PADS) have been shown to 

catalyze the conversion of monomethylated arginine to citruline by deimination (14). PADs 

hydrolyze the guanidinium side chain of an arginine residue, releasing methylamine. 

Although this does not directly reverse methylation, these discoveries further illuminate 

the events still unknown in arginine methylation.  

 

 

 

Figure 1.3. Schematic representation of conserved sequences across five 

mammalian PRMTs. The core sequence is highly conserved, whereas the tail regions 

are less conserved, lending to differences in substrate specificity.  
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1.2.2. Protein Lysine Methyltransferases 

Different from arginine residues, the terminal amine of lysine can be mono-, di-, or 

tri-methylated by lysine methyltransferases (KMTs) (Figure 1.4) (15, 16). KMTs are divided 

into two subfamilies, those containing a conserved Su(var)3-9, Enhancer of Zeste, 

Trithorax (SET) domain, and those lacking a SET-domain (15-17). SET-domain containing 

KMTs consist of a three-region catalytic domain (15, 18). These regions are folded into a 

β-sheet knot-like structure with four conserved motifs: GXG, YXG, NHXCXPN, and 

ELXFDY. The knot forms a methyl-transfer channel filled with a network of aromatic 

residues and hydrogen bonds which control the ability of SET-domain KMTs to transfer a 

specific number of methyl groups to its substrates. The non-SET domain KMTs consist of 

a seven β-sheet catalytic domain which contains a Rossman fold around the central β-

sheet. This central region contains a series of conserved, catalytic motifs: hhXhD/E, 

XDAX, and PXVN/DXXLIXL (where h is a hydrophobic residue). Methylation of lysine does 

not alter the charge of the residues, therefore any down-stream effects, like arginine 

methylation, are caused by non-electrostatic recruiting such as hydrophobic interactions 

(15). Lysine methylation was also thought to be irreversible until 2004 when it was 

discovered that nuclear amine oxidase homolog lysine-specific demethylase 1 (LSD1) 

functions as an H3K4 demethylase (19). This discovery was shortly followed by the JmjC 

domain-containing protein JHDM1 that demethylates H3K36 (20).  

 

 

 
 
 
 
 

Figure 1.4. Methylation of lysine residues by KMTs. Lysine residues can be mono-, 

di-, or tri-methylated by lysine methyltransferses. 
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1.3. Protein Methylation and Disease 

Epigenetics has become a significant focus of research in recent years as changes 

to DNA and protein methylation patterns have been linked to many diseases (8). Disease 

states have not only been associated with hypermethylation of proteins, but with 

hypomethylation and aberrant methylation as well (2, 21). This is not surprising as the 

importance of protein methylation in the maintenance of cellular machinery has been 

thoroughly recognized (4, 9, 22).  

PRMT1, a type I PRMT, and SUV39, of the SET-domain containing subfamily, 

have been found to be responsible for most mammalian histone methylation (7, 16, 23). 

Although histone methylation has been extensively studied for its involvement in 

epigenetic regulation of chromatin, non-histone proteins have recently been discovered to 

be regulated by methylation also; most notably, methylation of the frequently mutated 

tumor suppressor gene p53.  

 

1.3.1. Lysine Methylation and Disease 

Regulation of lysine methylation has shown to be critical for not only gene 

regulation, but also neural development, cognitive function, and cancer evasion. The 

Mixed-Lineage Leukemia (MLL1) enzyme, also known as histone-lysine N-

methyltransferase 2A (KMT2A) has been linked to a number of leukemias (24, 25). 

MLL1/KMT2A trimethylates lysine 4 on histone H3 (H3K4me3) and is important for gene 

activation. In cases of acute myeloid leukemia (AML), MLL1 is rearranged to include a 

duplicated 3’-end of the gene that retains the methyltransferase activity, forming the MLL-

partial tandem duplication (MLL-PTD) protein. Overexpression of MLL-PTD induces 

H3K4me3 at the HoxA locus, leading to overexpression of HoxA, a common feature of 

leukemias.  
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Interestingly, MLL1/KMT2A is also implicated in the onset of schizophrenia (25). 

Patients with schizophrenia exhibit a loss of H3K4me3 in the prefrontal cortex and reduced 

expression of GAD1, which is required for GABA synthesis. Experiments with 

MLL1/KMT2A deficient mice exhibited reduced H3K4me3 at the GAD1 promoter and 

decreased GAD1 expression. These findings implicate misregulation of MLL1/KMT2A and 

H3K4me3 as factors in schizophrenia.  

 

1.3.2. Arginine Methylation and Disease 

 Arginine methylation has also been implicated in a large number of diseases, as a 

strong correlation has been found between levels of arginine methylation and multiple 

sclerosis and spinal muscular atrophy (2). Coactivator-associated arginine 

methyltransferase (CARM1/PRMT4) expression has also been shown in elevated levels 

in prostate carcinoma, with increasing levels detected throughout the progression of the 

carcinoma (26). 

 A more direct link has been made between a transactivator protein (TAT) encoded 

for by human immunodeficiency virus type I (HIV-I) (27). TAT is very important to HIV 

replication as it dramatically increases gene transcription efficiency by binding to the TAT 

transactivation response region which, through a cascade of events, stimulates the 

elongation efficiency of RNA polymerase II. TAT is methylated in the arginine-rich 

transactivating motif by PRMT6. Studies show that arginine methylation diminishes the 

transactivation capacity of TAT, and down regulation of PRMT6 leads to an increased 

production of the viral protein.  
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1.4. Current Methods of Detection 

 Given the many consequences of methylation, progressing methods of studying 

these events has gained notoriety in research. Identifying substrates of 

methyltransferases has proven difficult, as the addition of the small, chemically inert 

methyl group does not offer any inherent feature to facilitate identification.  

 Incorporation of measureable entities, such as radioactive [3H]-methyl or a 

conjugated substituent, capable of UV detection, have been used; however, these 

techniques are very laborious, requiring multiple stages of purification prior to analysis (15, 

28). More recent efforts have utilized chromatin immunoprecipitation (ChIP) technologies 

to study methylated histones and their associations with DNA (29). ChIP arrays have 

gained utility in studying histone methylation, however fall short with the need for target-

specific antibodies, thus eliminating any unknown substrates from being studied.  

Scientists have successfully been able to identify sites of methylation in vivo by 

utilizing stable isotope labeling by amino acids in cell culture (SILAC) techniques to 

incorporate labeled methionine (5). Using mass spectrometry for analysis, this technique 

has proven to greatly enhance the ability to identify and quantify protein methylation sites. 

The study of PTMs has progressed greatly with advances in mass spectrometry 

technologies (3, 29). Using tandem mass spectrometry, fragmentation of modified proteins 

can both identify the modified substrate as well as locate the position of the modification 

itself. This eliminates the need for prior substrate knowledge. Although this method is very 

useful, purified samples are needed due to the high sensitivity of modern mass 

spectrometers, making analysis difficult in more complex systems. Also, prior digestion 

using endoproteinases limits the identification to fragments significant enough in size to 

be detected.  
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1.5. A Novel Approach to Studying Protein Methylation 

Analyzing sites of methylation has thus far been limited to methods explicit to target 

substrates. Recent advances in developing new methodologies to identify protein 

methylation indicate that analogs of the biological methyl donor, SAM, functionalized at 

either a sulfur or selenium center can label substrates in an enzyme-dependent fashion 

(30-33). The alkyne moiety of alkyne-functionalized SAM, 2, and alkynylated Se-adenosyl-

L-selenomethionine, 3, can be transferred to protein substrates by protein 

methyltransferases and allow for subsequent labelling of the alkyne-moiety (Figure 1.5). 

These models utilize the same mechanism of transfer as 1, minimally changing the 

substrate which is beneficial for analysis.  Although successful transfer does occur, the 

success of these types of analogs typically require engineering the SAM binding pocket 

of the protein methyltransferase to accommodate additional functionality (30-32).  

 

 

 

 

 

Figure 1.5. Functionalized sulfonium, 2, and selenium, 3, SAM analogs. The alkyne 

moiety of each analog can be enzymatically transferred to protein substrates. Although 

transfer occurs, most studies utilize engineered enzymes to accommodate the bulky 

alkyne.  
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The need for a more general approach of detecting sites of protein methylation 

which utilize native cellular methyltransferases led to the development of nitrogen-based 

cofactor mimics of SAM. Weinhold et al synthesized the first generation of analogs 

containing an aziridine ring, 4 (Figure 1.6A), instead of the methyl-sulfonium found in 1 

(34) . These aziridine analogs were also synthesized with a fluorophore or biotin covalently 

bound at the C8-position of the adenosine base to aid in detection (Figure 1.6A, 5 and 6) 

(35, 36). Using bacterial methyltransferases M.TaqI and M.HhaI, Weinhold was able to 

show successful transfer of 4-6 to DNA (34-36). Specifically, modification occurred from 

the ring-opening of the aziridine to form the alkylated-DNA complex (Figure 1.6B). 

Although these derivatives were able to modify DNA, any utility beyond DNA was limited 

due to the bulky nature of the fluorophore and biotin.   

 

 

Figure 1.6. Aziridine-based analogs of SAM (A) were reported to be enzymatically 

transferred to DNA substrates by M.TaqI (B). 
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The reactive nature of the aziridine ring and its ability to be recognized by DNA 

methyltransferases created a great model for future analogs. Building upon N-adenosyl-

aziridine 4, Rajski et al synthesized derivatives incorporating a handle, capable of 

undergoing ligation to a fluorophore or other chemical entity that would be useful in 

subsequent studies (Figure 1.7) (37-39). By omitting the bulky fluorophore from initial 

synthesis, these analogs were anticipated to be more universal and be utilized by a variety 

of methyltransferases. Reactions with M.TaqI, M.EcoRI, and M.HhaI were successful, 

however, synthesis was inefficient and reactions required high concentrations of analog 

for modification to occur, making them less ideal for biological systems, as they would not 

be able to out-compete native SAM (38-40).   

 

 

 

 

It was hypothesized that the concentration requirements were a result of poor 

analog recognition by the enzyme and a new analog was synthesized that incorporated 

an amino acid moiety, 9, which more closely resembled the structure of SAM (Figure 1.8) 

(41, 42). This new analog also contained an N-mustard moiety, which introduced cation-

𝜋 interactions between cofactor and methyltransferase, a trademark of SAM-

methyltransferase complexes (42). The retention of key structural components of SAM is 

essential for obtaining cofactor mimics which exploit the natural mechanism by which 

Figure 1.7. Structure of functionalized N-adenosyl-aziridines.  
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biological substrates are methylated, while containing an N-mustard reactive functionality 

for effective substrate labeling. Specifically, the N-2-iodoethyl functionality found in 9 forms 

a highly reactive aziridinium ring at physiological pH upon intramolecular elimination of the 

iodine. This positively charged, highly strained ring, is targeted to the substrate 

nucleophilic residue via the methyltransferase, initiating ring-opening and subsequent 

covalent modification (Figure 1.8) (43).    

 

 

 

 

It was reported that using the same DNA methyltransferase systems as previously 

described (M.TaqI, M.EcoRI, and M.HhaI), N-mustard analog 9 was successfully 

transferred to DNA (41). Not only was transfer successful, when compared to the 

efficiency of previously synthesized aziridine-based analogs, N-mustard reactions 

required a significantly lower analog concentration to be effective. This supports the 

hypothesis that the amino acid moiety is important for methyltransferase recognition. By 

generating a molecule characteristic of SAM, with the reactivity afforded by the N-mustard 

moiety, it was hypothesized that they will be recognized by native methyltransferases. 

However, modifying substrates with 9 does not offer any additional utility to study these 

targets. Covalently bound azide- and alkyne-groups would allow for subsequent 

Figure 1.8. N-mustard activation of 9 at physiological pH. N-mustard analogs form an 

aziridinium intermediate at physiological pH which can be subsequently ring-opened 

by a nucleophile.  
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chemoselective ligations that may be used to append an affinity tag or fluorophore. This 

tagging strategy will both permit visualization of the modified substrate and allow for its 

isolation and identification from complex, cellular environments (Figure 1.9).  

 

 

 

 

Recently, analogs have been synthesized containing chemical functionalities that 

would afford greater utility of 9 once modification has occurred. Analogs 10-17 were 

synthesized with either an alkyne- or azide-moiety substituted at the N6- or C8-positions 

of the adenine base of 9 (Figure 1.10) (41, 44-46). Experiments, testing the utility of 10-

17, were conducted with M.TaqI and M.HhaI and pUC19 DNA substrate. Each analog was 

Figure 1.9. Hypothesized model for use of N-mustard analogs of SAM. Using the 

innate mechanisms of protein methyltransferases, N-mustard analogs are designed for 

complete transfer to protein substrates. An additional functionality would allow for 

subsequent ligation to an affinity tag or fluorophore, which could then be used to isolate 

and enrich targets of methylation.  



15 
 

shown to be transferred to pUC19 DNA (44-46). To prove the value of the alkyne- and 

azide-moieties, 10- and 11-modified DNA products were subjected to copper-catalyzed 

click chemistry (CuAAC) with Oregon-green alkyne and Oregon-green azide, respectively 

(45). CuAAC products were visualized by fluorescence imaging and show successful 

ligation of Oregon green to each respective modified-DNA product.  

 

 

 

 

1.6. Goals for Doctoral Research 

 The overall goal of this research is to examine the utility of these novel N-mustard 

analogs in protein systems. Basic structural features of 1 were maintained, therefore 

experiments could be designed mimicking native methyltransferase conditions. 

Successful enzymatic transfer to protein substrates would validate recognition of N-

mustard analogs by protein methyltransferases. However, critical to proof of their 

Figure 1.10. N-mustard analogs functionalized at the C8- and N6-positions. 
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significance is subsequent chemical ligation to probes and isolation from complex cellular 

environments.  To achieve these goals, studies were designed to utilize native 

methyltransferase systems to modify various substrates and allow for subsequent 

chemoselective ligation to functional moieties. The following chapters describe protein 

modification studies employing biochemical methods, in combination with bioanalytical 

techniques, to address the validity of these analogs in biological systems.  
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CHAPTER 2 

 

PROBING PEPTIDE METHYLATION USING A MODEL SYSTEM 

The work contained in this chapter was originally published in Bioorganic & 

Medicinal Chemistry in 2015. All experiments and data in this manuscript, including figures 

and schemes, were performed and compiled by Sarah Hymbaugh Bergman (with the 

exception of Figures 2.25 and 2.26, which were completed by Nichanun Sirasunthorn) and 

edited by Professor Lindsay Comstock before submission to the journal. To maintain 

consistency throughout this dissertation, some content and formatting has been altered to 

adhere to formatting guidelines.  

 

2.1 The PRMT1/Histone H4 Model System 

About 99% of the human genome exists as nucleosomes (8, 47). Nucleosomes 

are made up of ~146 base pairs of DNA wrapped around an octamer of histone proteins. 

The majority of the histones are packed tightly into the nucleosome core, however, the N-

terminal tails of each histone protrudes out of this core, making them highly susceptible to 

modification (Figure 2.1). Histone tails are subjected to several modifications including any 

combination of acetylation, phosphorylation, ubiquitination, and methylation (48).  

These post translational modifications (PTMs) can alter chromatin conformation 

and regulate gene expression (2, 12, 22). Each combination of modifications results in 

very distinct chromatin functions. It is known that histones, particularly H3 and H4 are 

methylated at a number of lysine and arginine residues. Lysine methylation of histones 

has been well documented, whereas arginine methylation is a less explored area of study, 

with a few identified arginine methyltransferases whose activities are still unknown.  
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Protein arginine methylation is facilitated by a family of enzymes known as Protein 

Arginine Methyltransferases (PRMTs) (12). PRMTs have been shown to be involved in 

the regulation of many biological processes such as DNA transcription and repair, RNA 

processing, and cell differentiation (2, 3, 49). 

There have been ten PRMTs identified to date, all containing similar sets of four 

conserved sequence motifs and a THW loop (12). These conserved sequences 

correspond to a similarity in protein function, but not similar targets. Consisting of two 

classes, both type I and type II PRMTs catalyze the formation of mono-methyl arginine 

intermediates using native cofactor SAM (Figure 2.2). Type I can continue on to form an 

asymmetric dimethylarginine, and type II generates a symmetric dimethylarginine. PRMT1 

is the most predominant type I PRMT in mammalian cells, accounting for 85% of cellular 

Figure 2.1. Schematic representation of nucleosome components and assembly. 
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PRMT activity (50). PRMT1 methylates histone H4 at arginine 3, but also methylates non-

histone substrates such as a number of hnRNP molecules. Due to the prevalence of 

PRMT1 in mammalian cells and its versatility to modify both histone and non-histone 

protein targets, it was chosen, in concert with its most well-defined target, histone H4, as 

the model peptide system for testing the utility of N-mustard SAM analogs.  

 

 

 

 
2.2. Visualizing Peptide by uHPLC-ESI MS 

In recent years, mass spectrometry (MS) has become the gold standard for 

studying post-translational modifications of proteins (51, 52). A measure of the mass to 

charge ratio (m/z) of ions in the gas phase can be achieved by matrix assisted laser 

desorption ionization (MALDI) or electrospray ionization (ESI). Work by Tanesha Osborne 

et al (University of South Carolina) confirmed the ability of a previously synthesized 

unsubstituted N-mustard SAM analog (Figure 2.3), 2, to be transferred to the AcH4-21 

peptide (residues 1-21 of histone H4 acetylated at the N-terminus) (Figure 2.4) by PRMT1, 

and verified modification by MALDI-TOF (time of flight) mass spectrometry (53). MALDI is 

an excellent tool for analyzing peptides. Multiply charged ions are not very stable and do 

not survive the laser ionization, therefore products are seen over a small range of charge 

states, normally [M+1H]1+ and [M+2H]2+, simplifying identification of peptide species (51, 

Figure 2.2. Structure of SAM, 1, the innate methyl donor. 
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54). However, [M+1H]1+ ions do not respond well to fragmentation, making it difficult to 

study PTMs and perform sequencing.  

 

 

 
 
 
 

 

 

 

ESI MS is an equally powerful tool for proteomic studies. ESI MS can be coupled 

to an ultra-high performance liquid chromatography (uHPLC) system, making 

chromatographic separations possible. ESI MS produces ions in a greater range of charge 

states, compared to MALDI, making analysis more tedious and product identification more 

difficult (51, 54, 55). However, the increased charge states are better suited for tandem 

mass spectrometry applications, such as PTM analysis.  

Initial procedures were carried out to ensure that the AcH4-21 peptide used by 

Osborne et al could be visualized on the LTQ Orbitrap XL™ (Thermo Fisher Scientific) 

available in-house (53). Tune methods were optimized that allowed for ionization of the 

AcH4-21 peptide with high sensitivity and resolution from buffer components using a C18-

Figure 2.3. Unsubstituted N-mustard analog of SAM, 2. 

Figure 2.4. Sequence of AcH4-21 peptide with the PRMT1-modified arginine residue 

highlighted in red. 
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reverse phase uHPLC column; the accepted standard for peptide separation. Reaction 

products were separated by injecting 10 µL of a 10 mM sample onto a uHPLC system 

(Thermo Scientific Accela Open UPLC) using a Thermo Fisher Scientific Hypersil Gold 

C18 column. An initial gradient system of 0.1% formic acid (FA) in ddH2O (solvent A) and 

0.1% FA in methanol (solvent B) was utilized at a flow rate of 0.2 mL min-1. The gradient 

for the separation went as follows: 0 min 5% B, linear increase to 95% B over 10 min, 

return to 5% B and held for an additional 10 min (total run time 20 min). The uHPLC system 

was coupled to an LTQ Orbitrap XL mass spectrometer with an ESI source operated in 

positive ionization mode.  

Due to the hydrophilic nature of AcH4-21, analysis by LC-ESI MS was difficult, as 

the peptide did not adhere well to C18 and ion suppression was evident due to buffer 

components failing to resolve from peptide (Figure 2.5; black). In an attempt to enhance 

peptide ionization and signal detection, various ionization parameters were optimized. 

First, the probe position was adjusted with best results obtained at position C (vertical), 5 

(horizontal), and 0.75 µm (axial). Next, the “auto tune” option was utilized to obtain optimal 

voltages and temperatures, which were determined as follows: capillary temperature 

300°C, source voltage 4 kV, source current 100 µA, capillary voltage 40 V, and tube lens 

120 V. Lastly, the “semi-auto tune” function was utilized to optimize the gas flow conditions 

needed to nebulize the desolvated sample, without destruction. A high sheath gas flow of 

72 was found to be sufficient without the assistance of auxillary or sweep gases; no 

discernable affects were seen with the addition of these gases.  Scans used for analysis 

were performed by a Fourier transform mass spectrometer (FTMS) operating in full scan 

mode with a resolution of 30,000 and positive polarity.  
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2.2.1. Selection of a Polar Mobile Phase 

     Once the peptide was observed on the mass spectrometer, more effort was placed on 

selecting a mobile phase solvent that would enhance the chromatography and resolution 

of the AcH4-21 peptide. Although the peptide was detected using methanol in the gradient, 

the resolution of peptide from the column void suffered. A switch to acetonitrile (ACN) was 

made in order to increase separation from the column flow-through and lower the noise 

seen on the spectrum. ACN offers many benefits when methanol is not suitable; 

acetonitrile has a lower viscosity, which leads to a more consistent flow rate, less pressure 

on the column, and better peak shape. Literature also indicates that ACN increases the 

ionization efficiency in ESI (56). ACN proved to be a better organic modifier for this system, 

as it did decrease the noise seen on the spectrum, even with decreased resolution from 

column void (Figure 2.5; red).  
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2.2.2. Additives 

Next, additive composition was explored. Trifluoroacetic acid (TFA) is the most 

common additive used for peptide separation. However, TFA is not compatible with ESI 

MS, as it suppresses ionization signal by ion-pairing and can impregnate the PEEK tubing. 

Therefore, FA is the most common additive for this type of analysis. With a buffering region 

Figure 2.5. ESI MS Total Ion Current (TIC) chromatograms for ESI LC-MS 

optimization. Peptide elution was optimized by altering buffer, gradient, and charge 

conditions (peptide elution is noted by double-headed red arrows). Organic solvent was 

changed from methanol (black) to ACN (red). FA was determined as the best modifier, 

the chromatography with AF (green) and the combination of FA and AF (blue) suffered 

greatly. Increasing the starting gradient to 2% ACN allowed for greater resolution of 

peptide from solvent front (yellow) and the capping of lysine residues increased the 

retention time of the peptide immensely (purple).  
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around 2.7, this low pH is favorable when using silica columns as the solubility of silica 

increases at pH >8. Although the hypersil gold column is endcapped and of high purity, 

any residual silanol groups need to remain protonated to avoid unwanted adsorption to 

the compound of interest. 0.1% FA proved to be a very reliable mobile phase additive. 

Although the separation from other buffer components was hardly seen, it was attributed 

more to the extensive charge of the peptide itself more so than the mobile phase 

composition. The AcH4-21 peptide is eluted with a consistent retention time (TR=0.5-0.8 

min) and with enough purity to be distinguished from other sample components.  

In an effort to increase the retention time of the peptide, ammonium formate (AF) 

as an additive was tested in place of FA. AF has a buffer range of pH 2.7-4.7, maintaining 

a lower pH in the system. In literature, 0.1% AF is shown to have both a supportive and 

destructive effect on peptide ionization (57). It is suspected that because of the high 

number of positively charged lysine and arginine residues on AcH4-21 peptide, the latter 

would be true. Major signal suppression was seen and most likely attributed to the ability 

of AF to ion-pair with these residues. Even with the signal suppression, using mass 

extraction, peptide was found “bleeding” off the column beginning at an increased 

retention time (TR=2.89 min) (Figure 2.5; green).  

  It was curious that signal intensity was best with the addition of FA, however, 

retention was better with the addition of AF. The most logical next step seemed to be to 

combine the two systems. Although literature indicates this to be a successful option for 

some peptides, the signal suppression of the AF overpowered any benefits the FA might 

be contributing (Figure 2.5; blue) (57). It was determined that due to the amount of ion 

suppression that was occurring and the extended elution times, maintaining signal 

sensitivity over increased retention times was more important.  
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2.2.3. Gradient  

Separation of the peptide from the column flow-through was difficult to achieve and 

therefore prompted modification of the gradient to introduce a more polar mobile phase 

initially in an effort to elute the more polar buffer components through the column faster. 

The new gradient utilizing 0.1% FA in ddH2O (solvent A) and 0.1% FA in acetonitrile 

(solvent B), at a flow rate of 0.2 mL min-1, was as follows: 0 min 2% B, linear increase to 

98% B over 10 min, return to 2% B and held for an additional 10 min (total run time 20 

min).  While this modification did slightly improve retention of the peptide, it decreased the 

peptide intensity (slightly broader elution) when compared to the flow-through (Figure 2.5; 

yellow). This new gradient was maintained anticipating future analysis of modified 

peptides would benefit from this slight polarity change as well.  

 

2.2.4. Capping 

Capping is a process in which lysine residues are chemically modified by an acetyl 

group. This technique is popular in peptide MS/MS sequencing as it allows for the number 

of lysine residues to be determined by a shift in mass post-capping (58). For the purpose 

of this research, capping of the five lysine residues on the AcH4-21 peptide would reduce 

the charge of the peptide significantly, allowing for greater association with the C18 

column and a reduction in the number of possible charge states. Increased charge states 

divides the intensities of any given charge species, which makes accumulating enough 

detectable ions difficult.  The AcH4-21 peptide contains three arginine residues and five 

lysine residues, making an [M+1H]1+ through [M+8H]8+ charge state possible. Using 

standard procedures found in literature with acetic anhydride, experiments were 

completed to acetylate the AcH4-21 peptide and analyzed on the Orbitrap (59). Capping 

of lysine residues proved to be a very beneficial process, as the retention time of the 

peptide increased from 0.5 min to 2.98 min (Figure 2.5; purple). Not only did the retention 
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time increase, but the charge states were limited to an [M+2H]2+, [M+3H]3+, or [M+4H]4+ 

(Figure 2.6), as opposed to the [M+3H]3+, [M+4H]4+, [M+5H]5+, and [M+6H]6+ seen for 

uncapped peptide (Figure 2.7).  

 

2.3. Modifying AcH4-21 Peptide with Unsubstituted Analog 

As previously stated, Osborne et al (University of South Carolina) confirmed the 

ability of unsubstituted N-mustard SAM analog 2 to be transferred to the AcH4-21 peptide 

by PRMT1 (53). Additionally, histone H4 R3K mutants were used to verify that H4R3 is 

the location of modification and that analog modification is occurring enzymatically. 

Reactions using the same system and analog were repeated alongside additional control 

reactions with 1 (Figures 2.8 and 2.9, respectively). Reactions were analyzed by Orbitrap 

mass spectrometry and peptide products were seen with minimal separation from the 

column void. Therefore, the capped peptides were used. Although the acetylation of AcH4-

21 did increase its retention on the C18 column, the close vicinity of the lysine residues to 

H4R3 interfered with the enzymatic reaction, as no modifications with 1 or 2 were 

observed. Efforts were made to reduce interference by performing the methyltransferase 

reactions prior to capping, however, no modified peptide product could be seen by mass 

spectrometry. It was determined that even with reduced resolution, the native form of 

AcH4-21 would be the most viable option for future experiments. Despite the success of 

analog transfer in the model system, the lack of any additional functional groups limited 

the information that could be gained from this work beyond confirming modification.  
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Figure 2.6. LC-ESI MS of capped AcH4-21 peptide. Five lysine residues of the AcH4-

21 were capped with acetic anhydride. Product peaks are denoted by a diamond (A) 

and agree with expected masses in the most abundant charge states.  
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Figure 2.7. LC-ESI MS of AcH4-21 peptide. Peptide peaks are denoted by an asterisk 

(*) and agree with expected masses in the most abundant charge states.  
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Figure 2.8. LC-ESI MS of AcH4-21 peptide modified with 2. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified peptide and 

denoted by an asterisk (*). 
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Figure 2.9. LC-ESI MS of AcH4-21 peptide modified with 1. Product peaks are denoted 

by a diamond (A) and agree with expected masses in the most abundant charge 

states.  
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2.4. Purification Strategies  

Unfortunately, the added functionality afforded by 2 did not improve interaction with 

the column. Similar to the AcH4-21 peptide, the analog-modified peptide did not resolve 

well from the buffer components in the column flow-through. The removal of excess analog 

would also aid in ligation chemistries to be completed post-modification. Numerous 

purification strategies were explored to remove buffer and excess analog.  

 

2.4.1. Zip Tip 

A C18 Zip Tip (EMD Millipore) is a 10 µL pipette tip with a bed of C18 media fixed 

at the end. It is commonly used for desalting and purifying peptides and small proteins 

prior to analysis. The AcH4-21 peptide would ideally bind to the C18 column and maintain 

stationary while the other components are easily washed away, allowing for the bound 

peptide to be eluted with ACN and analyzed directly by mass spectrometry. Model studies 

to elute AcH4-21 peptide using standard procedures proved to be very difficult. Based on 

the lack of binding to the C18 column on the uHPLC, it would be expected that the peptide 

would elute with the initial wash, however, no elution was accomplished most likely be 

attributed to the high charge of the peptide having non-specific interactions with the resin 

material.  

The Strong-Cation Exchange Zip Tip (SCX; EMD Millipore) is a similar technique, 

but utilizes an SCX resin which is ideal for a highly charged peptide. An added benefit is 

that these tips also remove zwitterionic detergents and glycerol from the sample which 

would benefit mass spectrometry analysis. Although standard protocol describes peptide 

elution using an ammonium hydroxide and methanol mixture, similar observations for the 

C18 Zip Tip were observed, as the highly-charged peptide was very difficult to elute. Due 

to the failed attempts at eluting peptide, it was determined that analysis would be 

completed without prior purification.  
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2.5. Modifying AcH4-21 Peptide with C8-Substituted Analogs 

Once transfer of 1 and 2 to AcH4-21 peptide was established, C8-substituted 

analogs 3-5 (Figure 2.10) were evaluated. These analogs offer the additional value of 

having a functionality beyond the N-mustard moiety with azide or alkyne substitutions at 

the C8-position on the adenine base.  

 

 

 

 

Initial reactions using the enzyme reaction conditions established by Osborne et al 

showed that 5 was successfully transferred to the AcH4-21 peptide in low relative 

abundance compared to the remaining unmodified peptide (Figure 2.11; black and red), 

whereas alkyl analogs 3 and 4 generated no detectable product by mass spectrometry 

(53). Although it was hypothesized that the bulkier nature of 3 and 4, may have restricted 

binding within the PRMT1 active site, greater suspicions were of the reaction buffer 

(HEPES pH 8.0, NaCl, EDTA, and dithiothreitol, DTT) and alternative component 

concentrations were examined. It was previously established that 5 acts as a bisubstrate 

inhibitor, limiting enzyme catalysis to one product and there is literature precedence for 

DTT-diminished methyltransferase activity in single-turnover reactions (53, 60). Therefore, 

it was determined that the PRMT1 storage buffer contained a sufficient concentration of 

Figure 2.10. N-Mustard analogs functionalized at the C8-position. 
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DTT (0.1 mM final) to maintain PRMT1 in its active conformation, thus allowing for its 

omission from the reaction buffer. Experiments with analogs 3-5 were repeated using the 

DTT-deficient reaction buffer and results indicated a substantial increase in product 

formation by mass spectrometry, based on relative abundance (Figure 2.11; green and 

blue). The desired m/z values for peptide modified by both 3 and 4 were observed (Figures 

2.12 and 2.13, respectively) , as well as a substantial increase in relative abundance for 

peptide modified with 5, compared to unmodified peptide (Figure 2.14). Methyltransferase 

reactions mimicking conditions with 5, but lacking PRMT1, failed to generate modified 

peptide (Figure 2.15). This confirms that peptide modification by the N-mustard analog 5 

is methyltransferase-dependent, as demonstrated previously (53).  

Quantification of products was not conducted, as preparing analog-modified 

peptide standards was not synthetically feasible. Alternative quantification methods using 

deuterated analogs are being explored for future studies (53). Although quantification was 

not conducted, it is evident, based on relative abundance, peptides modified by 3 and 4 

were formed in lower detectable yields compared to peptide modified by 5. These 

observations may be attributed to the increase in size of the alkyne and azide side chains 

relative to the azide directly attached to the adenosine base. Based on these results, 

substitution at the C8 position of the N-mustard SAM analogs are accommodated in the 

PRMT1 active site.  
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Figure 2.11. TICs of 5-modified peptide formation in DTT-sufficient and –deficient 

reaction buffer. Intensity of 5-modified peptide relative to unmodified peptide in DTT-

deficient buffer (blue and green, respectively) increased greatly compared to the same 

reaction performed in DTT-sufficient reaction buffer (red and black, respectively) as 

evident by the normalized intensity levels (NL).  
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Figure 2.12. LC-ESI MS of AcH4-21 peptide modified with 3. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified peptide and 

denoted by an asterisk (*). 
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Figure 2.13. LC-ESI MS of AcH4-21 peptide modified with 4. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified peptide and 

denoted by an asterisk (*). 
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Figure 2.14. LC-ESI MS of AcH4-21 peptide modified with 5. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified peptide and 

denoted by an asterisk (*). 
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2.6 Modifying AcH4-21 Peptide with N6-Substituted Analogs 

  After demonstrating the ability of the C8-substituted N-mustard analogs to be 

accommodated in the active site of PRMT1, further evaluation of analogs substituted at 

the N6-position (6-10, Figure 2.16) was performed. 

 

Figure 2.15. Control reactions in the absence of PRMT1. Methyltransferase reactions 

with 5 were performed in the absence of PRMT1. The spectrum shows chromatograms 

with mass extracted for the following: unmodified peptide (black), aziridinium ring 

formation on 5 (red), ring-opening and attachment of hydroxide on 5 (green), ring-

opening and attachment of HEPES on 5 (blue), and 5-modified peptide (yellow). The 

noise seen in yellow corresponds to the mass of 5-modified peptide, however, the 

distribution pattern is not correct for the [M+5H]5+ charge state.  
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      First, reactions were completed using the same protocol established by Osborne et al 

(53). Interestingly, analog 10 was successfully transferred to AcH4-21 peptide, but only 

unmodified-peptide was detected by mass spectrometry for the remaining N6-analogs. 

With that result, the protocol was modified to exclude DTT from the reaction buffer. 

Analysis of the PRMT1 reactions with 6 and 7 indicated successful transfer to AcH4-21 

peptide substrate (Figures 2.17 and 2.18, respectively), as well as with alkynes 8-10 

(Figures, 2.19, 2.20, and 2.21, respectively). Analysis of the relative abundances of the 

resulting products indicated that peptide modified by 6, 7, and 10 were formed in higher 

detectable yields compared to peptides modified by 8 and 9. Additionally, it is interesting 

to note that while the peptide modified with alkyne 10 was detected in reactions employing 

the original buffer, the success of analogs 6-9 in modifying peptide required the DTT-

deficient buffer. This finding confirms previous observations that removing DTT from the 

reaction buffer improves product formation.  

 

 

 

Figure 2.16. N-mustard analogs functionalized at the N6-position. 
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Figure 2.17. LC-ESI MS of AcH4-21 peptide modified with 6. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  
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Figure 2.18. LC-ESI MS of AcH4-21 peptide modified with 7. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  



42 
 

 

Figure 2.19. LC-ESI MS of AcH4-21 peptide modified with 8. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified peptide and 

denoted by an asterisk (*). 
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Figure 2.20. LC-ESI MS of AcH4-21 peptide modified with 9. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified peptide and 

denoted by an asterisk (*). 
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Figure 2.21. LC-ESI MS of AcH4-21 peptide modified with 10. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified peptide and 

denoted by an asterisk (*). 
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2.7. Chemoselective Ligations 

Complex cellular processes are controlled by a combination of biomolecule 

compositions, modifications, and interactions. The study of these processes can be very 

difficult in both native and non-native environments. Particularly, the study of the 

modification of proteins is a continual challenge in the field of chemical biology (61, 62). 

Research efforts propose techniques to modify cellular components in vivo with functional 

molecules able to be visualized and/or isolated from complex mixtures. Ideally, these 

molecules would be recognized by endogenous cellular machinery and be utilized similarly 

as the system in which it was designed. Upon incorporation, the functional part of the 

appended molecule could then be modified through highly-selective reactions (63, 64).  

In order for this approach to work, design of the molecule must maintain certain 

key characteristics to avoid disruption of the normal system. The functional molecule 

would need to be small in size, to not add any steric bulk and not be recognized by the 

system (63, 64). The molecule must be able to undergo modification in physiological 

conditions (aqueous, at or near physiological pH 7.4, stoichiometric concentration, 

reasonable reaction rate) (62, 65). Additionally, and most importantly, it is ideal that the 

functionality be bioorthogonal to all chemical groups present in a cell lysate. In order for 

the molecule to be useful post-modification, the functional group must be specific to the 

component it will be coupled to; this eliminates unwanted side reactions with other 

nucleophiles and reducing agents found in most cellular environments (62-65).  

With successful transfer of analogs to peptide, the question of whether the azide- 

and alkyne-moieties are still viable needed to be addressed; analog-modified peptide 

served no purpose without the ability to use the azide and alkyne functional groups. To 

study this, two chemoselective ligations were explored: the copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) and the Staudinger ligation.  
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2.7.1. Copper-Catalyzed Azide-Alkyne Cycloaddition 

The CuAAC reaction, or click chemistry, is a well-known named reaction used for 

coupling azide- and alkyne-functionalized molecules. It is widely used in organic synthesis, 

medicinal chemistry, polymer chemistry, and bioconjugation reactions (66). The reaction 

works on a variety of systems as it is reported to be insensitive to pH and temperature. 

This form of click chemistry, first introduced by Sharpless in 2001, stems from the need to 

control resulting regioisomers in the classic Hϋisgen 1,3-dipolar cycloaddition and by 

chance led to a more robust, accelerated ligation reaction (reportedly 106 times faster) 

(67, 68).  

The CuAAC reaction combines terminal-azides and –alkynes to form a 1,4-

disubstituted 1,2,3-triazole. CuAAC utilizes copper (I) as a catalyst, which is most 

commonly formed by the reduction of Cu (II) salts by sodium ascorbate. Research of 

copper (I) sources found that the use of reduced copper salts are cheaper and result in 

more pure copper catalysts (69). It has been reported that the use of Cu-binding ligands, 

such as tris(benzyltriazolylmethyl)amine (TBTA), 11, can accelerate the reaction up to 

several thousand times over the ligand-free reaction (Figure 2.22) (67, 70).  

Initial studies focused on biotinylating peptides using well-established click 

methodologies (71). Therefore, CuSO4•5H2O was precomplexed with 11, in 

dimethylsulfoxide (DMSO), to be used in subsequent click reactions at a 1:1.5 ratio, 

respectively. Critical to the success of this reaction was the alleviation of the resulting 

peptide-PRMT1 complex through brief heat denaturation prior to the addition of the 

corresponding biotin, precomplexed CuSO4•TBTA, and sodium ascorbate. Using peptide 

modified with alkyne 10, optimal reaction conditions were established. It was determined 

that the ideal conditions utilized a 10X molar excess of biotin-azide, 12, and a 6.6X molar 

excess of CuSO4•TBTA to alkyne 10, and a 5X molar excess of sodium ascorbate to 

CuSO4 (Figure 2.22). The resulting product (Figure 2.23) was analyzed by LC-ESI MS and 
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the desired biotin-labeled peptide was detected across multiple charge states, indicating 

successful ligation to the alkynylated peptide (Figure 2.24). All remaining alkyne-

functionalized peptides failed to produce evidence of biotinylated products. Initial click 

reactions conducted with azide-modified peptides and biotin-alkyne, 13 (Figure 2.22), also 

did not yield the desired biotinylated products. Failed biotinylation reactions can be 

rationalized by literature which indicates that low levels of substrate undergoing click 

chemistry suffer from inefficient coupling and often requires a large excess of reagents to 

facilitate the reaction (72). This finding is consistent with the inability of 3, 4, 8, and 9-

modified peptides to undergo click chemistry, as these products generally correlate to a 

lower relative abundance, by mass spectrometry, compared to unmodified peptide, 

following the methyltransferase reaction. Additional ligations were attempted to subject 

these azide- and alkyne-functionalized peptides to increased concentrations of coupling 

components (up to a percentage of DMSO suitable for LC-MS analysis), but still failed to 

generate the desired biotinylated peptide products. However, coupling to biotin readily 

occurred with the free analog remaining in solution, indicating that the integrity of the 

azides and alkynes were maintained.  
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Figure 2.22. Structures of CuAAC reaction components. TBTA ligand, 11, biotin-

azide, 12, and biotin-alkyne, 13. 
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Figure 2.24. LC-ESI MS spectra of 10-modified peptide CuAAC ligation to 12. Product 

peaks are denoted by a diamond (A) and agree with expected masses in the most 

abundant charge states.  
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Methyltransferase reactions with 6 and 7 produce yields assumed to be sufficient 

for subsequent ligation to 13. It was not initially understood why these reactions would fail, 

however, a precedence was found in literature for a few rare cases of acid hydrolysis of 

alkyl azides (73). This occurrence is relevant, as the methods in which the N-mustard 

analogs are stored and reconstituted require acid. To test this hypothesis, 6 was subjected 

to repeated reconstitution in 2.5 mM H2SO4 followed by lyophilization, to increase the 

concentration of acid each time. The effect of concentrating H2SO4 was evaluated using 

previous established methyltransferase reactions and CuAAC procedures on a DNA 

substrate (45). Azide 6 was subjected to six cycles of lyophilization, with aliquots being 

removed and the addition of 2 mM H2SO4 after each cycle. Linearized pUC19 DNA was 

enzymatically (M.TaqI) modified by each aliquot of azide 6, affording protection of the 

pUC19 from further digest by restriction enzyme TaqαI (Figure 2.25).  Analog-modified 

DNA was reacted with biotin-alkyne, 13, and reactions were separated by gel 

electrophoresis and visualized using immunoblotting techniques with streptavidin-

conjugated horseradish peroxidase (HRP) (Figure 2.26). 

Results indicate that the N-mustard moiety of azide 6 is not effected by the acidic 

conditions, as successful transfer of analog to pUC19 was evident by its protection from 

restriction digestion. However, chemiluminscence detection shows reduced ligation with 

each subsequent lyophilization cycle. This suggests that the azide-moiety is somehow 

compromised by H2SO4 or the lyophilization process itself. Further studies will be 

necessary to examine the integrity of the analogs in varying conditions.  

Based on these results, peptide reactions were repeated using a fresh stock of 6 

and 7, having only been exposed to acid limited times during synthesis and purification. 

Analysis of these azide-modified peptides indicated that successful biotin coupling 

occurred with 6- and 7-modified peptides (Figures 2.27 and 2.28, respectively).  
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Figure 2.26. Ligation of 6-modified pUC19 to 13 after repeated lyophilization. 

Decreased ligation with increasing cycles of lyophilization. Extent of ligation was 

visualized using immunoblotting techniques with streptavidin-HRP. Lanes 0-6: 

increasing cycles of lyophilization from zero cycles to six cycles.  

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2.25. pUC19 DNA was enzymatically (M.TaqI) modified by azide 6 that was 

subjected to repeated cycles of H2SO4 addition followed by lyophilization. Reactions 

were separated by 1.5% TAE agarose and visualized by ethidium bromide staining. 

Lanes 0-6: increased cycles of lyophilzation from zero cycles to six cycles. 

Confirmation of modification was evident by protection of pUC19 from digestion by 

TaqαI.  
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Figure 2.27. LC-ESI MS of 6-modified peptide CuAAC ligation to 13. Product peaks 

are denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks could not be identified, but are suspected to be 

related to the unknown products of repeated acidification.  
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Figure 2.28. LC-ESI MS of 7-modified peptide CuAAC ligation to 13. Product peaks 

are denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks could not be identified, but are suspected to be 

related to the unknown products of repeated acidification.  
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2.7.2. Staudinger Ligation 

The reduction of an azide by a phosphine was first discovered by Nobel Prize 

laureate Hermann Staudinger in 1919 (74-76). Since initial discovery, this reaction was 

further recognized as being extremely useful in the field of bioconjugation chemistry, most 

notably by Saxon and Bertozzi. Saxon and Bertozzi esterified triphenyl-phosphine, which 

results in an amide linkage to the corresponding phosphine oxide, and is now known as 

the Staudinger ligation (64). This reaction meets all the required characteristics for labeling 

biomolecules in that both reaction partners are bioorthogonal to almost all biological 

functionalities and the reaction proceeds at room temperature and in an aqueous 

environment. Additionally, the Staudinger ligation could prove more beneficial than the 

CuAAC reaction, as it does not contain any toxic substances, including copper. Because 

of the simplicity of this reaction, it has various applications such as labeling biomolecules 

and synthesizing peptides and functional biopolymers.  Although the Staudinger ligation 

has many advantages over the CuAAC, one disadvantage is its slow reaction rate with 

alkyl azides (77, 78). Therefore, reactions with alkyl azides prefer the CuAAC. Fortunately, 

azide 5 is an exception to this and the aryl azide has been shown to undergo the 

Staudinger ligation at rates much faster than alkyl azides (79).  

The only required components for the ligation are a terminal azide and phosphine, 

in water. Experiments were carried out to biotinylate 5-modified peptide via the Staudinger 

ligation with biotin-phosphine (in DMSO), 14 (Figure 2.29). Reaction optimization indicated 

that conditions required a large excess of biotin-phosphine (a 20-fold molar excess of 14 

to 5) for the biotinylation to occur.  It is important to note that the resulting linkage from the 

coupling of the aryl-azide does not generate the amide linkage typically produced in the 

Staudinger ligation. Instead, the phosphine coupling quickly occurs in high yield to provide 

an O-methyl imidate linkage (Figure 2.30) (79). Product analysis indicated the successful 

ligation of 14 to the azidated peptide to afford the desired O-methyl imidate linkage, as the 
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desired biotinylated peptide was observed across multiple charge states by LC-ESI MS 

(Figure 2.31).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.29. Structure of biotin-phosphine, 14.  

Figure 2.30. Structures of biotinylated product derived from the Staudinger Ligation 

with 5-modified peptide and 14.  
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Figure 2.31. LC-ESI MS of 5-Modified Peptide Staudinger Ligation to 14. Product 

peaks are denoted by a diamond (A) and agree with expected masses in the most 

abundant charge states.  
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2.8. Conclusions 

In summary, the azide- and alkyne-functionalized N-mustard analogs of SAM were 

demonstrated to be viable cofactor mimics for PRMT1, as they were successfully 

transferred to model AcH4-21 peptide in an enzyme-dependent fashion. Specifically, the 

azides 5-7 and alkyne 10 were identified to be most compatible with PRMT1 in generating 

the desired peptide products, as they exhibited higher relative abundances by LC MS 

compared to azide 3 and alkynes 4, 8, and 9. Subsequent ligations were demonstrated to 

be highly dependent on the yield of the enzyme-modified peptide substrate, relative to 

unmodified peptide. Ligations were successful by CuAAC with 6, 7, and 10-modified 

peptides. Coupling also occurred with 5-modified peptide by the Staudinger ligation.   

 

2.9. Methods 

All reagents and solvents were purchased from commercial sources and used 

without additional purification. AcH4-21 peptide was purchased from Peptide 2.0 and SAM 

from New England Biolabs. PRMT1 plasmid was generously provided by Paul Thompson 

(University of Massachusetts Medical School).  

Lyophilized analogs were brought up in 2.5 mM H2SO4 and concentrations were 

determined by UV/Vis measurement of absorbance at 260 nm and Beer’s Law. The 

following molar extinction coefficients were used: 15400 M-1cm-1 (for 2), 6633 M-1cm-1 (for 

3), 5735 M-1cm-1 (for 4), 8900 M-1cm-1 (for 5), 12380 M-1cm-1 (for 6), 11523 M-1cm-1 (for 7), 

9710 M-1cm-1 (for 8), 10970 M-1cm-1 (for 9), and 11270 M-1cm-1 (for 10).  

 

2.9.1. High-resolution LC-ESI MS of AcH4-21 Peptide Products 

Experiments were performed on an Accela Open uHPLC coupled to an LTQ 

Orbitrap XL mass spectrometer (Thermo Fisher Scientific). Samples were prepared in 5% 

ACN to a final concentration of 10 µM peptide. Sample separation of a 10 µL injection 
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utilized a C18 column (Thermo Fisher Scientific, Hypersil Gold 50 x 2.1 mm, 1.9 µm) at a 

flow rate of 0.2 mL min-1, and a gradient system consisting of 0.1% FA in ddH2O (solvent 

A) and 0.1% FA in ACN (solvent B) was utilized at a flow rate of 0.2 mL min-1. The gradient 

was run beginning with 2% B and followed by a linear increase to 90% over a 10 min 

period. Solvent returned to 2% B and held for an additional 10 min (total run time 20 min). 

The mass spectrometer was operated in positive electrospray ionization mode with a 

spray voltage of 4.00 kV, a capillary temperature of 300°C, a sheath gas flow of 72, and 

scans were performed in the range of 300-2000 m/z with the resolution set to 30,000. Data 

was analyzed and masses were extracted using Thermo Xcalibur 2.1 software. These 

parameter specifications were used for analysis of all AcH4-21 reactions.  

 

2.9.2. Capping: Lysine Acetylation 

AcH4-21 peptide (1 nmol) was prepared in 20 µL NH4HCO3 (50 mM). The 

acetylation reaction was initiated with the addition of 50 µL acetylation reagent (20 µL 

acetic anhydride and 60 µL methanol). Samples were incubated at room temperature for 

one hour and dried by speed vac. Acetylated peptide was analyzed using high-resolution 

mass spectrometry protocols described in 2.9.1.  

 

2.9.3. Overexpression and Purification of PRMT1 

Plasmid Transformation. A PRMT1 expression construct (H161Y mutant in Pet 28b vector 

with Kanamycin resistance and N-terminal His-Tag) was transformed into Escherichia coli 

Rosetta II (DE3) competent cells. Briefly, 1 µL PRMT1 plasmid DNA was incubated with 

Rosetta II cells for 30 min on ice. Mixture was heat shocked for 45 sec at 42°C then placed 

back on ice for 2 min. 900 µL of pre-heated LB media was added and incubated with 

rotation for 1 hour at 37°C. Solution was plated on Kanamycin plates and allowed to grow 

overnight at 37°C.  
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Growth and Induction. Single colonies were used to inoculate starter cultures (50 µg/mL 

Kanamycin in 5 mL LB Miller Broth) and grown overnight at 37°C with shaking. Starter 

cultures were used to inoculate 4-0.5 L of LB Broth (5 mL of culture per 0.5 L of media + 

50 µg/mL Kanamycin) and cultures were grown at 37°C, with shaking. At an OD600 of 0.4, 

cells were induced with the addition of 0.4 mM isopropyl-β-D-thiogalactopyranoside and 

incubated at 22°C overnight, with shaking. Cells were harvested by centrifugation for 10 

min at 5,000g. Supernatant was poured off and the pellets were resuspended in 35 mL of 

lysis buffer (20 mM HEPES at pH 8.0, 100 mM NaCl, 5 mM imidazole, 0.5 mM 

phenylmethylsulfonyl fluoride, 5 mM β-mercaptoethanol (βME)). The cells were lysed 

using an EmulsiFlex-C5 high-pressure homogenizer and cell debris removed by 

centrifugation at 12000 rpm for 30 min. The supernatant was loaded onto a Nickel 

Sepharose High Performance HisTrap Fast Flow 5 mL column (GE Life Sciences) 

previously equilibrated with buffer A (50 mM HEPES pH 8.0, 50 mM NaCl, 10 mM 

imidazole). Bound protein was eluted on an FPLC using a previously established gradient 

method of buffer A and buffer B (50 mM HEPES pH 8.0, 500 mM NaCl, 500 mM imidazole) 

and went as follows (at a flow rate of 2 mL/min): 0% B for 25 min, linear increase to 4% B 

over 10 min, linear increase to 100% B over 13 min, held at 100% B for 5 min, linear 

decrease to 0% B over 5 min. The presence of PRMT1 was determined by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and fractions containing the 

bands corresponding to the mass of PRMT1 were combined and dialyzed into 20 mM 

HEPES at pH 8.0 and 50 mM NaCl overnight at 4°C. A second round of overnight dialysis 

was performed into storage buffer (100 mM HEPES at pH 8.0, 200 mM NaCl, 1 mM DTT, 

2 mM EDTA, 10% glycerol) at 4°C. Dialyzed protein was concentrated using an Amicon 

Ultra centrifugal filter device with a molecular weight cutoff of 10 kDa (Millipore). 

Concentrations were determined using a Nanodrop UV/Vis spectrometer (molecular 

weight: 40.547 kDa, extinction coefficient: 55.810 mM-1cm-1).  
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2.9.4. PRMT1-Catalyzed Peptide Modification 

AcH4-21 peptide (80 µM final) and SAM/SAM analog (1.67 mM final) were pre-

incubated at 37°C for 10 min in assay buffer (50 mM HEPES pH 8.0, 50 mM NaCl, and 1 

mM EDTA containing either 0.5 mM DTT or no DTT). Reactions were initiated with the 

addition of PRMT1 (3.87 µM final) and incubated at 37°C for 20 min. Reaction samples 

were quenched with 5% ACN (10 µM final peptide concentration) and analyzed via LTQ 

Orbitrap XL™ using the methods described in 2.9.1. Expected masses were calculated 

using the monoisotopic mass of AcH4-21 peptide with the addition of each analog (via 

ring-opening of the aziridinium intermediate).  

 

2.9.5. Biotinylation of Peptides via CuAAC 

Analog modified AcH4-21 peptide was heated for 10 min at 95°C to denature the 

PRMT1. Biotin-azide 12 (in DMSO; 12 mM final) was added to alkyne 10-modified peptide 

or biotin-alkyne 13 (in DMSO; 12 mM final) was added to azide 6- or 7-modified peptide, 

along with CuSO4•TBTA complex (8 mM CuSO4 and 12 mM TBTA pre-complexed for 2-3 

min). The reactions were initiated with the addition of sodium ascorbate (23.44 mM final) 

and were allowed to proceed for 2 hours at 37°C. Products were confirmed by LTQ 

Orbitrap XL using the analysis method described in 2.9.1.  

 

2.9.6. M.TaqI-Catalyzed pUC19 Modification 

DNA plasmid pUC19 was linearized prior to the methyltransferase reactions. 

Briefly, pUC19 was linearized with EcoRI (2 U per µg DNA) in EcoRI buffer (final DNA 

concentration of 0.1 µg µL-1) at 37°C for 1 hour and heat inactivated at 65°C for 20 min. 

Linearized DNA (5 µg final) was incubated with M.TaqI (5.4 U per µg DNA) and azide 6 

(10 µM final) in NEBuffer 4 (final reaction volume 20 µL). Reactions were incubated for 4 

hours at 65°C.  
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2.9.7. Confirmation of Analog Transfer to DNA 

DNA modification was confirmed by the addition of TaqαI (4 U per µg DNA in 

NEBuffer 4 (10 µL)) and incubated for 1 hour at 65°C. Proteinase K (0.02 U in H2O - 5 µL) 

was added and samples were incubated for 1 hour at 37°C. Reactions were visualized by 

1% agarose gel electrophoresis containing ethidium bromide. Transfer was apparent by 

the appearance of a single pUC19 DNA band protected from digestion.  

 

2.9.8. Biotinylation of DNA via CuAAC  

     Azide 6-modified DNA was treated with proteinase K (0.02 U in H2O (5 µL)) for 1 hour 

at 37°C. DNA was purified with the QiaQuick PCR purification kit (Qiagen), following 

manufacturer’s instructions. Purified DNA was subjected to coupling with 13 using 

established procedures (45). 6-modified DNA, QiaQuick elution buffer (25 µL), DMSO (10 

µL), and 13 (10 mM DMSO, 1 µL) were mixed in a microcentrifuge tube. Mixtures were 

degassed under argon for 5 min. CuSO4-TBTA ligand complex (10 mM in DMSO/H2O 

55:45, v/v, 1 µL) was added followed by ascorbic acid (125 mM, 1 µL) and reactions were 

incubated for 2 hours at room temperature. Unreacted components were purified out with 

the QiaQuick PCR purification kit. Samples were separated by 1% agarose gel 

electrophoresis and analyzed using immunoblotting techniques (80). Membranes were 

probed with streptavidin-HRP and screened using a luminol/enhancer detection kit 

(ThermoFisher Scientific).   

 

2.9.9. Biotinylation of Peptides via Staudinger Ligation 

Azidated AcH4-21 peptide was heated for 10 min at 95°C to denature the PRMT1. 

Biotin-phosphine 14 (in DMSO; 1.47 mM final) was added to azide 5-modified peptide and 

incubated for 37°C for 2 hours. Product was confirmed by LTQ Orbitrap XL using the 

analysis method described in 2.9.1.  
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CHAPTER 3 

 

INVESTIGATION OF N-MUSTARD ANALOG UTILITY WITH HISTONE H4 

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

and data in this manuscript, including figures and schemes, were performed and compiled 

by Sarah Hymbaugh Bergman and will be edited by Professor Lindsay Comstock before 

submission to the journal. To maintain consistency throughout this dissertation, some 

content and formatting has been altered to adhere to formatting guidelines.  

 

3.1. Histone Proteins 

The core of nucleosomes is made up of an octamer of histone proteins, comprising 

of two histone H3/H4 heterodimers that form a tetramer unit that then binds two H2A/HB 

dimers (Figure 3.1; pdb: 1KX3) (81, 82). Nucleosomes, as well as modified nucleosomes, 

convey chemically encoded information to other histone proteins or non-histone proteins; 

this is known as the histone code (81, 83). The association of histone H3 to histone H4 is 

responsible for forming the histone “fold”, the length of the core DNA, and protects DNA 

from nuclease digestion (84, 85). Histone proteins maintain a high conservation of 

structural components (83). An example of this is the conservation of histone H4 is found 

from pea plants to calf thymus, which contain only 2 amino acid substitutions out of the 

102 residues (86). Histone proteins contain not only the histone fold, but also a histone 

tail at the N-terminus. This tail is the target for most PTMs and modulate interactions of 

histone proteins with nucleosomes and DNA (85).  
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3.2. Histone H4 as a Model Protein Substrate    

Pivotal to pursuing studies examining the utility of N-mustard analogs to function 

as novel biochemical tools for studying protein methylation was establishing their efficacy 

in being transferred to full-length protein and incorporating biological tags to permit 

visualization and isolation of modified proteins from complex mixtures. As an extension of 

the work in Chapter 2, histone H4 was the main focus of protein studies as it is a well-

studied substrate of PRMT1. Histone H4 is significantly larger than the AcH4-21 peptide 

substrate, with a mass of 11.2 kDa and a length of 102 amino acids (84, 87). The N-

terminal histone H4 tail is highly basic and is most studied for its ability to be acetylated 

and methylated (83, 85, 88, 89). Histone H4 methylation can occur on either lysine-20 or 

arginine-3. Methylation at these locations has been implicated in transcriptional activation, 

Figure 3.1. Structure of chromatin (pdb: 1KX3). The nucleosome core is shown 

wrapped by supercoiled DNA. The core structure consists of histone H2A (orange), 

histone H2B (blue), histone H3 (green), and histone H4 (red).  
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gene silencing, and DNA repair (88). Methylation also acts as signal for subsequent 

histone modifications (89). 

 

3.2.1. Visualizing Histone H4 by Direct Inject ESI MS  

Analyzing post-translational modifications by ESI MS has become common place 

in the study of proteins, however, there are many instrument and experimental parameters 

to consider to obtain reliable results (90-92). Foremost, proteins can be difficult to work 

with due to their complex tertiary structures. Some may require high salt concentrations 

for stability or detergents for unfolding prior to analysis. Unfortunately, most salts and 

detergents are not compatible with ESI MS, as they ionize very well and often dominate 

over ionization of the protein. Second, samples which contain a mixture of proteins may 

undergo precipitation, as all proteins are not soluble under the same conditions. Finally, it 

is difficult to predict the mass of a modified protein, assuming the modification is happening 

correctly. Without the assistance of overlapping peptide sequences afforded by digestion, 

determining the sequence of post-translationally modified proteins can be problematic.   

Intact proteins are usually digested prior to mass spectrometry analysis to aid in 

sequencing, but also because the detection limits of high-resolution mass spectrometers 

are more favorable for small to medium sized proteins (93). Fortunately, the low mass of 

the intact histone H4 protein makes it amenable for detection by Orbitrap mass 

spectrometry. Initial procedures were carried out to optimize Orbitrap conditions to 

visualize histone H4.  Due to the high charge of the histone H4 tail resisting interaction 

with the C18 column, it was determined that direct injection (DI) was the most efficient way 

to introduce the protein into the mass spectrometer.  

Histone protein (10 µM) was injected at a flow rate of 10 µL min-1. Orbitrap tune 

methods described in Chapter 2 for the H4 tail were maintained for analysis of histone H4 

protein, as the characteristics of the tail would most likely be have the greatest influence 
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on the ionization efficiency of the protein. Briefly, the optimal parameters were as follows: 

capillary temperature 300°C, source voltage 4 kV, source current 100 µA, capillary voltage 

40 V, and tube lens 120 V. Probe position was adjusted and saw best results half way 

between position A and B (vertical), 5 (horizontal), and 0.75 µm (axial). A sheath gas flow 

of 8 was utilized with no additional auxillary or sweep gas required. Lower gas flows are 

standard for DI MS. Scans used for analysis were performed by an FTMS, operating in 

full scan mode with a resolution of 30,000 and positive polarity. Scans were set to 2 minute 

intervals with a micro scan count of 2.  

Although initial attempts to detect H4 by mass spectrometry were successful, the 

spectrum contained very high background and protein ionization was suppressed by the 

salt present in the protein storage buffer. To improve the detection of analog-modified H4, 

as it was anticipated to be in lower abundance than unmodified H4, efforts were made to 

reduce this noise and increase protein peak intensity to ensure modified protein could be 

observed.   

 

3.2.2. Desalting and Purification of Histone H4  

The presence of detergents in mass spectrometry samples may suppress 

ionization of the target greatly; this is also true of salts, as by definition, they are ions 

themselves. The histone H4 protein used for initial experiments is stored in a buffer 

containing 300 mM NaCl. Additionally, methyltransferase reactions generally contain salt 

in their buffer system. Many methods of desalting and purification of the histone H4 protein 

were attempted.   

 

Size Exclusion Chromatography. Size exclusion chromatography is a method by which 

biomolecules can be separated based on their size. Size exclusion resins can be made of 

various materials, depending on the molecule being separated. For protein applications, 
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polymeric resins such as agarose, polyacrylamide, and polyvinylpyrrolidone and 

derivatized porous silica are commonly used (94).  

Various size exclusion columns were tested to desalt histone H4 prior to mass 

spectrometry analysis (Table I). Column selection was heavily dependent on the molecular 

weight cut off (MWCO). Being that the histone H4 protein is small, effort was placed on 

finding the lowest MWCO possible to reduce sample loss. Using procedures provided by 

manufacturers, histone H4 was loaded onto columns and elutions were collected and 

analyzed by SDS-PAGE and Coomassie staining. Unfortunately, little to no histone H4 

was detected for all of the columns tested. It is hypothesized that non-specific interactions 

are taking place with the resin bed and hindering proper elution, which is consistent with 

the peptide purification strategies described in Chapter 2.  

 

 

 
 
 
 
 
 
 
 
 
Protein Precipitation. An alternative method to remove buffer components from protein 

samples is to precipitate the protein. Three methods of precipitation were used to remove 

salts from histone H4: acetone, acetone/trichloroacetic acid (TCA), and 

chloroform/methanol. Recovery of protein after each method was determined by SDS-

PAGE and Coomassie staining. Acetone is most commonly used for protein precipitation 

(95) and it is a very simple, efficient, procedure when large quantities of protein are treated. 

  

Manufacturer MWCO (Daltons) Resin Material 

BioRad 1000-6000 P6 Polyacrylamide 

Harvard Apparatus 1000-6000 P6 Sephadex 

GE 5000 G25 Cross-linked Dextran 

Table I. Size-exclusion resins.  
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In the case of histone H4, only small (µg) quantities of protein will be used in future 

work, therefore, very minimal recovery was seen from this type of precipitation. In an effort 

to increase the yield of H4, the incorporation of TCA was attempted (96). It was determined 

that the use of TCA made it very difficult to resolubilize the H4 protein for analysis, as no 

protein could be detected by SDS-PAGE. Lastly, a chloroform/methanol precipitation was 

performed, as it is reported to be effective for dilute, soluble, and hydrophobic proteins 

(97). Although H4 protein was recovered using this method, the yield was low and the 

solubility of the recovered precipitated protein from the interface of the aqueous and 

chloroform/methanol layer proved to be challenging to analyze.  

 

C18 Spin Column. Although the model histone H4 peptide used in earlier studies did not 

interact well with C18 clean-up methods, the utility of the PepClean C18 spin column 

(Pierce) was examined, as it can be used to purify proteins and is compatible with mass 

spectrometry. Purification of histone H4 by PepClean C18 was completed using protocols 

provided by the manufacturer. Interestingly, protein recovery could not be detected by 

SDS-PAGE but was detected by mass spectrometry and exhibited a much cleaner 

spectrum (Figure 3.2). This purification method was used for all studies analyzing histone 

H4 modification reactions prior to injection on the Orbitrap.  
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3.2.3. Modifying Histone H4 Protein with C8- and N6-Substituted Analogs 

In previous PRMT1 studies, alkyne analog 1 and azide analog 2 were identified as 

producing the highest yield of modified AcH4-21 peptide (Figure 3.3). Thus, 1 and 2 were 

used as models, representing analogs with alkyne or azide substitutions at the C8- and 

N6-positions of the adenosine base. Methyltransferase reaction procedures were adapted 

from literature (32, 98) and modified-products were purified by PepClean C18 and 

analyzed on the Orbitrap mass spectrometer using parameters optimized for histone H4. 

Both 1 and 2 were successfully transferred to histone H4 protein by PRMT1 (Figures 3.4 

and 3.5, respectively).  

Figure 3.2. LC-ESI MS of histone H4 protein. Protein peaks are denoted by an asterisk 

(*) and agree with expected masses in the most abundant charge states. 
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Figure 3.3. Structure of N6-substituted alkyne, 1, and C8-substituted azide, 2. 

Figure 3.4. LC-ESI MS of histone H4 protein modified with 1. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified protein and 

denoted by an asterisk (*). 
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3.3. CuAAC with 1-Modified H4 

In order for this 1-modified protein to be useful, the alkyne moiety must still be 

active after the methyltransferase reaction. To verify this, 1-modified protein was subjected 

to CuAAC to an biotin-azide conjugate, 3, using procedures adapted from literature (Figure 

3.6) (99). Due to analysis being performed by SDS-PAGE, precautions were taken to 

reduce the volume of DMSO added to the reactions, as DMSO is hard to remove and its 

low density can cause small proteins to float out of the wells. Additionally, the water-

Figure 3.5. LC-ESI MS of histone H4 protein modified with 2. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Additional major peaks were identified as unmodified protein and 

denoted by an asterisk (*). 
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soluble ligand, tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), 4, in lieu of TBTA as 

previously described, was employed (Figure 3.6).  

 

 

 

 

Prior to ligation, CuSO4•5H2O was pre-complexed with 4 to be used in CuAAC 

reaction at a 1:5 ratio, respectively. Additionally, 1-modified H4 was briefly heated to 

denature the PRMT1 to allow accessibility to the alkyne moiety. Protein mixtures are 

sensitive to heat denaturing and minor precipitation was seen; 10% ACN was added to 

each reaction to aid in solubilizing the protein. N-ethylmaleimide (NEM) was also added 

to cap any free thiols in solution (66). Pre-complexed CuSO4•THPTA was added to 1-

Figure 3.6. Structures of CuAAC reaction components. Biotin-azide, 3, and THPTA 

ligand, 4.  
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modified H4 and the reactions were initiated with the addition of sodium ascorbate. 

Biotinylated products were separated by SDS-PAGE (12%, 0.75 mm).  

 
 
3.3.1. Western Blot Analysis of Biotinylated Histone H4 

Western blotting techniques were used to visualize the extent of biotinylation on 1- 

modified H4. Initially, products were transferred to 0.45 µm polyvinylidene difluoride 

(PVDF) membrane in tris-glycine (TG) transfer buffer. Membranes were transferred for 1 

hour at 100V, blocked with 5% dry-milk, and probed with streptavidin-HRP. Membranes 

were subjected to luminol and peroxide for detection and developed by X-ray film (Figure 

3.7A, Streptavidin-HRP). Unfortunately, no biotinylated H4-product could be detected, 

however, a high signal was observed for PRMT1. Ponceau staining of the membrane 

indicated that the signal was actually PRMT1 and that no histone H4 was transferred to 

the membrane (Figure 3.7A, Ponceau S). 

To deduce whether the detection of PRMT1 was due to biotinylation, reactions 

mimicking the CuAAC procedure were done in the absence of H4. PRMT1 (Figure 3.7B) 

and CuAAC-PRMT1 (Figure 3.7C) were separated by SDS-PAGE, transferred to 0.45 µm 

PVDF, blocked with dry milk, and probed with streptavidin-HRP. Upon developing by X-

ray film, the signal detected for PRMT1 alone suggests that streptavidin-HRP non-

specifically binds to PRMT1. This finding allowed for elimination of any chemiluminescent 

signal produced by PRMT1 from analysis, as the interaction is not a product of the enzyme 

reaction.  
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Figure 3.7. A high signal was produced by PRMT1 in the western blot analysis of 

CuAAC ligation of 3 to 1-modified protein (Lane A, streptavidin-HRP). To determine if 

PRMT1 was undergoing CuAAC, PRMT1 alone (Lane B, streptavidin-HRP) and PRMT1 

subjected to CuAAC (Lane C, streptavidin-HRP) were analyzed by western blot. High 

signal was seen in both lanes, therefore, it was determined that streptavidin-HRP has a 

non-specific affinity for PRMT1. Additionally, no histone H4 was transferred to the 

membrane (Lane A, Ponceau S).  
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To determine the cause for the lack of histone transfer, histone H4 was loaded 

onto a 15% SDS-PAGE gel and transferred to 0.45 µm PVDF at 100V for 1 hour in TG 

buffer. It was suspected that due the high positive charge of the histone tail, migration 

from the gel may be occurring towards both the cathode and anode. Therefore, one sheet 

of PVDF membrane was placed on the cathode side of the gel (Figure 3.8; membrane A) 

and two sheets of membrane were stacked on the anode side of the gel (Figure 3.8; 

membranes B and C). After transfer, protein migration was detected by Ponceau stain. 

While most protein detected was transferred to the preferred membrane (Figure 3.8-1; 

membrane B), small amounts of protein were detected on both membrane A and 

membrane C (Figure 3.8-1; membranes A and C). This confirmed the hypothesis that 

histone was migrating to the cathode and the small size of the protein was reducing the 

amount of protein captured on membrane B. Knowing that modification reactions do no 

proceed in a quantitative yield, it was imperative that protein transfer to the membrane be 

as efficient as possible to ensure detection of potential low levels of biotinylated protein.  

In an attempt to retain the negative charge afforded to the histone during 

separation, TG buffer was prepared containing 0.05% SDS. Histone H4 was once again 

transferred to PVDF membrane under the same conditions, and no protein was detected 

on the membrane A (Figure 3.8-2; membrane A). Although the majority of the protein was 

transferred to the preferred membrane (Figure 3.8-2; membrane B), an increase in protein 

transferred to the second membrane was observed (Figure 3.8-2; membrane C).  
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Figure 3.8. (Top) Membranes were placed on both sides of the polyacrylamide gel to 

determine the direction and force of western blot transfer conditions. (Bottom) Row 1: 

Initial transfer of histone H4 at 100V for 1 hour in TG buffer resulted in migration of the 

protein both toward the cathode (membrane A) and the anode (membrane B). 

Additionally, over-transfer of protein was observed (membrane C). Row 2: Adding 

0.05% SDS to the TG buffer eliminated migration toward membrane A. Although the 

majority of the protein migrated to membrane B, over-transfer to membrane C increased 

compared to membrane B. Row 3: A reduction in pore size and voltage of transfer 

reduced over-transfer and a more prominent band was seen on membrane B. 
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To remedy this, transfer conditions were slightly changed to test whether 0.2 µm 

PVDF with a lower transfer voltage of 30V for 1 hour would reduce over-transfer. A more 

defined band was seen on the preferred membrane (Figure 3.8-3), and very little protein 

was detected on the second membrane (data not shown).  

Using these new transfer conditions, histone H4 was transferred to 0.2 µm PVDF 

and underwent standard western blotting procedures, probed with streptavidin-HRP and 

imaged on the Amersham Imager 600 (GE). New procedures successfully transferred 

protein to membrane, however, non-specific probing of histone H4 was observed. 

Streptavidin-HRP manufacturer guidelines state that blocking with milk is not suitable for 

membranes being probed with streptavidin, as milk contains free-biotin and could bind to 

streptavidin-HRP, leading to very strong background signal and false protein signals. 

When this hypothesis was tested using BSA as the blocking agent, the opposite result 

was observed. Not only did the use of BSA as a blocking agent lead to increased 

background, but also an increase in detectable histone signal (Figures 3.9A and 3.9B).  

Literature also states that streptavidin-HRP can interact with histone proteins in 

the absence of a biotin source, although the mechanism of this is unclear (100). To ensure 

maximum sensitivity of the streptavidin-HRP, a new high-sensitivity streptavidin-HRP was 

tested (Pierce). This change required that a streptavidin-HRP dilution series was 

necessary to determine the optimal probe concentration and to eliminate false histone 

signal, but still detect biotinylated protein. Ultimately, it was determined that a 1:4000 

dilution eliminated the false histone signal, however, only a weak signal could be seen for 

biotinylated protein, making it difficult to confirm successful ligation.  
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To improve the ability to detect biotinylated H4, a thicker SDS-PAGE gel was 

tested as a way to horizontally focus the protein in the well. 1-modified histone H4 was 

subjected to CuAAC with 3 and separated on a 12% 1.5 mm SDS-PAGE gel, along with 

a histone H4 control. Proteins were transferred to 0.2 µm PVDF for 1.15 hours at 30 V and 

the membrane was blocked with 5% milk and probed with 1:4000 streptavidin-HRP. An 

initial wash with 5% milk was added to the procedure to remove any non-specifically bound 

streptavidin prior to the final washes being carried out. Streptavidin-HRP was subjected 

Figure 3.9. Western-blot protocol optimization. Lanes A and B: Blots of histone H4 

protein were blocked in both BSA and milk. Blocking in milk decreased both the 

background signal and non-specific signal obtained from probing with streptavidin-

HRP. Lane C: CuAAC reaction of 1-modified protein to 3 was separated on a 12% 

SDS-PAGE gel with 1.5mm thickness then transferred to 0.2 µm PVDF membrane at 

30V for 1 hour. Membrane was blocked with 5% milk and probed with streptavidin-HRP 

at a 1:4000 dilution. Lane D: 2 µg histone H4 was separated and probed with lane C 

conditions. Non-specific probing of histone H4 was eliminated under these conditions. 

Lanes E and F: CuAAC reactions of 1-modified histone H4 using protein purchased 

from New England Biolabs and protein overexpressed and purified in-house show the 

second band is an artifact of in-house protein purification.  
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to a chemiluminescent substrate and membranes were imaged on the Amersham Imager 

600. Higher levels of biotinylated protein were detected (Figure 3.9C) and non-specific 

binding of histone H4 was not observed (Figure 3.9D). The double bands seen were 

attributed to a protein contaminant during histone H4 purification. To verify this, the 

experiment was repeated using purchased histone H4 (New England Biolabs) to confirm 

that the results obtained with H4 prepared in-house were real and eliminate any non-

specific detection of impure protein (Figures 3.9E and 3.9F).  

With western blot procedures established to efficiently visualize biotinylated H4, 

additional control experiments were conducted to ensure that modification was enzyme-

dependent and successful ligation was dependent upon the presence of modified-protein 

and all CuAAC components. Specifically, biotinylated-1-modified H4 was analyzed 

concurrently with various controls which eliminated one of the components, either ascorbic 

acid, 3, or PRMT1, or all three (Figure 3.10). Results indicate H4 modification is enzyme-

dependent, as reactions lacking PRMT1 did not undergo CuAAC. Additionally, CuAAC 

reactions require alkynylated-protein, 3, and the reduction of copper (II) to copper (I) via 

ascorbate.  
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3.4 Streptavidin Pull-Down of Biotinylated Protein 

The ultimate goal for these analogs is to prove their ability to isolate targets of 

methylation, making them easier to analyze. With success of the CuAAC reaction, studies 

were performed to confirm the utility of analog-modified biotinylated product via pull-down 

with streptavidin-agarose beads. The CuAAC reaction with 1-modified histone H4 was 

dialyzed to remove excess biotin from the sample prior to mixing with bovine serum 

albumin (BSA) protein. The protein sample was then applied to streptavidin-agarose 

beads, allowed to bind, and washed to remove any proteins from the resin that were not 

biotinylated (Figure 3.11E). Due to the previous non-specific detection of both histone H4 

Figure 3.10. Western blot analysis of CuAAC control reactions. Control reactions were 

probed with streptavidin-HRP (1:4000) and detected by exposure to chemiluminescent 

substrate. Ponceau S was used to confirm the presence of protein after transfer. Lane 

A: Full CuAAC ligation of 3 to 1-modified histone H4. Lane B: PRMT1 only. Lane C: 

Samples lacking PRMT1 show enzyme dependence of the reaction. Lane D: Reactions 

lacking 3 reveal chemiluminescent signal is a product of the biotin-streptavidin 

interaction and not of non-specific binding of streptavidin. Lane E: CuAAC reactions 

lacking ascorbate indicate reduction of copper is essential for ligation to occur.  
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and PRMT1 by streptavidin during western blot optimization, an additional wash of the 

beads with 0.1M glycine pH 2.8 was carried out in an effort to remove any weakly or non-

specifically bound proteins from the resin (Figure 3.11F). Lastly, biotinylated protein was 

removed by boiling the streptavidin beads in SDS sample buffer (Figure 3.11A). Controls 

using histone H4 instead of biotinylated-histone H4 were run concurrently.  

Results indicate, following SDS-PAGE and coomassie staining, that BSA is 

separated from histone H4 and biotinylated H4, as it is eluted in the wash (Figures 3.11C 

and 3.11E). As expected, PRMT1 binds to the streptavidin resin non-specifically, as it was 

detected in both the glycine stripping (Figure 3.11F) and from the elution of the streptavidin 

beads (Figure 3.11A). To determine whether the band detected at the mass of histone H4 

was biotinylated, proteins were transferred to 0.2µm PVDF membrane and probed with 

streptavidin-HRP. A strong biotinylated-H4 signal was seen for samples obtained following 

the glycine stripping (Figure 3.11F) and bead elution (Figure 3.11A). Through repeated 

pull-down experiments, it became clear that the elution of biotinylated protein following 

glycine stripping was due to insufficient volumes of streptavidin resin to accommodate the 

amount of biotinylated protein being loaded. However, increasing the bead volume was 

not conducive to volume requirements for protein elution and subsequent loading to an 

SDS-PAGE gel. Streptavidin probing of non-biotinylated histone H4 also gave a low signal, 

indicative of a weak non-specific interaction of streptavidin with histone H4 (Figure 3.11B). 

Experiments to optimize these conditions need to be carried out.  
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Figure 3.11. Streptavidin pull-down reactions were separated on a 12% SDS-PAGE 

and transferred to 0.2µm PVDF membrane. Membranes were probed with streptavidin-

HRP (1:4000) and detected by chemiluminescent substrate. Ponceau S was used to 

confirm the presence of protein after transfer. Histone H4 and the CuAAC ligation of 3 

to 1-modified histone H4 were mixed with BSA. The mixtures were applied to 

streptavidin agarose beads and washed with PBS (C and E). Any weakly bound or non-

specifically bound proteins were eluted with 0.1M glycine pH 2.8 (D and F). Streptavidin 

beads were then boiled in SDS sample buffer to disrupt the streptavidin-biotin 

interaction (A and B).  
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3.5. Confirmation of H4R3 Modification 

 Previous studies have confirmed PRMT1-mediated transfer of N-mustard analogs 

to histone H4 peptide substrate, however, using the full protein substrate increases the 

residues capable of being modified. To further confirm that N-mustard analog transfer by 

PRMT1 is site specific, endoprotease digestions were completed and analyzed by ESI-LC 

MS/MS and Proteome Discover software. Initial studies utilizing standard trypsin digest 

protocols (which cleaves at lysine and arginine residues) failed to produce any useful 

results (101). Digestion of the abundant lysine and arginine residues surrounding the 

assumed site of tail modification created fragments too small to be detected.  Protocols 

employing the aspartic endoprotease pepsin, which is reported to have a lower specificity, 

produced inconsistent results when applied to histone H4 protein (101). Extent of digestion 

appeared to be dependent on the incubation time, as varying lengths of histone H4 tail 

were detected.  Procedures to optimize digestion conditions are ongoing and it is expected 

that pepsin may be able to confirm H4R3 as the site of modification.  

 

3.6. Conclusions 

 N-mustard analogs of SAM have successful been transferred to the full protein 

substrate histone H4, evident by analysis using mass spectrometry. Studying the utility of 

the alkyne- and azide-moieties was proven to be much more challenging. The structural 

characteristics of the histone H4 made it necessary to optimize every aspect of 

subsequent modification and analysis. Ligation of 1-modified protein to 3, via CuAAC, was 

achieved and able to be detected by western blotting techniques. However, ligation of 2-

modified protein via the Staudinger ligation could never be established. It is hypothesized 

that the ligation is failing due to efforts to minimize the volume of DMSO (for subsequent 

SDS-PAGE analysis) could be causing precipitation of the biotin-phosphine, rendering it 
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unusable. Finally, the potential of the utility of these analogs was exhibited by successful 

pull-down of biotinylated 1-modified protein and isolation from BSA.  

 

3.7. Methods 

  All reagents and solvents were purchased from commercial sources and used 

without additional purification. Histone H4 protein was purchased from New England 

Biolabs. Biotin azide, 3, and THPTA, 4, were purchased from Sigma-Aldrich. Pierce High 

Sensitivity-HRP was purchased from Thermo Fisher Scientific. Pet28a_Human_H4 was a 

gift from Joe Landry (Addgene plasmid #42633). ArcticExpress (DE3) RIL competent cells 

were generously gifted by Patricia Dos Santos (Wake Forest University).  

 

3.7.1. Overexpressing and Purifying Histone H4 

Plasmid Isolation and Purification. LB + Kanamycin plates were streaked with sample from 

a histone H4 plasmid bacterial stab (human H4 in a Pet28a vector with Kanamycin 

resistance) and grown over night at 37°C. Single colonies were used to inoculate starter 

cultures (50 µg/mL Kanamycin in 5 mL LB Miller Broth) and grown overnight at 37°C with 

shaking. Histone H4 plasmid was isolated from cultures using a GeneJET Plasmid 

Miniprep kit (Thermo Fisher Scientific).  

 

Plasmid Transformation. Histone H4 plasmid was transformed into Escherichia coli 

ArcticExpress (DE3) RIL competent cells. Briefly, 4 µL histone H4 plasmid DNA was 

incubated with ArcticExpress cells for 30 min on ice. Mixture was heat shocked for 45 sec 

at 42°C then placed back on ice for 2 min. 260 µL of pre-heated LB media was added and 

incubated with rotation for 1 hour at 37°C. Solution was plated on Kanamycin plates and 

allowed to grow overnight at 37°C.  
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Growth and Induction. Single colonies were used to inoculate starter cultures (50 µg/mL 

Kanamycin in 5 mL LB Miller Broth) and grown overnight at 37°C with shaking. Starter 

cultures were used to inoculate 4-0.5 L of LB Miller Broth (5 mL of culture per 0.5 L of 

media + 50 µg/mL Kanamycin) and cultures were grown at 37°C, with shaking. At an 

OD600 of 0.8, cells were induced with the addition of 1 mM isopropyl-β-D-

thiogalactopyranoside and incubated at 37°C for 2 hours, with shaking. Cells were 

harvested by centrifugation for 10 min at 5,000 x g. Supernatant was poured off and the 

pellets were resuspended in 35 mL of lysis buffer (40 mM sodium acetate pH 5.2, 6 M 

urea, 1 mM EDTA pH 8, 5 mM βME, 10 mM lysine, and 1X Halt protease inhibitor from 

Thermo Fisher Scientific). The cells were lysed using an EmulsiFlex-C5 high-pressure 

homogenizer and cell debris removed by centrifugation at 12000 rpm for 30 min. 

Supernatant was filtered using glass-fiber HPF Millex syringe filters (Millipore). The filtrate 

was loaded onto a HiTrap Q HP coupled to an SP column (GE Life Sciences, 5 mL). Both 

columns were pre-equilibrated with buffer A (40 mM sodium acetate pH 5.2, 6 M urea, 1 

mM EDTA pH 8.5, 5 mM βME, 10 mM lysine, and 200 mM NaCl). Columns were flushed 

with one column volume of buffer A and the HiTrap Q HP column was removed. Bound 

protein was eluted off the SP column using an FPLC. Purification was achieved by a step-

wise gradient method of buffer A and buffer B (40 mM sodium acetate pH 5.2, 6 M urea, 

1 mM EDTA pH 8.5, 5 mM βME, 10 mM lysine, and 800 mM NaCl) at a flow rate of 2 

mL/min. Protein elution was traced by UV. Concentration of B was increased in 10% 

increments, holding each concentration until any UV signal returned to baseline for 10 

column volumes.   The presence of histone H4 was determined by SDS-PAGE and 

fractions containing the bands corresponding to the mass of histone H4 were combined 

and dialyzed into water overnight at 4°C. Dialyzed protein was concentrated using an 

Amicon Ultra centrifugal filter device with a MWCO of 3 kDa (Millipore). Concentration was 
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determined using a Nanodrop UV/Vis spectrometer (molecular weight: 11.237 kDa, 

extinction coefficient: 5.120 mM-1cm-1).  

 

3.7.2. ESI-DI MS 

Prior to injection, samples were desalted using a PepCleanC18 spin column 

(Pierce) following manufacturer procedures. Briefly, samples were acidified and loaded 

onto C18 resin, pre-equilibrated in 50% ACN/5% FA. Samples were washed with 0.5% FA 

in 5% ACN. Purified protein was eluted in 70% ACN, the eluent was evaporated off under 

vacuum, and the residue reconstituted in 0.1% FA in 50% ACN (Optima grade). 

Protein products (10 µM) were injected at a flow rate of 10 µL min-1. The 

parameters were as follows: capillary temperature 300°C, source voltage 4 kV, source 

current 100 µA, capillary voltage 40 V, and tube lens 120 V. Probe position was adjusted 

and saw best results half way between position A and B (vertical), 5 (horizontal), and 0.75 

µm (axial). A sheath gas flow of 8 was utilized with no additional auxiliary or sweep gas 

required. Scans used for analysis were performed in the ion trap, operating in full scan 

mode with a resolution of 30,000 and positive polarity. Scans were set to 2 minute intervals 

with a micro scan count of 2.  

 

3.7.3. Alkyne 1 and Azide 2 Protein Modification Reactions  

Histone H4 (10 µM final), 1 or 2 (0.2 mM final), and PRMT1 (10 µM final) were at 

37°C for 4 hours in assay buffer (50 mM Tris pH 8.0). Reaction samples were quenched 

with 5% ACN (10 µM final protein concentration) and analyzed via LTQ Orbitrap XL™ 

using the methods described above. Expected masses were calculated using the 

monoisotopic mass of histone H4 protein with the addition of each analog (via ring-opening 

of the aziridinium intermediate). 
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3.7.4. Analysis of CuAAC Reactions and Controls by Western Blot 

Analog-modified histone H4 protein was heated for 5 min at 95°C to denature the 

PRMT1. Biotin-azide 3 (0.3 mM final) was added to alkyne 1-modified protein, along with 

CuSO4•THPTA complex (12 µM CuSO4 and 0.15 mM THPTA pre-complexed for 2-3). The 

reactions were initiated with the addition of sodium ascorbate (0.6 mM final) and were 

allowed to proceed for 2 hours at room temperature.  

Products were separated by 12% SDS-PAGE gel (1.5 mm) and transferred for 

1.15 hours at 30 V to 0.2 µm PVDF membrane in TG buffer with 0.05% SDS. Membrane 

was washed in TBST and blocked in cold 5% non-fat dry milk for 1 hour at room 

temperature with rocking. Streptavidin-HRP was added at a 1:4000 dilution to the milk and 

probed for 1 hour with rocking at room temperature. Membranes were washed (with 

rocking) twice with TBST for 5 min, then once in 5% milk for 5 min, then three times with 

TBST for 5 min.  

Biotinylated-protein was detected using the Amersham Imager 600 (GE) upon 

exposure to chemiluminescent substrate (Cell Signaling LumiGLO and Peroxide). Initial 

studies detected chemiluminescent signal by X-ray film and emersion into developing and 

fixing solutions (Carestream Dental GBX). Membranes were then stained with Ponceau 

S.  

 

3.7.5. Streptavidin Pull-Down Assay 

Biotinylated 1-modified protein was dialyzed against water to remove excess biotin 

(Thermo Slide-a-Lyzer MINI Dialysis Unit, 10K MWCO). Sample was dried down then 

reconstituted in PBS and mixed with BSA (10 µg). Mixture was applied to a streptavidin-

agarose bead column, pre-packed and washed according to manufacturer guidelines 

(Pierce). Column was capped and incubated at room temperature for 15 min to allow 

binding. Columns were uncapped and washed with 6 column volumes of PBS; flow-
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through was collected and evaporated under vacuum. Weakly interacting proteins were 

stripped with glycine buffer (0.1 M pH 2.8) and flow-through was collected and evaporated 

under vacuum. Protein-bound streptavidin resin was transferred to a clean microcentrifuge 

tube and dried under vacuum. All dried samples were reconstituted in SDS sample buffer 

and heated at 95°C for 5 min. Samples were centrifuged briefly, to pellet any precipitation 

and streptavidin resin, and separated by 12% SDS-PAGE gel (1.5 mm) and transferred 

for 1.15 hours at 30 V to 0.2 µm PVDF membrane in TG buffer with 0.05% SDS. 

Membrane was washed in TBST and blocked in cold 5% non-fat dry milk for 1 hour at 

room temperature with rocking. Streptavidin-HRP was added at a 1:4000 dilution to the 

milk and probed for 1 hour with rocking at room temperature. Membrane was washed (with 

rocking) twice with TBST for 5 min, then once in 5% milk for 5 min, then three times with 

TBST for 5 min.  

Biotinylated-protein was detected using the Amersham Imager 600 (GE) upon 

exposure to chemiluminescent substrate. Membranes were then stained with Ponceau S.  
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CHAPTER 4 

 

 

ADDITIONAL INVESTIGATION OF N-MUSTARD SAM ANALOGS 

 

NRMT1 was studied in collaboration with the laboratory of Dr. Rong Huang at the 

Virginia Commonwealth University in Richmond, Virginia. Many thanks to Stacie 

Richardson, a post-doctoral fellow in the Huang lab, for synthesizing the enzyme and 

peptides used for this project. DIM5 was studied in collaboration with the laboratory of 

Dr. Zachary Lewis at the University of Georgia in Athens, Georgia. Many thanks to Dr. 

Lewis for providing the DIM5. All experiments and data presented for these enzyme 

systems were performed and compiled by Sarah Hymbaugh Bergman. pH studies were 

completed with the assistance of an undergraduate researcher, Sarah Kosakowski. 

 

 

Novel N-mustard analogs of SAM (Figure 4.1) have proven to have great utility in 

the histone H4-PRMT1 system, but for these analogs to have significant advantages over 

other current methods of studying methyltransferase reactions, they must also be useful 

in other enzymatic systems and recognize the same methyl-donor, SAM (43). Two 

additional enzymes, with methylation targets other than arginine, were chosen to further 

study these analogs: N-terminal methyltransferase I (NRMT1) and Decrease in DNA 

Methylation 5 (DIM5).  
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4.1. NRMT1 

NRMT1 was the first α-N-methyltransferase discovered in eukaryotes (102). A 

newly studied methyltransferase, its ternary structure (bound to SAM) was only just 

published in 2015. It contains a highly conserved SAM-dependent fold in its core that 

resembles a similar fold found in DOT1-like Histone H3K79 methyltransferase (DOT1L) 

and PRMT1. NRMT1 has a proclivity for trimethylating the N-terminal X-Pro-Lys 

sequence, with X being any small side chain amino acid (103, 104). 

NRMT1 has over 300 predicted targets and has been shown to play a role in 

protecting proteins and DNA against damage, maintaining protein stability, and regulating 

protein-DNA/protein interactions (104). NRMT1 is overexpressed in many cancers, as it is 

a tumor suppressor needed for both nucleotide excision repair and DNA double strand 

break repair (104, 105). Studies have also shown that NRMT1 methylation states can 

influence drug response in cancer cells. Therefore, recent research efforts have explored 

possible inhibitors of NRMT1 (105).  

NRMT1 has been reported to target both histone and non-histone proteins, making 

it a prime system to be tested with the N-mustard analogs (103, 104, 106). To date, all 

known in vivo substrates of NRMT1 contain the N-terminal sequence XPK (X = S, P, A, or 

G). A widely studied target of NRMT1 is the retinoblastoma protein (RB), a tumor 

Figure 4.1. Structure of SAM. 
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suppressor protein (102, 107). RB protein has been found to play an important role in cell 

cycle control and DNA damage response and contains and N-terminal PPK sequence 

(102, 104). Another well-known substrate of NRMT1 is the regulator of chromosome 

condensation 1 protein (RCC1) which contains an SPK N-terminal sequence. Methylation 

of RCC1 is essential for stabilizing the interaction between RCC1 and chromatin during 

mitosis (106). Additionally, the SET1α oncoprotein, containing an APK N-terminal 

sequence, is implicated in gene silencing (108, 109). These three substrates are important 

for cellular function and were therefore studied with N-mustard analogs of SAM.  

 

4.1.1. Visualizing RB1-10 Peptide by ESI-LC MS         

Initial experiments focused on detecting the RB1-10 peptide (Figure 4.2) by ESI- 

LC MS. Peptide was separated by injecting 10 µL of a 10 µM sample onto a uHPLC system 

(Thermo Scientific Accela Open UPLC) using a Thermo Fisher Scientific Hypersil Gold 

C18 column. Gradient methods utilized the previously optimized solvent system for the 

separation of analog-modified AcH4-21 peptide (43). The “auto-tune” function of the LTQ 

Orbitrap XL was sufficient to optimize ionization conditions for the RB1-10 peptide and no 

further adjustments were required. Optimal conditions were as follows: capillary 

temperature 300°C, source voltage 4 kV, source current 100 µA, capillary voltage 42 V, 

and tube lens 115 V. A sheath gas flow of 62 was sufficient for optimal ionization with the 

need for additional auxillary or sweep gases. Probe positions were set at position C 

(vertical), 5 (horizontal), and 0.75 µm (axial). Under these conditions, visualization of the 

RB1-10 peptide was achieved (Figure 4.3).  

 
 

 

Figure 4.2. Sequence of the RB1-10 peptide. The first ten residues of the RB protein 

(RB1-10 peptide) with the site of NRMT1 methylation highlighted in red. 
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Figure 4.3. LC-ESI MS of RB1-10 peptide. Product peaks are denoted by an asterisk 

(*) and agree with the expected masses in the most abundant charge states. 
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4.1.2. NRMT1 Transfer of N-Mustard Analogs to RB1-10 peptide 

Once methods for detecting RB1-10 peptide were established, the ability of 

NRMT1 to transfer N-mustard analog 9 (Figure 4.4) to RB1-10 peptide was explored using 

reactions conditions optimized from literature procedures (107). Successful transfer of 9 

to RB1-10 peptide was seen by ESI-LC MS (Figure 4.5). Upon confirmation of transfer, 

subsequent reactions were completed to test the remaining N-mustard analogs. Azide 5 

and alkynes 3, 7, and 8 were able to be transferred to the RB1-10 peptide (Figures 4.6, 

and 4.7, 4.8, and 4.9, respectively). Transfer occurred most efficiently (based on relative 

abundance by mass spectrometry compared to unmodified peptide) with the N6-

substituted alkynes. No detectable product was generated by reactions with both C8- and 

N6-substituted alkyl azides 2, 5, and 6 (data not shown). It is hypothesized that the 

charged nature of the azides extending away from the base structure could form undesired 

interactions, inhibiting ideal docking of the analog within the NRMT1 active site.  

 

 

Figure 4.4. C8- and N6-substituted N-mustard analogs of SAM. 
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Figure 4.5. LC-ESI MS of RB1-10 peptide modified with 9. Product peaks are denoted 

by a diamond (A) and agree with expected masses in the most abundant charge 

states.  
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Figure 4.6. LC-ESI MS of RB1-10 peptide modified with 4. Product peaks are denoted 

by a diamond (A) and agree with expected masses in the most abundant charge 

states. Additional major peaks were identified as unmodified peptide and denoted by 

an asterisk (*). 
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Figure 4.7. LC-ESI MS of RB1-10 peptide modified with 3. Product peaks are denoted 

by a diamond (A) and agree with expected masses in the most abundant charge 

states. Additional major peaks were identified as unmodified peptide and denoted by 

an asterisk (*). 
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Figure 4.8. LC-ESI MS of RB1-10 peptide modified with 7. Product peaks are denoted 

by a diamond (A) and agree with expected masses in the most abundant charge 

states.  
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Figure 4.9. LC-ESI MS of RB1-10 peptide modified with 8. Product peaks are denoted 

by a diamond (A) and agree with expected masses in the most abundant charge 

states.  
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4.1.3. Ligation Chemistries 

Using methods previously described in Chapter 2.7, the viability of the alkyne- and 

azide-moieties after transfer to the peptide substrate were examined. Utilizing a copper-

TBTA ligand, 10, complex and a sodium ascorbate, alkyne-9-modified RB1-10 peptide 

was coupled to biotin-azide, 11, by CuAAC, following heat denaturing to remove NRMT1 

(Figures 4.10 and 4.11). Ligation was confirmed by ESI- LC MS (Figure 4.12).  

 

 

 

 
 
 
 
 
 
 
 

Figure 4.10. Structures of CuAAC reaction components: TBTA ligand, 10, and biotin-

azide, 11. 
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Figure 4.12. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 9-modified RB1-10 peptide to 11. Product peaks are denoted by a diamond (A) and 

agree with expected masses in the most abundant charge states.  
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The azide moiety of 4 is reported to prefer the Staudinger ligation over CuAAC and 

undergoes ligation to biotin-phosphine, 12 (Figure 4.13), with greater efficiency (38). A 

much simpler reaction, after heat denature to remove NRMT1, the addition of 12 to 4-

modified peptide yielded the desired biotinylated peptide product, evident by ESI-LC MS 

(Figures 4.14 and 4.15). 

 

 

 
 
 
 
 

 

 
 
 
 
 
 
 

Figure 4.13. Structure of biotin-phosphine, 12. 

Figure 4.14. Structures of biotinylated product derived from the Staudinger Ligation 

with 4-modified peptide and 12. 
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Figure 4.15. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 4-modified RB1-10 peptide to 12. Product peaks are denoted by a diamond (A) and 

agree with expected masses in the most abundant charge states.  
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Completely by chance, when repeating ligation chemistry reactions, the heat 

denaturing step prior to ligation was omitted. It was decided that instead of being wasteful, 

ligation reactions were still analyzed by ESI-LC MS. Interestingly, mass spectrometry 

showed ligation product formation for both the CuAAC reaction with 9 and the Staudinger 

ligation with 4 (Figures 4.16 and 4.17, respectively).  

It has been previously reported that NRMT1 distributively methylates its substrates 

(108), meaning it binds to the substrate, and upon methylation, the release of S-adenosyl-

homocysteine disassociates the enzyme prior to any subsequent methylation.  

Methyltransferase reactions with N-mustard analogs transfer the entire cofactor to the 

substrate, negating the release of any signal molecule, leaving the enzyme bound to the 

modified-peptide. Previous work has shown that the unsubstituted N-mustard analog 13 

can act as a bisubstrate inhibitor of PRMT1 and the histone H4 tail (Figure 4.18) (53). An 

IC50 of 18.5 µM was reported, which explains the need for denaturing the enzyme prior to 

chemoselective ligation, as shown in Chapter 2.  The results showing the analog-modified 

RB peptide undergoing ligation chemistries without the need to denature the enzyme 

suggests weak binding of the enzyme to the analogs. Further studies would need to be 

completed to definitely determine binding efficiencies of SAM analogs within the NRMT1 

active site.  
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Figure 4.16. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 9-modified RB1-10 peptide to 11 without prior heat denature. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  
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Figure 4.17. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 4-modified RB1-10 peptide to 12 without prior heat denature. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  
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4.1.4. Additional NRMT1 substrates 

     The RCC1 and SET1α peptides were both subjected to 9-modifcation by NRMT1 using 

the same methods reported for the RB1-10 peptide. By ESI LC-MS (using the same 

parameters listed for RB1-10 peptide in 4.1.1), both peptides were able to undergo 

modification by 9 (Figures 4.19 and 4.20). This result is consistent with literature stating 

the preference of NRMT1 for XPK N-terminal sequences (106). The change in the N-

terminal residue from S to P to A is also tolerated by N-mustard analogs. Additionally, both 

9-modified peptides are able to undergo CuAAC to 11 with or without prior heat 

denaturation (Figures 4.21-4.26). 

 

 

 
 
 

 

Figure 4.18. Unsubstituted N-mustard analog of SAM, 13. 

Figure 4.19. Sequence of the RCC1-10 peptide. The first ten residues of the RCC1 

protein with the site of NRMT1-mediated modification highlighted in red.  

Figure 4.20. Sequence of the SET1α peptide. The first ten residues of the SET1α 

protein with the site of NRMT1-mediated modification highlighted in red.  
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Figure 4.21. LC-ESI MS of RCC1-10 peptide modified with 9. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  
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Figure 4.22. LC-ESI MS of SET1-10 peptide modified with 9. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states. Peak denoted by a square (-) corresponds to the ring-opening of 9 by 

hydroxide.  
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Figure 4.23. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 9-modified RCC1 peptide to 11 with prior heat denature. Product peaks are denoted 

by a diamond (A) and agree with expected masses in the most abundant charge 

states.  
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Figure 4.24. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 9-modified SET1-10 peptide to 11 with prior heat denature. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  
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Figure 4.25. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 9-modified RCC1 peptide to 11 without prior heat denature. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  

 



113 
 

 
 
 
 
 
 
 
 
 

Figure 4.26. LC-ESI MS spectra and expected masses for the chemoselective ligation 

of 9-modified SET1-10 peptide to 11 without prior heat denature. Product peaks are 

denoted by a diamond (A) and agree with expected masses in the most abundant 

charge states.  
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4.2. DIM5      

DIM5 is a protein lysine methyltransferase discovered in Neurospora crassa that 

trimethylates lysine 9 of the histone H3 tail (H3K9) (Figure 4.27) (18, 110). Methylation of 

H3K9 has been implicated in X inactivation and binds heterochromatin protein 1 (HP1) 

which is responsible for transcriptional repression and the formation of heterochromatin 

(18, 111, 112). Also, as suggested by its name, DIM5 is essential for DNA methylation 

and was the first enzyme to reveal the connection between histone methylation and DNA 

methylation (18).  

 
 

 

 
 

 

Conditions for maximal activity of DIM5 differ greatly from previous protein 

methyltransferases studied with the N-mustard analogs. DIM5 requires a very high pH 

(~9.8), low temperature (10-23°C) and, unlike PRMTs, is extremely sensitive to salt, with 

about 95% inhibition in 100 mM NaCl (18). Following this criteria, transfer of the 

unsubstituted N-mustard analog 13 by DIM5 to histone H3 tail was explored, as it is 

structurally the simplest of the N-mustard analogs. Controls utilizing 1 were run 

concurrently, to confirm enzyme viability (Figure 4.28). Product formation was analyzed 

by ESI-LC MS using the same parameters listed for analyzing RB1-10 peptide with the 

following exceptions: a capillary voltage of 32.50 V, a tube lens of 85.00 V, and a sheath 

gas flow of 56. Not surprisingly, all attempts to obtain 13-modified peptide under optimal 

DIM5 reaction conditions (pH 9.0 and 9.8, room temperature) failed. Only unmodified 

histone H3 peptide could be detected (Figure 4.29).  

Figure 4.27. Sequence for Histone H3 tail with the DIM5-methylated residue 

highlighted in red. 
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Figure 4.28. LC-ESI MS of histone H3 peptide reacted with 1 at pH 9.8 at room 

temperature. Major peaks were identified to be trimethylated peptide and denoted by a 

diamond (A).   
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Figure 4.29. LC-ESI MS of histone H3 peptide reacted with 13 at pH 9.8 at room 

temperature. Major peaks were identified to be unmodified peptide and denoted by an 

asterisk (*); no modified-product peaks were observed. Reactions at pH 9.0 gave the 

same result.  
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While there are several hypotheses for why the DIM5 reaction failed to generate 

13-modified H3 peptide, one of the key differences is the active site.  The active sites of 

arginine and N-terminal methyltransferases contain multiple acidic residues that interact 

with lysine and arginine residues and help neutralize the charge of the amino group on 

the substrate; DIM5 is lacking such acidic residues (18, 102). It is possible that this acidic 

environment is necessary for recognition of the analogs. DIM5 also prefers methylated 

and di-methylated substrates and future studies may benefit from using a pre-methylated 

substrate to determine if this would enhance DIM5 transfer of N-mustard analogs (113).  

The failure of DIM5 to modify the model histone H3 substrate may be at the fault 

of the analog itself. The extreme reaction conditions required for optimal DIM5 activity led 

to many questions relating to the stability of the N-mustard moiety in different conditions. 

 

4.3. Reactive States of the N-Mustard Moiety 

By its reactive nature, N-mustard analogs go through a series of reactive states 

based on the environment they are in. Analogs are brought up in 2.5 mM H2SO4 in order 

for the N-mustard moiety to retain the protonated quaternary amine (Figure 4.30A). When 

introduced to a physiological pH, the N-mustard is deprotonated to result in a lone pair of 

electrons capable of an intramolecular elimination of the iodine to form an aziridinium 

intermediate, 14 (Figure 4.30B). This intermediate is very reactive and susceptible to 

attack from nucleophiles via ring-opening to generate a covalently bound nucleophile with 

the analog, 15 (Figure 4.30C).  
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N-mustard analog studies thus far have been completed using buffer systems near 

physiological pH, with high success of DNA and protein modification (43, 46). However, 

when introduced to a more extreme buffer system, such as DIM5 at pH 9.8, transfer of 

analog to peptide substrate failed. It’s curious that a system designed to recognize SAM 

was unable to utilize SAM’s N-mustard counterpart with no additional substitutions. This 

led to the hypothesis that the viability of the reactive aziridinium intermediate itself is 

compromised at the higher pH, as it is susceptible to being inactivated by excess 

hydroxide anion present in solution.    

 

4.3.1. Effect of pH on N-Mustard Moiety 

To explore the effects of pH on the N-mustard moiety, azidated analog 4 was 

subjected to 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 17, and 

glycine, 18, buffer systems at varying pH (Figure 4.31 and Table II). Both HEPES and 

glycine were examined based on their buffer ranges near physiological pH and their 

Figure 4.30. N-mustard activation and modification schematic.  A.) N-mustard analog 

4, B.) activated at physiological pH forming a reactive aziridinium intermediate, 14, and 

C.) subsequent ring-opening by a nucleophile, 15, or more specifically, hydroxide-ring 

opening, 16.  
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zwitterionic properties. Azide 4 was incubated in each buffer for 0 min, 15 min, and 60 

min. Reactions were quenched with 1% FA. Samples were then separated by HPLC 

(Waters).             

 

 

 
 

 
 

 

Major peaks, detected by a significant increase in UV signal at a wavelength of 

254 nm, were collected for analysis by ESI-LC MS (Agilent 1100 SL LC MS). N-mustard 

reactive states did not resolve well from one another by chromatography, due to the polar 

nature of the resulting species. All three major reactive states (Figure 4.30) were observed 

by MS in these conditions: 14 (m/z=435.2), 4 (m/z=563.1), and aziridinium ring-opening, 

16 (m/z=453.2). Major peaks detected for both buffer systems were seen with the most 

Figure 4.31. Structures of HEPES, 17, with a useful pH range of 6.8-8.2, and glycine, 

18, with a useful pH range of 8.6-10.6.   

 

Table II. Buffer systems and their respective pH used to examine the varying reactive 

states of the N-mustard moiety.   
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abundant peak around 4 min and a smaller peak around 10 min. Although each buffer was 

tested at multiple pHs, the chromatograms and mass spectra gave similar results, 

therefore, only data for HEPES pH 8.0 and glycine pH 9.0 is shown.  

In HEPES buffer, 16 was found to be the dominant product detected in the peak 

at 4 min at every incubation time point (Figures 4.32A, 4.33A, and 4.34A). The second 

peak at 9.5 min contained 16 and unreacted 4, and most abundantly 14 at the zero minute 

time point (Figure 4.32B).  An additional mass at 337.246 was also detected, but after 

multiple rounds of fragmenting, this mass could not be confidently identified. It is important 

to note, that this mass is also observed in mass spectrometry data for other N-mustard 

analogs analyzed. However, by 15 minutes, both peaks were found to contain mostly 16, 

with no 14 or 4 detected (Figures 4.33A and B). Interestingly, a mass at 437.2 was 

detected in multiple spectra, including spectra acquired following the synthesis of 4 (114). 

Its high abundance in spectra lacking 14 suggests the mass is of a related structure, 

however, no definitive species of the analog could be determined. By 60 min, the peak at 

9.5 min had decreased significantly and no key masses were seen and only 16 could be 

detected in the first peak (Figure 4.34). 
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Figure 4.32. HPLC UV trace and MS spectra of azide 4 in HEPES buffer at 0 min. A.) 

The peak at 4 min contained a high abundance of 16, but 14 was also detected. B.) 

The peak at 9.5 min contained all reactive species of 4, thus far.  

 

Figure 4.33. HPLC UV trace and MS spectra of azide 4 in HEPES buffer for 15 min. 

Both peaks contained 16 as the most abundant species. A mass of 437.21 was also 

detected, but could not be identified. 
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In glycine buffer, 4 was never detected by mass spectrometry at any time point. 

Prior to incubation, both collected peaks contained almost equal amounts of 16, unknown 

437.3, and a newly detected mass of 628.5 (Figures 4.35A and B). This mass was 

fragmented, and the spectra contained the 437.3 mass, suggesting similar composition. 

However, this mass, too, was unable to be identified (data not shown). After 15 and 60 

min of incubation in glycine buffer, only the first major peak at 5.5 min could be detected 

(Figures 4.36 and 4.37). After 15 min, this peak contains a majority of unknown 437.3 with 

16 detected to a lesser extent. After 60 min, no identified peaks of N-mustard analog could 

be detected, with the majority of the mass peaks corresponding to analysis of the glycine 

buffer alone (data not shown). 

Figure 4.34. HPLC UV trace and MS spectra of azide 4 in HEPES buffer for 60 min. 

Peak A only contained 16. No significant masses were seen in B. 
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Figure 4.35. HPLC UV trace and MS spectra of azide 4 in glycine buffer at 0 min. Peak 

A only contained 16. No significant masses were seen in B. 

 

Figure 4.36. HPLC UV trace and MS spectra of azide 4 in glycine buffer for 15 min. 

Peak A contained a mixture of 16 and unidentifiable masses 437.3 and 628.2. 
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Although there were many unidentifiable masses detected by mass spectrometry, 

ring-opening of 14 was consistently seen in both buffer systems examined. It is evident 

that the aziridinium ring is very susceptible to nucleophilic attack. The overwhelming 

abundance of 16 at all glycine time points can be most likely be attributed to the more 

basic pH of the buffer. Ring-opening of 14 at high pH was expected, however, it was not 

expected to the extent identified here. The study of the N-mustard analogs would greatly 

benefit from additional experiments to determine the reactive nature of the N-mustard 

moiety in model physiological conditions where additional nucleophiles, such as 

glutathione, would be prevalent.   

Figure 4.37. HPLC UV trace and MS spectra of azide 4 in glycine for 60 min. No N-

mustard analog was detected. The major peak corresponds to glycine buffer. 
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4.4. Conclusions 

In this chapter, the utility of N-mustard analogs was confirmed with multiple peptide 

substrates. NRMT1 was able to successfully transfer 3, 4, 7, 8, and 9 to peptide 

substrates. Additionally, ligation of 9 and 4 to 11 and 12 was observed, indicating that the 

methyltransferase reaction does not affect the integrity of the analog. Interestingly, it was 

also observed that the ligation chemistries could occur with or without prior heat 

denaturing of NRMT1. Although conclusions cannot be drawn about the enzyme itself, it 

is an important insight that N-mustard SAM analogs have varying binding affinities 

depending on the protein system used.  

Unfortunately, no conversion was detected by DIM5. This is most likely due to the 

extreme conditions required for DIM5 catalysis, but this finding did initiate important 

experiments to examine the state of the analog under such conditions. Exposing 4 to 

varying pH indicated that the N-mustard moiety is highly susceptible to attack by 

nucleophiles in solution. Although the extent of attack by different nucleophilic molecules 

could not be definitely determined, it was evident that the future design of N-mustard 

analogs would greatly benefit from additional studies.  

 

4.5. Methods 

All reagents and solvents were purchased from commercial sources and used 

without additional purification. SAM was purchased from New England Biolabs. NRMT1, 

RB1-10 peptide, RCC1-10 peptides, and SET1-10 peptides were provided by Dr. Rong 

Huang (Virginia Commonwealth University). Histone H3 peptide was purchased from 

Peptide 2.0. DIM5 was provided by Dr. Zachary Lewis (University of Georgia).  

Lyophilized analogs were brought up in 2.5 mM H2SO4 and concentrations were 

determined by UV/Vis measurement of optical density at 260 nm and Beer’s Law. The 

following molar extinction coefficients were used: 8900 M-1cm-1 (for 2), 5735 M-1cm-1 (for 
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3), 6633 M-1cm-1 (for 4), 12380 M-1cm-1 (for 5), 11523 M-1cm-1 (for 6), 9710 M-1cm-1 (for 7), 

10970 M-1cm-1 (for 8), 11270 M-1cm-1 (for 9), and 15400 M-1cm-1 (for 13).  

 

4.5.1. High-Resolution LC-ESI MS of NRMT1 Peptide Products 

Experiments were performed on an Accela Open UPLC coupled to an LTQ 

Orbitrap XL mass spectrometer (Thermo Fisher Scientific). Samples were prepared in 5% 

acetonitrile (ACN) to a final concentration of 10 µM peptide. Sample separation of a 10 µL 

injection utilized a C18 column (Thermo Fisher Scientific, Hypersil Gold 50 x 2.1 mm, 1.9 

µm) at a flow rate of 0.2 mL min-1, and a gradient system consisting of 0.1% formic acid 

(FA) in ddH2O (solvent A) and 0.1% FA in ACN (solvent B) was utilized at a flow rate of 

0.2 mL min-1. The gradient was run beginning with 2% B and followed by a linear increase 

to 90% over a 10 min period. Solvent returned to 2% B and held for an additional 10 min 

(total run time 20 min). The mass spectrometer was operated in positive electrospray 

ionization mode with a spray voltage of 4.00 kV, a capillary temperature of 300°C, a sheath 

gas flow of 62, and scans were performed in the range of 300-2000 m/z with the resolution 

set to 30,000. Data was analyzed and masses were extracted using Thermo Xcalibur 2.1 

software. These parameter specifications were used for analysis of all peptide reactions.  

 

4.5.2. NRMT1-Catalyzed Peptide Modification 

His-NRMT1 (1 µM final) and SAM/SAM analog (100 µM final) were pre-incubated 

on ice for 10 min in reaction buffer (25 mM Tris, 50 mM potassium acetate pH 7.5) to allow 

complex formation. Reactions were initiated with the addition of RB1-10 peptide (12.5 µM 

final) and incubated at 37°C for 1 hour. Reaction samples were quenched with 5% ACN 

(10 µM final peptide concentration) and analyzed via LTQ Orbitrap XL™ using the 

methods described in 4.5.1. Expected masses were calculated using the monoisotopic 
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mass of each peptide with the addition of each analog (via ring-opening of the aziridinium 

intermediate).  

 

4.5.3. Biotinylation of Peptides via CuAAC 

Analog modified peptides were heated for 10 min at 95°C to denature the NRMT1 

(as previously discussed, this step can be omitted). Biotin-azide 11 (12 mM final) was 

added to alkyne 9-modified peptide, along with CuSO4•TBTA complex (8 mM CuSO4 and 

12 mM TBTA pre-complexed for 2-3 min). The reactions were initiated with the addition of 

sodium ascorbate (23.44 mM final) and were allowed to proceed for 2 hours at 37°C. 

Products were confirmed by LTQ Orbitrap XL using the analysis method described in 

4.5.1.  

 

4.5.4. Biotinylation of Peptides via Staudinger Ligation 

Azidated RB1-10 peptide was heated for 10 min at 95°C to denature the NRMT1 

(as previously discussed, this step may be omitted). Biotin-phosphine 12 (1.47 mM final) 

was added to azide 4-modified peptide and incubated for 37°C for 2 hours. Product was 

confirmed by LTQ Orbitrap XL using the analysis method described in 4.5.1.  

 

4.5.5. High-Resolution LC-ESI MS of DIM5 Products 

Experiments were performed on an Accela Open UPLC coupled to an LTQ 

Orbitrap XL mass spectrometer (Thermo Fisher Scientific). Samples were prepared in 5% 

ACN to a final concentration of 10 µM peptide. Sample separation of a 10 µL injection 

utilized a C18 column (Thermo Fisher Scientific, Hypersil Gold 50 x 2.1 mm, 1.9 µm) at a 

flow rate of 0.2 mL min-1, and a gradient system consisting of 0.1% FA in ddH2O (solvent 

A) and 0.1% FA in ACN (solvent B) was utilized at a flow rate of 0.2 mL min-1. The gradient 
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was run beginning with 2% B and followed by a linear increase to 90% over a 10 min 

period. Solvent returned to 2% B and held for an additional 10 min (total run time 20 min). 

The mass spectrometer was operated in positive electrospray ionization mode with a 

spray voltage of 4.00 kV, a capillary temperature of 300°C, a sheath gas flow of 56, and 

scans were performed in the range of 300-2000 m/z with the resolution set to 30,000. Data 

was analyzed and masses were extracted using Thermo Xcalibur 2.1 software.  

 

4.5.6. DIM5-catalyzed peptide modification 

Histone H3 peptide (20 µM final) and 13 (0.625 mM final) were pre-incubated at 

room temperature for 10 min in reaction buffer (4 mM DTT, 12.5 mM glycine pH 9.8). 

Reactions were initiated with the addition of DIM5 (2 µg final) and incubated at room 

temperature for 1 hour. Reaction samples were quenched with 5% ACN (10 µM final 

peptide concentration) and analyzed via LTQ Orbitrap XL™ using the methods described 

in 4.5.5. Expected masses were calculated using the monoisotopic mass of histone H3 

peptide with the addition of 13 (via ring-opening of the aziridinium intermediate).  

 

4.5.7. N-Mustard Stability Reactions     

Mock reactions consisted of azidated analog 4 diluted to 75 µM final with each 

respective buffer (Table II). Samples were incubated for 0 min, 15 min, and 60 min at room 

temperature then quenched with 0.1% FA (final concentration). A 90 µL sample was 

injected onto the Waters HPLC system and separated by a C18 column (Grace Alltima 

C18 250 mm x 4.6 mm, 5 µm) using the following solvent system: 0.1% FA (solvent A) 

and ACN (solvent B) at 1.00 mL min-1. The gradient was run beginning with 2% B. At 2 

min, a linear increase to 10% B over 16 min, followed by another linear increase to 100% 

B over 1 min. Solvent was held at 100% B for 6 min, then gradually decreased to 5% B 

over 2 min. Solvent was held at 5% B for an additional 3 min (30 min total run time). Peaks 
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corresponding to a marked increase in UV absorbance at 254 nm were collected by hand. 

Collected samples were analyzed on an Agilent 100 series ESI LC-MS. 10 µL of the 

collected samples were injected onto the mass spectrometer which was operated in 

positive electrospray ionization mode with a nebulizer spray voltage of 40.0 psi, a dry 

temperature of 350°C, and a dry gas flow of 8 L min-1. Data was analyzed by MestReNova 

9.0 software.  
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CHAPTER 5 

 

SUMMARY AND OUTLOOK 

 

 The research in this dissertation presented the biochemical evaluation of novel N-

mustard analogs of SAM in protein systems. Specifically, two major aims were addressed: 

(i) confirming the ability of analogs to be utilized by native methyltransferase systems and 

(ii) proving the ability of analogs to isolate methyltransferase substrates from other 

biomolecules. Studies began with the assessment of functionalized N-mustard analogs of 

SAM in the PRMT1-histone H4 tail system (Chapter 2). This approach continued the work 

of an unsubstituted N-mustard analog previously reported to undergo enzymatic transfer 

to the histone H4 tail (53). While transfer of functionalized SAM analogs to the H4 tail did 

occur, success of these reactions was dependent upon reducting the concentration of DTT 

in previously reported buffer conditions. These analog-modified peptide products were 

also subjected to chemoselective ligations, and biotinylation occurred by CuAAC and the 

Staudinger ligation to the azide and alkyne functionalized moieties on the analogs. 

Interestingly, it was discovered that pivotal to the success of these ligations was the heat 

denaturing of the enzyme prior to ligation chemistries. This further proved a previous 

finding that N-mustard analogs may serve as bisubstrate inhibitors and, in the case of 

PRMT1, only allow for a single-turnover enzyme catalysis. Throughout these studies, two 

analogs stood out as being most effectively transferred to the histone H4 tail: alkyne 1 and 

azide 2 (Figure 5.1).  
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Ligation chemistries readily occurred with peptide modified by these two analogs and  

reactions were found to be highly dependent on the extent of the enzymatic transfer by 

PRMT1.  

 Once proof of principle was established with the histone H4 peptide, focus shifted 

towards a whole protein substrate to examine the utility of the analogs with protein 

substrates which more closely resembles a cellular environment. Based on the results of 

the peptide studies, 1 and 2 were tested using full-length histone H4 protein and PRMT1 

(Chapter 3). Results mimicked peptide studies and 1 and 2 were successfully transferred 

to histone H4 protein, by PRMT1. Additionally, 1-modified protein was able to undergo 

CuACC ligation to biotin azide, whereas biotinylation of 2-modified protein via the 

Staudinger ligation could not be established. With the success of the CuAAC reaction, 

biotinylated protein was isolated from a mixture of proteins using a streptavidin resin. 

Exploitation of the analog’s coupling properties was pivotal to the success of this research, 

and supports the utility of these analogs in more complex environments.  

 Peptide reactions were repeated using two different methyltransferase systems, 

NRMT1 and DIM5, to evaluate the utility of the analogs beyond the PRMT1 model system 

(Chapter 4). NRMT1 was able to transfer all analogs to three of its known peptide 

substrates: RB1-10, RCC1-10, and SET1α1-10. Interestingly, it was discovered that the 

Figure 5.1. Structure of N6-substituted alkyne, 1, and C8-substituted azide, 2. 
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heat denaturing step, which was critical for ligation after catalysis by PRMT1, was not 

required for NRMT1-mediated reactions. This finding does not rule out the potential role 

of the N-mustard analogs as bisubstrate inhibitors, however, it does warrant further study 

into the binding affinity of these analog-modified peptides with various protein 

methyltransferases.  

 Unfortunately, no catalysis with the N-mustard analogs was detected with DIM5. 

However, these failed reactions lead to further analysis of the analogs in the extreme 

conditions required by DIM5. It was found that at high pH, the N-mustard moiety is 

activated and quickly inactivated by hydroxide nucleophilic attack. It is suspected that 

incorporation of hydroxide to the analog where substrate binding occurs, may rationalize 

for the lack of modification occurring by DIM5.  

 The results presented here warrant further studies into the utility of these N-

mustard analogs of SAM. Most importantly, it would be highly beneficial to examine the 

reactive nature of the N-mustard moiety and the azide/alkyne functional groups in various 

conditions. For instance, it needs to be determined if both moieties can withstand the 

highly nucleophilic conditions that exist in cellular environments. Not only would testing 

these analogs in cell lysates offer a lot of information, but testing the inhibitory effects of 

DTT/glutathione and other biomolecules alone would also aide in future design of analogs. 

Additionally, the ability of these analogs to outcompete native SAM needs to be explored. 

These studies should be the base for any future work with these novel N-mustard analogs 

of SAM.      
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